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Abstract
Superconducting Submillimeter and Millimeter Wave Detectors
by
Michael Nahum
Doctor of Philosophy in Physics
University of California at Berkeley
Professor P. L. Richards, Chair

The series of projects described in this dissertation was stimulated by the discovery of
high temperature superconductivity. Our goal was to develop useful applications which
would be competitive with the current state of technology. The high-T,. microbolometer
was developed into the most sensitive direct detector of millimeter waves, when operated at
liquid nitrogen temperatures. The thermal boundary resistance of thin YBayCu304_g films
was subsequently measured and provided direct evidence for the bolometric response of
high-T, films to fast (ns) laser pulses. The low-T, microbolometer was developed and
used to make the first direct measurements of the frequency dependent optical efficiency of
planar lithographed antennas. The hot-electron microbolometer was invented less than a
year prior to the writing of this dissertation. Our analysis, presented here, indicates that it
should be possible to attain up to two orders of magnitude higher sensitivity than that of the
best available direct detectors when operated at the same temperature. The temperature
readout scheme for this device could also be used to measure the intrinsic interaction
between electrons and phonons in a metal with a sensitivity that is five orders of magnitude
better than in previous measurements. Preliminary measurements of quasiparticle trapping

effects at the interface between a metal and a superconductor are also presented.
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Chapter 1: Introduction

The series of projects described in this dissertation was stimulated by the discovery of
high temperature superconductivity.l Our initial goal was to develop useful applications
which would be compatible with the current state of technology. Two immediate
applications that came to mind were high temperature Superconducting Quantum
Interference Devices (SQUIDs),” and high-T, transition-edge bolometers.> Having just
joined a group whose expertise is in developing and using some of the most sensitive
detectors of infrared and millimeter waves, I naturally chose to pursue the latter option.
The goal in the development of high-T. bolometers was not to outperform their low
temperature counterparts, but rather to bridge the gap between these highly specialized
detectors, and lower sensitivity detectors operated at room temperature. In 1989 Q. Hu and
P. L. Richards proposed the antenna-coupled high-T, microbolometer as a detector of
submillimeter and millimeter waves.* They estimated that the sensitivity of this detector
could exceed that of detectors operated at room temperature by approximately two orders of
magnitude. Furthermore, Conductus Inc. became interested in the commercial aspects of
high-T_ infrared detectors and had agreed to supply us with high quality films of
YBayCu307.5 (YBCO). Thus, one of my first projects was to learn how to fabricate the
high-T, microbolometer, and to measure and optimize its pcrformance.5

During the same period, many groups began measuring the response of thin YBCO
films to pulsed laser radiation. A very high speed of response, on the order of several
nanoseconds, was commonly observed. The consensus among the community at that time
was that simple heating effects could not possibly explain this response time because
thermal models predicted response times on the order of tens of microseconds for heat
transfer through the underlying substrate, not nanoseconds. As a result, a variety of novel,
non-bolometric mechanisms were proposed to explain these observations.5? During
several discussions with Professor P. L. Richards, the question arose whether the thermal
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boundary resistance between the YBCO film and the underlying substrate could possibly
account for many of the experimental observations. At first this did not seem likely since it
was well known that thermal boundary resistances, which scale as T3 , should be
negligible at these high temperatures. It quickly became clear to us however, that this may
not be the case in experiments involving fast laser pulses incident on thin films. We thus
embarked on a set of experiments to measure directly the magnitude of the thermal
boundary resistance between YBCO films and the underlying substrate. 10

Having gained a solid understanding of antenna-coupled bolometers, and of thermal
boundary resistances, we then inquired whether a low-T, microbolometer could compete
with conventional composite bolometers operated at and below 4.2 K. We came to the
conclusion that this approach could not only lead to an order of magnitude improvement in
sensitivity, but also that several of the obstacles associated with the development of array
systems could be overcome.!'12 Needless to say, we decided to pursue this approach.
We established a collaborative effort with Professor D. E. Prober's group at Yale
University in which the devices would be fabricated at Yale whereas all of the
measurements would be carried out at Berkeley.

We invented the hot-electron microbolometer a little less than a year prior to the writing
of this dissertation. Our initial estimates suggested that it could be possible to attain
approximately two orders of magnitude higher sensitivity than that of the best available
bolometers when operated at the same temperaturc:.13 The hot-electron microbolometer
would thus be the most sensitive direct detector of submillimeter and millimeter waves, and
could potentially be the detector of choice in many applications which require very high
sensitivities and array compatibility. In addition, the readout scheme that we invented
could be used to measure the intrinsic interaction between electron and phonons in a metal
at low temperatures, with a much higher resolution than the conventional SQUID readout
method. 14 Although these concepts have not been tested, I have decided to include the

analysis in this dissertation.



The common theme for the low temperature detector concepts is the need to trap
energy in a very small active region, while making electrical contact to that region. At first,
these requirements seem to be mutually exclusive, since metals are known to be very good
conductors of heat. If however, the contacts are made of a superconductor whose T, is
much higher than the operating temperature, then the Andreev reflection of quasiparticles at
that interface insures that the energy remains trapped in the active region.15 My last few
months at Berkeley were focused towards designing an experiment to make direct
measurements of the trapping of thermal energy at the interface between a metal and a
superconductor as a function of the energy gap of the superconducting interface. Although
these measurements have not been completed, I have decided to include a short progress
report.

The organization of this dissertation will follow the order in which the experiments
were carried out. I will first start with a general overview of bolometers and will discuss
in some detail, the various sources of noise which can limit their sensitivity. The
advantages of reducing the size of the active region will lead to a discussion of antenna
coupled microbolometers. I will then proceed by describing the experiments on the high-
T, microbolometer, and will conclude the discussion of the high-T, work by describing
our measurements of the thermal boundary resistance of YBCO films. The motivation for
our work on the low temperature microbolometers will be introduced through a brief
discussion of the applications which would benefit from such a device. Measurements of
the properties of these novel devices will be discussed as well as the physical phenomena
which are pertinent to their behavior. I will conclude by describing some very preliminary
experiments on the quasiparticle trapping effects at the interface between a metal and a

superconductor.



Cl : Principles of A Coupled Bol

2.1 Introduction

A bolometer is a thermal detector which in principle, can detect radiation from dc to ¥y
rays. Bolometers are the most sensitive direct detectors of radiation for frequencies
between 3 GHz to 1 THz, and have also been used extensively up to 10 THz. All
bolometers include an absorbing element which converts the incident radiation to heat, and
a thermal link between the active region and the heat sink. The rise in temperature of the
thermally active region is measured by a resistive thermometer. Bolometric detectors for
infrared and millimeter waves are used extensively in laboratory and astronomical
applications. Bolometers that operate between LHe temperature and room temperature are
mainly used for laboratory far infrared spectroscopy, while bolometers operating between
0.02 K and 4.2 K are used for very sensitive ground and space-based astronomical and
astrophysics observations. The design parameters of the bolometer depend on the
particular application, and in most cases, the optimization of the bolometer performance
involves a complicated tradeoff between sensitivity, speed of response, dynamic range, etc.
In what follows, I will give an overview of the basic operating principles of bolometers,
and will then motivate the concept of antenna coupled bolometers (also referred to as

microbolometers). I will conclude this chapter with a discussion of the properties of planar

antennas.

2.2 Bolometer Theory

As previously mentioned, a bolometer consists of a thermally active region of heat
capacity C coupled to a temperature bath through a thermal conductance G (Fig. 2.1). The
thermally active region includes an absorber and a thermometer. The temperature rise
AT=T,+Texp(imt) of the active region due to a modulated radiant power input
P=P,+Pexp(iwt) is found from simple energy considerations
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Fig. 2.1

P= 13:)+ Pl exp(imt)

AT =T+ T exp(i ot) Absorber @

C = Heat capacit
thermometer pacity

G = Thermal
conductance

[

Thermal sink

Simplified thermal model for a bolometer. The thermally active region
consists of an rf absorber and a thermometer to measure the temperature
rise AT. The speed of response is determined by the ratio C/G, while the
ultimate sensitivity is determined by the thermal conductance G. A sensitive

bolometer should have a low heat capacity, low thermal conductance, and
be operated at low temperatures.
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Co(AT)/at + GAT = P, + Pyexp(iwt), Q.1

where Ty is the sink temperature, and ® is the modulation frequency. The average
operating temperature of the bolometer is found by equating the time independent terms and
gives Ty=T+P,/G. The temperature rise at the modulation frequency T, is found by

equating the time varying terms to give
T; = P1/(inC + G). (2.2}

Thus far, the analysis has been indepcadei. of the temperature readout scheme. The
majority of bolometers use the temperature dependence of the resistance of semiconductors
or of transition-edge superconductors as sensitive thermometers. The voltage across the
thermometer can be written to first order as V=IR(T)=IR+ I(AT)dR/dT, where I is the
current bias and dR/dT is the temperature coefficient of resistance. The time varying
component of the measured voltage V, can be measured by sensitive lock-in techniques at
the modulation frequency w. The voltage responsivity of the bolometer is then defined as

the change in the voltage across the thermometer per unit power that is absorbed

S=dV,/dP, and is given by

_ _IdR/dT
S G(1 +iot) (2.3)

Here t=C/G is the thermal response time of the bolometer.

Strictly speaking, this analysis is only valid when the bias heating and the effects of
thermal feedback are both negligible. For the general case, it is easily shown that the
average operating temperature is raised by an additional amount AT=12R°/G. Thermal
feedback modifies the previous analysis in the following way: When the temperature of the

bolometer changes as a result of the incident power, so does the resistance of the
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thermometer, which in tum changes the temperature of the bolometer through the change in
bias heating. The net effect can be incorporated as a modification of the thermal
conductance from G to Geff.=G‘I2dR/dT. When Ggg=0 (and for dR/dT>0), the resistance
of the thermometer and the temperature of the bolometer increase without bound (untl a
stable configuration is reached), a condition known as thermal runaway. Throughout the
remainder of this dissertation, I will assume that the bias current is sufficiently low so that

the effects of bias current heating and thermal feedback can be ignored.

2.3 Measurements of Bolometer Responsivity

It is often necessary to measure the responsivity of the bolometer. The simplest
approach is to dissipate a known amount of power in the bolometer and to measure the
resultant voltage rise. This information is contained in the dc I-V characteristic of the
bolometer. From the previous discussion, the voltage across the bolometer is
V=IR,+I(AT)dR/dT. The temperature rise due bias heating is just AT=12R0/G, so that the

I-V relation is

V=R,+1d GdT I'R, . (2.4)

The slope of the voltage V versus the bias power 12R0 is just the voltage responsivity S.
The efficiency of the optical system can then be measured by using a calibrated source of
radiation (such as a blackbody source) and comparing the measured signal with the
expected magnitude.

One concern with this type of measurement is due to the presence of non-thermal non-
linearities in the thermometer. Thus, in addition to the temperature dependence of the
thermometer resistance, it is necessary to account for the possibility that the resistance of

the thermometer also depends on the bias current. This effect has been observed in doped
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linearities can be incorporated in the previous analysis by expanding the thermometer
resistance R=R(T,I) in powers of temperature and bias current. As a consequence an
additional term (E)R/&I)TI2 is added to the right hand side of Eq. 2.4, and complicates **

measurement by introducing an additional non-thermal voltage offset. There does exist an
elegant and simple method which to first order, can distinguish between these two effects.
To the best of my knowledge, this method has not been discussed elsewhere. The idea
stems from the fact that the voltage across the bolometer consists of a sum of three terms,
each of which has a different functional dependence on the bias current I. The first term is
just Ryl the second term is (aR/aI)sz, and the third is Ro(aR/BT)IG'II3. For a dc current

bias it is difficult differentiate between the thermal and non-thermal contributions. If

however, the bolometer is biased with an ac current I=I cosw,t, then to first order,

V = 0.5(3R/l)7l,>
+ Ry Iycosagt+ 0.75RO(BR/B’I')IG"Io3cosmOt
+ 0.5(9R/AI)7ly cos2wgt
+0.25R,(@R/AT)G 1, cos3wgt. .5)

The thermal heating is ranifested in the first and third harmonics, while non-thermal non-

linearities give rise o the signal at the second harmonic.

2.4 Noise in Bolometers

The various sources of noise in the bolometer will determine the minimum detectable
power. The standard figure of merit that describes the sensitivity of bolometers is the NEP
(noise equivalent power), which is the minimum detectable power in a one Hz noise
bandwidth. For a bolometer the sources of noise are due to a) energy fluctuation noise in
the active region, b) Johnson noise in the thermometer, c) amplifier noise, and d) all other
sources of noise. An additional source of noise which is not inherent to the bolometer but
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which will, under certain circumstances, increase the output noise, is due to photon number
fluctuation in the incident radiation.!8 In what follows, I will briefly review each of these
sources «f “oise:

a) Energy fluctuation noise: Fluctuations in the energy of the active region give rise to
fluctuations in the temperature, and hence in the output voltage of the bolometer. This
noise is also referred to as thermal fluctuation noise, G-noise, or phonon noise. The
source of these fluctuations can be understood in terms of equilibrium thermodynamics.
The thermal equilibriurn mean square energy fluctuations in heat capacity C that is coupled
to a heat sink at temperature T through a thermal conductance G is given by the following

expression,'?

<(AE)?> = kT *C. (2.6)

The energy fluctuations give rise to temperature fluctuations <(AT)2>=kT82/C, which
appear as a voltage noise at the output of the bolometer. In practice, one uses sensitive
lock-in techniques to measure the signal at the modulation frequency with a given
frequency bandwidth (integration time). Thus, it is necessary to understand the spectral
distribution of the temnperature fluctuations. The standard analysis20 assumes a source of

random power fluctuations W(t), which is related to the temperature fluctuations via the
heat equation

CAAT(t)/dT + GAT(t) = W(Q). 2.7

The Fourier transform of Eq. (2.7) gives the spectral distribution of the temperature

fluctuations,



W)

AT (@) = ,
GX(1 + w*?)

(2.8)

where W(w) is the power spectral intensity of the fluctuations, and ©=C/G. The spectral

distribution of the temperature fluctuations is related to the mean square temperature

fluctuations via the normalization

<(AT)%> = IATz(co)dm . 2.9)
0

We now assume that the frequency spectrum of W'Z((n) is white and can be written as
W2(w)=BAw/2r, where Aw is the frequency bandwidth. Inserting this form into Eq. (2.9)
gives B=4kT?G. In a one Hz bandwidth, (4kT2Cv)” 2 then represents the rms power
fluctuations in the bolometer, and thus represents the minimum power that can be detected
by the bolometer in the absence of all other sources of noise.

b) Johnson noise in the thermometer: Johnson noise is caused by the random motion of
thermally excited electrons in a resistor. For a resistance R in thermal equilibrium at a
temperature T, the root mean square voltage fluctuations across the resistor are given by
V,,=--(4k'I‘R)l’2.21 The voltage fluctuations which appear at the output of the bolometer,
can be related to a source of power fluctuations in the active region by the relation
NEP=V/ISl.

¢) Amplifier noise: Excess noise in the first stage of amplification can often degrade the
sensitivity of the bolometer and should thus be reduced to a level that is lower than the
output noise of the bolometer. A common figure of merit for an amplifier is its noise
temperature T),. It is the temperature of the source resistor, whose Johnson voltage noise
(4anR)1’2, equals the amplifier noise. In general, the noise temperature of the amplifier

depends on the source resistance R, and is considered to be unimportant when T, is smaller

10



than the operating temperature. The fluctuation in power which corresponds to the noise in
the amplifier is given by (4kT,,R)m/ISl.
d) All other sources of noise: Excess noise in bolometers typically has a 1/f frequency
spectrum and usually arises from a myriad of electronic processes in the thermometer. The
sources of 1/f noise can arise from poor electrical contacts, material defects, or in the case
of transition edge thermometers, from various flux flow mechanisms. Although much of
the physics of 1/f noise is not well understood, it is generally believed that 1/f noise in
bolometers can be controlled by improved fabrication techniques. It is customary to group
theses various noise sources into an effective source of voltage noise Vy;. The
corresponding fluctuation in power at the input of the bolometer is then given by VSl
The overall NEP for the power incident on the bolometer is given by the sum of the

statistically independent contrib tions a) through d)

1/2
v
4kTZG + 4kTR + 4anR 1/f

1
NEP = —[ + (2.10)
n Na N

where 1 is the optical efficiency. For a sufficiently large responsivity, the contributions of
the Johnson noise, amplifier noise, and 1/f noise to the NEP become negligible in
comparison with the energy fluctuations in the active region. The phonon noise thus
represents the ultimate limit to the sensitivity of the bolometer which is imposed by intrinsic
thermodynamic fluctuations, and can be reduced only by lowering the operating
temperature and/or by decreasing the thermal conductance.

The optimization of the bolometer for a given application depends on the operating
temperature, background power loading, and modulation frequency. The trade-off
between these requirements is not at all obvious. It is possible however, to make one
general comment which is true for most applications. The heat capacity of the thermally

active region and hence its volume, should be reduced as much as possible, thus enabling a
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simultaneous reduction of the thermal conductance without increasing the time constant of
the bolometer. This simple concept stimulated much of the work described in this

dissertation.

2.5 Antenna-Coupled Bolometers

The potential advantages of antenna coupled bolometers are best understood by
considering the limitations of the competing technology. A conventional composite
bolometer consists of a thin dielectric substrate and a thermometer which is usually glued
onto the substrate. The electrical leads from the thermometer also provide the thermal
conductance to the bath. A thin film absorber is usually deposited on the dielectric
substrate. In order to couple radiation efficiently, the area of the absorber should
approximately equal or be greater than the square of the wavelength of ilie incoming
radiation. The only way to reduce the heat capacity of the bolometer then, is to thin the
substrate. This can either be done by mechanical polishing tc:chniqucs,22 or by fabricating
thin membranes for the supporting substrate.2? In either case, the constraint on the area of
the bolometer limits further reductions of the heat capacity.

A very different approach is to use thin film technology and lithographic patterning
techniques to reduce the volume of the thermally active region to a fraction of a cubic
micron. This should be compared to = 108 um3 for the volume of a conventional
composite bolometer. The active region typically consists of an absorber to dissipate the rf
currents in the antenna, and a thermometer to measure the resultant temperature rise. The
thermometer can also act as the rf absorber and need not be a separate element. A
comprehensive discussion of the sensing element will be postponed until later chapters.
Millimeter wave radiation is coupled to the active region, which is much smaller than a
wavelength, by means of an antcnna,24 the properties of which will be discussed in the

following section.
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2.6 Antenna Theory

An antenna is a mode converter for electromagnetic waves. For a typical
measurement, the signal consists of electromagnetic waves that propagate in free space.
The detecting element on the other hand, is usually mounted in an electromagnetic
environment which is poorly matched to free space. The antenna can be regarded as a sort
of 'transformer’, taking one form of field pattern and converting it into another.

Antennas that are used for millimeter and submillimeter waves can be grouped into two
broad categories. At low frequencies (f<300 GHz), feed horn antennas are often used to
couple free space radiation to a waveguide which subsequently dissipates the rf power in
the detecting element (Fig. 2.2a). As the frequency is increased however, these structures
become increasingly difficult to fabricate. Planar lithographed antennas (Fig. 2.2b) are
now becoming the technology of choice for applications requiring operation at frequencies
up to several THz, and array compatibility. "All of the detector concepts described in this
dissertation have incorporated the planar antenna concept.

The common figures of merit for antennas are a) Antenna pattern, b) Frequency
response, ¢) Antenna impedance, and d) Antenna cfficie:ncy.25 In reality, these
characteristics are mutually dependent, but for sake of clarity will be discussed separately.
a) The vanation in direction of the flux P that is coupled to an antenna is called the
antenna pattern, and is primarily influenced by the physical shape of the antenna. It is
customary to use spherical coordinates to describe this pattern, thus P=P(©,®). For many
applications, it is desirable to radiate most of the power in a fairly narrow solid angle which
is called the main lobe. The remaining power will radiate in other directions into what are
called side lobes . Much effort in the development of antennas is devoted towards
increasing the fractional power coupled to the main lobe.

b) An antenna usually responds to radiation within a frequency band which is determined
by its physical geometry. For instance, the short wavelength limit of an otherwise lossless
antenna is determined by the smallest features of the antenna structure. In addition,

13
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in waveguide

\
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.

Waveguide

Antenna
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Device mounted
between antenna
terminals

\
N\

Planar antenna

b)

Fig. 2.2 a) Combination of antenna, transmission line, and back-short arranged to
couple a small device to an electromagnetic signal propagating in free space.
b) Planar antenna used to couple radiation to a device that is located
between the antenna terminals. All components are deposited directly on a
substrate so that arrays can be conveniently produced by conventional
lithographic techniques. The area of the active region is typically several
square microns.
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resonant structures in the antenna can also influence the bandwidth.
c) Inorder thét the active region dissipate all of the radiation that couples to the antenna, it
is necessary that the rf impedance of the absorber equal the complex conjugate of the rf
impedance of the antenna. This is an analogous to the case where a waveguide is
terminated in a matched load. A useful case is when the antenna impedance is real and
frequency independent.
d) The antenna efficiency is primarily influenced by rf losses. The issue is that an
antenna which has a high surface resistance can dissipate rf power which is subsequently
made unavailable for detection. Thus, most antennas are fabricated from low loss metals
such as copper or gold. It is also quite common to use superconducting antennas which
have very low rf losses up to frequencies corresponding to the energy gap of the
superconductor.

The ability to fabricate thin film structures with a sub-micron resolution, has enabled
the development of a variety of novel planar-antenna structures which are deposited on a
dielectric substrate. The main advantages of these antennas is ease of fabrication, array
compatibility, and response at frequencies higher than those where feed horns and
waveguide coupled structures cease to be useful. A very useful type of antenna is a self-
complementary antenna, examples of which are shown in Fig. 2.3. A self-complementary
structure is one in which the shape of the regions that are covered by metal is the same as
the regions of the bare dielectric. The impedance of a planar antenna suspended in free
space Z,p, is related to the impedance of its complementary structure Zgoyp Which is

generated by replacing the metal regions with air and vice versa, via Booker's theorem?0

Zachomp = 202/ 4. (2.11)

Here Z,=377 Q is the impedance of free space. A direct consequence of this theorem is
that for a self complementary structure with Z,y=Zcomp, Zan=188.5Q is real and
15



Fig. 2.3

a) b)

a) Sheet circular-toothed log-periodic antenna. b) Two-arm log-spiral
antenna.
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independent of frequency. A self-complementary antenna thus has the potential of being
very broadband. For a planar antenna located on a dielectric half space Booker's theorem

is no longer valid because of the breaking of symmetry, but can be approximated by
Zan = 188.51212(1 + )12 , (2.12)

where is € the diel=ctric constant of the substrate.?* For a quartz substrate Zon=120 Q.
Strictly speaking, Z,,, will remain independent of frequency only for wavelengths which
are of the same order as the smallest and largest features of the antenna that maintain the
self-complementary structure.

An additional characteristic of planar antennas located on thick dielectric substrates is
that they radiate preferentially through the substrate.2* This can be understood by
considering a planar dipole antenna. The dipole measures the parallel component of the
electric field. The local electric field at the antenna terminals is larger when the signal is
incident from the dielectric side rather than from free space (due to the induced electric
fields in the dielectric). The result is that the response of the dipole is larger when the wave
is incident from the dielectric. A useful coupling scheme is to deposit the antenna on the
back side of a dielectric lens, which can be used to further collimate the beam pattern. A
variety of quasi-optical coupling techniques have been proposed and constitute an active
field of research.

An important difference between antennas and conventional absorbers (such as an
absorbing film) is in the manner in which they couple to radiation, and in particular to
thermal radiation. An antenna couples to one spatial radiation mode and one polarization,
whereas a conventional absorber can couple to many spatial radiation modes and two
polarizations. This difference can be understood in the following manner: The rf currents
in an antenna are constrained to flow only along one direction at the feed of the antenna,
and thus have only one degree of freedom. A conventional absorber on the other hand has
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a very large number of degrees of freedom because it is comprised of a very large number
of randomly oriented oscillators (atoms) that couple to the radiation field. Since bolometers
are frequently used to detect thermal radiation, I will briefly summarize some standard
results from thermal physics. The power per mode in a frequency bandwidth dv, from a

blackbody maintained at temperature T is, !

- hvdv
exp(hvkT) -1~

(2.13)

For a conventional absorber with an optical throuput AQ equal to the product of the area A

at the beam focus times the angle Q of divergence from the focus, the power radiated from

the blackbody is

p = __ 2AQhv’dv
c*(exp(hv/kT) - 1]

(2.14)

where c is the speed of light.'® The quantity 2AQ/A? (where Av=c) can thus be interpreted
as the number of spatial modes that couple to the absorber. In a frequency bandwidth dv,
and for a constant throughput, the ratio of the power that couples to a conventional
absorber to the single mode antenna power is proporticnal to v2. The limitation to one
spatial mode for the antenna coupled bolometer is an advantage for diffraction limited
observations over a broad spectral range, where it is often necessary to efficiently reject
short wavelength background radiation. Thus, antenna coupicd bolometers can be more
useful for diffraction limited broadband observations, whereas conventional composite
bolometers would be more useful for broadband, constant throughput spectroscopic
applications.

In chapter 5, I will present measurements of the frequency dependent optical
efficiency of a self-complementary, log-periodic antenna and will discuss in further detail

several of the issues which were mentioned here.
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3.1 Introduction

Bolometers that use the resistive transition of high temperature superconductors as a
sensitive thermometer are of much interest since there are many applications for infrared
detectors, at wavelengths >200 pum, where liquid nitrogen temperatures are acceptable and
liquid helium temperatures are not. Applications include laboratory infrared spectrometers
and long term observation of the earth or nearby planets from long lived space platforms.
To date however, there has not existed a suitable technology for thermal detectors operating
near 77 K. Consequently, thermal detectors operated at room temperatures are often used in
applications which would greatly benefit from the improved performance of a properly
optimized detector operated near 77 K. The performance of an ideal composite bolometer
operated at 90 K, with a heat sink temperature of 77 K was calculated by Richards et al. in
1989.3 They estimated a noise equivalent power that is 100 times better than the
=5x10"10 WHz 12 available from commercial pyroelectric detectors operated at room
temperatures. The antenna-coupled high-T, bolometer (referred to as the high-T,
microbolometer) was proposed by Hu et al. in 1989.% The potential advantages of this
particular configuration is the low NEP, short time constant, and array compatibility. In
their proposed design a planar lithograp*.ed antenna is used to couple the radiation to a thin
YBCO film with dimensions (=6x13 pm?) which are much smaller than the wavelength to
be measured. This film acts both as the resistor to thermalize the rf currents and as a
transition edge thermometer to measure the resulting temperature rise. Because of its small
size, both the thermal conductance from the film into the bulk of the substrate and the heat
capacity of the thermally active region are small. Consequently, the microbolometer has
low noise, fast response and a high voltage responsivity. This subject of this chapter is the
fabrication and measurement of the high-T, microbolometer. I will review the basic

operating principles of the microbolometer, describe the fabrication process, and present
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the experimental results. I will conclude with a discussion of the current limitations of the

high-T, microbolometer, and possibilities for additional improvements.

3.2 Energy Dissipation

The significant reduction in the heat capacity of the thermally active region relative to
that of conventional composite bolometers is one of the main advantages of this device.
The thermal time constant of the microbolometer is =10° s, which is much shorter than is
required for most applications. Consequently, the performance of the microbelometer can
be improved by reducing the thermal conductance from the film to the environment,
without being restricted by speed of response considerations.

At temperatures above =30 K, the thermal isolation is primarily controlled by the flow
of heat from the small area YBCO film to the bulk of the substrate. Following the analysis
of Ref. 4, the thermal conductance G from the superconducting film to the bulk of the

substrate can be written as the following integral

Ce =% IVT(r)ds, (3.1)

area

where x is the thermal conductivity of the substrate, T(r) is the position dependent
temperature in the substrate, AT is the temperature difference between the film and the
substrate far from the film, and the integral is over the contact area between the film and the
substrate. If we model the contact between the film and the substrate as a hemisphere of

radius a such that A=2ma? is the area of the film, then the radial diffusion equation gives
T(r) = T + AT(a/r)exp((a-r)/L]exp[i(wt - r/L)], (3.2)

where Ty is the sink temperature, L=(2k,c)"/? is the thermal diffusion length, c is the

substrate heat capacity per unit volume, and w=2nf is the modulation frequency. The
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frequency dependent thermal conductance caiculated from Eq. 3.1 is then given by

G(w) = k2xA)2[(1 + 120122 + 1) 12, (3.3)

where T=cA/4nx is an effective time constant. At low frequencies, G(0) is fr quency
independent while for frequencies much higher than 1/, Gee!2,

The contact area between the superconducting thermometer and the antenna edges
provides an alternate path for heat dissipation. This additional contribution to the total
thermal conductance is ditficult to calculate precisely. However, previous estimates2? and
present measurements indicate that this is not the dominant thermal conduction path.

If we model the thermal circuit as a heat capacity C coupled to a heat bath through a

conductance G(w), then the voltage responsivity is given by

_ I(dRAT)
S= G(w) +inC '’ (3.4)

where 1 is the bias current, dR/dT is the temperature coefficient of resistance, and ® is the
modulation frequency. The second term in the denominator can be neglected because of the
small thermal mass of the film. From the previous discussions it is seen that the best

performance is obtained for a small film area deposited on a low thermal conductivity

substrate.

3.3 Radiation Coupling

It is necessary to understand the rf properties of the YBCO strip in order to design an
efficient match to the antenna. Miller et al.28 have made direct measurements of the
absortivity of YBCO films and concluded that the rf impedance is adequately described by
the two fluid model up 0 =15 THz. In this model, the surface impedance of a film of

arbitrary thickness is given by the following e:ncpre,ssion,29
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(3.5)

Here A=A [l -(T/Tc)4]' 1/2 is the superconducting penetration depth,
5:[1/;,100',,('1“/'1‘(.)41rv]1/ 2 s the classical skin depth calculated for the normal carriers below
T, O, is the conductivity in the normal state, t is the film thickness, and v is the rf
frequency. This model is valid in the normal state if we set T/T =1 and A=co. When the
film thickness t<<§, the normal state surface impedance from Eq. (4) is just the dc
resistance per square of the strip Zs=(tcn)'l. For a YBCO strip biased at the midpoint of
the resistive transition, it is then reasonable to assume that dc resistance per square of the
film is approximately equal to the rf surface impedance. A more detailed discussion of this
issue will be presented in chapter 5. _

The most straightforward thermometer design is a simple strip of length /, width w,
and thickness t, located directly between the antenna terminals. The impedance of such a

strip is
Zbolo = Zsl/W + ZL , (36)

where Z; is the impedance due to the geometrical inductance of a rectangular thin strip
over a dielectric half plane and is approximately given by ZL=i1.5x10'12V1 where 1 is in pm
and in Z_ ohms.3% The ratio of the power coupled into the strip to the power available at
the antenna terminals is given by the usual ratio of antenna and sensor impedances can be
written as 4Z, R[(Zan, +R)*HZ 121131 The coupling of rf currents into the strip will
thus weakly depend on frequency for frequencies such that 1Zy I<Z,;,, . For typical strip
parameters, the frequency at which 1Z; I=Z,,, is =3 THz. The rf matching problem is thus

reduced to matching the dc resistance of the strip to the real antenna impedance.
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The antenna used for this investigation was a self complementary equiangular spiral
antenna which has an impedance of 75 Q for a ZrO, substrate.32 Since planar antennas
located on a dielectric surface radiate primarily into the dielectric, the signals are introduced
through the back surface of the dielectric which is often placed on the back side of a

dielectric lens.

3.4 Device Fabrication

In order to maximize the sensitivity of the microbolometer several conditions must be
met. First, the resistance of the superconducting thermometer, when maintained at the
center of its resistive transition, must match the antenna impedance of =77 Q. Since high
quality films of YBCO have typical resistivities of =100 p€2-cm just above the resistive
transition, film thicknesses of =~1000 A are required. The second requirement is that of a
low thermal conductivity substrate which is simultaneously compatible with YBCO and is
not lossy at infrared frequencies. ZrO, stabilized with Y,03 (YSZ) has favorable thermal
and film growth properties. It has a thermal conductivity x=0.015 Wem'lK'1,33a specific
heat c=0.7 Jem™K'!,3 and a dielectric constant e=12.5.3%

A collaborative effort was established with Conductus Inc. in which the films would
be deposited at Conductus, whereas the devices would be patterned and tested at Berkeley.
In situ, off axis sputtered YBCO films (=1000 A thick) were deposited on YSZ
substrates.30 Subsequently, =2500 A of silver were deposited without breaking vacuum.
The antenna pattern was defined using standard photolithographic techniques and the silver
was etched in a 1H,0,:1NH4OH:2CH30H solution. The YBCO microbridge was then
defined and etched in a =0.5% phosphoric acid etch. The resulting structure had an active
area of =6x13 um2 with a transition width of =2 K and a resistance of =40 € at the center
of the transition (Fig. 3.1). The substrate was mounted onto the back side of
the hyperhemispherical sapphire lens with Apiezon N-grcase37 and electrical contacts
were made at the antenna terminals with silver paint. The temperature of the substrate-lens
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Fig. 3.1
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Temperature dependence of the resistance of a typical microbolometer
(measured at a bias of 100 pA), also plotted is the temperature coefficient of
resistance whose maximum determines the optimum operating temperature.
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combination was regulated at the center of the resistive transition using a commercial diode

thermometer and contmller.}8

3.5 Electrical and Optical Characterization

In order to calibrate the responsivity of the microbolometer it is necessary to measure
the total thermal conductance from the thermally active region to the environment. As
previously discussed, this information is contained in the dc I-V curve. The electrical
power dissipated in the thermometer raises its temperature which results in a higher
resistance. When the temperature was regulated at the center of the transition, a strong
linear dependence of the resistance on the bias current was observed. This non-thermal
behavior dominates the thermal effects. Thus, I-V curves were measured just above the
resistive transition. Fig. 3.2 shows a typical resistance versus power load curve. The
slight curvature is due to the change in dR/dT as the thermometer changes temperature.
From the slope we obtain G(0)=3.6x10"> W/K, while Eq. 3.3 predicts a value of
3.3x107 W/K. The difference may be due to conduction of heat through the antenna. For
a bias current of 600 pA, the voltage responsivity is =580 V/W.

The low impedance characteristic of antenna coupled devices necessitates the use of a
transformer at the first stage of amplification. The electrical circuit that was used for the
NEP measurements is shown in Fig. 3.3. A blocking capacitor (C=100 uF) was used in
conjunction with an Ithaco model 565 (1:10 turn ratio) low noise transformer and
ampliﬁer.39 With this configuration it was possible to bias the bolometer without passing a
current through the transformer windings. A comprehensive discussion of the use of
transformers as low noise amplifiers for source impedances <100 Q is given in App. A.
The voltage noise, when referred to the input of the transformer was 0.1 nVHz 12 between
0.01-25 kHz. The Johnson noise from the resistance of the microbolometer was a
factor of =5 higher.

In order 0 deiermine the nature of the noise, itis useful io pioi the bias curmreni
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Fig. 3.2 Resistance versus power load curve measured just above the resistive

transition. The slope of this curve equals (dAR/dT)G-!. For a bias current of
600 pA, the voltage responsivity is 583 V/W.
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Fig. 3.3 Schematic of the microbolometer readout circuit For a transformer operating

at 300 K, the voltage noise is =0.1 nVHz"1/2. A comprehensive discussion
of transformers as low noise amplifiers for source resistances between
1-100 €2 is given in appendix A.
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dependence of the NEP which is deduced from the ratio of the output voltage noise and the
measured voltage responsivity. Fig. 3.4 is a plot of the electrical NEP as a function of bias
current. Superposed is the theoretical curve which was deduced from the area of the
microbolometer, the thermal conductivity of the substrate, and the measured temperature
coefficient of resistance (and assuming negligible contributions from 1/f and amplifier
noise). The solid line is the theoretical phonon noise limit (4kT2G)1/2. At a bias current
of =600 WA, the sensitivity of the microbolometer is seen to be limited by intrinsic thermal
fluctuations in the active region, this is the optimum limit for any thermal detector because it
indicates that the contribution to the NEP from all other noise sources has been made
negligible. Additional improvements in the sensitivity of the microbolometer are possible
only by reducing the thermal conductance to the environment. This can be achieved by
depositing the YBCO film on a substrate with a lower thermal conductivity, by patterning a
smaller active area, by creating artificial thermal barriers between the film and the substrate,
or by depositing the film on a thin membrane (this latter possibility will be discussed in
section 3.7). It should be noted that the =2.6 nVHz 12 voltage noise at the output of the
microblmeter can be read out with conventional FET amplifiers which have a typical input
voltage noise of =1.5 nVHz /2. The current noise in the amplifier makes a small
contribution to the total noise of the amplifier due to the small bolometer resistances.

The frequency dependence of the NEP is shown in Fig. 3.5 for a bias current of
500 pA. The solid line is the NEP expected in the absence of 1/f and amplifier noise. The
exact origin of the excess noise at frequencies below =1 kHz is not fully understood, but is
believed to be influenced by the deposition and patterning process.

Measurements of the optical response of the microbolometer were made at 90 GHz
with a Gunn oscillator whose bias was electrically switched. The oscillator was coupled to
a conventional feed horn via a waveguide. Radiation from the oscillator was directed
towards the dewar window. We did not attempt to optimize the coupling efficiency since
the signal from the oscillator was sufficiently high. In Fig. 3.6 we plot the optical response
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Fig. 3.4
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The measured and calculated NEP (at 10 kHz). For a bias current larger
than about 500 pA, the NEP is limited by intrinsic energy fluctuations in the
YBCO strip, this is the ideal limit for a thermal detector.
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of the microbolometer as well as the frequency dependence calculated from the thermal
model discussed in section 3.2. The agreement is quite satisfactory if one takes into

account the simplified nature of the model.

3.6 Measurements of the Optical efficiency

In order to accurately measure the optical efficiency, it is necessary to have a well
calibrated source. In addition, the beam patterns of both the source and the detector must
be known in order to estimate the coupling losses. A blackbody source appears to be a
convenient choice. The power from the blackbody is well known and given by P=kgTB
in the Rayleigh-Jeans limit, which is appropriate for this experiment. Here T is the
temperature of the blackbody, and B is its opticz}l bandwidth.!® Furthermore, it is possible
to minimize the coupling losses by overfilling the beam pattern of the detector with the
blackbody radiation.

In our configuration shown in Fig. 3.7, a sheet of Ecosorb AN72,%0 immersed in
liquid nitrogen, serves as a 77 K blackbody source. The optical bandwidth B is determined
by cooled fused quartz and black polyethylene filters, at the cryostat entrance, which had a
measured effective bandwidth of 1.5 THz (50 cm™}). Thus, when chopped between 77 K
and room temperature, the incident power is P=4.5x10"° W. The integrated optical
efficiency, defined as the ratio of the detected power to the incident power at the TPX lens,
was measured to be 5%. The coupling efficiency for a planar antenna suspended in free
space is 50%, and =75% when deposited on a dielectric.2* This indicates that the losses in
the lens and antenna system were =15 dB over the frequency range (0-50 cm-!) of the
observation. The observed losses can be accounted for as follows. The TPX lens had a
measured frequency independent loss of 1 dB. The losses of the YSZ/Apiezon N-
grease/Sapphire lens combination were measured to be 9 dB when normalized to the optical
bandwidth. The main source of loss is in the 0.5 mm thick YSZ substrate, whose
measured transmittance becomes negligible above =30 cm” 141
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Fig. 3.7 Schematic of the experimental setup used to measure the optical efficiency
of the quasi-optical system. The substrate is mounted on the flat side of a
hyperhemispherical sapphire lens (D=0.5"). A TPX lens (f/1.16) is used
to further narrow the beam.
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3.7 Conclusions

To date, the electrical NEP of the microbolometer is the lowest of any other high-T_
detector. Its sensitivity can be improved by further reducing the thermal conductance G
from the YBCO film to the substrate. This can be achieved by reducing the contact area of
the YBCO film with the underlying substrate. Alternatively, it may be possible to deposit
buffer layers between the film and the substrate, and subsequently increase the thermal
isolation. This latter possibility will be investigated in the following chapter. In either
case, the minimum permissible value of G is ultimately determined by the background
power loading P through the relaticn P=GAT, where AT is the difference between the
operating temperature and the heat sink temperature.

Significant improvements in the optical efficiency appear possible. Since the majority
of the losses are due to absorption in the substrate, the use of a thinned YSZ substrate
should reduce these losses. In addition, the use of reflecting optics, and perhaps a quartz
lens should reduce the losses in the TPX lens and broaden the optical bandwidth (quartz is
less lossy than sapphire at =100 cm!). A better overall approach would be to deposit the
antenna and the sensing element on a thin membrane. Because the membrane can be made
much thinner than the detected wavelength, the antenna effectively radiates in free space,
thus eliminating the substrate loss as well as the need for a dielectric lens. Measurements
on log-periodic bismuth microbolometers deposited on a 1jum silicon-oxynitride membrane
show no sidelobes and a 3 dB beamwidth of 40°.42 Because the thermometer i< deposited
on a thin membrane, the thermal conductance G is calculated in the two dimensional limit
and, in general, will be lower than the three dimensional case, yielding a slower bolometer

with a smaller NEP.
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Chapter 4: Tl | Boundary Resist for YBCO Fil

4.1 Introduction

Since the discovery of high-T¢ superconductivity, much attention has been focused on
the response of thin superconducting films to pulsed radiation from visible tv far infrared
wavelengths. The motivations for these <.iperiments were to develop sensitive radiation
detectors, fast optical switches, and to gain a broader understanding of the physics of high-
T, superconductivity. A typical experimental configuration is shown in Fig. 4.1a. A thin
film of YBCO is patterned into a narrow strip, tyvpically 2-100 pm wide. The strip is
biased at a constant current I, and the vol*age V across the strip is monitored. The time
dependence of the response, after a short (ns) laser pulse incident on the strip, is shown in
Fig. 4.1b. Observations of a variety of response times front femtoseccrids to milliseconds
with different temperature dependencies have caused some confusion about the esponse
mechanisms. Several studies identify a bolometric response, due to heating of the film
relative to distant parts of the substrate.*345 Others have proposed mechanisms relating to
vortex motion,5%’ phase slips.,8 and non-equilibrium superconductivity9:? to account for
what is claimed to be a nonbolometric response. Any attempt to model the thermal
response, and hence to test the hypothesis of a nonbolometric mechanism, requires a
quantitative knowledge of the thermal contact between the film and the substrate.*® This
information has not generally been available to the community.

In the previous chapter, the properties of the high-T microbolometer were analyzed in
terms of the heat flow through the substrate. This analysis is quite valid for low
modulation frequencies and for substrates with a low thermal conductivity. However, if
one is trying to understand the transient response of YBCO films to very short laser pulses,
it is necessary to understand and incorporate the effects of the thermal boundary resistance
between the film and the substrate. It is unfortunate that much of the community was
completely unaware of the importance of this effect.
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of a YBCO film to a laser pulse (ns duration).
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I will first give an overview of the thermal boundary resistance at low and high
temperatures. [ will then discuss the difficulties associated with the measurement of Ry  at
high temperatures, and present the experimental configuration which resolves these
difficulties. Finally, I will conclude by arguing that the nanosecond response time of
YBCO films can be entirely explained by the thermal boundary resistance, and will

speculate on the origin of the shorter response times that are observed.

4.2 Theoretical Background
The thermal boundary resistance Ryq is defined as the ratio of the temperature

difference AT across an interface to the power per unit area P/A flowing across it,

Rpg = ATA/P. 4.1)

This definition is general and applies to both phonon and electron transport. We are
interested in the case where at least one of the interfaces is a dielectric, so that only
phonons can transport energy across the interface. The characteristics of the thermal
boundary resistance are strongly dependent on the temperature and can not be described by
one specific model. I will thus give a brief overview of the theory which is used to explain
the boundary resistance at low temperatures, and also discuss our current understanding of
the behavior of Ryy at high temperatures .

At temperatures below =30 K, the Acoustic Mismatch Model (AMM) developed by
W. A. Little has been very successful in explaining thermal boundary resistances.” The
analysis is simple enough that it is worthwhile to present it here. The power flow across an
interface (from side 1 to side 2) is the sum over all frequencies and incident angles of the

number of phonons that are incident on a unit area A per unit time, times the phonon energy

hw, times the transmission probability a.,,. This can be written as
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Here N j(®,T) is the product of the phonon density of states (per unit volume) times the
Bose-Einstein occupation factor in side 1, the subscript j is the phonon mede, c j is the
phonon propagation velocity of mode j in side 1, and oy.57(8,j) is the transmission
probability for a phonon of mode j to be transmitted to side 2. Here we have assumed that
the transmission probability is independent of the phonon energy and bath temperature.
The justification of Eq. (4.2) is simple, Ny j(®,T)cy Jcos®d§2141t is just the number qf
phonons with a given frequency and element of solid angle dQ=sin®@d®d® that are
incident on the surface per unit time. Here © is the angle between the phonon propagation
direction and the normal to the interface, and @ is the azimuthal angle. The thermal

boundary resistance is then given by

- Py 1 (T) - P _o(T)
A(T,-T)

(4.3)

Thus far, the analysis has been independent of the operating temperature and the exact
nature of the scattering mechanism at the interface, and thus applies equally well to all
temperatures. Little was able to solve this model by making the assumptions that the
propagation of the phonons is governed by continuum acoustics, and that the interface can
be treated as a plane. These assumptions are expected to hold at low temperatures where
the dominant phonon wavelengths of =400 A at 1 K,48 are much larger than a typical lattice
spacing. The heart of the problem lies in the calculation of the transmission probability for
the various phonon modes. In the continuum acoustic limit the transmission probability
can be derived by imposing the appropriate boundary conditions on the values of the

displacement and stress at the interface. These calculations are difficult since it is necessary
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to keep track of one longitudinal and two transverse phonon modes (for a one atom basis),

and the possibility of mode conversion processes at the interface. I will not attempt to

derive these probabilities but remark that they depend on the angle of incidence ©, and on
ratios of the acoustic impedances Z=pc of the two materials, where p is the mass density.
We can now derive the temperature dependence of the thermal boundary resistance at low
temperatures. It is customary to assume that the solid is isotropic and to use the Debye

approximation for the density of states. Thus, the number of phonons per unit volume, at

temperature T and with an energy between Aw and ho+d(hw) is given by49

2
N, (0, T)do= W de . 4.4)
4 21t2c71"j [expa/kT) - 1)]

One then proceeds by making the usual assumption that the Debye temperature is much

higher than the temperature of interest, so that the integration over w in Eq. 4.2 can be

extended to infinity. The standard result for the boundary resistance then follows,

- 1
2,4
nk 2
=| T3 Cl.jrl.j] T, (4.5)
Rod [15& J-
where

/2
Iy = [o,,(@icosBsineae | 4.6)

b

As previously discussed, the calculation of the transmission probability is difficult.
The values of I'y ; are usually tabulated as a function of the ratio of the two material
densities, the longitudinal velocities, Poisson's ratio for each side, and the ratio of the

longitudinal to transverse velocities on each side. One then calculates the coefficient of T3
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in Eq. (4.5). It is customary to group the various terms into one coefficient so that
Rbd=BT'3. A general rule of thumb is that for most materials, B varies from about
6 K4cm2/W (aluminum on quartz) to 90 K4cm2/W (indium on diamond). For YBCO on
sapphire I calculate B=17 K*cm?/W.

At temperatures above =30 K, the shorter phonon wavelengths (=4 Aat 100 K)48 are
very sensitive to interface imperfections and irregularities. As a result the measurcd Rpg
does not continue to decrease as T™, but approaches a constant value at high temperatures.
At 100 K Rp(d can exceed the ideal model predictions by several orders of magnitude.
Although the exact details of this discrepancy are not well understood, it is generally argued
that phonon scattering caused by disorder in the subsurface region is a strong candidate.>
Fig. 4.2 shows the typical temperature dependence of Ry, at low and high temperatures.

Low temperature physicists are generally familiar with thermal boundary resistances.
They play an important role in steady state experiments because they become important
compared with bulk thermal conductances in many experimental situations. At higher

temperatures, boundary resistances can often be neglected, but not when fast phenomena in

thin films are involved.

4.3 Measurement Scheme

The goal of our experiments was to measure the magnitude of the thermal boundary
resistance at =90 K. We wanted to know whether Ry4 was significantly higher than the
predictions of the AMM. The experiment would thus have to resolve at least 10% of the
predictions of the AMM at and above 90 K . This is not such an easy task at these
temperatures because the thermal conductance across the interface can be several orders of
magnitude higher than the thermal conductance from a typical distance through the substrate
between adjacent thermometers.

Our measurements of the thermal boundary resistance use the technique reported by
Swartz and Pohl.’! The experimental geometry, shown in Fig. 4.3, consisted of three
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Fig. 4.2 a) Typical temperature dependence of the thermal boundary resistance. At

temperatures <30 K, the thermal boundary resistance is proportional to T-3,
for higher temperatures Rpq approaches a constant value. b) At low
temperatures, phonons propagate across the interface in much the same way
as light reflects and refracts at the interface between two materials with
different dielectric constants. At higher temperatures, the contact region

is no longer a perfect interface, and additional scattering mechanisms
become important.
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Fig. 4.3 Experimental configuration. The interface studied lies beneath the left strip,
which is biased with a relatively high current I.
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closely spaced, long, narrow strips of YBCO which were patterned using standard
photolithographic techniques. A silver fan-out pattern at each end of the strips led to
current and potential pads. The dc electrical resistance of each strip was measured as a
function of temperature from 90 K to 200 K using low bias currents for all three strips.
Subsequently, a relatively large bias current was passed through strip 1 causing its
temperature T to rise significantly. The resistances of strips 2 and 3 were again measured
with a small enough bias that the temperatures T, and T3 deduced for each strip were
essentially equal to the temperatures of the substrate directly underneath the strips. Both T,
and the dissipated power P were measured. The temperature Tl' of the substrate beneath
strip 1 was calculated from a two dimensional solution of the time independent heat

equation which is a good approximation to the experimental gcometry.s2
Ty =T+ PQLrx) ' [(x-1)2In(x-1) + (x+1)2In(x+1) - 2x2Inx]. 4.7)

Here P/L is the power per unit length dissipated in strip 1, T is the temperature of the
substrate under one of the other strips, K is the thermal conductivity of the substrate, and x
is the ratio of the strip separation s to strip width d. Both Tl' and k were deduced by using
Eq. 4.7 for the two cases T=T,, x=s/d and T=Tj3, x=2s/d as is shown in Fig. 4.3. The
boundary resistance was then obtained from Eq. 4.1, where AT=T l“Tl’- This
measurement scheme is able to eliminate many of the experimental difficulties discussed
earlier by reducing the contact area between the films and the substrate to several square

microns, and the distance between adjacent thermometers to several microns.

4.4 Sample Fabrication
We chose to measure the thermal boundary resistance for several commonly used

substrates. We were also interested in studying the effects of buffer layers on Ryg.  The

hope was that these buffer layers, which would be deposited between the YBCO film and
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the substrate, might be able to enhance Rpg4, and thus permit the development of
microbolometers with higher sensitivities. An additional collaboration was established with
Conductus Inc. in which the samples would be deposited at Conductus, and subsequently
patterned and measured at Berkeley. Epitaxial buffer layers which consisted of 100-500 A
of SrTiO3, LaAlO;, CaTiO3, or MgO, were deposited by laser ablation on (1102) sapphire
substrates after which ~2000 A epitaxial films of YBCO were deposited in situ by laser
ablation using deposition parameters that have been discussed elsewhere.’ In addition,
YBCO films were deposited on (100) lanthanum aluminate substrates by the same method
but without buffer layers. The films were subsequently ion milled in another chamber to
remove =500 A of the YBCO surface and =2500 A of silver was ion beam sputtered in
situ. The contact pads were patterned using standard photolithography and the silver was
etched in a solution of 1H,0,:1NH4OH:2CH30H. The YBCO strips were then similarly
defined and etched in =0.5% phosphoric acid and oxygen annealed at 500 °C for 5
minutes. The resulting structure consisted of three strips, each 12 pm wide, 300 pm long
and separated by 24 um. Typical resistances above the resistive transition were =250 Q,
and the temperature coefficient of resistance was dR/dT =2 Q/K. The transition widths of
several Kelvin were not broadened by patterning indicating that the film quality was not
significantly affected by the patterning process. The substrate was mounted on a computer-

controlled temperature regulated stage.

4.5 Experimental Results

The major difficulties of the experiment were due to the dc nature of the
measurements. Thermoelectric voltage offsets and slow drifts can often complicate dc
measurements. In addition, we were concerned that the resistance of the YBCO strips
might dependent on the bias current. It should be mentioned that these effects pertain only
to strip 1, because the bias current of strips 2 and 3 was not varied. The simplest solution

to the thermoelectric voltage problem was to reverse the current polarity. Also, by
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repeating the measurements for different values of bias current through strip 1, we verified
that its resistance vas ohmic. An additional consideration was pointed out by Kenneth E.
Goodson >4 He argued that because the thermal conductivity of YBCO is small (=0.01
W/cm-K at 100 K),55 temperature gradients can exist along the direction perpendicular to
the plane of the film. The film closer to the interface is at a lower temperature than the
section of the film furthest from the interface. Thus, the average temperature of the film,
which is deduced from the resistance of the film, must be corrected for this effect. The
analysis is rather simple and will not be presented here. It does imply however, that the
thermal boundary resistance is =33% smaller than that calculated from the isothermal film
model.

In a typical experiment, approximately 50 mW of power was dissipated in the first
strip. The temperature rise of the strip relative to the substrate was =1.4 K, whereas the
temperature difference between strip 1 and 2 varied between 0.2 K and 2 .0 K. InFig. 4.4
we show the measured temperature dependence of Rpq for the various samples. Also
shown is the prediction of the acoustic mismatch model for YBCO on sapphire, neglecting
the effect of the buffer layers. The thermal boundary resistances of samples a) and b),
which had two buffer layers on sapphire, are weakly dependent on temperature while
sample c) , which had only one buffer layer on sapphire has a smaller Ry, which decreases
slightly with increasing temperature. The thermal boundary resistance of sample d), which
had a lanthanum aluminate substrate without buffer layers, is similar in value to the
previous samples, implying that the buffer layers have only a modest effect on Rpg. The
larger scatter in the Rpg data for sample d) is due to the lower thermal conductivity of
lanthanum aluminate compared to sapphire.

For our samples the measured values of Rpq varied from 0.3x1073 to 0.5x1073
Kcm?/W, which is almost a factor of 50 larger than the prediction of the acoustic mismatch
model at 100 K. The relative insensitivity of Rpq to temperature is a common

51

observation in the high temperature regime,”" where the boundary region is thick
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Fig. 4.4
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Temperature (K)

Thermal boundary resistance for thin films of YBCO on sapphire with,
a) 100 A SrTi03/100 A MgO, b) 200 A LaAlO4/100 A CaTiO3, and c)
500 A CaTiO3 buffer layers. The solid line is the prediction of the

acoustic mismatch model (AMM) for YBCO on sapphire without buffer

layers. The thermal boundary resistance for YBCO on lanthanum aluminate
is shown in d).
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compared to characteristic phonon wavelengths. The actual value of Ry4 depends on the
surface quality of the interfaces, as well as the specific details of the deposition.
Transmission electron micrographs of these films are not available, but those for similar
high quality epitaxial films show a variety of kinds of disorder at the interface which
propagate =100 A into the film. In addition, disordered layers of order 10 A thick are
frequently seen at interfaces.”® The thermal conductivity of this layer is not known, but
would have to be of order ~10 W/cmK to account for Rpg. Typical thermal conductivities
of polycrystalline YBCO are ~3x10"2 W/cmK at 100 K,57 which are too high to account
for Rpg. This implies the existence of additional scattering mechanisms, such as damage in
the substrate near the interface. Carr et al. measured the response of epitaxial films of
YBCO on MgO to pulsed, broadband infrared radiation, as a function of film thickness.
They inferred a value of Rpg=1. 1x1073 Kcm2/W at 90 K,43 which is close to our measured
range. Marshal et al. inferred a value of Rbd=2.5x10'3 Kem?/W for epitaxial films of
YBCO on MgO at 300 K using the optical-transient grating method.>8

I now consider whether the measured values for Rp4 are able to account for the
observed nanosecond response time. The thermal time constant, T=C/G resulting from the
heat capacity C of the film and the boundary conductance G=A/Rpq for a film of area A, is
several nanoseconds for a 500 A thick film and for our measured values of Rpd-
The most thorough thermal analysis of these experiment is that of Flick et al.,*6 who
analyzed the data of Frenkel et al.” In the absence of specific data they modeled Rypq with
the acoustic mismatch model using B=40 K4em?/W. They concluded that the temperature
profile through the film is essentially flat even for pulses as short as 150 ps, and that most
of the temperature drop occurs across the film/substrate interface rather than through the
substrate. These conclusions are still valid for the larger values of Rpg that we measure.
Realizing that the acoustic mismatch model underestimates Rypg above =60 K, Flick et al.
calculate the effect of replacing it by a constant value of 0.2x1073 KcmZIW, which was

measured for a Rh:Fe/sapphire interface.! While the overall agreement between the
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calculations and the data was improved, the observed response could not be explained by
the thermal hypothesis. Hence they concluded that the discrepancy is due to a
nonbolometric mechanism. The values of Rpg that we have measured are a factor =3.5
larger than the largest values assumed by Flick et al. Consequently, the agreement
between the analysis and the data will improve, thus weakening the evidence for a

nonbolometric response on the ns time scale.

4.6 Conclusions

We have measured the thermal boundary resistance for YBCO thin films deposited on
a variety of substrates. The magnitude of the thermal boundary resistance was almost two
orders of magnitude higher than the predictions of the acoustic mismatch model, and is due
perhaps, to a damage in the substrate close to the interface. The thermal relaxation time
resulting from the heat capacity of the film and the boundary conductance is several ns for a
typical film thickness. This result probably accounts for many of the experimental
observation that were explained in terms of nonbolometric detection mechanisms.

The various response times that are observed should be understood in the contextof a
hierarchy of relaxation processes which can take place after a sudden deposition of energy
in a high-T¢ film. Although many details of these processes are not clear, the following
phenomena probably occur. In general, hot quasiparticles relax to large numbers of "gap
edge" quasiparticles and phonons of comparable energy in hundreds of femtoseconds. %0
"Gap edge" quasiparticles cannot recombine until energy leaves the excited region.
Depending on the size of this region, the energy can dissipate in picoseconds by diffusion
of quasiparticles and phonons through the film or, as shown in this work, phonons can
carry energy across the boundary in nanoseconds. Heat spreads out into the substrate in
microseconds, as in the case of the high-T microbolometer> and into the heat sink in
milliseconds, as in the case of a conventional composite bolometer. The complexity of

these essentially thermal processes is a serious impediment to the unambiguous
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identification of non-thermal detection mechanisms.
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Chapter 5: Low T ture S ucting Microbol

5.1 Introduction

Having gained an understanding of antenna-coupled bolometers and of thermal
boundary resistances, we next inquired whether a low temperature version of the high-T,
microbolometer could be a useful device. Potential applications of such a device can be
understood by reference to applications of conventional composite bolometers operated at
temperatures < 4.2 K. Unlike a conventional bolometer which accepts any throughput, the
antenna coupled bolometer is limited to a single spatial mode with throughput equal to the
square of the wavelength (section 2.6). Consequently its use is favored for applications to
diffraction limited imaging or spectroscopy. Our estimates and measurements indicate that
the antenna coupled bolometer can, in principle, achieve much higher sensitivities than
conventional bolometers operated at the same temperature in applications where the
background power loading is low. There are two NASA astrophysical spacecraft which
are proposed for this decade and which require bolometers with very high sensitivities
operating in low backgrounds. The Space Infrared Telescope Facility (SIRTF) will have a
single bolometer for A=1 mm and a four bolometer array for shorter wavelengths, all
operate at 100 mK. Backgrounds will be very low because the optics will be cooled to
=1.5 K. The Submillimeter Moderate Mission (SM3) which will have low emissivity
=200 K optics will require large format bolometer arrays for diffraction limited imaging
which will probably operate near 300 mK as well as 100 mK arrays for spectroscopy. In
addition, bolometers are used for important astrophysical applications at millimeter and
submillimeter wavelengths from ground based (mountain top or south pole), airborne,
balloon, and sounding rocket platforms. Important scientific goals include observations of
molecular line emission from interstellar gas and planetary atmospheres, continuum
emission from interstellar dust, and observations of the cosmic background radiation.

For most applications, external filters are used to limit the detected bandpass. At
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submillimeter wavelengths, high frequency filter leakage is a major problem since the
power from a thermal source detected by a conventional bolometer with constant
throughput increases as the square of the frequency. For an antenna coupled bolometer,
the single mode throughput decreases as the frequency squared, so that the spectrum of
detected power is flat and the filtering task is easier. As will be discussed in section 5.6,
the antennas can also be used in conjunction with lithographed filter and tuning elements.
Thus, it may be possible to construct multiplexed systems by designing on-chip networks
with different bandpass filters fed from a single antenna. Using well developed
reproducible lithographic techniques it should then be possible to make powerful array
receivers with multiple spectral bands.

In the following section, I will present the basic operating principles of the low-T¢
microbolometer and will make estimates of the expected pc:rformancc.“'l2 In section 5.3,
I will describe the experimental apparatus and the device fabrication process. The
experimental results will be presented in section 5.4. The low-T, microbolometer was
successfully used to make the first direct measurements of the frequency dependent optical
efficiency of log-periodic antennas up to =2 THz, these measurements will be discussed in
section 5.5. A brief discussion of alternative coupling schemes will be presented in section

5.6.

5.2 Operating Principles

The basic principles of the low-T, microbolometer are very similar to the high-T,
counterpart, a transition edge therrometer acts both as a resistive load and as a sensitive
thermometer to thermalize the rf power from an antenna and to measure the resultant
temperature rise. As was previously discussed, the sensitivity of a thermal detector is
ultimately limited by its thermal isolation from the environment. In the proposed geometry
the absorbed power is dissipated via two paths. The first is direct heat flow from the
superconducting thermometer into the dielectric substrate. At temperatures above =10 K
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the thermal conductance is dominated by the bulk spreading resistance arising from the
thermal conductivity of the substrate, as is the case for the high-T¢ superconducting
microbolometer that was described in chapter 3. At the lower temperatures of interest here,
the thermal boundary resistance contributes significantly to the thermal isolation, and below
several Kelvin controls the heat flow (chapter 4 contains a comprehensive discussion of
thermal boundary resistances). The acoustic mismatch theory, developed by W. A.
Little,*” has been very successful in explaining thermal boundary resistances at

temperatures below =30 K. According to this theory, the thermal conductance is given by

G=AT>/B, (5.1

where A is the contact area, and T is the temperature. The parameter B depends on the
densities and sound velocities of the materials and is usually =20 Kécm?/W.

The contact area between the metal absorber and the antenna terminals provides an
alternate path for heat dissipation. In addition to the phonon relaxation mechanism
discussed above, there exists the possibility that unpaired electrons in the superconducting
thermometer, which is maintained at the center of its resistive transition, could also transfer
energy across this interface. If however, the antenna is made from a superconductor
whose T is higher than the operating temperature of the device, then the Andreev
reflection!? of electrons at the interface between the rf absorber and the superconducting
antenna traps the electrons and hence the absorbed energy in the active region. The
transmission probability for quasiparticles in the metal absorber to cross the interface is
proportional to exp(-A/kT). For a superconductor whose energy gap A is much larger than
the thermal energy of the electrons in the metal strip, the predicted transfer of energy will
thus be negligible. A convenient choice is Nb with a transition temperature of =9.2 K.
The trapping of energy at the interface between a metal an a superconductor is the subject of
chapter 7.
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Another effect which may be of importance at very low temperatures (<1 K) is the
thermal resistance between the electrons and the lattice in the thermometer. At such low
temperatures the energy transfer between the electrons and phonons is less than perfect
because there are a finite number of electrons attempting to transfer energy to phonons
with a low occupation probability. The result is that the normal electrons in the
superconducting thermometer absorb radiation and are heated above the lattice temperature.
The thermal resistance between the electrons and phonons has been measured in copper
with the result that G = 5x103VT* W/K, where V is the volume in cm>.%! This effect can
dominate the thermal boundary resistance at low enough temperatures for small film
thicknesses ( for a 1000 A Cu film the effects are comparable at =1K). To the best of my
knowledge, electron heating effects in superconductors that are biased at the center of the
resistive transition have not been investigated. Furthermore, this effect may be less
important for superconductors which have a stronger electron phonen interaction than most
metals. Estimates of this effect thus, will not be included in the design calculations.

As discussed in chapter 2, the figures of merit that are commonly used to characterize
bolometers are the voltage responsivity S, the time constant 1, and the noise equivalent
power NEP. The voltage responsivity is given by equation (2.3),

_ _I1dRAT
G(1 +iwt) ’

(5.2)
where I is the bias current, dR/dT is the temperature coefficient of resistance, T=C/G, and

=2nf is the modulation frequency. To avoid thermal runaway due to self bias h@:ating,‘s2

the bias current must satisfy

1*(dR/dT) <

« G

(5.3)

For design purposes it is custofnary to pick a nominal value of a=0.3. The NEP is given
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by the usual sum of phonon, Johnson, amplifier, and 1/f noise contributions. If the
transition width is a fraction p of the operating temperature then, neglecting amplifier and

1/f noise,

NEP = |- 4T A1 + % . (5.4)
Estimates of the Johnson noise and phonon noise contributions to the NEP as well as the
total NEP, all as a function of operating temperature (neglecting amplifier noise) are plotted
in Fig. 5.1. The heat flow is assumed to be limited by the thermal boundary resistance for
a total contact area, including contact with the antenna edges, A=2x2 umz. The optical
efficiency is set at 50%, and B=0.1. The time constant is calculated from T = C/G where C
is the total heat capacity of the thermometer. At temperatures of interest (T<4 K), the
electronic contribution to the heat capacity (C proportional to T) dominates the lattice
contribution (C proportional to T3), thus T will be proportional T-2. A crude estimate is
1=106 s at 100 mK. These calculated values of NEP are significantly lower than are
obtained for the more conventional bolometer architectures. For example, the estimated
NEP at 100 mK is 3x10"'® WHz'!/2 for the antenna coupled bolometer, compared with
3x10°'7 WHz /2 for the more conventional bolometers.%3 The effect could be large
enough to permit operation at 300 mK, where 100 mK would otherwise be required.

The rf impedance of the strip, when deposited directly between the antenna terminals is
given by Eq. 3.6, Zy,o = Z +Zs /w. The first ierm is due to the geometrical inductance of
the strip while the second term is due to its surface resistance. The two-fluid model that
was used to model the rf impedance of the YRBCO strip discussed in chapter 3, is no longer
strictly valid for the BCS-like, low-T, superconductors of interest here. This model
should, however, provide a good description far enough below T, that pair
breaking is not important, but where kinetic inductance effects must be considered. A

complete understanding of Zg at the midpoint of the transition for higher frequencies would
54



10' 17
&
'§ 10-18
é 10-19
P Total NEP
10-20 . — — —Phonon NEP
10'21 I 4 i ?ohn?C,nLEE.PI 14
0.01 0.1 1
T (K)
Fig. 5.1 Estimates of the Johnson, phonon and total NEP as a function of operating

temperature. We assume the heat flow to be limited by the thermal
boundary resistance from a 2x2 pm square contact area and pick B=20
K4cm?/W. The optical efficiency is assumed to be 50%, the stability factor
0.3 and the superconducting transition width 10% of the operating
temperature. Under these conditions the sensitivity is limited by the phonon
noise.
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require a full Mattis-Bardeen calculation®*

including pair breaking for an inhomogeneous
superconductor with finite transition width. In practice, it should be sufficiently accurate to

use a value that is close to the normal state resistance per square of the film.

5.3 Experimental Apparatus and Device Fabrication

In order to measure the electrical and optical properties of a variety of devices, a
dedicated test cryostat was designed and constructed. A home-made, self-contained 3He
refrigerator with a minimum temperature of 260 mK was constructed.%> A temperature
regulated stage was used in conjunction with a commercial PID controller,% which resulted
in a temperature stability better than 0.01 mK at 300 mK, and =0.5 mK at 4.2 K. A lead
shielded, 4He cooled transformer was used as a low noise amplifier. I also designed and
asscmblcd an optical system to measure the efficiency of planar lithographed antennas over
a specified frequency band. It consisted of a variable temperature blackbody with narrow
bandpass filters, a tuning fork choppt:r67 to modulate the radiation from the blackbody, and
an off-axis ellipsoidal mirror to focus this radiation onto a quartz hemispherical lens on
which the detector is mounted. In addition, the system was designed to accommodate
measurements with a Fourier transform infrared spectrometer (FTIR). The optical system
will be discussed in detail in section 5.4.

A collaborative effort was established with Professor D. E. Prober's group at Yale
University in which the devices would be fabricated at Yale, and subsequently tested at
Berkeley. We investigated a variety of superconductors with nominal transition
temperatures between 300 mK and 4.2 K, for the transition edge thermometer. Table 5.1
lists the deposition parameters for titanium, aluminum, and the B and bcc phases of
tantalum. Also listed are the deposition parameters for niobium (T.=9.2 K), which was
used forthe antenna. All of the devices were deposited on 0.008" thick fused quartz
wafers. The microbolometers were fabricated by standard photolithographic techniques.

The wansiuon edge thermometers were patternec Dy liftoff into 2 um wide strips, and
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Material Deposition Method | Deposition Rate Thickness Resistivity
Titanium e-beam evaporation - 425 A 58 uQ2-cm
Aluminum rf sputtering 6.5 A/s 400 A 3 uQ-cm
B-Tantalum dc sputtering 4 Ass 750 A 146 uQ-cm
bec-Tantalum | dc sputtering 40 A/s 500 A 30 ANb)| 27 uQ-cm
Niobium dc sputtering 12 A/s 1000-2000 A -
Table 5.1.

Material deposition parameters.
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varied in length between 4-10 um, the thickness of the films was 400-800 A. The edges of
the strips were ion milled to clean their top surface, after which =2000 A Nb was sputtered
and patterned by liftoff to define the antenna. A schematic of the active region is shown in
Fig. 5.2.

The following is a summary of the R(T) characteristics of the thermometer materials:
a) Titanium: The transition temperature of the bulk occurs at =390 mK.4® The film
properties on the other hand, are very sensitive to the particular deposition method. Many
deposition attempts using both sputtering and conventional evaporation techniques proved
unsuccessful. HYPRES Inc. was kind enough to supply us with high-quality, e-beam
evaporated, titanium fiims. These films had superconducting transition temperatures of
525mkK, and transitions widih of =7 mK. Unfortunately, the films did not maintain these
useful characteristics subsequent to patterning of the micrcbolometer structures. The
reasons for this are not yet clear, but may be related to the fact that titanium is very reactive,
and thus may be affected by standard processing techniques. We are currently trying to
optimize the deposition and fabrication process for these films.
b) Aluminum: Aluminum is one of the easiest metals to deposit and pattern, and has been
extensively characterized. It's only disadvantage, for our application, is that it has a low
electrical resistivity of =3 puQ-cm, which makes matching of the strip and antenna
impedances difficult. The R(T) characteristics of a typical aluminum microbolometer is
shown in Fig. 5.3a.
c) PB-Tantalum.: Tantalum films occur in two phases. One such phase, commonly
referred to as B-Ta, has been reported to superconduct near 500 mK. Reliable references on
this phase however, are difficult to find.%8 Since this phase is considered to be the 'bad’
phase of Ta, not much effort has been invested in optimizing its deposition parameters.
The films are usually sputter deposited on room temperature substrates.%° The resistance
versus temperature characteristics of a typical film is shown in Fig. 5.3b. The resistive
transition is wide and occurs at =2.5 K, indicative of the existence of a mixed phase. It is
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antenna antenna
Transition edge
thermometer/rf absorber
Fig. 5.2 Close-up view of the active region. The width of the strip is 2 pm, while its

length varies between 2-10 um. The large contact pads at the ends of the
strip ensure good electrical contact between the antenna and the active
region. For calculation purposes, the contact area of the strip with the

antenna is assumed to be =2x4 um2.
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clear that the deposition parameters are not optimal, and will require further investigation.
This will be carried out at Yale University in the next 1-2 years.

d) bece-Tantalum: The deposition of this phase is a well known technology, it is nucleated
by either depositing the films on a hot substrate (=700 °C) or on top of a thin niobium
buffer layer.69 The R(T) characteristics of a bcc-Ta microbolometer of the latter variety, is

shown in Fig. 5.3c. The resistive transition is narrow and occurs at 4.2 K.

5.4 Electrical Characterization

The microbolometers were tested by measuring R(T) , load curves, and voltage noise.
The current source for all of the measurements consisted of a cold (4.2 K) load resistor, a
9 V battery, and a variable voltage divider. All other commercial current sources either had
excessive 60 Hz line pickup, or produced electrical transients which subsequently resulted
in an open circuit.

The following is a summary of the measured electrical and thermal properties of the
devices:
a) becce-Ta: The I-V characteristic of a typical device is shown in Fig. 5.4a. The resultant
load curve (resistance R versus bias power P) is shown in Fig. 5.4b. The linear
dependence of R on P for low powers, suggests that the effects of non-thermal non-
linearities are small. The measured thermal conductance, determined from the slope of
Fig. 5.4b and from the temperature coefficient of resistance dR/dT, is =1.3x10"7 W/K.
This should be compared to the predicted value of G=5.8x10"7 W/K, resulting from the
thermal boundary resistance between the active region and the substrate. From Eq. 5.3, the
maximum bias current that can be applied without causing thermal runaway is =17 HA, the
corresponding voltage responsivity is then S=1.7x10* V/W.

The voltage noise was measured using a circuit similar to that in Fig. 3.4. The
dependence of the voltage noise on the resistance of the microbolometer, for a bias current
of 20 pA, is shown in Fig. 5.5. A large narrow peak in the voltage noise is observed just
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c)

Resistance versus temperature characteristics for a) bcc-Ta, b) p-tantalum,
and ¢) aluminum microbolometers. The residual resistance at the foot of
the transition is due to contact resistance between the antenna and the
electrical leads.
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Fig. 5.4
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a) Current-voltage characteristics for a typical bcc-Ta microbolometer.

b) Resistance versus bias power load curve derived from a). The voltage
responsivity is obtained from the slope of the curve for bias powers

<20 nW. For higher powers, the thermometer is driven normal.
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Fig. 5.5 Voltage noise of a current biased bce-Ta microbolometer. A narrow noise

peak is commonly observed at the foot of the resistive transition. At the
operating resistance however, the noise is small, and is dominated by
thermal fluctuations in the active region. This noise peak was not observed
for other thermometer materials investigated, this suggests that this peak is
not intrinsic to the device, but rather an artifact of the fabrication process.
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below the foot of the transition. The electrical NEP which is the ratio of the voltage noise
and the voltage responsivity is =2x10"1* WHz 12 at the center of the resistive transition.
This is =50% higher than the predicted phonon NEP. The difference may be due to
residual noise from the noise peak. The observed peak in the voltage noise at the foot of

the resistive transition is influence by the fabrication paramctcrs,70

so is probably not
intrinsic to the device.

b) pB-tantalum: The thermal conductance that is deduced from the load curve is
=8x108 W/K which is close in value to the calculated G of =1.2x10”7 W/K. In addition,
excess voltage noise near the resistive transition was riot observed. The resultant electrical
NEP for this device was =1x10"14 WHz /2 which should be compared to the predicted
NEP of 8x10"1> WHz /2. For this device, the NEP is not limited by phonon noise
because of the wide resistive transition, which subsequently reduces the responsivity.

c) Aluminum: The thermal conductance that is deduced from the measured load curve is
~2x10"8 W/K, which is close to the calculated G=2x10"8 W/K, thus providing additioal
confirmation of our predictions. The resistance of a typical thermometer strip is =1 € at the
center of the resistive transition, which is a very poor match to the antenna impedan:e.
Using e-beam lithography however, it should be possible to pattern narrow (<1 pm)
thermometer strips, which would improve the impedance match. The reduced area of the
active region will also reduce the thermal conductance, thus increasing the sensitivity of the
device. For example, the predicted NEP for a contact area A= 0.1x10 umz is
~1.5x10"1® WHz /2 at T=1.2 K, which is slightly higher than the sensitivity of
conventional composite bolometers operating at 300 mK.”!

The most important conclusion from these measurements is that the measured thermal
conductance of three different transition edge thermometers, operating at different
temperatures, agreed with the values predicted by the acoustic mismatch model. Thisis a
very important result since it means that we understand and can successfully predict the
thermal characteristics of the microbolometer.
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5.5 Frequency Dependent Optical Efficiency of Log-Periodic Antennas

Planar lithographed antennas are rapidly becoming the technology of choice in many
applications requiring operation at high frequencies and array compatibility. A number of
planar antennas have been suggested for use at submillimeter wavelengths including the
log-periodic and log-spiral antennas.42'72'73 bow tie antennas,24 slot antennas,’? etc.
These structures have been used to couple radiation to a variety of detectors including
Superconductor-Insulator-Superconductor (SIS) direct detectors and mixers,3! bismuth
microbolometers,?’ and more recently the low and high-T transition edge microbolometers
discussed here. In addition, self-complementary antennas have been used for the
propagation and detection of pulsed terahertz radiation.”? Despite their widespread use,
there have been relatively few measurements of the frequency dependence and optical
efficiency of the antenna, the primary reasons being due to the capacitive rolloff
characteristic of SIS detectors and diodes at high frequencies, and to the relatively low
sensitivity of microbolometers operated at 300 K. In what follows I will discuss our
measurements of the frequency dependent optical efficiency of log-periodic antennas from
90 GHz to 2 THz using a low-T, microbolometer, a Fourier transform infrared
spectrometer (FTIR), and a blackbody reference.

The antenna investigated was a log-periodic antenna with a self- complementary
structure shown in Fig. 5.6. Log-periodic antennas were initially invented to achieve
broadband characteristics, but later used for their favorable radiation patterns. The
geometry of the structure is such that the geometrical properties repeat themselves when the
length scale is changed by a factor T. As a result, the radiation pattern and antenna

1

impedance will be identical for all frequencies v, and T~ vo.76 In addition, for a self-

complementary structure, the antenna impedance (but not necessarily the radiation pattern)
is frequency independent and given by Z,p, =377[2(1 + ii)]'l"2 Q, where € is the dielectric
constant of the substrate.”* When the antenna is deposited on quartz, Z,, =120 Q. Since
planar antennas deposited on a dielectric surface radiate primarily into the dielectric, the
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Fig. 5.6 Expanded view of a sheet circular log-periodic antenna.
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signals are introduced through the back surface of the dielectric, which is often placed on
the back side of a dielectric lens. The specific type of log-periodic antenna that was used in
the experiments is called a sheet circular tooth antenna. An expanded view is shown in
Fig. 5.6. It consists of two sets of teeth. The radii of the arms which define the location of
successive teeth are related by T=R,,1/Ry=1,,,1/r,. This same ratio defines the lengths and
widths of successive teeth. The location of the second set of teeth ry, is related to the first
by the relation rn=1mRn. It is because of this 'left-right' asymmetry of the structure, that
the properties of the antenna are identical for all frequencies v, and 1:’1/2\/0, rather than
1','lv0.76 The antenna had a scaling factor of 1=0.5. The distance from the vertex of the
antenna to the inner edge of the innermost tooth was 12 pm, and to the outer edge of the
outermost tooth was 2920 pm, giving approximate coupling limits of 20 GHz to 4 THz (or
12.5 mm to 76 um) for an otherwise lossless antenna.’®

In order to measure the intrinsic frequency response of the antenna, it is necessary that
the impedance of the sensor which terminates the antenna not vary significantly within the
frequency range of interest, and in addition, the sensitivity of the device should be
compatible with the measurement technique. The low-T, microbolometer satisfies both of
these requirements. As discussed in section 5.2, the coupling of rf currents into the strip
will not depend on the rf frequency even if the resistive component of Zy,,, is much
smaller than the antenna impedance. In addition, the NEP of 3x10"1* WHz 12 for the bee-
Ta microbolometer is sufficiently low to detect signals from a FTIR spectrometer and a
blackbody source. The low-T, microbolometer is thus very useful for probing the intrinsic
properties of the antenna.

The devices were fabricated on fused quartz substrates using the process described in
section 5.2. The substrate was then mounted onto the back side of a hemispherical crystal
quartz lens with a thin layer of grease, and electrical contacts were made at the antenna
terminals with silver paint. The substrate-lens combination was temperature regulated at
the center of the resistive transition of the tantalum strip using a commercial germanium
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resistance thermometer-> and PID controller,% the resulting temperature stability was better
than 0.5 mK at 4.2 K. Because of the low impedances characteristic of antenna coupled
devices, it was necessary to use a transformer as the first stage of amplification. A
blocking capacitor (C = 1000 uF) was used in conjunction with a PAR model 190
(10:1000 turn ratio) low noise transformer.’”

The optical configuration for the FTIR measurements is shown in Fig. 5.7. An off-
axis ellipsoidal mirror was used to collimate the beam onto the quartz lens (diameter = 1.3
cm), whose center coincides with one of the focal points. A light pipe was used to feed the
radiation from the FTIR to the second focal point of the mirror. The power spectrum of the
incident radiation was determined by replacing the microbolometer with a conventional
composite bolometer operated at T=2.0 K whose absorbing element was a bismuth film.”8
The properties of the bismuth film absorber are essentially independent of frequency over
the range of our measurements.’S The frequency response of the microbolometer R(v) was
determined from the spectra measured with the microbolometer Sp,(v), and the composite

bolometer Sy(v) as follows,
R(V) = [Sm(V)/SpW I [Pmm(V)/Psm(V)]. (3.5)

The first term is the ratio of the spectra from the microbolometer and bolometer. The
second term accounts for the fact that the antenna couples to one spatial radiation
mode and one polarization, whereas the bismuth film absorber of the composite bolometer
couples to AQN2 spatial modes and two polarizations. Ppp(V) and Pgp(v) are just the
standard expressions (Eqgs. 2.13-2.14) for the multi-mode and single-mode power from a
blackbody in a frequency bandwidth dv. Itis easily shown that Pmm(v)/Psm(n)xvz.

As was discussed in Ref. 79, absorption losses in the dielectric lens and substrate can
give rise to a spurious signal at the detector output. This effect can be particularly

troublesome at high frequencies where the number of spatial modes is very large,
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Fig. 5.7 Schematic of the experimental setup for measurement of the frequency

dependent antenna response. Measurements of the optical efficiency were
carried out by placing the blackbody reference at the second focal point of
the mirror, in place of the light pipe. The distance between the focal points
was 10 cm. The angle subtended at the vertex of the antenna was =80°.
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and where dielectric losses become important. It is possible to avoid this effect by
modulating the beam at a frequency which is higher than the inverse of the characteristic
thermal response time of the dielectric. Fig. 5.8 shows the modulation frequency
dependence of the microbolometer signal when illuminated with broadband radiation from
the FTIR. The single frequency 90 GHz measurements did not show this effect. For
modulation frequencies above =300 Hz, the signal is thus primarily due to the antenna
response. This interpretation of the data was further verified by measuring the rf frequency
response of the microbolometer for various modulation frequencies. The microbolometer
response for modulation frequencies of 150 Hz, 600 Hz, and 800 Hz, all as a function of rf
frequency is shown in Fig. 5.9. At low rf frequencies, where absorption losses in the
dielectric are low and where the number of spatial modes is small, all spectra appear
similar. At higher frequencies the absorption of radiation in the dielectric is observed for
the spectrum obtained with a 150 Hz modulation frequency, but not for the 600 Hz or 800
Hz modulation frequency, which are both higher than the measured thermal rolloff
frequency of the dielectric (Fig. 5.8). Subsequently, all spectra were obtained with a
modulation frequency of 700 Hz.

The un-normalized spectra measured with the microbolometer and with the constant
throughput composite bolometer are shown in Fig. 5.10. Each FTIR spectrum is the
convolution of the lamp spectrum, the beamsplitter efficiency, and of all other frequency
dependent components in the instrument. The microbolometer spectrum decays much more
rapidly than the bolometer spectrum. This behavior is not unexpected, since the antenna
can couple to only one spatial radiation mode, whereas the bolometer, which measures the
radiation from the constant throughput spectrometer, can couple to a number of modes
which increase with frequency. For this reason, conventional bolometers are more useful
for broadband spectroscopic applications in which many modes can be used. Another
important feature in the microbolometer spectrum is the presence of the sharp 'wiggles'.
Far infrared spectroscopists are very familiar with such features, they are generally
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Modulation frequency dependence of the microbolometer response, when
illuminated with broadband radiation from the FTIR. For frequencies
<300 Hz the response is due to absorption of radiation in the dielectric lens
and substrate. For frequencies above the inverse of this thermal response
time, the response is due to radiation coupled to the antenna, and
subsequently dissipated in the transition edge absorber/thermometer. For
90 GHz radiation, incident from a waveguide coupled horn, the
microbolometer response is independent of frequency up to 25 kHz
modulation frequency.
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Fig. 5.9
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Microbolometer rf response for various modulation frequencies. The
response for modulation frequencies of 800 Hz is essentially identical
to the response at 600 Hz. For modulation frequencies below =150 Hz,
the response is very similar to the instrument spectrum obtained with a
conventional (multi-mode coupled) composite bolometer. This indicates
that, for low modulation frequencies, the microbolometer response is
partially due to absorption of radiation in the bulk of the dielectric.
Subsequently, all spectra were obtained using a modulation frequency of
700 Hz.
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Fig. 5.10 Microbolometer power spectrum. Also shown is the FTIR spectrum
obtained with a conventional composite bolometer. Both curves were
obtained with a 0.003" thick mylar beamsplitter.
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attributed to standing waves, commonly referred to as Fabrey-Perot fringes. For a
dielectric slab of thickness t and index of refraction n, the fringe spacing shouid be
A(l/A.)=l/(2nt).80 The wiggles in the antenna response however, are not equally spaced
and thus cannot be explained in terms of standing waves in the optical path. This seems to
suggest that the observed features are inherent to the antenna structure. In Fig. 5.11, the
microbolometer spectrum has been divided by the bolometer spectrum. This ratio was
further multiplied by the square of the frequency in order to account for the single-mode
nature of the antenna. Figure 5.11 thus represents the frequency dependent optical
efficiency of the log-periodic antenna. This is the first data of its kind, and is very
important for the operation of all antenna coupled devices. There are four prominent
features in the antenna response: a) The observed wiggles in the antenna response, b) the
response of the antenna near the energy gap of the Nb antenna, c¢) the low frequency
rolloff, and d) the high frequency rolloff. The following discussion will addrzss each of
these issues.

a) In the discussion of log-periodic antennas, I mentioned that for any log-periodic
antenna that is not self complementary, the radiation pattern and the antenna impedance
will repeat for frequencies v, and t'm'vo, where 1 is the periodicity factor of the antenna.
In addition, for a self complementary structure, Booker's theorem states that the antenna
impedance will be frequency independent for all frc:quencies.26 The question remains
whether the radiation pattern will also become independent of frequency, or whether it will
reflect the logarithmic periodicity of the antenna structure. The set of vertical arrows in

112

Fig. 5.11. are spaced by the factor of t"'/“=1.41, which is appropriate for the measured

antenna. The agreement between the predicted and observed periodicity is almost perfect
up to the 6th wiggle at 590 GHz. This result implies that the periodicity is caused by
modulation of the radiation pattern, and hence of the power coupled to the antenna. It also
implies that not all of the solid angle of the antenna is filled by radiation from the FTIR,
since otherwise this effect would not be observed.
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Frequency dependent optical efficiency of the log-periodic antenna. The
vertical arrows are spaced according the logarithmic periodicity of the

antenna structure. The frequency corresponding to the energy gap of the
Nb antenna is 740 GHz.
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b) The last three wiggles in the antenna response all appear at lower frequencies than
what is predicted. One possible explanation for this effect is the onset of losses in the
antenna at frequencies that are higher than the energy gap of Nb (740 GHz). The effect of
such losses would be to decrease the apparent frequency of the wiggles at frequencies
larger than 740 GHz. The observed rolloff at high frequencies however, may not be
sufficient to cause such a shift in the peak position. An additional possibility may be due to
the fact that the antenna is not strictly a seli-complementary structure because its ends have
been terminated. The short wavelength, high frequency currents may 'sense' this
termination, thus causing a shift in the position of the peaks. The potential problem with
this argument is that the antenna is terminated on the scale of =12 m, whereas the peaks
are shifted at frequencies corresponding to =100 um. Additional experiments are required
in order to fully understand this effect. These include measurements of the response of
log-spiral and bow-tie antennas that have a periodicity factor of t=1. Consequently, their
radiation pattern will not depend on the rf frequency,76 and will thus improve our
understanding of the antenna response above the gap.

¢) The longest dimension of the antenna that maintains its complementary structure,
corresponds to a frequency of =20 GHz. The measured low frequency cutoff on the other
hand, occurs at a frequency of =100 GHz. As was previously discussed, the throughput
of an antenna is approximately equal to the square of the wavelength. This implies that
only part of the antenna area actually participates in the detection process. Thus,
terminating the antenna some distance from its vertex should not influence the antenna
properties for wavelengths that are shorter than this dimension. The exact frequency that
corresponds to such a termination of the antenna is difficult to calculate and depends on the
antenna structure. It is quite plausible though, that the log-periodic antenna would need to
be made somewhat larger in order to efficiently couple this long wavelength radiation.

d) The response of the microbolometer decreases by =30% between 750 GHz and
1.7 THz (this is obtained by comparing the relative response at frequencies corresponding
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to the location of subsequent peaks). The main sources of loss at these frequencies are
probably due to losses in the Nb antenna, and/or to dielectric losses in the crystal quartz
lens (0.25" radius) and fused quartz substrate (0.008" thick). The measured transmittance
of crystal quartz is =80% up to 1.2 THz, and then decreases rapidly to =5% by 3 THz.
The measured transmittance of fused quartz is =80% up to 0.6 THz and then decreases
slowly to 5% by 3 THz.

In order to measure the coupling efficiency accurately, it is necessary to have a well
calibrated source. In addition, the beam patterns of both the source and the detector must
be matched to avoid coupling losses. The optical configuration shown in Fig. 5.7 is ideally
suited for this measurement, if a blackbody source is placed at the second focus of the
mirror. A variable temperature blackbody reference, similar to that described in Ref. 81,
was constructed (Fig. 5.12). The absorber consisted of a circular cylinder of Ecosorb
MF-110,%C with a 27.5" conical cavity machined into the bottom surface. The absorber
was maintained at a uniform temperature by gluing it to the inside of a copper cylinder with
Stycast 2850 FT,%0 thus assuring adequate thermal contact. The temperature of
the blackbody was varied by means of a thermometer and heater which were glued onto
the copper cylinder, and by the weak thermal link between the absorber and the thermal
bath. With this configuration, it was possible to vary the temperature of the blackbody
from 2.5 K to 100 K. The beam divergence of the blackbody was defined by a Winston
light concentrator,32 and was chosen so as to completely fill the ellipsoidal mirror which in
turn subtended an angle of = 85° with respect to the vertex of the antenna. The benefit of
this configuration is that a large fraction of the antenna beam can be filled by the blackbody
radiation. The optical bandwidth was determined by a cold flourogold low pass filter
which had an effective bandwidth of = 720 GHz. A tuning fork resonant choppc:r,67

operating at a frequency of 210 Hz, was used :o0 modulate the incident power. The

1 the gquartz lens and the subgtrate

should be negligibly small fo: this particular measurement because of the extremely low
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Fig. 5.12 Schematic of the variable temperature blackbody reference. With this
configuration it is possibie to vary the temperature of the biackbody beiween
2Kt 100 K.
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losses in quartz for this low frequency range. This was verified by observing that the
dependence of the microbolometer response on the temperature of the blackbody was
identical to the temperature dependence of the single mode power from a blackbody
(Fig. 5.13). If radiation were dissipated in the quartz, rather than being coupled to the
antenna, then the temperature dependence would have been that of the power from a multi-
mode blackbody source. Our measurements indicated an optical efficiency of 1.5% for the
quasi-optical system. The following corrections were applied in order to extract the
antenna efficiency: a) a factor of 1.25 for the reflection of radiation at the quartz
lens/vacuum interface, b) a factor of 10.1 due to the mismatch between the impedance
R =4 Q of the thermally active region, and the impedance Z,,; = 120 2 of the antenna.

With these corrections we estimate the antenna efficiency at = 20%.

5.6 Design of tuning Elements and Narrow Bandpass Filters

When typical superconductors with large value of normal state conductivity o, are
used, the rf resistance of the thermometer will be much lower than the =120 C real terminal
impedance of typical self-complementary antennas or the even higher impedances available
for matching to waveguides. This mismatch can be minimized by the use of low
conductivity metals and/or by the use of long thin films. For long films however, the
geometrical inductance of an isolated thermometer strip can become significant at =2 THz.
This further complicates the matching problem. Some of these difficulties can be avoided
by integrating the thermometer in a superconducting microstrip line. Once this is done,
impedance transformers can be used to match the film resistance to the antenna, and filters
can be introduced to control the bolometer rf bandpass.

Because the thermometer may not be small enough that it will appear as a lumped

element at rf-frequencies, it is treated as a lossy microstrip. The impedance of the

thermometer strip Zy,,, of length / and width w, can be calculated from?>%*
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Microbolometer response to the variable temperature blackbody source
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single-mode and a multi-mode blackbody. The excellent agreement between
the data and the single-mode result, indicates that absorption of radiation in
the dielectric lens is a ncgligislz)lc effect for this particular experiment.
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Ziolo = (Z/Y)Ptanhy, (5.6)

where

Z= (1u027wd + Zsa + Zsb)/kw, ¢

is the series impedance per unit length of the transmission line,

Y = igge2nvkwid, (5.8)

is the shunt admittance per unit length of the line, and
y=@)"?, (5.9)

is the propagation constant. Here d is the dielectric thickness, Zg, and Zg, are the surface

impedarnces of the lower groundplane and upper thermometer strip respectively, k is the
fringing factor of the stripline,®3 and € is the dielectric constant. When v is small compared
to the energy-gap frequencies of the groundplane (=740 GHz for Nb at T=0 K), Zg,, is well

approximated by the predictions of the two fluid model of Eq. 3.5. As previously

discussed, the surface impedance of the thermometer strip Zg, can be described by the
normal state limit.

An additional advantage of integrating the thermometer in a superconducting microstrip
line is that it becomes possible to include efficient matching networks, made from
transmission line elements in the bolometer design. When microstrip lines produced by
conventional lithographic techniques are used for the network elements, the optimum range
for the thermometer resistance is between 2 Q and 30 2. Combining microstrips with co-

planar waveguides would extend the useful resistance range up to more than 100 €2, and
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therefore enlarge the range of applications. The benefits of such networks are not restricted
to badly matched thermometers. A major advantage of this configuration is that
lithographed filter elements can be incorporated with relative ease. These lithographed
filters can have superior performance over conventional filters which tend to exhibit high
frequency leakage at submillimeter wavelengths.

A specific example of a poorly matched thermometer is a strip made from a film of
bce-Ta with T =4.2 K, [ =10 um, w =2 m, and t =1000 A (these dimensions are similar
to the devices that were fabricated and measured in the previous sections). The
thermometer is incorporated in the microstrip configuration with a d=6000 A thick SiO,
dielectric and a thick Nb ground plane. For this specific example the real part of Zy, is
2.7 Q above T, which presents a very poor match to the antenna. The imaginary part of
Zpolo is 4.7 Q above T, and 6.6 Q in the kinetic inductance region at 300 GHz. For
calculations it is reasonable to use Zy,,=(2.7+i5.4) Q at 300 GHz. Using conventional
microwave theories,3* J. Mees has designed quarter-wave transformers with several
elements. Fig. 5.14 shows the calculated coupling coefficient C versus frequency for a)
the above thermometer on a ground plane but without tuning elements, b) with one
transforming element and c¢) one transforming element plus an additional stub that cancels
the reactance of the thermometer. As a further demonstration of the power of these
techniques we have designed 7-element Chebyshev bandpass filters with 30% and 10%
bandwidths. These are shown in d) and e) respcctively.84'85 A typical filter layout is
shown at the right. These calculations were done with lossless microstrip elements coupled
to the lossy thermometer. Little change is seen in the filter characteristics when microstrip
losses as large as 600 dB/m are included in the calculations. Losses below 10 dB/m have

been measured in Nb trilayer technology at 100 GHz.86
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The frequency dependent RF-coupling factor for several examples:
a) For the thermometer on a ground plane but without any matching
network. b) The same thermometer with one quarter wave transforming
element. ¢) Same as b) plus an open-ended stub which cancels the
reactance of the bolometer. d) Thermometer with a 7-element Chebyshev
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typical layout of a Chebyshev filter with transforming sections is shown at
right. The antenna terminals are labeled base electrode BE, and counter
electrode CE. The other elements are two impedance transformers Q, the
filter F and the thermometer T. The dielectric layer which covers the base
electrode is not shown. 3
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5.7 Conclusions
A prototype low-T, antenna-coupled microbolometer has been successfully fabricated

and tested. The real test for any prototype device however, is whether it can successfully
compete with the existing technology. For the low-T, microbolometer, the question is
whether it can provide a higher sensitivity than the best conventional composite bolometers
operating at the same temperatures, and within the same frequency band. Our estimates
indicated that the sensitivity of the microbolometer could indeed exceed that of the best
available detectors of submillimeter and millimeter waves by as much as an order of
magnitude. Our measurements indicated that the thermal and electrical properties of the
microbolometer are in excellent agreement with the predicted behavior. In order to compete
successfully with the existing technology however, several obstacles must be overcome.
The impedance of the absorber/thermometer strips must be a close match to the antenna
impedance of =120 Q. This means that either the number of squares in the strips should be
increased, or different transition-edge thermometers should be investigated.
Furthermore, it is necessary to solve the materials problems for a microbolometer
operating at or below 300 mK, since it is for these operating temperatures where the low-T,
microbolometer could potentially replace the existing technology. It appears that either Ti
or the B-phase of Ta could be useful, since their measured electrical resistivities are both in
the right range to solve the impedance matching problem. Furthermore, it is crucial to
understand the properties of the antenna structures. The low-T. transition-edge
absorber/thermometer is the ideal sensor for these measurements, and can, in principle, be
used to measure the response of any antenna. In section 5.5, I described the first direct
measurement of the frequency dependent optical efficiency of a log-periodic antenna using
the low-T, microbolometer. It is clear that a systematic study of the properties of these
structures is necessary before the low-T, microbolometer made into a useful device. The
potential merits of this device, however, clearly favor further development of these
concepts.
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6.1 Introduction

The idea of an antenna-coupled hot-electron bolometer which uses a superconducting-
insulator-normal (SIN) junction to as a sensitive thermometer was developed while I was
thinking about ways to reduce the thermal conductance from the thermally active region to
the environment, and hence to increase the sensitivity of the detector. Our preliminary
estimates indicate that it may be possible to obtain an order of magnitude higher sensitivity
over the superconducting microbolometer, and up to two orders of magnitude
improvement over conventional composite bolometers in the far IR. Unlike the transition
edge microbolometer, the requirements for temperature regulation are less stringent. A
schematic of the proposed configuration is shown in Fig. 6.1. A thin strip of metal with
micron dimensions serves as a resistive load to thermalize the infrared curreits from the
antenna. The temperature rise of the electrons in the metal absorber is measured from the
temperature dependence of the current-voltage (I-V) characteristics of a superconductor-
insulator-normal metal (SIN) junction, where part of the metal strip forms the normal
electrode. Thermal isolation is provided by the weak electron-phonon interactions at low
temperatures and by the reflection of electrons at the interface between the metal absorber
and the superconducting antenna. Efficient radiation coupling can be achieved by means of
a planar lithographed antenna. Although this concept has not been tested, I have decided to
include the design analysis in this dissertation.

An important application for the SIN readout scheme is in fundamental measurements
of electron heating effects in thin metal films. Although the basic mechanism for these
effects is well understood, there are yet a few unresolved issues. These include the effects
of phonon dimensionality in the metal film on the thermal isolation of the electrons,?” as
well as the effects of impurity scattering. Using the temperature readout scheme proposed
here, it should be possible to make direct measurements of the electron temperature in
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Schematic of the radiation coupling and temperature readout configuration.
The rf current from the superconducting antenna is dissipated in the resistive
metal strip (black strip), the resulting temperature rise of the electrons in the
strip are measured as a change in the voltage across the junction which is
biased at a constant current I. The contact to the superconducting electrode
is made of a superconductor whose T is much higher than that of the
electrode.
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the film, with a sensitivity that is several orders of magnitude higher than previous
investigations using SQUID noise thermometry techniques.m'88

In this chapter I will briefly review the basic theory hot-electrons in metals, previous

measurements of this effect, and methods to maximize the thermal isolation of the:

electrons. I will then discuss the temperature readout scheme and its noise contribution to
the NEP of the hot-electron microbolometer. The design calculations will are presented in
section 6.4. In section 6.5, estimates of the sensitivity and usefulness of a SIN tunnel

junction for measuring fundamental electron heating effects will be presented.

6.2 Energy Dissipation

In the proposed geometry, the absorbed power can be dissipated via three paths. The
first is direct heat flow from the electrons in the strip to the substrate via cleciron-phonon
coupling and phonon transport. At temperatures above =10 K, the electrons and phonons
in the strip are in thermal equilibrium, and the thermal conductance is donﬁnated by the
spreading resistance arising from the thermal conductivity of the substrate, as is the case for

the high-T, microbolometer described in chapter 3. At lower temperatures, the thermal

boundary resistance can contribute significantly to the thermal isolation. This property has
been used to construct the sensitive low-T, microbolometers which were described in
chapter 5. At very low temperatures and for small film volumes however, an additional
effect has to be considered. For temperaturés less than =1 K, the inelastic collision
processes (energy loss processes) for electrons in a metal are very infrequent. As a result,
the electrons become thermally decoupled from the lattice and heat up as they absorb
power. The theory of hot-electrons is relatively well understood and in reasonable
agreement with cxperiment.88’89 The simplest treatment assumes that the electrons and
phonons are each in internal thermal equilibrium and are in weak contact with one another.
The deformation potential approximation and Fermi’s Golden rule are then used to calculate
the electron-phonon relaxation time, and hence the temperature rise of the electrons
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relative to the phonons for a given dissipated power P. The standard analysis gives

P=ZIV(T®-T,), (6.1)

where V is the volume of the metal, Te is the electron temperature, Ty, is the phonon
temperature. Here X is a constant of order 102 WK-3cm™3 which depends on the density
of states at the Fermi surface, the Fermi velocity, the speed of sound, and the mass density
per unit volume of the metal. The thermal conductance G, between the electrons and the

phonons (for temperature differences such that T, =Ty ) is then given by
Ge.p = SEVT*. (6.2)

In contrast to the thermal boundary conductance G4 which is proportional to the contact
area of the film with the substrate, Ge.j, is proportional to the volume of the film, the reason
being that both the number of phonons and the number of electrons are proportional to the
film volume. The temperature dependence ct Ge.p, is proportional to the fourth power of
the temperature, whereas Gy, is proportional to the third power of the temperature. Thus,
Gg.p Will limit the thermal transport for thin films at low temperatures, typically for a film
thickness <1000 A at T<1 K.

Typical experiments on hot-electrons usually measure the temperature difference
between the electrons and the phonons and thus the thermal conductance G (=Ge.p)
between the two systems. The inelastic relaxation time is then obtained from T, p=C/G,
where C is the heat capacity of the electron system. Copper is one of the more widely

studied metals and has a measured electron-phonon conductance of G= 2x103VT* W/K,

"where V is the volume in cm? and T is the temperature in Kelvin.1:8%90 The calculated

inelastic scattering rate T, ,=~10.6/T 3 ns. The measurements of Wellstood et al. on CuAu
thin films give G=1.2x10°vT* WK ! Fora typical active boiometer volume of 1 p.m3 at
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an operating temperature of T = 100 mK the thermal conductance can be as low as
G=10"13 W/K. This is several orders of magnitude smaller than typical values for
conventional bolometers operated at the same temperature, and can be very useful for low
background, narrow bandwidth applications, where the temperature rise of the electrons
will be small.

In order to utilize fully this effect it is necessary to insure that the contribution of all
other energy relaxation processes to the thermal conductance are also small. The contact
area between the metal absorber and the antenna terminals provides an alternate path for
heat dissipation. In addition to the phonon relaxation mechanism discussed above, there
exists the possibility that electrons could also transfer energy across this interface.
However, if the antenna is made from a superconductor whose T, is higher than the
operating temperature of the device, then the Andreev reflection of electrons at the interface
between the metal absorber and the superconducting antenna traps the hot-electrons and
hence the absorbed energy in the active region.15 The same principle was used to isolate
the transition edge thermometer from the antenna for the low-T, microbolometer.

An additional mechanism for energy dissipation is due to the presence of the SIN
junction. Electrons which tunnel through the insulating barrier remove energy from the
active region and thus provide an additional mechanism for heat dissipation. If the contact
to the superconducting electrode is made with another superconductor whose energy gap
much is larger than that of the electrode then the Andreev reflection of quasiparticles at this
interface will also trap the energy in the active region. The contribution of the
superconducting electrode to the volume of the active region would have a negligible effect

on the sensitivity if it can be made small in comparison with the volume of the metal strip.

6.3 Temperature Readout
As previously discussed, the temperature rise of the electrons is detected by a SIN
junction, where part of the metal absorber forms the normal electrode. The usefulness of
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the junction as a thermometer for the electron temperature stems from the exponential
dependence of the tunneling current on the temperature. It is possible to show that to first
order, the quasiparticle current through a SIN junction, whose electrodes are at different
temperatures, depends only on the temperature T of the electrons in the normal electrode

and is identical to the case where both electrodes have the same te:mpcratmves.g2 If the

Junction is biased such that eV<A and kT<<A then the quasiparticle current is given by
I = (kT/eR)sinh(eV/KT), (6.3)

where R = RN(kT/ZnA)” 2exp(A/kT) is the dynamic resistance of the junction at low bias,
Ry is the normal resistance of the junction, and A is the energy gap of the superconducting

electrode.%2 If the junction is biased with a constant current then the voltage responsivity is
So = (1/G)AV/AT = -(1/G)(k/e)[(A/KT + 1/2) tanh(eV/T) - (eV/kT)]. (6.4)

For a given choice of A and kT it can be shown that the responsivity is maximized when
cosh2(eV/KT)=(A/KT+1/2).

In order to estimate the contribution of the temperature readout to the NEP it is
necessary to understand the noise mechanisms in the junction. The voltage fluctuations of
a biased SIN junction can be derived using standard many-body techniques and in general,
are related to the quasiparticle current-voltage characteristics and the frequency. For most
applications, the frequencies of interest (the modulation frequency) are such that hw,<<eV.

In this low frequency limit the voltage noise across the junction is independent of frequency
and is given by V2 = (dV/dI)%2elcoth(eV/2kT), 3 or

V,2 = 2kTRtanh(e V/KT)coth(e V/2kT)/cosh(e V/KT). (6.5)
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When eV<<kT, Eq. 6.5 reduces to Johnson noise arising from the dynamic resistance of
the junction, when eV>>kT the noise is due to the shot noise arising from the discrete
nature of the charge carriers. The contribution of the temperature readout to the NEP is
given by the ratio of the voltage noise and the responsivity (NEP)gpy=V/S,. In general,
the bias current which minimizes (NEP)gpy does not simultaneously maximize the voltage
responsivity. The voltage responsivity S, and its contribution to the noise equivalent
power V. /S, are both shown as a function of the bias across the junction in Fig. 6.2. For
bias values such that 2<eV/kT<6, the noise changes by less than a factor of two.

The low thermal conductance that couples the electrons to their environment places an
additional restriction on the bias current. The IV power which is dissipated in the vicinity
of the junction could significantly raise the temperature of the electrons, and consequently
reduce the sensitivity of the device. An optimum value for this temperature rise can be
calculated if the background infrared power dissipated in the detector is known. For
purposes of this discussion we require that bias power not raise the temperature of the
electrons by a fraction { of the operating temperature, where {=0.3. If we assume that all
of the power is dissipated normal electrode, then this requirement reduces to IV<GUT. In
reality, some of the power will be transferred to the phonons and will subsequently be

removed through the substrate.

6.4 Design Calculations

Due to the large number of parameters, the optimization of the hot-electron
microbolometer is somewhat complicated. In general, it is advantageous to pick the
smallest possible volume for the metal absorber so as to reduce the thermal conductance.
Once the operating temperature has been determined, it then becomes possible to estimate
the therm~! conductance between the electrons and the phonons. One then proceeds by
finding the bias current which minimizes the contribution of the temperature readout to the
NEP. It is then necessary to ensure that the bias heating will not raise the temperature of
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NEP of the voltage noise from the junction. For both cases it was assumed
that A/LT=65, and that Ry=100 Q

~ wmdme

92



the electrons by a significant factor. An important feature of the hot-electron

microbolometer is that the time constant T, which equals the electron-phonon relaxation
time Te.p, is much smaller than is required for most applications. Consequently, the
tradeoff between speed of response and sensitivity which is inherent to the optimization of
conventional composite bolometers, is avoided.

As a specific example of a device whose performance would be very beneficial to the
astrophysics community, we assume an active volume of 2x6x0.05 um3 at operating
temperatures of 100 mK and 300 mK . The ratio of the energy gap of the superconducting
electrode to the operating temperature is assumed to be A/kT=6.5, and the normal state
resistance of the junction is assumed to be Ry=100 Q. For an operating temperature of
T=100 mK the superconducting electrode could be made of Ti, where~s at T=300 mK a
useful choice would be aluminum. Although other metals may be more appropriate, we
use the value of G which was measured for Cu films®! for the purpose of the present
analysis. The figures of merit of the hot-electron microbolometer as well as the bias
current, the output voltage, and the total voltage noise V,°" resulting from the
contributions of energy fluctuations in the active region and the fluctuations in the junction
are listed in Table 6.1. For an operating temperature of 100 mK the sensitivity of this
device is almost two orders of magnitude higher than the best available conventional
composite bolometer. The total voltage noise at the output of the detector is
V%=1 nVHz 12, which is comparable with the input voltage noise of =1-2 nVHz /2 of
commercially available low noise JFET amplifiers at frequencies above any 1/f noise knee.

The rf impedance of the metal strip Z,, is given by Eq. 3.6, where the surface
impedance Zg, is just the normal state limit of Eq. 3.5. The bolometer impedance then is
the sum of the dc resistance of the strip and its geometrical reactance. The strip can also be

integrated in the stripline geometry that was discussed in section 5.6.
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T (mK) 100 300

G (W/K) 1.2x10°13 9.7x10" 12
Te-p (HS) 10.6 0.4

So (V/W) 3.4x10% 4.2x10’
1(nA) 1.9 5.7

V (V) 14.0 42.1
(NEP)sIN (WHz 1/2) 3.7x10720 5.2x10718
4kT?G)/2 (WHZ 172 2.6x10719 7.0x10718
(NEP) (WHz"1/2) 2.6x10°19 1.0x10"17
Vv, o (nVHz 1/2) 2.6x107 1.0x10™°

Table 6.1. Parameters for a device operated at 100 mK and 300 mK. The normal

electrode is assumed to be 500 A thick and have an active area of 2x6 um?.
The junction is assumed to have a normal state resistance RN=100 2.
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6.5 Tunneling as a Probe of Hot-Electrons

The subject of hot-electrons at low temperatures is of interest not only from a
theoretical point of view, but also because the optimization of many types of devices
requires an understanding of this effect.” In particular, the effects of hot-electrons can be
detrimental to the performance of low temperature SQUIDsgl and single electron tunneling
devices.”®  The few direct measurements of electron heating phenomena have commonly
employed dc SQUIDs to measure the Johnson noise arising from the resistance of a thin
metal strip and the temperature of the electrons. The clectrons were heated above the
phonon temperature by passing an electric current through the resistive strip, and the
resultant rise in the Johnson noise was measured. An alternative measurement method is
proposed here which uses the temperature dependence of the current-voltage characteristic
of a superconductor-insulator-normal metal (SIN) junction to directly measure the
temperature of the electrons in the normal metal electrode. The temperature of these
electrons can be raised above the lattice by passing a current through the normal electrode.
The advantages of this method are the relative simplicity of the measurements and the very
high temperature resolution compared with the SQUID method. A schematic of the
proposed configuration is shown in Fig. 6.3. This cenfiguration is identical to the one
proposed in the previous sections, except that here a known amount of power is dissipated
in the metal strip by passing a known dc current through that strip. The temperature rise of
the electrons is then monitored as a change in the voltage across the SIN tunnel junction,
where part (or all) of the normal metal forms the normal electrode.

As discussed in section 6.3, for a SIN junction biased at a constant current, and for
kT<<A, the change in the voltage across the junction, due to a change in the electron

temperature is given by
S =dV/T = (k/e)[(A/KT + 1/2) tanh(eV/KT) - (eV/T)]. (6.6)

95



Tunnel Junction I

Fig. 6.3

{V)
Metal strip N
Superconducting | Superconducting
electrode contact

Schematic of the experimental configuration for the proposed measurement
of hot-electron effects in thin films. The junction is biased with a current I
and the voltage V across the junction is monitored. A current I; is passed
through the metal strip, and subsequently dissipates electrical power in that
strip. The resultant temperature rise of the electrons in the normal electrode
is measured as a change in the voltage V. The superconducting contacts to
both the metal strip and to the superconducting electrode (which has a lower
energy gap than that of the contact) ensures that the dissipated energy cannot
escape via electrons from the active region.
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The voltage V,, noise across the junction (Eq. 6.5) determines the ultimate limitation of the
temperature sensitivity. The minimum detectable temperature change in a 1 Hz noise
bandwidth is then given by the ratio V,/S, whose minimum value determines the optimum
bias current. The optimization requirements for this device are similar to those of the hot-
electron microbolometer, and thus will not be repeated.

As a specific example illustrating the potential of this technique I consider an operating
temperature of 100 mK, a normal state resistance of Ry=500 €2, and A/kT=6. Under these
conditions the optimum operating point for measurement of the electron temperature occurs
at a bias current of 1 nA with a resultant sensitivity of 5=10"* V/K, and minimum detectable
temperature change of 30 nK in a 1Hz noise bandwidth. This is equivalent to a temperature
resolution of AT/T=1.5x10"7 in a one second integration time. For comparison, the

temperature resolution of SQUID techniques is only about 102!

6.6 Conclusions

The estimated sensitivity of the hot-electron microbolometer can exceed that of the best
available conventional bolometers by two orders of magnitude, with a time constant which
is three orders of magnitude smaller. Also, it is possible to construct multiplexed systems
by designing on-chip networks with different bandpass filters fed from a single antenna.
Using well developed reproducible lithographic techniques it should be possible to make
powerful array receivers with multiple spectral bands. It thus appears that the hot-electron
microbolometer could be the detector of choice in applications requiring very high
sensitivities and array compatibility. Furthermore, it should be possible to make sensitive

measurements of electron heating phenomena with a temperature resolution of 1part in 107.
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7.1 Introduction

For the device architectures that are described in this dissertation, it is necessary to
make electrical contact to a very small region, while simultaneously restricting the flow of
energy from that region. For other devices, such as x-ray detectors, it is necessary to
funnel energy into a small active region.95'97 Both of these device concepts exploit the
effects of Andreev reflection, commonly referred to as quasiparticle trapping, to influence
the flow of energy. In 1964, A. F. Andreev considered the question of what happens to an
electron in a normal metal as it propagates towards an interface between the metal and a
superconductor.]5 His calculation indicated that if an electron has an energy that is smaller
than the energy gap of the superconductor, it can propagate into the superconductor only if
it pairs with another electron. To conserve energy and momentum, a reflected hole with a
reversed group velocity and a negative effective mass is formed, and travels back along the
original electron path with the same energy as the incident electron. This process causes a
thermal resistance at the interface.

The effects of Andreev reflection have been previously measured in a variety of
experiments. The increase in the thermal resistance of superconductors in their intermediate
state,!” and the electrical resistance at nonnaUsuperconducting interfaces,”® 101 have been
successfully explained by assuming that the energy carriers are reflected at the interface
between the normal and superconducting phases. The subharmonic energy gap structure
and excess current observed in the I-V curves of superconducting weak links and normal-
superconducting microconstriction contacts, was also explained in terms of the Andreev
reflection. 192105 More recently, quasiparticle trapping has become a very important issue
for the development of x-ray detectors. A variety of experiments have been carried out in
order to investigate the possibility of directing non-equilibrium quasiparticles that are
produced in the superconductor, towardsa small area on the superconductor that
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contains a tunnel junction.g's'97

Approximately three months prior to the writing of this dissertation, we invented an
experiment that could directly probe the transmission coefficient T(E) across a single
metal/superconducting interface, as a function of the energy gap of the superconductor.
Although the measurements have yet to be completed (due primarily to materials related
difficulties), I have decided to present a short summary of this work since it is intimately
related to several of the device concepts presented in this dissertation, and will be
completed in the near future. This will be an important experiment since many of the early
measurements were made on superconductors in the intermediate state, which consisted of
many normal/superconducting interfaces, rather than on a single interface. In addition,
these experiments probed the temperature, rather than the energy gap dependence of this
effect, thus complicating the interpretation of the results, since it is necessary to understand
the temperature dependence of the phonon conduction process. More recent
measurements, which use non-equilibrium quasiparticles that are generated in the
superconductor to measure the collection efficiency of quasiparticle traps, do not provide
useful information on the transmission coefficient.

In this chapter, I will present the basic theory of Andreev reflection, and derive the
temperature dependence of the thermal conductance at the interface between a metal and a
superconductor. In section 7.3, I will discuss the measurement scheme, and will then

present some very preliminary results.

7.2 Theoretical Background

For purposes of this discussion, it is convenient to present Andreev's analysis in
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qualitative terms,”" rather than describing it in detail. Fig. 7.1a shows the spatial variation

of the energy gap A across the interface between a metal and a superconductor. The energy
gap varies within a few coherence lengths &, from zero in the metal to A, far within the

superconducting region. The excitation spectra in the normal and superconducting metals
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are shown in Fig 7.1b. Consider an electron A whose energy E (measured relative to the
Fermi energy) is smaller than A,,. The electron will be reflected at the point where its
energy is equal to A, and the whole process of reflection can be seen as a transition from a
state A through A’ to A", which is the same as B", and back through B', to the final hole-
like state B. Charge conservation is achieved by the injection of two electrons into the
superconducting ground state. An electron whose energy is greater than A, will be
partially reflected as a hole. A normal electron with the same energy as the incident
electron, will then appear in the superconductor with a probability T(E). The process of
Andreev reflection thus gives rise to a thermal resistance at the interface since the energy
carriers are efficientlv blocked from entering the superconductor.

Andreev calculaied T(E) for a step-like potential where A=0 in the normal metal and
A=A, in the superconc! actor.]> He used Gor'kov's equations of motion for quasiparticles
in the superconductor,106 and matched the appropriate boundary conditions at the interface,

to give

1/2

2 E-A2) E>A
TE)=| E+E-ah'? . (1.1)
0 E<A,

The exact form of T(E) for a realistic interface is difficult to caiculate. Hsiang101
considered the effect of different spatial distributions of A on T(E), and concluded that it is
reasonable to use Andreev's approximation for transport calculations.

It is now possible to calculate thermal resistance for electrons crossing an interface
between a metal and a superconductor. The calculation is analogous to the that for the
thermal boundary resistance for phonons crossing an interface between two dielectrics
(chapter 3), except that here the transmission coefficient depends on the carrier energy.

The power flow across the interface, for electrons incident on the superconducting side,
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Fig. 7.1 a) Assuned variation of the energy gap A with position across a

superconducting-normal interface. b) The variation of the excitation
spectrum for different positions close to the interface. Also illustrated is the
reflection of an excitation of energy that is incident from the normal side in
the state A, and reflected into the state B. The vertical axis is the excitation

energy, the horizontal axis is the momentum measured radially from a point
on the Fermi surface.
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is the integral over all energies and incident angles of the number of electrons that are
incident on a unit area A per unit time, times the electron energy E, times the transmission

probability T(E). This can be written as

P(T) = %J'”N(E, T)Ev(E)cos@T(E)sin@dddedE. (1.2)
®8E

Here N(E,T)=D(E)(E,T) is the product of the electron density of states D(E) per unit
volume times the Fermi-Dirac occupation {.ctor f(E,T), v(E) is the electron propagation
velocity, and T(E) is the transmission prcueii. 'y for an electron to be transmitted across
the interface. The expression dQ=sin@d®dd® is the solid angle, where © is the angle
between the electron propagation direction and the normal to the interface, and ® is the
azimuthal angle.

For temperatures such that kT<<A and for a step-like interface, Andreev derived an
analytical solution to Eq. 7.2.13 For this particular case, the density of states and the
electron velocity can both be approximated by their respective values at the Fermi surface.
The transmission probability, for E=A, is approximately T(E)=23/2(E/A -2 The

power flow directed from the normal to the superconducting phase is then given by,

P(T) = AQRKT/rA)YY2(EpA)?h-3vg Zexp(-A/KT). (7.3)
Here Eg is the Fermi energy and Vg the Fermi velocity. If the temperatures of the normal
metal and superconducting sides are equal, the flux P is compensated by an identical flux
flowing in the opposite direction. If a temperature difference 6T exists across the interface,
then the resulting flux is (0P/0T)8T, and the thermal conductance is

G = AQ/m)*2Egkh 3ve 2 (A/KT) exp(-AKT). (7.4)
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For a typical metal, Ep=10 eV and v,—.«le8 cm/s. Using these approximations, the thermal
conductance is G=A10'3(A/k'l’)mcxp(-A/kT) W/K, where A is in umz. When AKT>>1,
the electroric contribution to the thermal conductance of the interface is negligible, while
for A/kT<]1 the thermal conductance can become significant compared with the phonon

contribution to the thermal conductance.

7.3 Measurement Scheme

The goal of the proposed experiment is to measure the electronic contribution to the
thermal conductance across a metal/superconducting interface, as a function of the energy
gap of the superconductor. The transmission coefficient can then be inferred from Eq. 7.2.
This is a not an easy experiment because energy transport due to phonons crossing the
interface can complicate the analysis. Furthermore, measurements of therma! conductances
in bulk samples inevitably require corrections to account for temperature gradients through
the bulk material. These difficulties can be overcome by reducing the size of the
experiment to micron dimensions. A schematic of the proposed experiment is shown in
Fig. 7.2. A transition edge thermometer operating at temperature T is in electrical contact
with two superconducting pads whose transition temperature is much higher than T. The
pads are in contact with thick metal pads that are located close to the active region. The
purpose of the metal pads is to function as heat sinks. The device is placed in a parallel
magnetic field H. The experiment consists of measuring the I-V characteristics of the
transition edge thermometer as a function of the applied magnetic field. The I-V curve
contains information on the thermal conductance between the thermometer strip and its
environment (see chapter 2), while the magnetic field can be used to vary the energy gap of
the superconducting contacts. In what follows, I will briefly review the magnetic field
dependence of the superconducting energy gap, followed by a detailed discussion of the
energy flow processes from the thermometer strip to its environment.

It 1s well known that for a bulk superconductor, a sufficiently large magnetic fieid
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applied parallel to the surface, will cause the superconductor to revert to its normal
state with a corresponding absorption of a latent heat, indicative of a first order phase
transition.'”* ‘I'his means that the superconducting energy gap will drop discontinuously to
zero at the critical field. For thin films (thickness<1000 A) on the other hand, the energy
gap decreases smoothly to zero as the magnetic field is increased up to the critical field,
indicative of a second order phase transition.!®® The difference between these two cases is
that for a bulk sample the energy associated with the exclusion of the magnetic field gives
rise to the latent heat at the critical field, whereas for a thin sample, the field completely
penetrates the superconductor, and hence there is no latent heat when the film undergoes a
phase transition. In 1961, D. H. Douglass, Jr.108 realized that the effect of the magnetic
field on the energy gap could be described by the Ginzburg-Landau phenomenological
thcory,lo9 provided that the energy gap was identified with the order parameter, a result
which had been obtained by Gor'kov from the microscopic theory.m6 This theory predicts
a continuous decrease of A to zero as H->H, for films whose thickness d<5'2\, where A
is the temperature dependent London penetration depth, and a discontinuous drop in A
when d<5"2\. For d/A<<l, the theory predicts A(H)/A(0)=[1-(H/H,)?]"/?, where H is
the critical field of the film. For intermediate values of d/A, the magnetic field dependence
of A is solved numerically. Tunneling measurements by Douglass,108 and by Douglass
and Mesc:rvey,“o as well as interpretations of thermal conductivity measurements of
Moris and Tinkham,!!! all tend to confirm the prediction of the theory in the region of its
validity, near T and in the local limit E>A, where § is the effeciive coherence length. For
our proposed experiment the Ginzburg-Landau theory is no longer strictly valid, because
the temperature is much smaller than T.. The deviations from this theory however are not
significant. For T/T;=0.36, the measured gap is =20% smaller than the theoretical
pre,diction.1 12 Tinkham derived a phenomlogical theory that extends the Ginzburg-I.andau
theory to lower tt‘.xmperatures.“2 In this his theory, the dependence of the energy gap on
the magnetic field at low temperatures and for d/A<<l is AG{)/A(O)=1-(HIHC)2.
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This result fits the experimental data to within 5%.

As previously discussed, the goal of this experiment is to measure the electronic
contribution to the thermal conductance across a metal/superconducting interface.
Measurements of the I-V characteristics of the thermometer however, yield information on
the total thermal conductance from the strip to its environment. It is thus necessary to
understand the various energy relaxation processes and to isolate the electronic
contribution. The thermal circuit for this experiment is shown in Fig. 7.3. Power is
dissipated in the electrons, which are assumed to be in internal thermal equilibrium, and
subsequently leaves the active region via the following possible paths:

a) Electrons cross interface and relax to the heat sink. The energy flow for this path is

determined by the thermal conductance G of the interface (the quantity of interest), and the

. thermal conductance G, to the heat sink.

b) Electrons relax to the phonons (which are also assumed to be in internal thermal
equilibrium). The phonons can then either cross the interface with the underlying
substrate, or cross the interface with the superconducting contacts. Both of these relaxation
processes are controlled by the thermal boundary resistance, and are well described by the
acoustic mismatch model (see chapter 4). It should be noted that although the electrons
have relaxed to the lattice, they can still transfer energy across the interface.

In order to simplify the analysis, I will assume that the electrons are in thermal
equilibrium with the phonons. This implies that G.p, is much larger than G, Gy, and Gy

The measured thermal conductance is then due to both phonon and electron transport, and

is given by
Gm= (G +G 1+ Gy (1.5)

Here I have combined the phonon transport to the underlying subsirate and across the

interface with the superconductor into one term, Gpy. Inorder to extract the thermal
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Thermal circuit for the proposed experiment.
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conductance for electrons G, two requirements must be satisfied. First, the thermal
conductance through the superconducting contact to the heat sink G, should be much larger
than G. Otherwise, only the phonons would dissipate the absorbed energy. For the same
reason, the thermal conductance due to phonons Gpg should be much smaller than G. The
conductances Gyg and G, thus determine the minimum and maximum values of G that can
be measured.

To summarize, the following conditions must be satisfied in order for the experiment
to succeed:
a) The superconducting film should be thinner than its penetration depth in order to be

able to continuously vary its energy gap. For most films, a thickness of =750 A is

sufficient.! 10

b) The transition edge thermometer should function throughout the range of applied
magnetic fields. This is accomplished by using a relatively thin thermometer strip, so as to
increase its critical field. In the following section I will present data on the magnetic field
dependence of the resistive transition of aluminum films.

¢) The thermal conductance through the superconducting contact G, should be made as
large as possible. The thermal conductivity for normal electrons in the superconductor can
be approximated from the Weiderman-Franz law K=2.5)<108Tp'1 wem' K1, where pis
the normal state electrical resistivity in Q-cm.*® The thermal conductance is thus
maximized by using a superconductor which has a low normal-state resistivity.

e) The thermal conductance for electrons through the thermometer strip G should be
larger than the thermal boundary conductance between the strip and the substrate.
Oiherwise, only phonons would contribute to the conduction process. This necessitates the
use of a low resistivity metal for the transition edge thermometer..

d) Itis necessary to minimize the phonon contribution to the energy dissipation process.
This is achieved by minimizing the contact area of the thermometer strip with the substrate
and the superconducting contacts.
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There are relatively few material choices that can satisfy the above mentioned
requirements. A near optimum choice is an aluminum transition edge thermometer and lead
superconducting contacts. Our calculations indicate that for these materials, and for the
experimental configuration of Fig. 7.2, we expect to observe approximately three orders of
magnitude increase in the measured thermal conductance as a function of applied magnetic
field. At zero field, the measured conductance is primarily due to the phonon conduction

Gpq, while at the critical field, the measured conductance is limited by G;.

7.4 Preliminary Results and Conclusions

Our first measurements were meant to test the characteristics of aluminum transition-
edge thermometers in an applied magnetic field. A home made superconducting magnet
was constructed. Its inner diameter was 12 mm, and it produced a field strength of 0.1
T/A. In addition, a temperature regulated stage was constructed to fit inside the magnet
bore. The sample consisted of 500 A thick, 2 pm wide, and 10 pm long aluminum strip.
Contacts to the edges of the strip were made with Nb. The resistive transition for zero
applied magnetic field, and for a parallel field of 0.2 T is shown in Fig. 7.4. The transition
in the latter case is broad, but still useful. The thermal conductance from the strip to its
environment was deduced from the measured I-V curves. The ac method (section 2.3) was
used in order to avoid non-thermal non-linearities. The measured thermal conductance of
=2.5x10°8 W/K, was independent of the magnetic field. The prediction of the acoustic
mismatch model for this configuration is =2x10"8 W/K, indicating that the thermal
conductance was primarily due to phonon transport. We did not expect to observe a
change in the thermal conductance for this configuration for two reasons. First, the critical
field for the niobium films is higher than that available with our apparams,107 and hence the
electrons in the aluminum are blocked from crossing the interface with the superconductor.
Secondly, the electrical resistivity of niobium is high (=10 |.1.Q-cm),,69 thus significantly
reducing the thermal conductance G, of the superconducting pads.
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Resistive transition for an aluminum strip for zero applied magnetic field,
and a field of 0.2 T, applied parallel to the film surface. The length of the
strip is10 um, its width is 2 pm. The film is 400 A thick. Contact to the
strip were made with Nb pads.
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Approximately two weeks prior to the writing of this dissertation, we received the
first set of devices from Yale University that consisted of Al thermometers, Sn
superconducting pads, and Cu heat sinks. Unfortunately, the aluminum strips did not
make metalurgical contact to the tin pads. We plan to fabricate and measure additional

devices in the near future.
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All of the detector concepts that are described in this dissertation, as well as many
other superconducting devices have typical impedances in the range of 1-100 Q. In some
cases, the useful sensitivity of these devices can be limited by the noise introduced at the
first stage of amplification. The noise of an ideal amplifier should always be lower than the
Johnson noise of the source resistance, since this is the minimum noise across any resistive
device. A useful figure of merit for an amplifier is its noise temperature T,. It is the
temperature of the source resistor Ry, whose Johnson voltage noise (4anR1)”2, equals
the amplifier noise. The noise temperature of the amplifier depends on the source
resistance, and is considered to be unimportant when T, is lower than the operating
temperature of the device. The best available FET amplifiers typically have noise
temperatures of =0.1 K, but this performance is only available for source impedances R;21
MQ.113 A convenient solution to the impedance mismatch between the low source
impedance of superconducting devices and the optimum impedance for a conventional low
noise amplifier, is to use a transformer before the first stage of amplification. The
impedance seen at the output of an ideal transformer, with a turn ratio n=N,/N;, whose
input is connected to a source resistance Ry, is given by n2R1.114 Here N and Nj are the
number of primary and secondary windings respectively. It is for this reason that a
transformer is a used with voltage sources with low source impedances. Transformers
operated at room temperature often contribute significant noise when used with cooled
sources, this noise is primarily due to the Johnson noise in the resistance of the transformer
windings. The solution to this problem is to cool the transformer.!!®> The Johnson noise
will then be reduced because of the lower temperature, as well as the lower winding
resistances available. Although the implementation of these concepts appears to be
straightforward, the performance of a real transformer is usually far from ideal, and the
differences can often complicate the measurement. In what follows, I will describe the
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basic operating principles of a transformer, and the factors that influence its useful
characteristics. I will then discuss the practical details associated with the implementation
and use of transformers at both LHe and room temperatures, and present data on a few
useful transformers.

The figures of merit for a transformer are its voltage gain G and frequency bandwidth.
The circuit in Fig. A.1 represents a transformer having no intrinsic losses, and is useful for
analyzing its low frequency properties. The source is represented by a resistance R, in
series with a voltage source V. The blocking capacitor C; prevents dc current from
flowing through the transformer windings, a feature that is important when measuring the
signal across a device that is biased with a constant current (see Fig. 3.4 for a useful
example). The primary winding inductance is L1, the secondary inductance is L,, and the
mutual inductance is M. The output of the transformer is shunted by a resistance Ry, and
the output voltage V, is measured across the shunt resistance. Usually R, is the input
impedance of the amplifier that follows the transformer. The gain of the transformer is then
defined as the ratio G=V,/V . Using simple circuit analysis techniques it can be shown that

for a frequency w=2nf,

2 2
G|, L i e (A1)
oM " oC MR, "le’cM RM M ' '

Important conclusions in the gain equation include:

a) In order that the transformer gain not degrade, the shunt resistance R, should be much
larger than the product of the source resistance times the ratio of the secondary to primary
impedances RiL,/L;. In practice, an amplifier that has an input impedance 2108 Q is
sufficient.

b) The primary inductance L limits the gain for frequencies w<R;/L; even when C; and

R, are large.
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Fig. A.1 Electrical circuit of an ideal transformer that can be used to model its low
frequency characteristics.
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¢) The blocking capacitor can also influence the gain for frequencies w<R,/C,. For
the rolloff associated with the capacitance to occur at a lower frequency than that associated
with the primary inductance, it is necessary to pick C1>L1/R12.

d) A resonance in the gain curve occurs when w=(L,C 1)'1/2. This effect can provide
useful additional gain when the source resistance R is not too high.

The siinple model presented above does not include the effects of leakage reactance
and distributed capacitance in the windings, which reduce the transformer gain at high
frequencies. Unfortunately, as the number of windings is increased, both the leakage
reactance and the winding capacitance increase. This effect can be minimized by employing
transformer core material of very high permeability, so as to increase the relevant
inductances without increasing the number of windings. For most applications involving
bolometric detectors, where the relevant frequencies are typically <1 kHz, the simple
analysis presented here provides a useful and intuitive understanding of the transformer
characteristics.

In order that the noise temperature of the transformer be lower than the temperature of
the source resistance, two conditions have to be satisfied:

a) The Johnson noise from the resistance of the transformer windings should be lower
than the Johnson noise of the device to be measured. For the low source impedances of
interest here, this inevitably means that the transformer has to be cooled to LHe
temperatures. Typical winding resistances at 300 K are several ohms, while at LHe
temperatures they can be lower than 0.1 Q.

b) The transformer will be useful only if it can match between the device impedance of
several ohms, and the optimum impedance of =1 MQ for conventional low noise
amplifiers. This means that the transformer gain should be 10-100.

Unfortunately, transformers with the above specifications are difficult to find. In
1974, D. E. Prober discussed the electrical performance of a Triad G-4 transformer that

was cooled to liquid helium temperatures.l 15 He was able to observe the Johnson noise in
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a 1 Q resistor at 4.2 K, which translates into a voltage noise sensitivity of =101 vHZ 172
for a narrow band centered at 500 Hz. The performance of this rather large transformer
was far from ideal for source impedances larger than =20 Q. Furthermore, I found that the
gain of this transformer was significantly degraded when used in conjunction with a
blocking capacitor. The reason is probably due to the large primary inductance (the
transformer is physically large and thus has many windings), which implies that even
moderately high capacitance values will degrade the transformer gain.

The most useful transformer for our purposes was produced by the United
Transformer Corporation, about 20 years ago. The model O-14 transformer was initially
embedded in wax which was subsequently removed by warming the transformer on a hot-
plate. It was necessary to remove the wax in order to allow operation at LHe
tempe:ratures.115 The transformer was then mounted in a lead shielded box (=1.5" on a
side) and was tested both at room temperature and pumped LHe temperature. A blocking
capacitor C;=10 WF, was also placed inside the box. The gain characteristics of the
transformer, shown in Fig. A.2, were measured using the white noise technique with a HP
model 3582A spectrum analyzer. The measured gain had a value of =50 and was
independent of source resistance up to =100 . The resonance peak however, was
damped for higher source impedances. The 200 Hz shift in the resonant frequency upon
cooling, indicates that the primary inductance was reduced by approximately a factor of 5.
This is probably due to a reduction of the magnetic permeabilty of the transformer core
material. The primary inductance can be estimated from the frequency at which the
resonance in the gain occurs. For the 300 K case, I calculate Ll=w'2C1'1=0.09 H. The
secondary inductance L, can be estimated by multiplying the primary inductance by n?,
where n is the known turn ratio. The mutual inductance is calculated from the value of the
measured gain at frequencies where the gain is weakly dependent on frequency. At these
frequencies Eq. A.1 predicts G=M/L. The predicted frequency dependence of the

transformer gain at 300 K, using no adjustable parameters is shown in Fig. A.2. The fitis
124



zm i L A J L I L{ L] v ‘ L] v L] ' L L] L] l L] L] L] i
- / Fit from Eq. A.1 .
g 160 [ p
Y 8 - 300K -
. g 120 1.5 K ]
S - i
% 80 r / .
: o -y
= [ 1
O C l bd i l 5 W | l 3 i ) | 1 1 i ]
0 200 400 600 800 1000
f (Hz)
Fig. A.2 Gain versus frequency characteristics for a UTC Model O-14 transformer,

used in conjunction with a 10 pF blocking capacitor and a 15 Q source
resistance. The gain was measured at 300 K, and at 1.5 K. The fit of
Eq. A.1 to the 300 K data is also shown.
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quite good for all frequencies except at the resonance peak, where the predicted gain is a
factor of =2 highér than the measured value. This is not surprising, considering the fact
that our model does not incorporate any loss mechanisms, which wiil inevitably reduce the
quality factor Q of the resonance. For most practical purposes however, the simplified
model can be used to predict the transformer characieristics.

The noise contribution of the cooled transformer was measured by shunting its input
with a 20 Q resistor that was maintained at 0.3 K, and measuring the resultant voltage
noise. The output of the transformer was connected to a Stanford Research SAystcms model
SR560 amplifier (gain=104),"‘6 followed by a Krohn-Hite model 3750 variable bandpass
filter (ga.in=10).117 The amplified voltage noise was then measured by an H.P. model
3582A spectrum analyzer.1 18 The measured voltage noise when referred to the input of the
transformer, was 7x10"1! VHz' 12 at 1 kHz. The Johnson noise resulting from the source
resistance shunting the input is only 2x10"1 VHZ' 172, implying an excess voltage noise of
6.7x10°1! VHz' /2. This excess noise is mostly due to the input voltage noise of
3x10° VHz 12 from the SRS amplifier, which is equivalent to 6.5x10°1 VHz 12 when
referred to the input of the transformer. The noise contribution of this second stage of
amplification can be reduced by using high quality JFET amplifiers, which have a voltage
noise as low as =5x10"10 VHz'12 referred to their input.!1°

The gain characteristics of other transformers was also measured. These included
miniature transformers manufactured by Tamura Coxporation,m as well as a Triad model

G-10 transformer. 12!

These transformers however, exhibited poor characteristics when
used in cos:junction with blocking capacitors up to Cy=1 mF, and cooled to LHe
temperatures.

To summarize, it appears that cooled transformers can be used successfully with low
noise amplifiers to produce noise temperatures below 1K for source impedances between
1 and 100 Q. In addition, the transformer characteristics at low frequencies can be

analyzed in terms of a simple electrical model. On the other hand, it is difficult to find
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transformers that satisfy all of the requirements. Furthermore, the physical size of many
useful transformers is rather large and is thus unsuitable for applications requiring array
compatibility.

A different approach to the matching problem is to use a DC SQUID as a low noise
amplifier. It is now possible to produce DC SQUIDs that occupy an area of =1x1 mm?,
and have noise temperatures <10 K for source resistances <200 Q.% Furthermore, it is
relatively simple to integrate the SQUIDs in an array format. The potential disadvantages

of this technique are the relative complexity of operation, as well as the need to use a

transformer at the output of the SQUID.
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