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Abstract

Noise and Quasiparticle Dynamics in Single Photon, Superconducting Tunnel
Junction Detectors

Kenneth John Segail

2000

Superconducting Tunnel Junctions (STJs) have been studied as single photon x-ray
detectors over the past several years because they combine high energy resolution with
good quantum efficiency, large count rate and imaging capabilities. These detectors
measure the energy of an x-ray by counting the number of quasiparticle excitations that
are produced when the x-ray is absorbed in a superconducting film. The excitations are
read out as an increase in the tunneling current of an STJ attached to the absorbing
material. The use of two STJs with a single absorber also allows one to measure the
absorption location of the photon, thus giving imaging capabilities to the detector system.
We present the ongoing development of such imaging x-ray spectrometers based on Nb-
Ta-Al-AlOx-Al thin film structures. These devices demonstrate an energy resolution of
25 eV FWHM for 6 keV x-rays, with a simultaneous position resolution of 0.4 Lm over a
detector area of 14 um x 100 um. This exceeds the energy resolution of conventional
semiconductor detectors by almost a factor of five. A computer generated simulation
models the detector response well and is used to extract the intrinsic physical parameters
affecting the operation of the device. The incomplete thermalization of excited
quasiparticles in the junction prior to tunneling is seen as a major effect, having
significant impact on the device signal and noise. Separate experiments to quantify the
known noise sources that limit the energy resolution reveal that the electronic readout is
responsible for the majority of the energy width. These known noise sources combine to
add up to the measured energy resolution. Such experiments suggest that with some
device modification the energy resolution can be brought to within a factor of two of the
theoretical limit.
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Chapter 1: Introduction

Scientific and technological advancements are often preceded by an improvement in
measurement capabilities. In recent years there has been an increase in research activity in
the development of new detection techniques for single particles and photons. Many of
these new detectors work at cryogenic temperatures, as the small excitation energy in
detector materials that are cooled to near absolute zero results in improved sensitivity. In
this dissertation we describe the ongoing development of a new kind of cryogenic detector
based on Superconducting Tunnel Junctions (STJs). These devices are designed to detect
photons in the energy range 0.1 to 10 keV, for applications in x-ray astronomy. The
theoretical predictions for their performance well exceed that of existing technology. The
detectors have been demonstrated to work in previous laboratory experiments and at the
writing of this thesis are now starting to be considered for potential use in actual
astronomical observations.

A flurry of activity has occurred in the last ten years in the area of cryogenic
detectors. Initial development efforts which began in the early 1980s were aimed at
improving scientific measurement capabilities, primarily in high energy astrophysics,
particle physics, and nuclear physics. Recently, however, applications are being explored
in a wider array of scientific and technological fields including biophysics, semiconductor
materials analysis, DNA sequencing, ultra-violet and x-ray fluorescence analysis, optical
and infrared astronomy and dark matter searches. The detectors are no longer just used to
study the detector physics, either; real experiments and applications are being carried out.
The conference proceedings track the development in the field [Cooper, 1997; Ott, 1996;
Labov, 1993]. Here we will be mostly concerned with detectors for x-ray astrophysics,
since that is the application for which we are funded. However, it is important to recognize
that our detector work is relevant for many of these broader applications as well.

1.1 Motivation

X-ray astrophysics has been in existence since the early 1960s, when the first
celestial x-ray sources were discovered. Today it is a major part of the “all wavelength™
astronomy that is being carried out by astronomers all over the world. There are over
60,000 classified x-ray sources in the sky, many of them having unexplained phenomena.
An excellent review of x-ray astronomy is given in the book “Exploring the X-ray
Universe”, by Charles and Seward [Charles, 1995].



The types of objects that emit x-rays include those with surface temperatures of
order one million degrees (10° K). Most stars have temperatures of order thousands of
degrees, so for a long time it was believed that there were no astronomical x-ray sources.
Ranging from the exotic to the mundane, there are presently seven major classifications of
celestial x-ray sources:

* Supernova remnants

* Active galactic nuclei

* Accretion disks in binary systems

* Interstellar gas

* Stellar corona

* Gas in galactic clusters

« Diffuse x-ray background
The type of x-ray emissions from these sources include blackbody radiation,
bremsstrahlung radiation, synchrotron radiation and emission from atomic transitions. In
studying these objects one wants to know things like elemental abundance, electron
temperature, electron density, and source velocity. The best method to measure these
quantities is through high resolution spectroscopy. Energy resolutions of order a few eV
out of several keV are needed to provide model-independent information. This is the
primary motivation for the introduction of low temperatures to such experiments.

X-rays from outer space do not penetrate the earth’s atmosphere. In Fig. 1.1.I we
show the transmission of the earth’s atmosphere as a function of photon energy. Plotted is
the altitude by which half of the flux at a given wavelength is attenuated. One can see from
the plot that most x-rays are only visible from a rocket or satellite. This is the fundamental
challenge in doing x-ray astrophysics, as even simple observations present significant
engineering efforts. One must keep this in mind when developing a new detector.

The present x-ray detector technology consists of two major classes of detectors:
dispersive gratings and non-dispersive ionizing detectors. Dispersive gratings have very
good energy resolution (= IeV), but poor quantum efficiency. The non-dispersive class of
detectors includes CCD’s, solid state spectrometers and micro-channel plate detectors.
They rely on the creation of excitations in a material by an absorbed photon, where the
number of excitations are proportional to the photon’s energy. They all have good
quantum efficiency, but have energy resolution that is less than ideal (= 100 eV) due to
intrinsic fluctuations in the number of excitations created. Because of its smaller excitation
energy (= 1 meV compared to = 1 eV for a semiconductor), superconducting detectors are
predicted to have much better energy resolution without sacrificing quantum efficiency.
That is the primary motivation for our work.
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Fig. 1.1.1: Transmission of electromagnetic radiation by the earth’s atmosphere. The solid lines show the
altitude by which half the radiation from space has been attenuated. From Charles, 1995.

In addition to high energy resolution, imaging capabilities (spatial resolution) are
also a desired detector characteristic. An increase in the spatial resolution of the detector
allows one to resolve individual objects in crowded fields of view, and to image fine details
in spatially extended sources. With the addition of cryogenic temperatures to these
experiments, other issues like power consumption, complexity and heat dissipation from
the signal amplifiers are problematic as well. Thus one would ideally like to get spatial
information with as few readout channels and amplifiers as possible. This provides the
motivation for our choice of detector design and experiments.

1.2 Operating Principle

X-rays absorbed in a superconducting material relax their energy through electron-
electron interactions, electron-phonon interactions and phonon pairbreaking. In a time of
order 100 ns the x-ray energy is converted into low energy quasiparticle excitations and
subgap phonons. The number of quasiparticles that are created, N_.,..,, is equal to the x-

ray energy, E , divided by the minimum excitation energy &:

Nereied = - (LD



A naive estimate for the value of € would be just A, the energy gap in the superconductor.
However, since some of the energy is converted into phonons, the value of € is somewhat
higher. Kurakado [Kurakado, 1982] calculates from Monte Carlo simulations that £ =

1.7A. This value for € is significantly smaller than for semiconductors, due to the size of

the superconducting energy gap.

The basic operation of our detectors is simple: a measurement of N, gives a
measurement of E,. Such a measurement is ultimately limited by statistical fluctuations in
the number of quasiparticles created. The distribution for N, is Poisson-like, and as

such it has fluctuations AN__,., proportional to VN____,. A useful measure of the energy

resolution in general is the full-width-at-half-maximum of a spectral line, AE - The
energy resolution expected from the statistics of the creation is given by:

AEpwaM = 2355A—NMBX = 2.355.[F¢E, , (1.1.2)
Nereated

where F is called the Fano factor [Fano, 1947] and is equal to 0.2 in most superconductors
[Kurakado, 1982]. The fact that the Fano factor is less than one means that the resolution
is better than uncorrelated statistics (i.e. true Poisson behavior), for which F would equal

one. One can see that the resolution scales with the square root of &, which is why

superconductors have a predicted resolution significantly better (=30) than semiconductors.

The method to read out the number of quasiparticle excitations is to use an STJ. An
STJ consists of two superconductors separated by an insulator which is thin enough for
quantum mechanical tunneling to take place. For finite bias voltages applied to the junction

which are less than the gap voltage 2A/e, where e is the electron charge, the quasiparticles

in the superconducting electrodes can tunnel while the Cooper pairs cannot. At zero
temperature, there are no excited quasiparticles and thus no current. At finite temperatures,
there is a small tunneling current proportional to the number of thermally excited
quasiparticles. This is referred to as the subgap current. If an x-ray is absorbed in one of
the electrodes, the x-ray deposits its energy and creates excess quasiparticles. The excess
quasiparticles tunnel and cause a temporary increase in the subgap current. This current
increase is read out by an amplifier and its integral, the total charge, is proportional to the
energy.

While this basic operation is in principle very simple, several factors can serve to
degrade the performance. The most basic difference between these superconducting
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Fig. 1.2.1: Energy band diagram of our double-junction detector. The important quasiparticle processes ae
indicated: 1. Quasiparticle Generation, 2. Quasiparticle Diffusion, 3. Quasiparticle Trapping, 4.
Quasiparticle tunneling, 5. Quasiparticle recombination, 6. Quasiparticle outdiffusion from the
counterelectrode.

detectors and semiconducting detectors comes from the inability of superconductors to
sustain an electric field. The quasiparticle transport in the superconducting electrode to the
tunnel barrier must take place by diffusion instead of by electric field induced drift. In
order for all of the charge to be collected, it is essential that the quasiparticles tunnel quickly
before they recombine to form Cooper pairs. For this purpose, then, one would want to
make the electrodes of the STJ as thin as possible, to decrease the diffusion time and
increase the attempt frequency of quasiparticles impinging on the barrier. However, in
order to absorb a large fraction of x-rays, one would want to make the electrode as thick as
possible. These conflicting requirements make the simple approach described above
somewhat impractical.

The solution to this problem is to use superconductor bandgap engineering, often
referred to as quasiparticle trapping. The idea is to use superconductors of different size
energy gaps to control the flow of quasiparticles. In Fig. 1.2.1 we show the energy
diagram for our detector, which makes use of this concept. A large gap superconductor
(tantalum) is put in proximity with two lower gap tunnel junctions (aluminum-aluminum
oxide-aluminum). Due to its high atomic number, x-rays are absorbed mostly in the
tantalum film where they generate quasiparticles. This region is called the absorber. It can
be made thick to absorb a large fraction of x-rays. After being generated, the quasiparticles
diffuse laterally in the absorber until they reach either of the two lower gap junctions. In
these regions, called the traps, the quasiparticles scatter inelastically to lower energy and are
prevented from returning to the absorber. They then tunnel through the barrier to the
counterelectrode, where we detect them as an increase in the junction’s subgap current.
The trap regions can be made much smaller than the absorber, to ensure faster tunneling.



Fig. 1.2.2: Ideal plot of Q, vs. Q,. Lines where (Q, + Q,) = constant indicate different energies (E,, E,),
whereas lines where (Q/Q,) = constant indicate different absorption positions (x,, x,, x;).

After tunneling, the quasiparticles diffuse away from the counterelectrode into the leads. At
any point in the process the quasiparticles can recombine to form Cooper pairs. In Fig.
1.2.1 we indicate these important quasiparticle processes.

The use of two junctions in our detector scheme is what allows for the intrinsic
imaging capabilities. We label the junctions I and 2 in Fig. 1.2.1. [Each photon now
produces two current pulses with two collected charges: Q, in junction I and Q, in junction
2. The sum of the two charges is still equal to the total number of quasiparticles created
initially, which is proportional to the photon’s energy. However, now we can use the ratio
of the two charges to obtain the photon’s position. For example, a photon absorbed in the
center of the absorber will have a ratio Q/Q, = 1, since both charges will be equal. A
photon absorbed right next to junction 2, however, will have Q,/Q, = 0, since almost all of
the charge will be trapped in junction 2 while none is trapped in junction I. Absorption
events in-between will have ratios between 0 and 1, and so on. Note that it is the diffusive
behavior of the quasiparticles that allows for this location extraction; if the transport were
ballistic one would always collect haif of the charge in each junction. The combination of
energy and position information can be seen in a plot of Q, vs. Q, (Fig. 1.2.1). Lines
where (Q, + Q,) = constant are lines of constant energy, whereas lines where Q,/Q, =
constant are lines of constant position. Fig. 1.2.2 is for the ideal case, with perfect
trapping into the junctions and no quasiparticle losses in the absorber. If the trapping is not
perfect, the plots will pull away from the edges, as there will be a finite minimum charge in
each junction even for the case of absorption very close to the other junction. If there are
quasiparticle losses in the absorber, the lines of constant energy will have curvature, as



events from the center must diffuse a longer average time than those from the edge and are
thus more susceptible to loss.

1.3 Thesis Organization/Previous Work

At the writing of this dissertation, our work at Yale University on STJ detectors has
been going on for the last ten years, with the author having been present for the last six.
The program has enjoyed a reasonable amount of success, as we have achieved working
detectors with good energy resolution and a good understanding of the detector physics and
readout electronics. This thesis will focus on the most recent developments in our work, as
we are not interested in repeating what has been said already by others. However, to form
a complete picture we must first touch on the major developments leading up to the author’s
research. Here is our story thus far...

In the dissertation of Michael Gaidis [Gaidis, 1994] was described the work leading
up to the first x-ray detection by our detectors: the initial theory and design of the detector,
the choice of materials and geometry, the fabrication of high quality devices, initial DC
testing and characterization, construction of the basic charge amplifier, and cryogenic
testing. Devices with a 200 um long tantalum absorber connected laterally to a single
tunnel junction could resolve 6 keV x-rays with an energy resolution of 190 eV FWHM.
The x-ray pulses were found to be slower than expected, along with a higher collected
charge. The noise sources limiting the energy resolution were unknown.

In the dissertation of Stephan Friedrich [Friedrich, 1997b] was described the first
testing of double junction detectors with spatial resolution. A new biasing circuit and
current amplifier were constructed, which allowed more stable biasing and lower electronic
noise (13 eV compared to 45 eV). The spatial resolution allowed the extraction of the
relevant quasiparticle time scales. The cause of the slow pulses was revealed to be slow
diffusion in the tantalum absorber; the large charge was revealed to result from
backtunneling. The devices could resolve x-rays with an energy resolution of 54 eV over a
30 um range of the absorber, with a corresponding spatial resolution of 1 im. The sources
of noise were still basically unknown.

In this work we will describe the extensive modeling and testing of the same
devices, with the emphasis on new experiments and calculations which determine the noise
sources that limit the energy resolution. Chapter 2 will review the basic experimental
details, focusing on the changes made during the course of this thesis. Chapter 3 will
describe the theory and modeling done by the author to determine the quasiparticle
processes which contribute to the detector signal. Chapter 4 will detail the new
experiments on the device physics, emphasizing the use of the modeling to extract time
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scales and physical parameters. We will see a marked change in the behavior of the device
during an x-ray pulse which had not been appreciated before. Finally, in chapter 5 we will
review the experiments and calculations to determine the limiting factors in the energy
resolution. We will end with suggestions for future work.



Chapter 2: Experiment

In this chapter we will review the details of the experiment to measure the
performance of our double junction x-ray detectors. Laboratory testing of STJ detectors
involves a full range of experimental challenges: device design and fabrication, DC
characterization and biasing, low noise AC electronic readout, cryogenic testing, and data
processing. We will give brief overview of all these topics.

2.1 Device Design/Fabrication

Despite the relatively simple operating principle for STJ detectors, the devices
themselves have become rather complex. We have made efforts to choose materials and
geometries which best optimize aspects of the detector performance: high x-ray absorption
efficiency, efficient charge collection, durability, and good noise performance. Here we
will review the important aspects of the device design and fabrication.

2.1.1 Materials

The major design considerations in choosing materials for our detectors were
insensitivity to thermal cycles and energy gap size. The number of superconducting
elemental metals is not particularly large, so several of the choices were relatively simple.
We chose to stay with all refractory metals, as other groups have seen soft metals like lead
and tin degrade with time and thermal cycles. Our devices have been thermally cycled
repeatedly for over 6 years to date, and we continue to get quality performance. Bandgap
engineering dictates a large gap difference between the absorber and the junction, so that is
an important constraint as well. Below we list the materials for our devices:

* Absorber: One would like a high gap superconductor for the absorber, in addition to a
high atomic number for good x-ray absorption properties. Tantalum is our choice, and is
ideal in both respects. In addition, tantalum has no metallic oxides which could serve as
trapping sites. It also has a fast electron-phonon scattering time, which results in efficient
energy-to-quasiparticle conversion in the initial absorption event. '

e Jupction: Junctions made from aluminum (aluminum - aluminum oxide- aluminum) have
a very robust oxide and display good subgap performance. In addition, aluminum also has
a lower gap than tantalum, making it good for bandgap engineering. It has a much lower
atomic number than tantalum, resulting in few unwanted absorption events in the junction.



Perhaps its only drawback is its slow electron-phonon scattering time, which we will
explore more deeply in chapters 4 and 5.

* Contact: In constructing a double junction device one must make electrical contact to the
absorber in order to be able to bias both of the junctions separately. The major constraint
on the contact material is that it has a higher energy gap than the absorber, such that
quasiparticles do not diffuse out of the absorber into the leads. Niobium is our choice, as
its gap is over twice that of tantalum. Its drawback is that it is well known to form metallic
oxides [Halbritter, 1987], which can act as trapping sites for quasiparticles.

* Wiring: The wiring leads from the counter electrode of the junctions (the geometry is
discussed below) is made from aluminum in our devices. This was designed such that
quasiparticles would diffuse quickly away from the junction such that they would not
undergo multiple tunneling (section 3.3). This has turned out not to be the case, as the
diffusion in aluminum was found to be slower than expected, and the quasiparticles in our
devices tunnel on average about 2.5 times before they diffuse away.

* Substrate: The substrate plays an important role in the device performance. X-rays
absorbed in the substrate create phonons which can cause an unwanted signal in one or
both of the junctions. We use silicon substrates which have a layer of silicon dioxide
(Si0,) on them to act as a buffer layer for substrate phonons. We see good attenuation
(=70%) of the signals from substrate events.

2.1.2 Device Geometry

The major device tested in this thesis is labeled XN93. We show its schematic in
Fig. 2.1.1. The tantalum absorber is 200 um x 100 pum, reflecting a compromise between
the possibility (at the time of the design) of short quasiparticle lifetimes and the desire for
large detection areas. The absorber is made thick, 6000 A in XN93; this absorbs = 25 %
of the x-rays at 6 keV. The aluminum junctions overlap the absorber by 10 um, such that
good step coverage is ensured. The stretched out shape of the junction is chosen such that
a small magnetic field can be applied while still obtaining good Josephson current
suppression (see section 2.2), as there was initially a concern for keeping the value of
applied magnetic field small. The length of the junction is 200 um. In the figure we show
the energy diagram and the side view, and indicate the absorber, trap, counterelectrode, and
contact.
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Fig. 2.1.1: Schematic of device XN93, showing the top view, side view, and energy diagram.
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Fig. 2.1.2: Schematic of device F99-14C, showing the side view and energy diagram. The device has a Ta
plug to prevent outdiffusion from the counterelectrode.

In addition to XN93, two other additional devices were tested during this thesis.
The first is F99-11C, which is a device very similar to XN93 except in two respects: the
junction has a smaller length (120 ymy), and the wiring is wide instead of narrow along the
junction length like in XN93. The other device, F99-14C, we show a side view of in Fig.
2.1.2. This device has a tantalum plug in the wiring layer. The high gap of tantalum
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prevents quasiparticles from diffusing away from the junction region after they tunnel and
allows us to study the effects of multiple tunneling.

2.1.3 Fabrication

The device fabrication has been thoroughly explained in the dissertation of Mike
Gaidis [Gaidis, 1994], who fabricated the device XN93. The fabrication procedure has not
changed since so we will just summarize it briefly here.

The tantalum absorber is sputtered at high temperatures (700 C) in order to obtain
clean films with a high T, (4.4 K). These films have a resistance ratio RRR = 30. The
absorber is wet etched with a solution of iron-chloride and hydrofluoric acid. The junction
is deposited in trilayer fashion, with both the aluminum trap and counterelectrode thermally
evaporated. The junctions have normal state resistances (R ;) of order 1 Q and differential
subgap resistances a factor of 10,000 higher. The junctions are also defined with a wet
etch, using a standard aluminum etch. The niobium contact is sputtered, at room
temperature. A layer of silicon monoxide (SiO) is thermally evaporated to passivate the
junction. Photolithography is used to define all features in the device. An ion beam clean
is performed prior to the deposition of each layer to remove any impurities and ensure good
metallic contact between layers.

2.2 DC Biasing

In order to detect x-rays, STJs must be biased at finite voltages in the subgap
region. To achieve optimum noise performance, it is best to bias in regions of low current
and high differential resistance. The biasing of STJ detectors is not trivial by any means,
as STJs have highly non-linear I-V curves, an extremely sensitive temperature dependence,
and a variety of Josephson effects which can all introduce difficulties. In addition, in our
experiments we must simultaneously bias two junctions, which can be challenging if the
junctions have even slightly dissimilar characteristics.

In order to successfully bias an STJ detector, one must apply a small magnetic field
(= 10 Gauss) parallel to the junction in order to suppress the DC Josephson current. The
mechanism for suppression is by phase modulation of the superconducting wavefunction
on either side of the barrier [Van Duzer, 1981]. In zero field our junctions exhibit a DC
Josephson current of typically around 500 pA. In order to successfully bias, one must
suppress the Josephson current well below the subgap current, which is of order 20 nA.
While this is achievable in a reasonably straightforward manner for a single junction, to
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Fig. 2.2.1: Device I-V curves for XN93: ideal, with poor suppression, and trapped flux.

simultaneously suppress two junctions can be very difficult, since there will always be
small differences (= 1-2 %) in the size/shapes of the two junctions.

In Fig. 2.2.1 we show an ideal I-V curve, along with two that are non-ideal. The
ideal I-V curve has a subgap current of approximately 20 nA and a differential resistance of
[5-20 k€ in the region of 70-80 uV. This gives good noise performance. We will discuss
the electronic noise more at length in section 5.1; most of the good noise performance was
achieved with I-V curves that look similar to the ideal one in Fig. 2.2.1.

The first non-ideal I-V is labeled “Poor Suppression”, and it is what the I-V looks
like when the magnetic field does not perfectly suppress the Josephson current. The
problem with imperfect suppression is that a switching instability can result, because the
junction has two stable operating points — one in the subgap region and one on the zero
voltage current. The result is a “bump” that occurs near zero voltage, which varies in size
depending on how poor the suppression is. A small bump may not preclude successful
biasing; however, the larger the bump is, the more likely an instability can result. Even a
small bump can still be problematic, as we have seen poor suppression result in unwanted
low frequency 1/f noise.

The other non-ideal I-V is labeled “Trapped Flux”, and is what results when
magnetic vortices become trapped in the junction. Flux trapping can occur in any number
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of ways, most often during times of amplifier oscillation or saturation. A trapped flux I-V,
as seen, increases the subgap current substantially and results in very poor noise
performance. While a poorly suppressed I-V can sometimes still give good results, a
trapped flux I-V more often than not signals the end of an experiment, as the junction must
be warmed up above the critical temperature to drive out the vortices.

We highlight the non-ideal behavior to motivate our choice of biasing circuit.
Earlier experiments in our lab had utilized a DC current bias circuit. This method simply
biases the junction with a constant current source. The load line for such a circuit is
horizontal, and requires near perfect suppression of the Josephson current to bias
successfully. With the start of double junction experiments in our lab, we found that we
could not achieve the level of suppression necessary to bias both junctions with a DC
current bias. Therefore, an effort was made to switch to DC voltage bias. DC voltage bias
is much more difficult to implement than DC current bias, but the benefit is significant, as
the biasing becomes much more stable and the requirements on the suppression are much
less strict. The I-V curves in Fig. 2.2.1 were all taken with DC voltage bias; the “Poor
Suppression” I-V curve could not, in fact, be taken at all with DC current bias and its
shallow load line.

The “peaks” in current on the ideal -V at = 110 LV and 140 uV are called Fiske
modes. They are resonances of the AC Josephson field with the electromagnetic modes of
the junction [Eck, 1964]. It is not advantageous to bias in their vicinity, as they give
excess noise. However, the ability to trace them out without hysteresis is indicative of the
stiff load line in our voltage bias circuit. We have measured a load line of approximately 6
Q, which is practically vertical on the scale of Fig. 2.2.1.

We show our biasing circuit in Fig. 2.2.2. It actually utilizes both current and
voltage bias. The voltage bias is done with an composite op-amp. It biases the junction
relative to its inverting terminal, which is held at the bias voltage by feedback. The current
bias is done with a voltage source and a 1 MXQ resistor. A switch allows selecting either
one or the other to bias the junction. The reason for using both involves the behavior of the
junction before the correct value of magnetic field is chosen. Ultimately, we want to end
up using voltage bias, for the reasons stated above. However, since the voltage bias is
done with an active circuit element, namely the op-amp, it is unstable and can saturate when
presented with low source impedances. Putting is simply, it is difficult to voltage bias a
short circuit. However, that is exactly what the junction behaves like if the correct value of
magnetic field has not yet been set. If the junction is acting like a short and the op-amp
saturates, trapped flux can result. This was the pattern of several of our experiments for a
while, as quite often we could not find the correct value of magnetic field right away.
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Fig. 2.2.2: Biasing circuit schematic. The circuit utilizes both current and voltage bias. The junction is
represented by the X.

The current bias, however, is perfectly stable if the junction is behaving as a short.
We implemented the combination of current and voltage bias to correctly select the value of
magnetic field while still keeping the amplifier stable. We begin by biasing with current
bias, select the correct value of magnetic field, and then switch over to voltage bias. The
switch-over was problematic at first, but was solved by putting a 100 Q cold resistor in
series with the junction (see Fig. 2.2.2). The resistor seemed to be effective in attenuating
any stray discharge currents from the abrupt switch-over. The resistor was made cold to
reduce its Johnson noise. Future experiments may look to find ways around the extra
series resistance, however, as it makes the amplifier look like more of a load to the x-ray
current, resulting in unwanted charge division (see section 4.2).

2.3 AC Current Amplifier

The current pulses that result from an x-ray are typically of order. 50 ~ 100 nA and
contain signal frequencies between I and 100 kHz. The pulses must be amplified before
they are digitized and recorded. Ideally, the noise from the amplifier will not exceed the
intrinsic fluctuations of the detector. Noise considerations alone, however, do not dictate
whether to use a voltage, current or charge amplifier. A charge amplifier seems
appropriate, since the charge is a more direct measure of the emergy of the x-ray.
However, the current is more closely related to the time-dependent processes inside the
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Fig. 2.3.1: Schematic of DC coupled composite amplifier. The nulling loop senses the gate voltage and
Jfeeds back to keep it fixed at the DC bias. It is indicated in gray.

detector, and as such gives additional information for device analysis. Therefore we use a
current amplifier in our experiment, and obtain the charge by numerical integration in a later
step. In addition to low noise, an ideal current amplifier would also have a large bandwidth
for minimum pulse distortion and present a low impedance to the detector to collect the full
signal.

We will discuss the electronic noise in more detail in section 5.1. The amplifier that
provides the DC bias for the junction, shown in Fig. 2.2.2, also functions as the current
amplifier for the pulse signal. In the figure we draw it as an op-amp, but in reality the
amplifier is actually composed of a separate input FET followed by a transimpedence
amplifier. By keeping the input FET separate, one can choose a FET which has lIow noise
and is well matched to the device. We use a Toshiba 2SK146 JFET for the input, with a
voltage noise of 0.4 nV/~/Hz and negligible current noise. The transimpedence amplifier
that follows is the Amptek A250, which also has very good noise performance. The two
act in conjunction to form a very low noise composite op-amp.

To DC couple this composite amplifier as we have done was not straightforward,
however. There are complications in trying to DC couple a single FET op-amp, as we now
describe. The drain voltage of the input FET is fixed by the A250 (see Fig. 2.3.1 for
orientation). An appropriate drain current can be set such that the gate of the FET lies at
ground, or at some chosen DC voltage. Such a composite amplifier can be DC coupled,
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with the gate voltage appearing across the device. However, the drain current has a very
sensitive temperature dependence, and as such will fluctuate with the ambient temperature
of the environment. This causes the FET’s gate voltage to fluctuate through feedback, and
does not allow very stable DC biasing. Industrial op-amps which are DC coupled use a
differential matched pair of transistors to circumvent this problem, using two FETs whose
temperature dependencies cancel one another. However, it is very difficult to find good
matched pairs with a high level of noise performance. We have not had success using a
differential pair input FET.

Our solution to the problem was to add extra circuitry that compensates for the
temperature drift of the FET’s drain current. We added a so-called “nulling loop”, whose
purpose was to sense the gate voltage and add additional drain current accordingly in order
to keep the gate voltage at the DC bias. Figure 2.3.1 shows the idea, with the nulling loop
indicated. The nulling loop consists basically of an op-amp and a resistor, along with a
filter (not shown in the schematic). The filter ensures that this “correcting” of the drain
current only occurs at low frequencies, where the biasing is critical, while not interfering
with the amplification at signal frequencies. This approach was met with success, as we
were able to DC couple the composite amplifier while maintaining the good noise
performance in the signal band. The details of the design and operation of the nulling loop
and the current amplifier have been published [Friedrich, 1997a; Friedrich, 1997b]. A full
circuit diagram showing all the details of the composite amplifier is also shown in
Appendix D.

In addition to the requirements for noise and DC coupling, ideally one also wants
the current amplifier to present a low impedance to the junction. This is an issue that is was
not appreciated as much until recently, when we learned that the device resistance changes
by almost an order of magnitude during a pulse (see sections 4.2 and 5.1). The resistance
presented to the junction by the current amplifier, R,, can be approximated as R/A,,,
where R is the feedback resistor and A, is the amplifier’s open loop gain. In Fig. 2.3.2
we show the measured open loop gain as a function of frequency. The value of A, is
around 10,000 in the signal band, so for a feedback resistor of 1 MSQ the value of R, is
approximately 100 2. We will use this number later in section 4.2.

In Fig. 2.3.2 we also show the open loop gain for different values of compensation
capacitance connected to the A250. One can see a “peaking” in open loop gain for values
of compensation capacitance less than a few pF. Similar peaking also occurs in the noise
spectra. This is a sign of marginal phase stability of the current amplifier. The peaking is
essentially an RL.C resonance, as the amplifier behaves like an inductor since it has a gain
which decreases with frequency. The compensation rolls off the open loop gain at lower
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Fig. 2.3.2: Open loop gain versus Frequency, for different values of compensation capacitance.

frequency to help keep the loop stable and avoid the resonance. From the graph, 30 pF of
compensation capacitance appears to be enough. We believe the peaking was affecting the
device performance, so we now use 30 pF compensation for all experiments; we did in fact
see an improvement in the energy resolution of = 20% for the device by doing this.

The bandwidth of the current amplifier, f,, is set by the capacitance in the feedback
loop, C¢: £, = (2rR,C))". In addition to increasing the compensation capacitance, we also
found that increasing the feedback capacitance also helped with the phase stability. Earlier
experiments had a feedback capacitance of approximately 0.5 pF, but recently we have
found C, values of order I pF are better. This helps the stability but limits the bandwidth,
f. = 170 kHz. This is fine for good energy resolution but results in some amount of pulse
distortion. The pulse distortion can be problematic when trying to extract physical
timescales from the current pulses. In the future we will use a lower feedback resistor for
experiments where we would like to look at undistorted waveforms, and use our usual R, =
1 MQ to measure the energy resolution.

2.4 Cryogenic Testing/Data Acquisition
The use of aluminum as a junction material requires low temperatures (< 0.3 K) for
good noise performance and large signals. We test our devices in a 2-stage *He cryostat.
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The cryostat attains a base temperature of = 0.22 K with a hold time of 8 - 12 hours. A
Germanium Resistance Thermometer (GRT) from Lakeshore Cryogenics is used to
measure the temperature; however, we have found that we cannot keep the thermometer
connected while biasing the junctions, as there appears to be electromagnetic interference
between the junction lines and the digital voltmeter that is used to monitor the GRT.
Therefore we use the temperature dependence of the subgap current as our “thermometer”
during an actual data run. The observed subgap current of =20 nA in our junctions agrees
well with the BCS prediction for a temperature of 0.22 K with junctions of our resistance:
this temperature was separately measured by the thermometer and also predicted by the
various heat leaks into the cold stage in our cryostat [Friedrich, 1997b]. Details on the
wiring and sample mount inside the cryostat have been described previously [Gaidis,
1994].

We illuminate the device with an **Fe x-ray source which emits 2 Mn lines: K, at

5890 eV, 88%, and K at 6490 eV, 12%. The K, line is actually composed of 2 lines itself

spaced within a few eV of each other; we will see this is relevant when we try to fit the
charge histograms from our device in chapter 5. The source is on a mechanical rotating
arm which can be turned away to verify that all the events are in fact x-ray induced. The x-
ray pulses which are amplified by the pulse amplifier are sent to an oscilloscope: either an
HP33120A from Hewlett Packard, or more recently an Integra 40 from Nicolet
Instruments. The Integra 40 has twelve bits of voltage resolution which reduces the
digitizing noise (see section 5.4) and also has the ability to take very long time traces (= 10°
points). The latter is useful in taking noise spectra, as one can sample at a high frequency
to avoid aliasing while still maintaining low frequency information. The digitized waves
are downloaded to disk where we can do analysis on the unfiltered waveforms for detector
physics and then apply digital filtering routines to filter out the electronic noise and obtain
the optimum energy resolution. The digital filtering and the Fourier transforms to obtain
noise spectra are done using standard LabVIEW routines.
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h r 3: Theor d Modelin

The excess quasiparticles which are generated by an absorbed photon in our
detector are subject to many physical processes before they are counted as a charge in our
amplifier. The major processes include quasiparticle diffusion, inelastic scattering,
tunneling and recombination. In this chapter we will introduce the theory and modeling of
these processes, taking each one individually. Then we will discuss how we have
incorporated all the processes into a single model of the current pulse. The model generates
a full theoretical current pulse which can be compared directly with the digitized pulses
from our amplifier. In this chapter we will review the development of the model, and then
in Chapter 4 we will apply it to the data from our experiment.

To fully determine the shape of the current pulse, one would in general want to
know the time evolution of the location and energy of each excited quasiparticle in the
detector. This would lead to a very complicated analysis, so we have made two important
simplifications in our model: we ignore the energy distribution in the absorber and ignore
spatial effects in the junction electrodes. Both in fact are fairly good approximations. The
scattering times in the tantalum absorber are relatively fast, so we can assume that all
quasiparticles thermalize to near the gap energy fairly quickly, before the quasiparticles
diffuse a significant distance. Effects from a non-zero energy spread in the absorber
should thus be small. The trap has a much smaller volume than the absorber and aluminum
has a much larger diffusion constant than tantalum, so quasiparticles in the trap should
spread out to a spatially uniform distribution very quickly. Thus assuming a uniform
spatial distribution in the trap is fairly accurate as well. The lateral diffusion in the absorber
and the energy dependence of quasiparticles in the junction are the major effects in
determining the signal, so this is where we have concentrated our modeling efforts.

3.1 Quasiparticle Diffusion

Following the absorption of an x-ray, the excess quasiparticles propagate through
the absorbing film by diffusion. A diffusion framework is appropriate because typical
quasiparticle mean free paths (tenths of microns) are much smaller than typical device
dimensions (tens of microns). We use the one-dimensional diffusion equation to describe
the spatial and temporal distribution U(x.t) of quasiparticles in the absorber:

2
%%—D%;E}:O. (3.1.1)
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Here D is the diffusion constant, in the usual manner. The x direction is the direction
connecting the line drawn between the two junctions (see chapter 2 for orientation). The
film is thin enough to ignore the z direction. If we assume specular reflection at the edges
of the film, the y-dependence cancels out as well.

There are several methods to treat the diffusion equation numerically [Press, 1989;
Burden, 1989]. We have chosen the Crank-Nicholson formalism because it offers
unconditional stability and is accurate to first order in both space and time. We assume a
spatial grid of spacing dx and time steps of size dt. For a given value of x and t, we first
take the forward time difference of equation (3.1.1) at time t:

U(x,t +dt) - U(x,t) -D U(x + dx,t) —2U(x,t) + U(x — dx, t) =0

3.1.2

dt (dx)? 3.1.2)
We can also take the backward time difference at time (t + dt):
U(x,t +dt)-U(x,t) _ U(x+dx,t+dt)—2U(x,t +dt) + U(x — dx,t +dt)

-D 5 =0. (3.1.3)
dt (dx)
The average of equations (3.1.2) and (3.1.3) give the Crank-Nicholson approximation
de

[Burden, 1989], where we useA = D—-:
(dx)?

U(x +dx,t+ dt)(—_%) +U(x,t +dt)(1+A)+ U(x - dx,t + dt)(:z?:) =

U(x+dx,t)(%)+U(x,t)(l—k)+U(x-dx,t)(%), (3.L4)

Equation (3.1.4) can be cast in matrix form:

which relates the full spatial distribution at any time step t,,, to that at . We will discuss the
boundary conditions in the next section.

3.2 Quasiparticle Inelastic Scattering/Trapping

After the quasiparticles have diffused through the absorber, they reach the interface
between the absorber and the aluminum trap. The inelastic scattering of quasiparticles with
phonon emission in the aluminum causes them to be confined to the junction region. Here
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they are “trapped”, and tunnel through the barrier instead of diffusing back into the
absorber. The initial scattering in aluminum is thus referred to as quasiparticle trapping.
The scattering rate determines the trapping rate, assuming that there is good metallic contact
between the absorber and the trap. In addition, the inelastic scattering rate determines the
energy distribution of the quasiparticles in the junction before they tunnel. Later in chapter
4 we will see how this energy dependence has a large effect on the signal.

The inelastic scattering time has been calculated for quasiparticles in near-
equilibrium by Kaplan, et al. [Kaplan,1976]. We will refer often to this work. The

scattering rate, 1/t,, for a quasiparticle at energy E; to emit a phonon of energy Q < Q <
Q... is given by:

3Qmax 2
Lz_l_( 1 ) i QZN(Ei—Q)l-—A— dQ. (3.2.1)
Ts  To\kBTe) omin E;(E; -4)

Here kg is Boltzman’s constant, T, is the critical temperature of the film, N(E, - Q) is the

density of final electron states, and 1, is a material dependent constant. The value T, is the

electron-phonon interaction parameter, as the integral term gives just the energy dependence
independent of the material. The integral in equation (3.2.1) can be solved analytically.

Ei- 2 _ | we find:

Using the variable changes x = and y =vx

1_1(aY,
Tg To kBTc

[153-+(3+Em)y—[5m *e;JY V41 -(mm +5§;)In(y+\/y_":f)}

2Ejp

Y(Qmax)

¥(Qmin)
(3.2.2)

Here we use E;y =E’A, In our model it is useful to define the rate 1/7,[E,E] to scatter

from an energy E; to an energy E;, where E; and E; are located at the center of energy

intervals of size 25. Equation 322 is used with Quy =[E;—(E;+8)] and

Quiax =[E; —(Ej —8)|- We use this in section 3.5. This idea is shown in Fig. 3.2.1.
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Fig. 3.2.2: Scattering time in aluminum. The energies are in units of the aluminum gap.

If we insert Q ; =0 and Q. = (E, - A), then equation 3.2.2 gives the total
scattering rate, the time for a quasiparticle at E; to emit a phonon of any size allowed by
energy conservation. We plot this time in Fig. 3.2.2. If E = A}, = 4A,, then the total
scattering time is the trapping time 7,,,. This value is about 6 ns.

The trapping of quasiparticles into the junction is modeled by a boundary condition
at the absorber-trap interface. Let us consider the distribution of quasiparticles n(x) above
the gap of tantalum. Assume the absorber-trap interface is located at x = 0, with the
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absorber to the left (negative x) and the trap to the right (positive x). This distribution
decays exponentially into the aluminum trap, because in the trap quasiparticles are “lost”,

since they scatter below A;,. The time for them to scatter is Top- Lhe decay length, I, is

simply given by 1, = ‘/(Dmtm). To derive the boundary condition we require that the

diffusion current be continuous across the absorber-trap interface:

on on
D =D . 3.23
Ta ax x=0_ A.[a—x-{x=o+ ( )

Here Dy, and D, are the diffusion constants in tantalum and aluminum, respectively. Since
the distribution in the aluminum trap is exponential, we can also write,

_ n{x =0%
an|  _ i[n(x =0*)e x/ ‘m] - _(—_) (3.2.4)
ax X=O+ ax X=0+ Imp
Combining equations (3.2.3) and (3.2.4) we find the boundary condition:
on = _nx=0) (3.2.5)
ox x=0" Itrap

with I;ap = \/ DTa(%}rtmp . Here we have assumed that n(x =0%) = n(x = 0°), i.e. that
Al

the function n is continuous. This equation can be inserted into the Crank-Nicholson
algorithm, equation (3.1.5). We approximate equation (3.2.5) with a difference equation at
the endpoint x, (and also x_,,) for all times t:
Ulxi.t]-Ufxo.t] _ _Ufxo.t]
dx Lerap

The boundary condition allows us to treat the effects of the trapping without
explicitly keeping track of the spatial distribution in the junction. Note that the boundary
condition is only valid if the value l,,, is smaller than the actual size of the trap, or the
distribution cannot be approximated as exponential. This is true in our devices. The
current that flows across the absorber-trap interface, I, with the boundary condition from
(3.2.5) is the current that is trapped. L, is given by either side of equation (3.2.3). We
will return to this in section 3.5.

(3.2.6)

3.3 Quasiparticle Tunneling

Tunneling is the process by which quasiparticles are detected as a charge in our
devices, and as such a good grasp of quasiparticle tunneling is essential to understand the

24



EA

Fig. 3.3.1: Tunneling diagram for an NIN junction. The shaded regions represent filled states.

detector operation. Excellent treatments of superconductor tunneling are given in Van
Duzer [van Duzer, 1981], Tinkham [Tinkham, 1996] or Gray [Gray, 1980]. In this

section we will be explicitly interested in calculating the tunnel rate, I/t

g and in
understanding how the I-V curve for a superconducting tunnel junction comes about.

We start by considering a normal metal tunnel junction (Normal-Insulator-Normal
or NIN junction). The energy diagram at T =0 is shown in Fig. 3.3.1. A filled Fermi sea
exists on both sides of the barrier with the two Fermi energies separated by the energy eV
of the bias. Tunneling of electrons occurs whenever filled states on one side face empty
states on the other side. The total tunneling current can be calculated by Fermi’s Golden
Rule [Van Duzer, 1981]. At sufficiently low temperatures and voltages the tunneling
current, I, is ohmic and is given by

v

Inn =—R:. (3.3.1)
Here R, is the resistance of the tunnel barrier, given by
L
2me®A
Ryp =[-—h—1°‘rr[2N[(Ef)N,(Bf)I, (3.3.2)

where A, is the area of the tunnel barrier, ITF is the matrix element for transmission across
the barrier, N, (E,) is the density of states on the left/right hand side at the Fermi energy, e
is the charge of the electron and # is Plank’s constant.

The tunneling time T, for an arbitrary tunneling current I is defined through the

relation
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Fig. 3.3.2: Tunneling diagram for an SIS junction, in the Semiconductor representation. The closed circles
represent electrons tunneling, the open circles represent holes tunneling.

I=—, (3.3.3)
Ttun
where N is simply the number of electrons (or quasiparticles) that can tunnel. In the case
of two normal metals as in Fig. 3.3.1, the only electrons that can tunnel are the ones within

eV of the Fermi energy on the left side. Thus N =N;(Eg)-eV - Ve, where V,_ is the
volume of the electrode on the left. We can then use equations (3.3.1) and (3.3.3) to

obtain an expression for T, for an NIN junction:

Toun NIN =€2 - Ni(E¢)-Run - Velec- (3.3.4)
Note that although the density of states on the left side, N,(E,), appears explicitly in
equation (3.3.4), in reality the tunnel time is proportional N,(E,)", due to the dependence of
R,, on N\(E) and N(E)).

If we now consider both metals to be superconducting, two important modifications
occur. The first is simply that the density of states is modified to be the density of states
for quasiparticles, in the usual fashion. The second modification, however, is more subtle.
We plot the energy band diagram in Fig. 3.3.2 for a superconducting tunnel junction using
the so-called “semiconductor representation”. Recall that in a superconductor,
quasiparticles are split into electron-like (k > k) and hole-like (k < k;) quasiparticles. In
using the semiconductor representation, we remove the mixed character of the
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quasiparticles and assumes that all electron-like quasiparticles have a negative charge and all
hole-like quasiparticles have a positive charge. This gives the correct tunneling current
because of the symmetry of the BCS ground state around k.. The energies for electrons
(E.) are plotted in the positive direction while the energies for holes (E,) are plotted in the
negative direction. The lowest energy excitations for both electrons and holes are at an

energy A, the energy gap of the superconductor. If the junction is at T = 0, there are no

excitations; all electron states are empty and all hole states are filled. If instead the junction
is at a finite temperature T, there will be excited electrons and holes spread over an
energy KgT,,, in their respective bands.

We demonstrate the possible tunneling processes in the diagram, labeling the
processes A through D. If the junction is biased at a voltage V < k,T, /e, then both
electrons and holes can tunnel from either side of the barrier and all four tunnel processes
are possible. If, however, the junction is biased at a voltage V >> kgT,,/e, then only
electrons on the left side and holes on the right side can tunnel (A and D). This is because
holes on the left and electrons on the right face unavailable states on the other side of the
barrier. If we want to consider N in equation (3.3.3) to be the foral number of
quasiparticles on either side of the barrier, then the tunnel time per quasiparticle is twice as
long as we have derived previously. Thus the tunnel time in equation (3.3.4) must be
multiplied by a factor of two. Note that even though only half the quasiparticles can tunnel
at a given time, all the quasiparticles still eventually tunnel, as the ones which cannot tunnel
will eventually branch mix [Kaplan, 1976], changing from an electron to a hole or vice-
versa.

We can now re-write the tunnel time for an SIS junction, inserting the modification
in the density of states and the factor of two for electrons and holes:

2 2
A+E_ )" -A
Twn,SIS = 2e?'NI(Ef )Rnn *Velec - J( A _: )E . (3.3.5)
r

This is the time for a quasiparticle to tunnel from the left hand side to the right hand side,
ending at an energy E,_above A; V,,_ here is the volume on the left. We modify the density

of states for the energy E_ on the right hand side, namely the density of states into which the
quasiparticle tunnels. The factor of two enters, again, because only half the quasiparticles
on the left hand side can tunnel.

Equation (3.3.5) is usually written with E, = eV [de Korte, 1992]. This is then
tunnel time for a quasiparticle right at the gap edge on the left hand side. By using this
equation with E_=eV to calculate the current, one assumes that all quasiparticles have
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Fig 3.3.3: Subgap I-V curve for an SIS junction. The current rises below voltages less than k,T/e, and is
constant far above kyT/e.

scattered to the gap edge before they tunnel. We do not wish to make this assumption, so
that is why we have written (3.3.5) in a more general form. Note the tunnel time is a

strong function of energy near the gap (E, — 0), but approaches a constant value of 27T,y

at high energies. If one is tunneling into a range of energies 28 about E, we use the

average value of the tunnel rate over that energy range:

—1
E +5 A+EZ - A2
[ dEl:2e2Nr(Ef)Rnn Velee - (A+E) . (3.3.6)

I
Yy T‘““[E‘]‘Esr_s A+E

We will use expression (3.3.6) when we describe the full current pulse simulation in
section 3.5. Note that we have dropped the ‘SIS’ part of the subscript, as t,, will now

indicate the tunnel time in the superconducting case since we will no longer be dealing with
normal metals.

Having already introduced the semiconductor representation, it is an easy task to
determine the I-V curve in the subgap region. Let us consider only the excitations on the
left hand side (the same argument can be applied to the right hand side, with electrons and
holes reversed). Atlow bias voltages, (V < kyT,,/e), both electrons and holes can tunnel.
Since electrons and holes carry opposite charge, their currents cancel each other, and we
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have little net electron current. As we raise the voltage, some of the holes are prevented
from tunneling because they face forbidden states. Thus, we get an increased electron
current. As we raise the voltage further, more and more of the holes are prevented from
tunneling, and the electron current continues to increase. Finally, when we reach V >>
kgT,../€, none of the holes can tunnel and the electron current remains constant. Thus the
I-V curve has a low bias region (V < kT, ,/e) where the current is increasing, and a high
bias region (V >> kT, ./e), where the current is constant. This is plotted in Fig. 3.3.3.
We will see later in chapter 4 that T, will be replaced by a ‘warmer’ distribution
characterized by T, during an x-ray pulse, but the same arguments regarding the structure
of the I-V curve will still hold.

Before we leave this section, it is necessary to relate the semiconductor
representation which we have used so far to the so called ‘excitation representation’, which
is used most often in this field. This is shown in Fig. 3.3.4. In this representation the
electrons and holes are not distinguished. However, we now show the pairs explicitly.
The tunnel processes A-D that were shown in Fig. 3.3.2 are indicated. The tunneling
processes which correspond to electrons, A and B, look essentially the same. However,
the hole processes C and D look quite different. One has to remember that the
semiconductor representation in Fig. 3.3.2 corresponds to excitations with respect to the
BCS ground state, not the filled Fermi sea of a normal metal. Consider a hole excitation on
the left side tunneling to the right (process C). Initially, the hole on the left corresponds to
an unoccupied pair state. In order to transfer that excitation to the right side (i.e. for it to
"tunnel"), one must reform a pair on the left and break up a pair on the right. This fills the
hole on the left and creates one on the right. This is illustrated explicitly in the excitation
representation. The excitation diagram has the advantage of showing the charge transfer
explicitly, with the disadvantage of not showing the symmetry of the [-V curve. The hole
tunneling from the right hand side (process D), which transfers an electron from left to
right, is often referred to as backtunneling. This gives an increase in the overall signal
from an x-ray. In accordance with the rest of the field, we will use the excitation
representation in the remainder of work.

One additional piece of notation: when we refer to a hole tunneling from the left
hand side and an electron tunneling from the right hand side, we call it a “reverse process”,
since in both cases a charge (electron) is transferred from right to left, against the bias.
Thus B and C are reverse processes. When a reverse process “cancels” the current from a
normal (forward) process, we call that cancellation. In section 5.3 we will calculate the
shot noise that results from the canceled currents.
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Fig. 3.3.4: Tunneling diagram for an SIS junction, using the excitation representation.

3.4 Quasiparticle Recombination

The recombination of quasiparticles back into Cooper pairs is an extremely
important effect in our detectors. Quasiparticles which recombine rather than tunnel reduce
the overall electronic signal while increasing the noise, as there are statistical fluctuations in
the number of quasiparticles lost from one photon to the next. The theoretical
recombination lifetimes have been calculated by Kaplan, et al. [Kaplan, 1976] for
superconductors in near equilibrium, i.e. for small numbers of excess quasiparticles.
Typical treatments of recombination for the non-equilibrium case also use Kaplan, et al.’s
numbers, although one must be wary that the theory is not strictly valid in these limits. Our
experiments find recombination times consistent with these predictions in aluminum, but
far from these predictions in tantalum. Here we will review the formalism and show how
we have modeled the loss of quasiparticles to recombination in the absorber and in the
junctions.

The near-equilibrium recombination time for quasiparticles in the low temperature

limit, 1/%,,, is given by [Kaplan, 1976]:
5/2 1r2
Trec,eq To kBTc: Tc
Values for this recombination time at 0.2 K are =400 s in aluminum-and > Is in tantalum.

For the non-equilibrium case we define a general T, which is determined by

30



N NR_N

at rec V Ttec )
Here R is defined as the recombination rate per unit density of quasiparticles. The factor of
N? occurs because there are N(N — 1)/2 = N%2 ways to form pairs from N quasiparticles;
the factor of two is lost because each recombination event eliminates two quasiparticles. In
general N is equal to the number of excess quasiparticles, N, plus the number of thermal
quasiparticles, N;;. The number of thermal quasiparticles is given by n,V, where V is the

volume of the superconductor and n,, is the thermal density of quasiparticles:
ng, = N(Eg)2mAkpTe 2/k8T (3.4.3)

Using (3.4.1) - (3.4.3) in the limit of no excess quasiparticles (N, — 0), one can solve for

(3.4.2)

the recombination rate R:
R=|2A L (3.4.4)
kBTc ZN(Ef)ATO
In the case where N, is significant we can then solve for T__ using (3.4.2):
N Rp.2
Q-V(Nx-i»ZanthV), (3.4.5)

where the term independent of excess quasiparticles is lost because it is exactly canceled by
thermal generation. The first term is usually referred to as the “self-recombination” rate, as
it depends only on the number of excess quasiparticles, while the second term is referred to
as the thermal recombination rate, as it depends on the thermal background of
quasiparticles. Note the factor of 2 in the thermal term. Physically this is a simple
permutation effect, as the first quasiparticle can be thermal and the second one excess, or
vice versa.

Equation (3.4.5) will be used as the expression for recombination in the junction
electrodes, as it is fairly straightforward to incorporate both terms into our simulation. In
the absorber, however, the introduction of an N? term into the diffusion equation makes it a
non-linear differential equation and precludes the use of the numerical method described in
section 3.1. We therefore ignore self-recombination in the absorber. This appears to be
valid, since experimentally we see negligible non-linearity in our energy response, which
would not be the case if we had significant self-recombination. Future modeling should,
however, seek a new diffusion algorithm to incorporate the self-recombination. We do

nonetheless introduce a constant loss term (1/ 1, ) into the diffusion equation to account
for recombination in the absorber. This is an “adjustable” parameter in our model, since
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