INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and

dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with small overiaps.

ProQuest Information and Leaming
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

®

UMI






X-ray Single Photon Imaging Detectors using
Superconducting Tunnel Junctions

A Dissertanon
Presented to the Faculty of the Graduate School
ot
Yale Unuversity

in Candidacy for the Degree of

Doctor ot Phulosophy

by
Liqun Li
Dissertatdon Director: Professor Daniel Prober

December 2002



UMI Number: 3068312

Copyright 2002 by
Li, Liqun

All rights reserved.

@

UMI

UMI Microform 3068312

Copyright 2003 by ProQuest Information and Learning Company.

All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, MI 48106-1346



© Copyright 2002
by
Liqun Li

All rights reserved



Abstract

X-ray Single Photon Imaging Detectors using
Supercenducting Tunnel Junctions

Liqun Li
Yale University
December, 2002

X-ray detectors based on Superconducting Tunnel Junctions (STJ) provide high
energy resolution with good absorption etficiency and imaging capabilities. The energy
of an x-ray photon is measured by detecting the excess quasiparticles generated by the
absorption of the photon. The number of quasiparticles is measured by the increase in the
tunneling current of the STJ. With two STJs attached to the absorber. the x-ray detector is
capable of achieving 1-D imaging. We present ways to improve the pertormance of such
1-D imaging x-ray spectrometers. With better quasiparticle cooling in the tunnel junction.
one of our devices shows an energy resolution of 13 eV FWHM for 6 keV x-rays with a
spatial resolution of 0.2 um over a 20 um range. The noise sources are quantitatively
studied for the guidance of future improvements. The measured energy resolution is
about twice the theoretical intrinsic energy resolution these detectors can achieve. Three
devices with different absorber lengths are measured to study the quasiparticle dynamics
in a Ta absorber. By fitting a numerical model to the experimental data. the quasiparticle
diffusion constant and lifetime are obtained. These parameters are critical in determining
the upper limit of the absorber size. The spatial uniformity of the Ta absorber is also
studied. The introduction of a Nb ground contact in the center of the Ta absorber causes
spatial non-uniformity in the contact region and leads to extra energy broadening. Using
Ta as a ground contact to the Al trap eliminates this problem. In searching for 2-D
imaging detectors. we propose using four-junction detectors. Simulations have been done
on detectors that consist of a square absorber and four junctions on the sides or four
junctions in the corners. Comparison shows that the detector with four junctions on the

sides has better spatial performance.
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Chapter 1 Introduction

In recent years there has been tremendous research interest in low temperature
detectors. One obvious advantage of working at cryogenic temperatures is the ability to
achieve lower noise and better performance. One type of cryogenic detector is based on
the superconducting tunnel junctions (STJ). This type of detector is designed to detect
single photons in the energy range from a few eV up to ~10 keV. Not only can they
measure the energy of each photon with high resolution, but they can also provide timing
information for each photon. Moreover, imaging can be done with strip structure STJs
[Kraus, 89], or with a four-junction detector [den Hartog, 00], or with an STJ array
[Rando, 98].

1.1 Motivation

Different types of telescopes detect light of different wavelengths — ranging from
microwaves to visible light to high energy x-ray photons and gamma rays. Each
wavelength band is important to compose a full view of the universe. Optical telescopes,
such as the Hubble Space Telescope, bring us brilliant images of remote stars and
galaxies, while the most energetic explosion since the ‘Big Bang’ has been discovered by
the high energy gamma-ray telescopes. In between the gamma-ray and the visible light
detectors, x-ray detectors have become indispensable members of the detector family.
With the development of all these detectors to cover the entire spectral range,
astronomers are ready to study the evolution of the universe.

The opaqueness of the Earth’s atmosphere to extraterrestrial x-rays poses challenges
for astronomers. CCD detectors have been successfully sent into the outer space for doing
x-ray imaging [Charles, 95], but they do not provide the necessary energy resolution. The
ultimate goal of the x-ray telescope, which is going to be the core of the next generation
x-ray observatory, is to measure the photon energy and timing information as well as to
implement imaging. The excellent energy resolution that our STJ detectors can provide

for x-ray photons is necessary for the study of black holes, active galactic nuclei, the life



cycles of matter and energy in the universe, galaxy clusters and dark matter [Charles.
1995].

In the Chandra X-ray Observatory [Tucker, Ol]. an array of CCDs is used to
implement high angular resolution and high detection efficiency for x-rays. But the
energy resolution of the CCD detector is quite poor. ~100 eV for 6 keV x-ray photons.
Compared with the CCD type detectors. the advantage of superconducting tunnel
junction detectors (STJ) is its higher energy resolution. which is theoretically predicted to
be ~3 eV (Section 2.3.1). a factor of 30 better than the one offered by the CCD detector.
The STJ detector can also provide timing information for x-ray photons with a resolution
better than a microsecond. which can be used to study pulsars. Therefore STJ detectors
are one of the ideal candidates for future x-ray observatories. Other novel applications
such as material analysis and fluorescence spectra of proteins in biophysics using low
temperature detectors have also started to attract increasing attention [Hilton, 99:
Friedrich. 02].

STJ detectors can provide not only high energy resolution. but also imaging. Using
arrays of STJs to achieve imaging introduces difficuities in the design of electronic
readouts (one readout setup per pixel/STJ). The power consumption. complexity. and
heat dissipation of the amplifiers in the cryogenic environment become technical
challenges for low temperature detectors working in outer space. On the contrary. our
design uses a strip structure to implement one-dimensional (1-D) imaging with one STJ
on each end of the detector. It only needs two electronic readouts. This can be easily
expanded to 2-D imaging by using four STJs. one on each side of a square x-ray absorber.
Such 2-D imaging design can be easily implemented by just four electronic readouts
instead of n’. where n’ is the number of the pixels for an n by n array. Thus a four

junction 2-D imaging detector would greatly simplify the electronic setup.

1.2 Current State of Research

A variety of cryogenic detectors have been developed to achieve high energy
resolution for [ to 10 keV x-ray photons. The three most important ones are

microcalorimeters. transition edge sensors. and STJ detectors.

~



Microcalorimeters measure the temperature increase of the absorber after the
absorption of an x-ray photon. The NASA/Wisconsin group developed the first detector
with an energy resolution of 7.3 eV for the 6 keV photons using doped silicon
thermometers with a HgCdTe absorber [McCammon. 91]. The intrinsic energy resolution
of such detectors is determined by the thermodynamic fluctuations of temperature. The
long thermal relaxation time of about a few milliseconds in the microcalorimeters limits
the count rate of the detector.

Transition edge sensors (TES) are made of a metal absorber connected to a special
thermometer. The thermometer is a superconductor having normal-superconductor
bilayer structure and biased at its transition temperature. Using the superconducting
transition edge bolometers. the group at NIST Boulder successfully measured an energy
resolution of 4.5 eV for the 6 keV photons [Irwin. 99]. Because they use a thermal
feedback technique. the thermal decay time of the absorber is greatly reduced to about
200 us. However. the decay time is still far too long to achieve high count rate.

STJ detectors detect either phonons or quasiparticles created by the absorption of a
single x-ray photon in the absorber. For the phonon creation type of detector the
absorption of the x-ray photon creates energetic phonons in the absorber. The phonons
diffuse from the absorber to the electrode of the tunnel junction. and those with energy
above 2Abreak Cooper pairs and create quasiparticles in the STJ electrode. The STJ
detector measures the quasiparticle tunneling current through the junction. The best
measured energy resolution for this type of detectors is 12 eV [Angloher. O1]. They also
have the problem of a long decay time of about 100 ps.

The quasiparticle creation type of STJ detectors measure the number of the
quasiparticles directly created by the absorption of x-ray photons in the absorber. The
energy resolution is intrinsically limited by the quasiparticle creation statistics inside the
absorber. The theoretical limit for a Ta absorber is ~3 eV for the 6 keV photons. while
that for Nb is ~4.2 eV (Section 2.3.1). Using the Nb based stack STJ detector the best
measured energy resolution is 29 eV [Frank. 96: Mears. 96]. The count rate of the Nb

based stack STJ detector can reach 10 kHz without degradation of the detector

performance [Labov. 98].



The devices analyzed in this thesis use Ta as the x-ray photon absorber and an Al
tunnel junction as the quasiparticle detector. The best energy resolution we have achieved
is 13 eV FWHM (full-width-at-half-maximum) for the 6 keV photons [Li. Ola]. The
response time of the quasiparticle detectors is much faster than that of the phonon
detectors. For an absorber size of 200 x 100 pm” or 500 x 100 um®, the decay time of the
tunneling current pulses is about 10 to 20 us. The detectors we developed also implement
1-D imaging with only two readout channels. The theoretical spatial resolution of the

detector is approximately 0.5 pum for a 200 um long absorber.

1.3 Brief Review of Previous Work in this Group

X-ray detector research has been going on for the past 10 years in this group. We
have made tremendous achievements in developing better measurement electronics. in
improving device performance. and in understanding the device physics.

Michael Gaidis started the research work at Yale in STJ x-ray detectors. In his thesis
[Gaidis. 94] he explored the physics of the detector and successfully designed and
fabricated STJ detectors [Gaidis. 93]. The fabrication procedure. which we still follow
today. can produce very good detectors. He also designed a current bias and charge
amplifier electronics and did the cryogenic testing. His devices were made of a 200 um
long Ta absorber laterally connected by one Al tunnel junction to one side. He was able
to achieve an energy resolution of 190 eV FWHM for the 6 keV x-ray photons.

Stephan Friedrich did the first testing of a two- junction detector [Friedrich. 97b]. He
designed a DC active voltage bias and a current amplifier. which allowed more stable
voltage biasing and lowered the energy broadening caused by the electronic noise from
15 eV down to 13 eV when there is no x-ray events [Friedrich. 97a]. The two-junction
detector provided an improved energy resolution of 54 eV over a 30 um range of the
absorber. The best energy resolution of the detector was measured at points very close to
the side of the absorber. while the worst energy resolution was in the center. This was
believed to be caused by the Nb ground contact in the center of the Ta absorber. The

diffusion constants of Ta and Al were successfully extracted from the two-junction
detector [Friedrich. 97c].



Kenneth Segall continued Friedrich’s work with more extensive modelling and
testing of the same device. He found out two main noise sources that limit the energy
resolution [Segall, 00b]. He further improved the energy resolution of the device to 26 eV
over a 20 um range near the edge of the absorber [Segall. 99]. He also measured the
excess noise due to incomplete quasiparticle cooling and quantitatively explained the

noise sources of the 26 eV energy broadening [Segall. 00a].

1.4 This Thesis Work and Organization

The major achievements of the present work are several large improvements in
detector performance and measurement methodology. The quasiparticle dynamics in the
Ta absorber are also studied. Based on the current research results we offer some
suggestions for future improvements.

In Chapter 2 we review the basic working principles of superconducting tunnel
junction detectors and quasiparticle dynamics theory. An introduction to some intrinsic
noise sources of the detector is presented.

In Chapter 3 we introduce the experimental set-up and give a brief review of the
device fabrication and its effects on the detector performance.

Chapter +4 discusses the processes involved in the optimisation of the Al junction
design. The first part describes how the junction geometry and size affect the detector
performance. The [-V curves for the junctions with different geometries are compared. A
novel junction design. the annular junction is also presented [Frunzio. Ol]. The
interesting feature of the annular junction is the implementation of x-ray detection
without applying a magnetic field.

In the second part of Chapter 4 we introduce a new device (device B). This device
utilizes better quasiparticle cooling to significantly reduce two dominant noise sources
that were present in the device designed by Friedrich (device A). In addition. by cooling
the feedback resistor. the electronic noise is also dramatically reduced. The best energy
resolution is improved significantly — by a factor of two over that of device A [Li. Ola].
The noise sources of device B are carefully studied and quantified to provide useful

information on future improvements [Li. O1b].



In Chapter 5 we first discuss the spatial non-uniformity of the Ta absorber caused by
the Nb contact and its solution [Li. Olb; Li, 02a]. We then study the quasiparticle non-
equilibrium dynamics in the Ta film [Li, 02a]. Two parameters. the diffusion constant
and the lifetime of quasiparticles. are derived by fitting the experimental results [Li. 02b].
Their comparisons with theoretical values and their effects on astronomy applications are
also discussed.

The simulation of 4-junction detectors with 2 different configurations for 2-D
imaging [Li. 00] is presented in Chapter 6. By assuming constant electronic noise. we
compare the spatial resolution performance for the two different configurations. The
device with four junctions on the sides of the Ta absorber shows better spatial
performance than that with four junctions in the corners.

In Chapter 7 we discuss the long decay time of the pulses in device B. It is caused by
a narrow lead connected to the wiring pad that constrains the quasiparticle outdiffusion.
The long decay time limits the count rate of the devices. But it can be solved by changing
the wiring design.

In Chapter 8 we discuss the effects of substrate events and backtunneling on the
detector performance. We conclude that the lateral backtunneling device is not a good
candidate for future energy resolution improvements because of self-heating and the low
frequency noise due to thermal quasiparticle fluctuations [Wilson, O1]. We offer a general
outlook for the future development of STJ detectors and what could be the best possible

performance of the x-ray single photon imaging STJ detectors.



Chapter 2 Theory of SIS Tunnel Junction Detectors

The phenomenon of superconductivity was first discovered by Kamerlingh Onnes in
1911. He observed the disappearance of the electrical resistivity of mercury when its
temperature was below a characteristic temperature 7. After almost half a century
Bardeen. Cooper and Schreiffer (BCS) [Bardeen. 57] came up with an explanation for the
superconductivity phenomenon. In certain metals when temperature is below T..
electrons are condensed into bound Cooper pairs at the Fermi surface by an attractive
phonon mediated interaction. The least energy required to break a Cooper pair and
generate two quasiparticles is 24. where 4 is the energy of the lowest quasiparticle
energy level relative to the Fermi surface, typically referred to as the energy gap of the

superconductor.

Fig. 2.1 The schematic [-V curve of a SIS tunnel junction with no

magnetic field. The current at zero bias voltage is a dc Josephson current.

A superconducting tunnel junction (STJ) is formed by two superconducting
electrodes separated by a thin insulator layer. The quasiparticles in one of the

superconducting electrodes can tunnel through the insulator layer into the other electrode



and give rise to a tunneling current. The schematic I-V curve of a STJ is shown in Fig.
2.1. When the bias voltage applied between electrodes is below twice the energy gap
voltage 2A/, only the thermally excited quasiparticles can tunnel through and contribute
to the tunneling current. When the bias voltage is higher than 24s. there is a sharp
increase in the tunneling current caused by Cooper pair breaking and the divergent
density of states. When the bias voltage increases further. the [-V curve asymptotically
approaches that of the junction in the normal state. The Cooper pairs can also tunnel
through the barrier. This is the so-called Josephson effect [Josephson, 62]. The Cooper
pair tunneling gives rise to a dc supercurrent at zero bias voltage that can be modulated
by magnetic fields applied parallel to the tunnel barrier. More details of the
superconductor-insulator-superconductor (SIS) theory can be found in Refs. [Van Duzer.
81: Tinkham, 96].

2.1 Physics of X-ray Detection

Our 1-D imaging STJ detectors have a Ta absorber with a superconducting tunnel
junction connected to each end. The Al layer that is directly connected to the absorber
servers as a quasiparticle trap. Once an x-ray photon is absorbed in the Ta layer. it breaks
Cooper pairs and creates millions of quasiparticles that diffuse towards the ends of the Ta
absorber. After reaching the Al trap. they scatter down to lower energy levels by emitting
phonons and are trapped inside the Al trap. After tunneling through the insulator barrier.
the quasiparticles will either tunnel back into the trap or diffuse out into the wiring pads.
leaving the junction region. During the whole processes. some of them may recombine

into Cooper pairs. Fig. 2.2 depicts many possible quasiparticle processes in our STJ

detectors.
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Fig. 2.2 The energy band diagram of the 1-D imaging STJ detector. The

quasiparticle processes in the detector are: (I) quasiparticle generation. (II)
quasiparticle  recombination, (II[) quasiparticle diffusion. (IV)
quasiparticle trapping, (V) quasiparticle tunnelling. (VI) quasiparticle

outdiffusion from the junction.

2.1.1 Quasiparticle Generation

When an x-ray photon is absorbed in the Ta superconducting absorber. a few
energetic photoelectrons are created. As the photoelectrons travel through the Ta absorber.
they lose their energy by exciting electrons along the path through Coulomb interaction
on a very short time scale (--lO'l5 second) [Chi. 81]. These electrons in turn excite more
electrons. After the cascade process the energy is shared among many electrons. Once the
average energy of the electrons is comparable to the Debye energy. phonons start to join
the relaxation process to cool down the excited electrons. Thus the energy of the x-ray
photon relaxes into low energy quasiparticle excitations and phonons by electron-electron.
electron-phonon interaction and phonon pair breaking process in about a hundred
picoseconds [Friedrich. 97]. In the relaxation process. approximately 60% of the incident
photon energy is converted into the energy of the quasiparticle system. while the rest is
lost to the subgap phonon system [Kurakado. 82]. The number of quasiparticles that are
created. Nereare, is equal to the x-ray energy E; divided by the effective excitation energy

E.

N =—=, (2.1)



The effective excitation energy £=1.74 4 was first calculated in [Kurakado. 82] using

Monte Carlo simulations. £is larger than A because part of the photon energy, about 40%.

is lost into the phonon system.

2.1.2 Quasiparticle Recombination

Excess quasiparticles in a non-equilibrium system will eventually recombine into
Cooper pairs so that the system can go back to equilibrium. The characteristic time of the
recombination process is the quasiparticle lifetime. If the number of excess quasiparticles
injected into a superconducting film is small. the number of quasiparticles will decay
exponentially. The non-equilibrium state created by the absorption of an x-ray photon has
a large number of excess quasiparticles. For such a state far from equilibrium. there are
N(N-1)/2 ~ N*/2 ways to recombine quasiparticles into Cooper pairs out of N
quasiparticles. If we define R to be the recombination rate per unit density of
quasiparticles. the recombination rate of quasiparticles is then

oN R

R ,
—==-N(N-1)—==-N"——. (2.2)
ot N )Vol ‘ Vol

where Vol is the volume of the superconductor. The factor of //2 is lost because each
recombination event eliminates two quasiparticles. We can identify the quasiparticle loss
rate per volume due to quasiparticle recombination as

_on_ dn,+N_Vol) : R
[, = 3 =- 3% ~(2anlh +N, /VO[)V—OI, (2.3)

where n,, is the thermal quasiparticle density and N, is the number of excess
quasiparticles. The first term represents the excess quasiparticles recombining with the
background thermal quasiparticles. called the quasiparticle thermal loss. The second term
represents the self-recombination among the excess quasiparticles themselves. which is

called the quasiparticle self-recombination loss. n. is given by [Eisenmenger. 81]

n, =2N_\2m\k Te ™", (2.4)

where N, is the single spin density of states at the Fermi level and kg is Boltzmann

constant. The recombination rate constant R can be then calculated theoretically from

(Kaplan, 76: Eisenmenger. 81]
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R=| 22 L, 2.5)
k;T_ ) 4N Az,

where % is a material dependent characteristic time and depends on the strength of the
electron-phonon coupling. [Kaplan, 76] has calculated 7 for several materials.

When two quasiparticles recombine, they emit a phonon with energy at least 24.
These phonons may break Cooper pairs and recreate quasiparticles unless they escape
into the substrate or decay anharmonically. This effect is called the phonon trapping
[Cray. 71]. It can enhance the quasiparticle lifetime significantly. Considering the
trapping effect. the effective lifetime of the quasiparticles created by x-ray photons in the

Ta absorber is estimated to be about a few milliseconds [Gaidis, 94].

2.1.3 Quasiparticle Diffusion

Inside the superconducting Ta absorber quasiparticles propagate through diffusion.
The quasiparticle mean free path (tenths of microns) is much smaller than the typical
device dimensions (> 200 um) . so if there is no edge loss the one-dimensional diffusion
equation can be used to describe the dynamics of quasiparticle distribution n(x,t) inside

the Ta film.

on(x,t) _D a‘n(x:,t) __n(x,t) ’ 2.6)
dat ox- Tioss
with the following initial condition
n(x,t=0)=N,0(x-x,) . 2.7)

where D is the diffusion constant of the quasiparticles. %, is the quasiparticle effective

lifetime in the Ta absorber. and Ny is the initial number of created quasiparticles.

2.1.4 Quasiparticle Trapping and Scattering

After quasiparticles with energy higher than the Ta gap energy 4r, diffuse from the
Ta absorber into the Al trap. they scatter down inelastically to lower energy levels in the
Al trap by phonon emissions. Once the quasiparticle energy is lower than 4r,, they are

trapped in the Al The expression for such quasiparticle scattering rate can be derived

Il



from Fermi's Golden Rule. For an electron with energy E in the limit of zero temperature

the scattering rate is [Kaplan, 76]

} 0., 2
Lol | Towe -ofi-—2——|de. (2.8)
T, To\kslc ) oo, E.(E,-Q)

Here T. is the critical temperature of the film. Qis the energy of the phonon being
emitted. N(E, —Q)is the density of the final electron states and the integral is performed
over all possible phonon states. The factor inside the brackets is a coherence factor that
describes the nature of the electron-electron interaction in the superconducting state. The

integral can be solved analytically [Kaplan, 76]. If we apply the following change of

variable

the integral can be solved as

to1( 1Y
— X
T, T\ kgl

y’ E, E, A B E, A 3
—+Q@+—=)y—-| —+ +1-| 22—+ In +,/ +1
[3 G (/_\ 215,.)” Y ( A 2E, v+ 1)

Q) (2.9)

Y Q)

If the quasiparticle energy E is well above the Al gap energy. the scattering rate
varies as (E/A)’ because of the total number of phonon states available. If the
quasiparticle energy E is near the gap edge. the phase space for phonon emission and the
coherence factor decrease and scattering slows down. The scattering occurs preferentially
into states close to the gap where the electron density of states diverges. In the Al trap the
inelastic scattering time of the quasiparticles with energy =Ar, is fast (10 ns) compared to
all other time scales that affect the detector response, such as the quasiparticle lifetime in
Al and tunnel time. But the quasiparticle scattering time becomes very slow (~ us) when

the quasiparticle energy is near A4.

2.1.5 Quasiparticle Tunneling (Back-tunneling)



If two normal metals are separated by a thin insulator layer (NIN tunnel junction) and

are voltage biased at low temperature, the tunneling current is given by

2

I, =A|T.|” N (O)N,(0)eV =G,V. (2.10)
Here V is the bias voltage. Gg, is the conductance of the tunneling barrier. and T2 is the

tunneling matrix. Ni(0) and N»(0) are the densities of states at the Fermi surface of the
two electrodes. At a low bias voltage the tunneling matrix and the densities of states can
be approximated by their values at the Fermi surface. The Fermi function can be further
approximated by a step function. Under these approximations the tunneling current varies

linearly with the voltage. We define the tunnel time %, by

1=V, 2.11)
T

tun

where N = N(0)-eV -Vol is the total number of quasiparticles which can tunnel. Vol is

the volume of the electrode. The tunnel time for the NIN tunnel junction is then
Tonviy =€ N(OR, Vol, (2.12)
where R,, =1/ G,, is the resistance of the tunneling barrier.

s I S

L

Fig. 2.3 The four tunneling processes for the SIS junction using
semiconductor representation. A is direct tunneling, B is reverse tunneling.
A and B are the electron-like quasiparticle tunnelings. C is the hole-like
quasiparticle tunneling (reverse backtunneling) and D is the hole-like

quasiparticle reverse tunneling (backtunneling).
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If both metals are superconducting (SIS), the tunneling processes in the

semiconductor representation are shown in Fig. 2.3. The tunneling current is given by

G.. ~ N.(E) N, (E) _
lis = =[S0 e W E)-S(E+eV)]iE
- Ge"[: £ £+l = f(E)- f(E +eV)|dE, (2.13)

E*-A " [(E+evy -al
[E*-ai]" [ ]

where E is the quasiparticle energy relative to the Fermi surface, N;(E) and N(E) are
the density of states of the two superconducting electrodes. At finite temperature, there
are thermally excited quasiparticles in the junction. If the junction is voltage biased, they
will contribute to the tunneling current. This is the thermal subgap current, or subgap
current. If the two electrodes have the same energy gap, the tunneling current can be

estimated as [Van Duzer, 81]

I(V,T)=2(V+A/e)l 28 ooof eV Vo (e¥ ) -nr 2.14)
R, eV +2A 2k, T ) °\ 2k,T

The number of quasiparticles with energy between E and E+dE on the left side of the

E
junction (Fig. 2.3) is N, (0)—L“l Sf(E)E . If we apply the same definition of the
(£ 2]
tunneling time Eq. (2.11) to the SIS junction, the quasiparticle tunneling time for the SIS

junction can be written as [deKorte, 92]

J(E +eV) - A’

Tounsis = 2€° N, (0)R, Vol Eve]

tun

(2.19)

The factor of 2 arises from the fact that the quasiparticles have two branches, (one branch
represents electron like quasiparticles (kK > kf), while the other represents hole like
quasiparticles (k < kr)), and if the bias voltage is high enough (eV > kT, for the case of
quasiparticle in thermal equilibrium) only the electron-like branch of quasiparticles can

tunnel. If we want to consider N in Eq. (2.15) to be the total number of quasiparticles

14



with the energy between E and E+dE, then the average tunnel time per quasiparticle is

twice as long as we derived in Eq. (2.12).
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Fig. 2.4 The four tunneling processes of quasiparticles in an SIS junction
using the excitation representation. A is direct tunneling, B is reverse

tunneling, C is reverse backtunneling and D is backtunneling.

The x-ray photon induced current pulse is given by the net charge transferred across
the tunnel barrier. There are four processes that contribute to the total current as shown in
Fig. 2.4. All quasiparticles in the trap (left electrode) can directly tunnel into the counter-
electrode (process A). All quasiparticles in the counter-electrode can backtunnel via the
Gray effect by breaking a Cooper pair in the trap (process D). If the energy of
quasiparticles is above eV, quasiparticles can reversely tunnel from the counter-
electrode into the trap (process B) or quasiparticles in the trap can reversely backtunnel
into the counter-electrode by breaking a pair in the counter-electrode (process C). Both
direct tunneling (A) and backtunneling (D) contribute to the charge flow in the forward
direction, while reverse tunneling and reverse backtunneling cause a charge flow in the
opposite direction. The net current is the current in the forward direction minus the

current in the opposite direction.
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The tunneling current depends on the number of quasiparticles in the trap Ny and in
the counter-electrode N, as well as their energy distribution. For example, if the number
of quasiparticles in the trap with energy relative to the energy gap 4 higher than eV
increases, the reverse tunneling current increases and the net forward current decreases.

The tunneling time depends on the volume of the electrode from which the
quasiparticles tunnel. The forward tunneling time and the reverse tunneling time are
different since the volumes of the electrode and the counter-electrode are different in our
detectors. It also depends on the density of states of the final quasiparticle energy, which
increases towards the gap edge. Thus even for quasiparticles having the same energy in
the trap, the tunnel time can be different for direct tunneling and reverse backtunneling.
The same holds for backtunneling and reverse tunneling when the quasiparticles are in
the counterelectrode.

In Fig. 2.3 the four tunneling processes are shown in the semiconductor
representation, while in Fig. 2.4 they are shown in the excitation representation. The
tunneling processes A and B look the same for both representations. Only processes C
and D look different. In the semiconductor representation the processes C and D are
called hole tunneling. We assume all hole-like quasiparticles have positive charges. The
hole tunneling gives an opposite current to the electron tunneling.

For a junction at temperature T, ifk,T > eV, ., both electrons and holes can tunnel
from either side of the barrier and all four tunnel processes are possible. If k,T < eV, .,

only electrons from the left side and holes from the rnight side can tunnel (process A and
D). In order to get a maximum current out of the tunneling and reduce the reverse

cancellation current, we have to bias the junction at high voltage.

2.1.6 Quasiparticle Outdiffusion

After quasiparticles tunnel through the junction into the counter-electrode, they can
diffuse out into the wiring pad and no longer stay in the junction region. This process is
called quasiparticle outdiffusion. After the quasiparticles diffuse out from the junction
region, they can no longer be involved in the backtunneling process. So the outdiffusion

process reduces the possibility of backtunneling.
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2.2 Josephson Effects

Our detectors use Al-AlOx-Al SIS tunnel junctions as quasiparticle detectors. The
tunnel junctions show various Josephson effects. The Josephson effects were extensively
discussed in other literature such as Ref. [Barone. 82]. We give a brief review of them

and discuss their influence on our measurements.

2.2.1 Critical Current

At zero bias voltage. the supercurrent flowing between the two superconducting
electrodes separated by a thin insulating barrier is

I =1 sinAg, (2.16)
where 4@ is the difference of the gauge-invariant phase of the Ginzburg-Landau wave

function between the two electrodes. and the critical current I. = I.(H=0) is the maximum

supercurrent that the junction can support.

The maximum supercurrent of an extended junction can be modulated by a magnetic
flux & that penetrates the junction in the plane of the junction. For ease of discussion. we
use a coordinate system such that the electrode surfaces are parallel to the xy plane. the
ambient magnetic field H lies along the y direction, and the tunnel current is along the z
direction. The local magnetic field in the barrier is equal to the ambient magnetic field H
provided that screening by the Josephson current can be neglected. If the two electrodes
are thick compared to the London penetration depth A and separated by an insulating
barrier of thickness d. the phase difference between the two electrodes as a function of
location is Ag=y,+kx . where k =27P /D, =27H(2A+d)/ D, . and Dyis a flux
quantum. The supercurrent is then given by

I, =1,(H)= [[J.(x,y)sin(y, +kc)dxdy (2.17)
where J.(x, y) is the Josephson critical current density. The peak current can be seen as

the Fourier transform of the junction shape function j.]c(x, yidy .
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Fig. 2.5 The theoretical supercurrent I.(H) as a function of magnetic flux

for rectangular, diamond. and quartic shaped junctions.
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Fig. 2.5 shows theoretical I.(H) curves for three different shaped junctions. The
quartic shaped junction is described by a shape function f(x)=9(1—4y’ +4| yl3 -y

The critical current of the quartic shaped junction as a function of the magnetic field H
falls faster (~I/H3) than the critical current of the rectangular (~1/H) and diamond ( ~1/H%)
shaped junctions.

For quasiparticle measurements the supercurrent has to be suppressed in order to
stably bias the junction in the subgap region. We want to use minimum magnetic field to
suppress the supercurrent in order to avoid trapped flux. To achieve the best detector

performance the shape of the junction has to be carefully designed.

2.2.2 Fiske Resonance Modes

Fiske resonance modes arise when the Josephson frequency matches one of the
frequencies of the various electromagnetic cavity modes in the junction barrier. For
voltage biased junctions they are observed as resonance peaks in the [-V curve, occurring
at a voltage that is related to the resonance frequency [Fiske, 64: Eck. 63].

The ac Josephson effect describes the time evolution of the phase difference
A@. When a voltage difference V is maintained across the junction. 4¢ will change at a
rate

d(Ap)/dt =2eV /h, (2.18)
and the current oscillates with a frequency v=2eV/h.

If the effect of the Josephson current on the time-dependent electromagnetic fields in
the barrier is taken into account. the phase difference 4¢ will vary in both time and space.
Using the sine-Gordon equation one can solve for 4¢@. The fields and currents in the
junction can be further calculated from A@. Combining Maxwell’s equations with the
Josephson equations and eliminating the Josephson current and voltage. we arrive at the
following sine-Gordon equation [Barone, 82]

> 9 19 sinAg
1+ Y T — 2 A = - b 2'19
(ax- ¥ E'ar} HNNPE (=19

where A; is the Josephson penetration depth and is calculated from
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87°J. (24 +d)
where A is the London penetration depth and ¢ is the electromagnetic wave velocity for a

172
4, =[ Dy ] . (2.20)

barrier with a relative dielectric constant &,

LA 221
¢ T (1+2414) (=20

If A is very large. the solutions to Eq. (2.19) are simply plane waves with velocity ¢ .
These electromagnetic waves will couple strongly to the Josephson current if the
frequency of the Josephson current matches the frequencies of the various
electromagnetic cavity modes. Once the frequency match occurs. there will be current
steps in the [-V curves (current bias) as observed by Fiske [Fiske 64]. These are the so-
called Fiske steps or Fiske resonance modes. For junctions with a simple shape. the
voltage steps (or peaks) of the Fiske modes can be calculated analytically. The two-
dimensional Fiske modes in rectangular junctions occur at voltages

—7 3 S \M2
v, =hefr m |, 222)
de\L W-

where W and L denote the width and length of the rectangular junction respectively and
integers m and n denote the order of the Fiske modes. Fiske modes in junctions with a
special shape such as quartic or diamond are hard to calculate analytically. A numerical
approach is typically required. From Eq. (2.22) we see that the Fiske resonance voltages
are inversely proportional to the junction’s dimension. Since the Fiske modes cause
excess current and unstable bias. their existence in the subgap region will limit the
voltage bias range. Proper designs of the junction geometry can eliminate the Fiske
modes in the subgap region.

Both dc and ac Josephson effects play negative roles in the detector performance as
will be shown in Chapter 4. The dc Josephson current affects the stable dc bias of the
junction and the Fiske modes limit the effective voltage bias range. Although both effects
can be eliminated separately in the design. reducing one effect will typically cause an
increased effect of the other for a given device geometry. In reality we have to optimize

the junction geometry to minimize their total effect on the measurement.



2.2.3 Annular Junction

An annular junction is a doughnut shaped junction. This type of junctions are of
particular interest because they offer the possibility to suppress the Josephson current
with one or more flux quanta trapped in the junction without applying an external
magnetic field.

For our research purposes. we focus our attention on small annular junctions. The
circumference of the outer ring is typically chosen to be shorter than the Josephson
penetration depth A;. This ensures that there will be no traveling soliton generated in the
ring and the magnetic field of the trapped fluxons will be uniformly distributed. The inner
radius r of the junction is chosen to be much smaller than the outer radius R in order to
maximize the absorption area.

When a uniform magnetic field is applied parallel to the junction plane. I; as a
function of H can be calculated from Eq. (2.17) for the annular shape to be

L—__-., k&’l(kR)-erl(kr)
I, | KR-kr |

(2.23)

wherek = 27H (24 +d)/®, and A is the London penetration depth.
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Fig. 2.6 I.(H)/ I(0) vs. &/, for an annular junction (/R = 1/9) with zero

(solid line) and one (dashed line) trapped fluxon in the central hole.
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If there are n trapped vortices. n = 0. 1, 2.... in the annular junction. I; as a function

of H now becomes [Nappi. 97]

I
I—'= ) [mx.l,, (x7 H/H,)dx|, (2.24)

o |(1-r*/R
where J.(x) is the nth Bessel function. and Hp is the characteristic field Hp= ®o/2R

(2A4+d). The I,(H) curve for r/R =0.2 is shown in Fig. 2.6. We can see that when there is

one fluxon trapped in the junction, the Josephson current is completely suppressed
without any external magnetic field.

Due to the interaction between the Josephson current and the electromagnetic field.
there exist Fiske resonance modes in the annular junctions. The amplitudes and positions
of the Fiske modes can be calculated using a perturbation technique [Nappi. 98]. The
positions are obtained by first solving the following equations for cxm and Yim,

Ji (ZemR) + €N (XemR) =0 (.25,
Je (Zin”) +€1m N (Ximr ) =0
where Jir and N; are the kth-order Bessel function and Neumann function respectively.

the primes indicated the derivative with respect to the argument. The Fiske modes are
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b, (2i+d
present at the resonance voltages V,, = 7,, — 7 . In the absence of external
T

magnetic field and with n trapped flux quanta. only the nth azimuthal mode is selected
and all other modes (k#n) are suppressed. The amplitudes of the Fiske modes in general
decrease rapidly with the order of the Fiske modes in the absence of external magnetic
field.

If the Josephson current can be suppressed low enough by trapping n fluxons in the
hole of the junction and the resonance voltage of the Fiske mode is above Ak. the
junction can be stably biased without any external magnetic field. This is very promising
for astronomy applications. but there is still much to do to further study and improve this
novel technology. In Chapter 4.1.2 we will present some preliminary results of the Nb

based Al annular junction as well as some associated problems.



2.3 STJ Detector Device Noise Sources

In order to improve the performance of our STJ detectors, especially their energy
resolution. we have to understand well the noise sources. The device noise sources set the
lower limit of the energy resolution of the detector even with perfect electronic

measurement circuits. Several known device noise sources are discussed here.

2.3.1 Quasiparticle Creation Noise

Microscopically the quasiparticle creation process is a Poisson-like statistical process.

The fluctuation in the number of the created quasiparticles ANreqre is proportional to
VN, ae - This imposes a fundamental limitation on the ultimate energy resolution of our

detectors. The Full-Width-at-Half-Maximum (FWHM) of a spectral line due to the

creation noise is given by

AE,, . =2.355/F¢E_, (2.26)

create Py

where F is the Fano factor [Fano. 47]. E, is the incident photon energy. and €=1.74 4 is
the effective (or average) energy required to create a quasiparticle. The Fano factor
measures the correlation degree of the Poisson-like quasiparticle creation process. A Fano
factor less than one means that there is correlation in the creation process so that the
energy resolution is better than that for a pure Poisson-like process. For most
superconductors. including Ta. the Fano factor is around 0.22 [Kurakado. 82]. Since the
superconducting energy gap 4 is of the order of meV. which is about 1000 times smaller
than that of a semiconductor. the intrinsic energy resolution of the superconductor
detectors is about 30 times better than that of the conventional semiconductor detectors.
The energy resolution due to the quasiparticle creation process in the Ta absorber (A4r,

=700 uV) is AE,, . =3 eV for the 6 keV photons.

2.3.2 Absorber Loss

The quasiparticles created by an x-ray photon can be lost in the Ta absorber by
recombining with other quasiparticles before they reach the Al trap. If each quasiparticle
has the same loss probability in the absorber per unit time, then the number of lost

quasiparticles obeys the binomial distribution. We define B= Npus/ Ny, where Ny is the



initial number of quasiparticles and Nis is the average number of lost quasiparticles. The
energy resolution caused by the quasiparticle loss in the Ta absorber is given by [Segall.
00}

AE ; =2.355 [¢E B (2.27)
-8

The parameter f# depends on the dimensions of the absorber (see Chapter 5).

2.3.3 Trapping Multiplication

After the quasiparticles diffuse from the Ta absorber (4r,= 700 pV) into the Al trap
(Ay = 180 uV). they scatter down inelastically from the Ta energy gap to lower energy
levels in the Al trap by emitting phonons. Some of the phonons are energetic enough to
break Cooper pairs in the Al trap and generate new pairs of quasiparticles. This way of
creating quasiparticles in the Al trap is called trapping multiplication. We assume that
each quasiparticle in the absorber has the same probability to create a pair of
quasiparticles in the Al trap and the process follows the binomial distribution. If the
average number of quasiparticles to break Cooper pairs in the Al trap is Napuy- The initial

quasiparticle number is Nj. The energy resolution due to the trapping multiplication is
then [Segall. 00]

AE, . =2.355 \/ €E [(K—"I)(E’—'Kl} (2.28)

P

where Kk =1+2N_ ./ N,.

mulni

2.3.4 Backtunneling

In the Al junction. quasiparticles may tunnel and backtunnel several times before they
are lost by recombining into Cooper pairs or leaving the junction. We assume that each
quasiparticle has a probability P; to tunnel from the trap and P: to tunnel back to the trap.
If we defines to be the average number of times that a quasiparticle tunnels. the mean
and the statistical noise of n are calculated as [Goldie, 1994]

_ _P(l+P)

= , 2.29
n (-PP.) (2.29)

and



AE,,, =2.355JGeE =2.355 \/;‘( i P‘;(f f‘ﬁl;{ FF ) (2.30)
1 2

where G is defined as the effective backtunneling factor.

2.3.5 Cancellation

[f the quasiparticles have an energy higher than eV}, they can reversely wnnel from
the counter-electrode or reversely backtunnel from the trap. The two tunneling processes
will partially cancel each other. At the same time their current noises add up to the
measurement. We assume that each quasiparticle has the same probability to reversely
tunnel and follows the binomial distribution. We define N, as the number of tunneling

events that transfer charge in the reverse direction. The total number of tunneling events

is N, . The total charge after cancellation is then (1-2y)efN,. where y =N,,, /(AN,).

The statistical noise caused by the cancellation of the reverse tunneling is then given by
[Segall. 00]

E L (2.30)

After combining all five device noise sources listed above, the total energy resolution

due to the quasiparticle statistical processes in the device is

2
~1)(3- 4y(1- .
AE,,,, =255 F o8- (EZN0=8) g dr( N (eE):. @23
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Chapter 3 Device Fabrication and Experimental Setup

Making the best possible device and setting up the right measurement circuits are
essential to the success of our project: a good device starts from a good design which
includes the choice of the right material and the right junction geometry. A elaborate
fabrication process has to be followed to produce the desired device. The performance of
our system is determined not only by the device. but also by the performance of the
measurement circuits. We will discuss the dc and ac electronic setups and their noise
performance. We also present several technical improvements in our measurement. In the

end we will briefly mention the data acquisition and processing technique.

3.1 Device Materials and Fabrication

Fig. 3.1 The cross section of the device with a junction on the left side. Ta
film is used as the x-ray photon absorber. Al-AlOx-Al forms the

superconducting tunnel junction as the quasiparticle detector.

To design high performance single photon x-ray detectors. there are several factors
that need to be considered: (1) the x-ray absorption efficiency. (2) the energy resolution.
(3) the time response to a single photon, (4) the durability of the device. (5) the spatial
resolution and the number of the pixels if the imaging capability is considered. In this

section. we mainly discuss the choice of materials, device parameters, and fabrication



procedure. The cross section of the device with one junction is shown in Fig. 3.1. The
entire device is fabricated on a Si substrate with SiO» on the top of the Si substrate. An Al
junction is laterally connected to the Ta absorber. An insulating layer of SiO separates the
Al trap from the Al wiring pad. The devices presented here other than device A were
fabricated by L. Frunzio and C. Wilson. The details of the fabrication procedures and
conditions can be found in Ref. {Gaidis, 94].

The detectors we measured are capable of performing I-D imaging with two tunnel
junctions. Later on in Chapter 6 we will propose designs of 2-D imaging detectors with

four tunnel junctions.

3.1.1 Absorber - Ta

The high atomic number material Ta (Z=73) is chosen as the x-ray absorber for our
detectors because it has shorter absorption length and higher absorption efficiency
compared to other materials such as Al and Nb. Ta., as a refractory material. also
demonstrates very good durability as an absorber material. Other alternative
superconducting materials with short absorption lengths. such as lead and tin. degrade
rapidly with thermal cycling [Kraus. 98]. One of our devices (device A). which was
fabricated eight vears ago. still shows very good performance.

The lifetime of quasiparticles created in the Ta absorber is about 80 us [Li. 02b],
which is much longer than that in the Nb (~ 2 us) [Le Grand, 97]. One reason is that the
Ta oxides cannot form quasiparticle trapping centers while Nb oxides can [Halbritter. 87].
For a 200x100 um’ Ta absorber. the quasiparticle loss is negligible. For the Nb based
detectors. a stack structure with a thin Al trapping layer [Booth. 87] has to be used
because of the short quasiparticle lifetime. In addition. Ta has better spatial uniformity
than Nb does [Li. 02a: den Hartog, 02], which is also very important in achieving high
energy resolution and good imaging.

Fabrication: 6000A thick Ta films are deposited on the Si substrate by dc magnetron
sputtering at a rate of 40A/s. The Si substrate is kept at a temperature of 700°C during the
deposition process. This produces bee Ta films with a transition temperature T, above
4.2K. The absorber pattern is defined by wet etch in a 3:1 solution of FeCly/HCl and HF.
The wet etch makes sloped edges for good contact with the 1500A thick Al trap. The



thickness of the absorber and the response time of the detectors are limited by the
diffusion constant and the quasiparticle lifetime in the Ta film. The measured values of
these two parameters are discussed in Chapter 5 and are found to be much smaller than
theoretical predictions.

Even though Ta has a short x-ray absorption length, the absorption efficiency of the
6000A thick Ta film is about 25% for the 6 keV x-ray photons. By increasing the
thickness of the Ta absorber. we expect to increase the absorption efficiency. The
absorption efficiency will be even higher if the detector is used to measure lower energy

x-ray photons.

3.1.2 Tunnel Junction - Al

Al-AlOAl is chosen as a tunnel junction due to several advantages it has. (1) Al
oxides are very robust and can form high quality junctions. (2) The energy gap of Al
(84=180uV) is lower than that of Ta (Ar,=700uV), so it can form an effective
quasiparticle trap for the Ta absorber. Due to the large gap difference between the (wo
materials we can use gap engineering to implement the trap structure to independently
optimize the dimension and geometry of the absorber and the junction. (3) Al has a much
smaller atomic number than Ta has so that it reduces the number of unwanted photon
events absorbed in the Al junction.

Fabrication: The Al trap is thermally evaporated at a rate of 200 A/s for a thickness of
about [500A after the Ta absorber is cleaned by ion beam to ensure good interface. Then
it is thermally oxidized at room temperature for 3 hours in 600 mTorr of oxygen. The
counter-electrode is then thermally evaporated at a much lower rate of 15A/s to prevent
the impinging atoms from damaging the barrier. This process can produce tunnel
junctions with a normal state resistance of Ryy=0.5Q and a current density of 30A/cm”.
The junctions are defined by wet etching. Then a 1500A thick SiO film is thermally
evaporated to passivate the junction edges and to insulate the wiring from the Al trap.
After an ion beam cleaning, the Al wiring is deposited on the counter-electrode. The

thickness of the wiring is about 4000A to ensure a rapid outdiffusion and to reduce

backtunneling.



We found out that the dominant noise sources of the previous detector were due to
incomplete cooling of quasiparticles in the junction [Segall, 99]. The quasiparticle
tunneling time is related to the volume of the Al trap and the transparency of the barrier.
By changing the trap volume. the barrier transparency, and the junction geometry we can
improve the quasiparticle cooling and therefore the energy resolution. The design of the
junction geometry and its effect on the energy resolution will be discussed in more detail
in Chapter 4. It is also expected that the use of wide wiring pads would effectively reduce
the backtunneling and backtunneling noise. But in practice, there is no noticeable large

improvement.

3.1.3 Ground Contact — Nb or Ta

A ground contact is constructed to make electrical contact to the absorber in order to
voltage bias the two junctions separately. To prevent quasiparticles from diffusing out
into the ground contact itself a large energy gap material has to be used as the electrical
ground contact. One possible configuration is to use a thin strip of Nb (4w=1.5mV) of
about 1500A thick in the middle of the Ta absorber as the ground contact. The Nb contact
is sputtered at room temperature and is patterned by reversal photoresist liftoff. However
the detectors using this design show worse performance for the events in the center of the
absorber around the ground contact than at the edges of the absorber. One possible reason
is the formation of trapping sites by the Nb metallic oxides at the Ta-Nb interface. To
solve the problem another configuration can be used. We use a Ta ground contact to
connect to the Al trap of one of the two junctions. The Ta contact is fabricated at the
same time as the Ta absorber. [ts size is made small to reduce the absorption area. Such
device gives spatially uniform performance within a large range of the absorber. The

experimental results will be presented in Chapter 5.

3.1.4 Substrate - SiO-> on Si

Si is chosen as the substrate for our detectors. The Si substrate is oxidized to form a

SiO, layer before the device fabrication. The whole detector is then fabricated on top of

the Si0O- layer.
When an x-ray photon is absorbed in the Si substrate, it generates lots of phonons. If

these phonons are able to break Cooper pairs and excite quasiparticles in the Ta absorber
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and/or the Al trap, they will generate current signals during the x-ray detection, which are
called substrate events. If these substrate events overlap with real signals, they can
deteriorate the energy resolution of the detectors. The SiO- layer acts as a buffer layer. [t
attenuates the coupling of the substrate events to the device. It also reduces the phonon
loss from the Ta absorber into the substrate to prolong the quasiparticles’ lifetime.
Chapter 8 shows some evidence of the substrate events and how they affect the detector

performance and possible solutions.

3.2 Cryogenic Setup

The use of the Al superconducting tunnel junction requires an operating temperature
below 0.3 K for good noise performance and small thermal quasiparticle loss. The lower
temperature also reduces the thermal subgap current and increases the dynamic resistance
of the junction. Thus the shot noise of the thermal subgap current and the effective
current noise caused by the voltage noise is reduced (see Chapter 4).

The detectors are enclosed in a 2-stage *He cryostat. Fig. 3.2 shows the cryogenic
setup. This cryostat is able to attain a base temperature of about 0.21K lasting for about
11 hours. Liquid N2 and liquid *He are used to first cool down the two stages of the
cryostat to about 1.5K. After the condensation of the 3He at the two cold stages. two
charcoal absorption pumps begin to lower the vapor pressure above the liquid *He in
order to bring the temperature down. The first stage is cooled to about 0.3K. The second
stage is further cooled to 0.21K through a pumping line cooled at the first stage. We use
the calibrated subgap current of the Al tunnel junction and a Germanium Resistance
Thermometer (GRT) to determine the temperature of the device. After the temperature is
measured the thermometer is turned off during the rest of the measurement to prevent
current from flowing near the junctions that could cause trapped flux in the junctions.
Apiezon N thermal grease is used to ensure good thermal contact of the device to the
second cold stage. A more detailed description of the cryostat structure can be found in

Ref. [Friedrich. 97b].
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Fig. 3.2 The cryogenic setup and data acquisition instruments.
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Fig. 3.3 Laser detrapping setup. The laser is sent through an optical fiber
that is aligned to the STJ detector. The x-ray source is mounted on a

rotation arm under the detector.

There are two major improvements in this setup compared to the previous one. The
first one is that we successfully cooled the feed back resistors to [.5K at the pumped
liquid *He stage. This improvement allows us to dramatically reduce the Johnson noise of
the feedback resistors that were operated at room temperature in the old setup. Less noise
leads to better energy resolution.

The second improvement is the laser detrapping technique that was discovered in the
optical photon measurement. Trapping flux in the junction can seriously degrade the
device performance. Once the junction traps flux the electronic noise becomes
dramatically worse. and it is usually too bad to continue the test. Without a proper
detrapping technique the experiment would normally be terminated because of the
trapped flux. The laser detrapping technique enables us to continue the experiment. In the
setup shown in Fig. 3.3. an Al coated optical fiber is aligned to the detector. The optical
fiber is fed through the vacuum tight tube and taped down to the cold stages. Whenever
the junctions trap flux. the light from a laser pointer is sent through the optical tiber down
to the device. The “strong” laser light drives the junctions from the superconducting state
to the normal state immediately. After the laser is turned off. the junctions cool back to

the superconducting state and the trapped flux is driven out of the junction by the
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Meissner effect. It takes about 30 minutes to cool the junction back down to 0.21K after
the laser detrapping which is much better than the several hours used to warm the whole
cold stage above Al T, and then cool it back down to 0.21 K in the old setup. Thus with
the laser detrapping technique much less liquid *He is consumed. Another advantage over
the detrapping by electric heating is the “cleanness” of the light. That means there is no
electric current flowing near the junctions to create magnetic field that could cause
trapped flux when the junctions are cooled down again. By using this laser detrapping
technique the measurement efficiency is improved by a factor of about 6.

The x-ray source we use is a 50 uCi radioactive 3Fe x-ray source. which is mounted
on a rotating arm on the cold stage. The x-ray source is kept 2 cm away from the device.
It can be turned towards or away from the device to verify if the current signals are
generated by the x-rays from the 33Fe source. The count rate of x-ray photons hitting the
detectors can be controlled by changing the facing angle of the source to the device. The
Fe x-ray source decays into manganese by emitting two Mn lines: 88% Mn K, line with
an energy of 5890 eV. and 12% Mn Kg line with 6490 eV. The Mn K, line is composed
of two lines that are Kq; (5898.73 eV) and Kq2 (5887.65 eV). The relative strength ratio
of these two K lines is Kg; : Ke2 =100 :51.

The magnetic field is produced by one pair of superconducting coils made of NbTi
superconducting wire. The device is located in the center of the two coils so that the
magnetic field is parallel to the junction. The magnetic field is controlled by the current

flowing through the NbTi superconducting wires.

3.3 DC and AC Electronics

Proper setup of the dc and ac electronics is crucial to the success of this work. One
important requirement is to be able to stably dc bias the junction in the subgap region
(<180pV). Due to the highly non-linear [-V characteristics and various Josephson effects
present in the tunnel junctions, it is very difficult to achieve stable biasing when doing ac
measurements. Chapter 2 briefly introduced how to adjust the shape of the junction to
suppress the Josephson current by a small magnetic field and eliminate the Fiske modes
from the subgap region. In practice. we apply a magnetic field of about 20 Gauss

parallel to the junction to suppress the dc Josephson effect.
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Our !-D imaging detector requires that the two junctions be biased simultaneously for
proper photon detection. One way is to current bias both junctions with the Josephson
current suppressed below the subgap current (~ 20 nA). However it is extremely difficult
to find one magnetic field to perfectly suppress the Josephson current of both junctions at
the same time. Another choice is to use a dc voltage bias which can keep the bias stable
even though there is a large residual Josephson current. Due to the large dynamic
resistance in the subgap bias region. the active voltage bias is used to reduce the ac
current flowing through the dc path. In doing the experiment. a combination of current
bias and voltage bias is used.

However it is difficult to start the active voltage bias from zero voltage when there is
residual current in the junctions. There are at least two factors causing this problem. If the
source impedance is low the active voltage bias is unstable and saturated. The easy
solution to this is to add a cold resistor of 100 in series with the junction. If the load line
of the voltage bias is not stiff enough to avoid crossing the dc Josephson current. the
switching between the Josephson current and the subgap current can cause the electronics
to be unstable and trap flux inside the junction. To bootstrap the voltage bias. we resort to
the current bias first since the electronics is perfectly stable for current bias. First we use
current bias to find the best possible magnetic field to almost completely suppress the
Josephson current of both junctions. Then we adjust the field to current bias one junction
to achieve perfect suppression of its Josephson current. We then active voltage bias the
first junction at high voltage (>80 puV). Since the high voltage bias is stable. we can
further adjust the magnetic field and current bias the second junction without affecting
the first one that has been voltage biased. Once the Josephson current in the second

junction is perfectly suppressed we switch to active voltage bias for the second junction.
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Fig. 3.4 Active voltage bias circuit with an AC current amplifier.

The whole electronic setup is shown in Fig. 3.4. The active voltage bias is
implemented through a feedback loop called the nulling loop. which consists of a
follower OP97 and an integrator OP77. The nulling loop keeps the bias voltage of the
junction stable through the dc feedback. The nulling loop must have low input offset

voltage and low current noise in order to keep the bias voltage fluctuation low. The OP97
has a voltage offset of 25uV and a current noise of 20 fA/+/ Hz . The voltage noise of the

junction at frequencies above 70Hz is filtered out by the follower and the integrator.

The current signal is measured by the ac current amplifier [Friedrich. 97]. Compared
to charge amplifiers. the current amplifier is capable of noise filtering and allows the
study of the quasiparticle dynamics. Chapter 5 discusses some physical properties of the
quasiparticles that are derived from the shape of the current pulses. Depending on the
photon absorption position. the maximum amplitude of the current pulses from a device
with a 200 x 100um’ Ta absorber is about 200nA. while the thermal subgap current is
only about 20 nA for a 2000 y.mZ Al junction at 0.21K. The bandwidth of the current
signal is less than 100 kHz.

The junction is dc coupled to the ac current amplifier. one end of the junction is

connected to the circuit ground. the other end is connected to the gate of a JFET. and its
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voltage is adjusted by the nulling loop following the voltage reference which is connected
to the OP77. The current amplifier consists of a separate JFET followed by a

transimpedance amplifier. The JFET we chose is the Toshiba 2SK 146 JFET which is one
of the JFETs with the lowest input voltage noise of 0.4 nV/+Hz and negligible current

noise of about 18 fA/+Hz [Gaidis. 94]. The transimpedance amplifier is the Ampek
A250. which is a preamplifier with a low noise and a large bandwidth. The combination
of the two can form a very good composite amplifier. Depending on the feedback
resistance value, the amplifier becomes either a current amplifier or a charge amplifier.
The open loop gain of the amplifier is about 2 x 10*. The feedback resistance Ry = IMQ
and stray capacitance Cy of about 1.5pF set the bandwidth of the amplifier to about

12nR; Cr =100 kHz. which is acceptable for the signals we measure. At room
temperature the 1MQQ feedback resistor contributes ,/4kBT/ R, =0.13pA/Hz Johnson

noise to the energy resolution. This noise can be reduced by cooling down the feedback
resistor to a lower temperature. The input of the A250 must be sustained at about 3 V.
This constrains the source-drain voltage and the bias current of the FET. The nulling loop
senses the gate voltage of the FET. compensates the source-drain current of the FET and
keeps the voltage at the input of the A250 at about 3 V.

The output of the A250 is amplified by an INA110 instrumentation amplifier with a
gain of 10. The dc voltage is measured by an INA110 amplifier with a gain of 500. The
dc current signal is the output of the A250 followed by an INA110 amplifier with unity
gain. Both dc signals are followed by an ISO100 optical isolation amplifier with unity
gain to keep the noise from feeding back into the electronic circuit.

The cryostat and the electronics are put into a 1.6x1.6x1.6m" eclectromagnetic
shielding box. The shielding box reduces the electronic pickup in the superconducting
coils and keeps the magnetic field stable. But it cannot effectively reduce the noise below
1 kHz. In the future the magnetic shielding can be used to eliminate the 60 Hz noise from
the power line.

The dc outputs are connected to the shielding box by BNC cables. After passing
through a T filter with a bandwidth of 20 kHz outside the shielding box they are

displayed on an XY recorder. The ac outputs sent out by triax cables go through the
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shielding box and get amplified by other op-amp INA110s with a gain of 10 to reduce the
effect of the ground loop noise outside the shielding box. Following each INA110 there is
a T filter with a bandwidth of 200 kHz. The final amplified signals are sent to an
oscilloscope.

We use a Nicolet Integra 40 digital oscilloscope. The Integra 40 has twelve bits of
voltage resolution and a sampling frequency of 200 MHz. The noise contribution from
the digitized noise of Integra 40 is negligible compared with other noise sources. The
Integra 40 also has a long memory length which allows us to study low frequency noise
and bias voltage fluctuations. But this oscilloscope generates a digitized 200 MHz noise
from the digital system. Even though this noise is not in the signal band. without the 200
kHz T filter it could have propagated through the triax cable and coupled to the
electronics inside the shielding box to cause the marginally stable A250 to oscillate and
trap flux inside the junctions. The T filter protects the electronics from the noise higher
than 200 kHz. The current signals or the electronic noise are downloaded from the
oscilloscope to a computer by LabVIEW or Igor acquisition software. The data is saved
to the disk and can be studied in an unfiltered form or by applying digital filtering
routines to filter out the electronic noise and attain the optimum energy resolution. The
noise spectra are obtained after applying the Fourier transform to the electronic noise.

To test the electronics noise we inject current pulses from an HP33120A waveform
generator through a 1MQ resistor into the amplifier input with the junction connected. To
find the relation between the current noise and the energy resolution. first we test the
electronic current noise without signals. and then inject the signals into the electronics.
Following the same procedure that is used for analyzing real x-ray signals. we analyze

the energy broadening of the injected pulses caused by the electronic noise.

37






