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Abstract

Optical/UV Single-Photon Spectrometers using
Superconducting Tunnel Junctions

Christopher Mogan Wilson, Jr.
Yale University
2002

We report progress on the ongoing development of optical /UV single-photon,
spectrometers using superconducting tunnel junctions. Our devices utilize a
lateral trapping geometry. Photons are absorbed in a Ta thin film, creating
excess quasiparticles. Quasiparticles diffuse and are trapped by Al/AlOx/Al
tunnel junctions located on the sides of the absorber. The Ta/Al interface does
not overlap the junction area. Devices designed for imaging have tunnel
junctions on two opposite sides of the absorber. Position information is obtained
from the fraction of the total charge collected by each junction. Using devices
designed for large backtunneling gain, we have measured an energy resolution
of 0.4 eV at 4.89 eV. The resolution in these devices is limited by thermodynamic
fluctuations of the thermal quasiparticle number in the Al trapping layers. We
predict that this previously unconsidered noise source should be important in
any backtunneling device with "deep" traps. We also report preliminary
measurements of a second generation of detectors designed to eliminate this
noise and, consequently, backtunneling gain. These devices need small
junctions, of order 1 um?, for best noise performance. With currently available
amplifiers, the resolution of these devices should approach the intrinsic limits of
creation and trapping statistics, and exceed the resolution of devices with
backtunneling.
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Symbols and Abbreviations

Vectors and matrices indicated by bold characters in the text.

a, constants

Y average photon number

r rate constant

A superconducting energy gap

€ average energy required to break a Cooper pair
€p Fermi energy

®d(u) correlation function

A photon wavelength

® angular frequency

o’ variance

T time constant

AC alternating current (signal frequency)
A tunnel junction area

Al aluminum

a occupation vector

B second order Fokker-Planck moments
BNC bayonet N-connector

C capacitance

CCD charge coupled device

D(e;) two-spin density of states at the Fermi energy
DC direct current (low frequency)

E energy

E, phonon energy

E, photon energy

e- electron’s charge

ESA European Space Administration

eV electron volt

e? voltage-noise power spectral density
f fraction

f frequency

FET field-effect transistor

FFT fast Fourier transform

F Farad

F Fano factor

F effective Fano factor

F, phonon trapping factor

G(w) cross-power spectra matrix

g(IN) generation parameter

*He isotope of helium with atomic mass of 3



isotope helium with atomic mass of 4
Hertz

current

current-noise power spectral density
counting variables

Kelvin

Boltzmann'’s constant

absorber length

pixel size

linearized transition matrix
occupation number

steady-state occupation number
variation of occupation number
transition shot size

number of photon-excited quasiparticles
niobium

neutral density

oxygen

order of magnitude

probability function

two-level transition probability
photomultiplier tube

charge signal created by photon
effective charge

multilevel transition probability
resistance

normal-state resistance of a tunnel junction
responsivity

recombination constant

effective recombination constant
recombination parameter

silicon

superconducting tunnel junction detector
power spectral density

entropy

matrix of entropy second derivatives
temperature

tantalum

transition-edge sensor detector
ultraviolet

voltage

volume

intrinsic thermodynamic variable
impedance
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Chapter 1: Introduction

1.1 Motivation

Optical and ultraviolet (UV) photon detectors based on semiconductor
technologies have advanced significantly in recent years. Various types of
detectors can provide spectroscopy, imaging, single-photon sensitivity, photon
timing or high quantum efficiency. However, no single semiconductor detector
can provide all of these things. While many applications only need a detector
with one or two of the above characteristics, the next generation of applications
in many fields will demand detectors that combine many of them. No
semiconductor technology promises to combine all of these characteristics ina
single detector. However, a new class of cryogenic detectors based on
superconducting technology does promise such “all-in-one” detectors [Peacock
1996], [Cabrera 1998].

This dissertation presents research into one type of cryogenic detector, the
superconducting tunnel junction (ST]) detector. The basic operating principle is
similar to many semiconductor detectors: an incident photon deposits energy in
the detector that excites carriers which then produce a measurable electrical
signal. The major difference between a semiconductor and superconducting
detector is the minimum amount of energy required to produce a single
excitation, often called the energy gap. In most semiconductors, the energy gap
is of order 1 eV. In conventional superconductors, the energy gap is of order 1
meV. This implies that the same amount of energy absorbed in a superconductor
will produce approximately 1000 times the number of excitation asin a
semiconductor! This fact leads to a number of practical advantages. In
particular, it means that the energy resolution of ST] detectors can greatly exceed
that of semiconductor detectors. Typically, the resolving power of a detector

based on carrier excitation is proportional to the square root of the average



number of excitations created. (The resolving power, R, is the energy of the
absorbed photon divided by the uncertainty in the detected energy.) For
example, photons in the optical range have an energy between about 1.8 eV and
3 eV. Thus, an optical photon will produce about 1 excitation in a semiconductor
regardless of the energy of the photon. Therefore, the relative uncertainty in the
energy is large, of order the energy of the photon itself. On the other hand, the
same photon will produce thousands of excitations in an ST], and we will be able
to distinguish photons of different energies.

STJ detectors are not the only class of superconducting spectrometers.
Microcalorimeters are a broad class of detectors based on detecting the increase
in temperature of a small absorber caused by the absorption of a single photon.
The increase in the absorber’s temperature can be measured in a number of the
ways, but in the optical/UV energy range, a transition edge sensor (TES) is used.
A TES is a strip of superconducting metal held in its superconducting transition
by electrothermal feedback. In the transition region, the resistance of the TES is a
strong function of temperature, making the TES a very sensitive thermometer.

Intrinsic energy resolution across the optical/UV spectrum is the main
motivation for developing superconducting detectors. A number of applications
in astronomy and biology could benefit from a optical/UV detector that
combines energy resolution with other characteristics. One example from
astronomy would be the mapping of the universe in three dimensions (3D).
When a semiconductor detector, such as a charge coupled device (CCD), is
exposed to the sky it produces a 2D image. In general, the image contains no
independent information about how far away any object in the image is. If an
imaging array of STJ detectors were exposed to the same part of the sky, it would
not only record the image, but also an energy spectrum from each object. This
energy spectrum can be used to determine the red shift of each object [de Bruijne
2002], from which its distance from Earth can be inferred according to Hubble’s
Law. The astronomical image produced by the STJ is therefore a real 3D image of

the sky. The same information could be achieved by exposing the CCD many



times with different color filters, but this is not always practical. If the objects
being recorded are very faint, many exposure may require an unworkable
amount of observation time. For example, the famous Hubble Deep Field image
[Williams 1996] was produced by exposing its CCD three times with different
color filters (enough resolution to print the image in color). With each exposure
requiring an entire observation, extracting more spectra would have been too
expensive. An ST] camera, on the other hand, could produce the equivalent of
20-50 CCD exposures in a single observation.

Other astronomical applications include recording time-resolved spectra
of variable sources. Compact sources that vary rapidly in time, such as pulsars
and cataclysmic binaries, have recently begun to be studied with cryogenic
detectors[Verhoeve 2002], [Cabrera 2002]. For the first time, cryogenic detectors
have recorded time-resolved, broad-band spectra of these objects, providing new
information on their structure and dynamics. The introduction of
superconducting detectors with this ability is opening new areas of exploration
for this broad class of astronomical sources.

There are also a host of potential applications of cryogenic detectors in the
fields of single molecule physics and biology. In many of these applications,
fluorescent molecules are introduced into a system as probes. These probes often
have absorption and emission spectra that change in response to environmental
properties such as pH or the presence of certain ions. Many experiments done
now are essential static experiments or they look at changes only on second or
minute time scales. However, many physical time scales in the systems are much
faster. Processes such as diffusion of molecules or binding and unbinding can
take place on time scales of order 1 us or less. Any information related to these
fast dynamics is lost to conventional detectors. ST]J detectors promise to resolve
spectra on these short time scales, providing a wealth of new information about

the systems and the physics of the probes themselves.



1.2 Operating Principle

The basic element of an ST]J detector is the superconducting tunnel
junction, comprised of two superconducting electrodes separated by a very thin
insulting barrier. In our detectors, the electrodes are made from aluminum (Al)
and the insulating layer is native Al-oxide (ALQ,). By applyinga magnetic field
in the plane of the barrier, we can suppress the critical current of the junction to
nearly zero. (The critical current is the maximum Cooper pair current that can
flow before a finite voltage develops across the barrier.) We can then bias the
junction at a finite voltage. At zero temperature, all electrons in the system
would be condensed as Cooper pairs and there would be no current in the
subgap region, i.e., for bias voltages less then the gap voltage of 2A/e- (where A
is the superconducting energy gap of the electrodes and e- is the electron’s
charge). When a single photon is absorbed in one of the electrodes it breaks
Cooper pairs, creating excess quasiparticles. These quasiparticles can then tunnel
across the barrier, producing a pulse of excess subgap current. We measure this
pulse and then integrate it to obtain the total tunneled charge, which tells us how
many excess quasiparticles were created. The average number of quasiparticles
created, N, and therefore the charge collected at high bias voltage, Q, is related
to energy of the incident photon, E,, by the relation
EY

_9_
N’_-eT— £

(1.1)

where ¢ is the average energy required to create a single quasiparticle. Monte
Carlo simulations of the absorption process predict that € = 1.7A [Rando 1992].
The constant ¢ is larger than A because some of the photon’s energy escapes the
electrodes as phonons with an energy too small to break Cooper pairs.

If we repeat the energy measurement on many photons of identical
energy, we will find a distribution of collected charges. The full width at half

maximum (FWHM) of this distribution determines the resolution of our energy



measurement. Many things can contribute to the width of the distribution, but
the width is fundamentally limited by the processes that create quasiparticles
after the absorption of the incident photon. These processes, such as phonon
emission by energetic quasiparticles, are all random. This leads to an intrinsic
variation in the number of quasiparticles created. The minimum energy

resolution dictated by this variation is

AN
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where F is the Fano factor and the factor of 2.355 converts from one standard
deviation of noise to FWHM. This intrinsic limit is often called the Fano limit.
The Fano factor accounts for correlations in the creation processes and is
calculated to be F = 0.2 [Kurakado 1982].

We fabricate the electrodes of our junctions from Al because Al-oxide
naturally forms a very high quality tunnel barrier. However, Al is a poor photon
absorber: in the optical/UV range it is highly reflective and in the X-ray range it
has a small absorption cross section. Also, we typically want the volume of the
ST] electrodes to be small so that quasiparticles tunnel quickly before they are
lost. On the other hand, we want the detector itself to have a large volume, so
that it collects more photons. Our solution to these engineering conflicts is to use
an absorber that is distinct from the tunnel junction, but in good metallic contact
with it. We make absorbers from tantalum (Ta) which has a large absorption
cross section in both the optical/UV [Verhoeve 1997] and X-ray range [Henke
1993]. Using a Ta absorber also solves the volume “problem” through a process
known as quasiparticle trapping. The energy gap of Tais A;, = 700 peV, about
four times larger than the energy gap of Al, A, = 180 ueV. This means that the
minimum energy (above the Fermi energy) at which a quasiparticle can exist in
the Al is much less than the minimum energy in Ta. Thus, when excess
quasiparticles are created in the Ta absorber, they can diffuse freely until they
enter the Al electrode. When they enter the Al, they are at a relatively high
energy and they typically scatter inelastically very quickly, emitting phonons and






