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Abstract

Quasiparticle dynamics and energy resolution of STJ single-photon detectors are described. A new readout, the RF-STJ, is presented
and its implementation as an mm-wave detector is tested using an on-chip hot—cold source.
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1. Introduction

Superconducting tunnel junction (STJ) detectors have
been developed over the past two decades as leading
detectors of single photons for astronomical and spectro-
scopic measurements [1-5]. The basic operation of these
devices has been reviewed, with mechanisms limiting the
performance [5—7]. Here we review new results for under-
standing the performance, and a new method for reading
out these devices, the RF-STJ, that is simple and has
straightforward multiplexing [8,9].

The basic operation of the STJ detector is shown in
Fig. 1. A photon of energy >0.1¢V is absorbed in the Ta
film, breaking Cooper pairs and creating quasiparticles.
These diffuse and enter the Al film, are trapped by phonon
energy loss, and in a few microseconds they tunnel to the
right electrode. If the bias energy eV is larger than the
energy of the quasiparticle above the Al gap energy, the
tunneling will occur only as an electron [6]. If the
quasiparticle on the right is confined near the barrier, it
can tunnel back to the Al trap. If it has lost energy ~eV on
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the right side, it can tunnel back only as a hole, which adds
to the charge in the forward direction. This backtunneling
process is achieved by having a Ta contact on the right
[5,10,11]—‘'bandgap engineering’, or by constricting the
path for diffusion away from the barrier—diffusion
engineering’ [12]. The charge collected is larger for
improved S/N, but it is slower than the single tunnel
process in Fig. 1.

The best performance obtained in various energy ranges
is shown below; the detection of alpha particles was
accomplished by deposition of energy into a crystal
substrate, and collection of the resulting phonons by the
STJ. The TUM detector is on a SiN membrane. JFE is
explained in some cases [13,14,17] (Table 1).

2. Dynamic properties

Predicting STJ dynamic behavior involves a large
number of issues and parameters. An important example
of the intrinsic behavior is the quasiparticle recombination
time in Al [10]. Measurement of noise due to quasiparticle
number fluctuations show that the recombination in our Al
films is due to intrinsic self-recombination of the quasi-
particles. This is important for designing the device
performance, because this recombination time sets an
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Fig. 1. STJ detector, single-tunnel process. The Ta gap = 0.7meV on left
is larger than Al = 0.18 meV.

Table 1
Best performance reported for STJ detectors
Epn(eV) OEfwhm Group Refs.
X-ray 59k 13,12.4 Yale, TUM [13,15]
EUV 70 1.7 LLL [16]
Visible 2.5 0.1 ESA [17]
Alpha 5.4M 0.4% RIKEN [18]
2
100
8 .
6 P P PP P FE T PPN PV [TITT TTTITE . (TOTT T CFN PO P s
4
— 2
2
e @
¥ o 10
Q < R T PP .
l-)
6
<9 K
4 ® Gray 1971
» [0 Wilson 2001
= Fit to Wilson
1-1i@ i i i
| | |
2 4 6 8 10 12

A/KT

Fig. 2. Quasiparticle recombination time 7...* in Al [10,19]. In the Gray
work, the time saturated for low 7 due to recombination at flux lines in the
film.

upper limit to how long the quasiparticles are available to

tunnel and contribute to the charge signal (see Fig. 2).
The long lifetime and weak phonon emission in Al

[10,19] cause large heating effects in backtunneling devices

with Ta contacts[10,20]. The quasiparticle lifetime 1is
shorter in Ta [13] and in Ta/Al bilayers [11,21], and much
shorter in Nb and Nb/AI bilayers [22]. In these, the trap
states fill and empty on different timescales, so that the
energy response of STJs that use such bilayer films varies
with energy [11,22], unlike our single-tunnel devices.

3. RF-STJ multiplexed readout and mm-wave tests

An FET readout amplifier provides good sensitivity for
optical thru X-ray energy for backtunneling devices, but
limits resolution for single-tunnel optical devices [10].
Moreover, the number of STJs employed is limited by
the complexity of connecting to FET amplifiers. SQUID
amplifiers are not sensitive enough for the high impedance
devices. A partial solution is to use ‘one-dimensional’
absorber strips, where the position of photon absorption is
determined from the ratio of the two charge outputs from
opposite ends. Trapping and charge division has been
modeled in detail [13,23].

Development of an on-chip cold amplifier for use with
the high impedance STJ can be done with the rf-SET
readout [9,24], explored at Yale. The rf-SET in this
application is extremely sensitive and fast, but is relatively
complex. However, it does offer the ultimate sensitivity, so
that even single photons of energy 1-10meV should be
detectable [25]. Photon counting in the mm-THz region
would be desired in advanced space observatories with
direct detectors for high spectral resolution [26].

A new readout method has been explored at Yale by
Teufel et al. [8]. It uses the same microwave reflection
method invented at Yale for reading out the very high
impedance (>50kQ) of the SET [9,27]. This readout
method is illustrated in Fig. 3. We have first tested the
readout with an STJ where quasiparticles are produced by
the absorption of a stream of mm-wavelength photons,
directly into the Al absorber. We expect a response of 2
electrons per absorbed photon. The on-chip Au hot—cold
noise source is coupled by a transmission line to the Al
absorber; the Au wire emits as a 1D blackbody. For a
uniform temperature, the spectral density of absorbed
power is P(f,Tay) = hf)(e”*"-1) when coupled to a
matched load. This reduces to Johnson noise, P(f) = kT'a,
at low frequency. The temperature profile 7T'x,(x) along the
length of the Au emitter is accurately computed from Vi,
using diffusion cooling [28]. The power at a specific
frequency is then given by integrating P(f,Tau(x)) along
the length of the Au wire. The absorption of power by the
Al absorber occurs only above f, of the Al, about
130 GHz for this dirty Al strip. To compute the absorbed
power, we calculate the impedance match at each
frequency above fu,, and integrate vs. f, using the
Mattis—Bardeen result for the Al wire impedance. The
Nb electrodes confine quasiparticles to the Al wire, with
little or no loss.

The measured performance demonstrates that our design
goals have been met. The measured response is
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Fig. 3. (a) STJ IV around V' = 0 at two different temperatures, showing
the effect of excess quasiparticles in the Al. (b) Test system: Au hot—cold
noise emitter, coplanar stripline with DC-blocking capacitors, and Al
absorber, Ray ~ Rain &~ 50 Q. The resonant readout couples the STJ V' ~
0 resistance (& 10-50kQ) to the 50 Q coaxial cable. A directional coupler
and low noise cryogenic HEMT amplifier are used.

R =1700A/W, compared to a computed response of
about 3000 A/W. The difference is less than a factor of 2,
and may be due to our imperfect knowledge of the exact
gap frequency of the Al absorber, since the P(f) is
exponentially decreasing as e /T above Jeap- Also, it is
possible, though unlikely [29], that some of the photons
escape into free space. With the measured response, R, we
find

NEPOPTICAL — | » 1071°W /(Hz)' /2.

This is quite good for a device operating at 0.25 K, with a
relatively large tunnel junction, 4 = 2.5 um?. This is one of
the very first tests of an OPTICAL NEP of a micro-
bolometer—one which is coupled to an antenna or to a
transmission line. Most detector tests of such devices
obtain an electrical NEP, but do not check directly the
photon response. Our on-chip photon source is simple and
allows us to exclude stray photons which could easily
contaminate such a measurement.

The noise for this STJ is current noise due to the noise of
the cryogenic HEMT amplifier as coupled through the
resonant circuit. This sets the present level of NEP. The
response time of the STJ is fast, <10 ps in this example, as
limited by the tunnel time. This could be engineered to be
faster. The bandwidth response of the resonant readout is
of order 10 MHz in this example (~0.1 ps), as determined
by the Q =~ 30 and the drive frequency, 350 MHz. Thus, we
can read out the STJ signal rapidly. Moreover, the
resonant readout allows one to drive multiple STJs each
with its own resonant readout, and use a single cryogenic
HEMT amplifier to read all these detectors. Thus, the route
is now open to frequency multiplexing the STJ devices in
an efficient fashion. Much background research necessary

for designing L and C multiplexing systems with on-chip
components has been explored by Stevenson et al. [9] in the
context of a similar readout approach for multiplexed rf-
SETs.

The on-chip source of mm-wave photons is a new
development also, and allows testing that is very flexible,
with negligible extraneous noise. (All DC lines are rf
filtered.) This source can be combined with on-chip high-QO
resonant filters to produce relatively narrow band noise, to
test, e.g., the frequency-dependent responsivity of our
detectors. The source can be modulated very rapidly, with
thermal time response <0.1 ns [28].

The RF-STJ presented detects power in the range
0.1-0.5pW, appropriate for the relatively wide bands
envisioned for a CMB polarization instrument [26]. Lower
power applications require smaller STJs, and possible a
lower operating temperature, <0.25K. We have tested
small STJs at lower temperatures, and achieved DC
currents below 10fA, compared to the ~nA thermal
current of the present devices. The smaller current allows
much smaller shot noise, and larger Q for the rf circuit. We
project that NEP~ 1 x 107'® W/(Hz)"/? can be achieved.
Tests of this are in progress.
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