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Abstract

We are developing superconducting tunnel junction (STJ) X-ray spectrometers with high-energy resolution ( < 10 eV
for keV X-rays) and high count rate capabilities ( > 10000 counts/s). We have examined the influence of Fiske mode
resonances on energy resolution, maximum count rate and area of Nb-Al-AlOx-Al-Nb STJ detectors. At low count
rate, these detectors have an energy resolution of 2.3 eV FWHM at 70 eV. At 20000 counts/s, the resolution is 8.2 eV
FWHM at 277eV. We observe the optimum detector performance when the influence of Fiske modes is mini-
mized. © 2000 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

X-ray detectors can be characterized by their
energy resolution, maximum count rate and their
efficiency over an effective area. In recent years,
there has been an increasing interest in X-ray de-
tectors operated at temperatures below 1 K, prim-
arily because they offer energy resolution below
10 eV for X-ray energies up to 10 keV [1,2]. The
development of these detectors was initially driven
by X-ray and particle astrophysics [3,4]. More re-
cently, applications in microanalysis [5], material
science [6] and biophysics [7,8] have emerged and
are being pursued for scientific and commercial
interest. For each of these applications, the relative
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importance of resolution, count rate and efficiency
times effective area is different.

Cryogenic X-ray detectors fall into two main
groups: microcalorimeters and superconducting
tunnel junctions (STJs). Microcalorimeters measure
the X-ray induced temperature rise of a sensitive
thermistor, typically a doped semiconductor [4,9]
or a superconducting transition edge sensor [5].
Microcalorimeters have demonstrated excellent
energy resolution below 8¢V FWHM at 6 keV
[4,5,9,10]. This resolution comes at the expense of
a lower maximum count rate (around 500 counts/s),
because the relaxation of thermal devices back
to their equilibrium is intrinsically slow [5]. STJ
detectors measure the excess tunneling current
produced when an X-ray is absorbed in one of
the junction electrodes and generates excess free
charge carriers called quasiparticles. STJ detectors
have achieved a resolution between 12 and 15.7 eV
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FWHM at 6keV [11,12] and between 4.6 and
8.9 ¢V for 0.2 to 1 keV photons [13]. However, they
can be operated at significantly higher count rates
of order 10000 counts/s [14]. A common challenge
with cryogenic X-ray detectors is their small effec-
tive area, typically of order 200 x 200 um?.

One unavoidable disturbance in large STJ
detectors are Fiske mode resonances [15], which
occur whenever the AC Josephson current excites
a cavity mode in the insulating tunneling barrier
region between the junction electrodes. Fiske
modes manifest themselves as resonance peaks in
the I(V) characteristics of the STJ detector.
In square junctions with a magnetic field applied in
the plane of the junction parallel to the junction
sides, the resonance condition is satisfied when
the junction width is an integral multiple of half
the wavelength of the AC Josephson radiation
(f= 486 MHz/uV) [16]. In shaped junctions, or in
cases when the magnetic field is not parallel to the
junction sides, the Fiske mode positions are more
complicated to calculate. Still, the dominant modes
are determined by the longest junction dimension
in direction perpendicular to the applied magnetic
field. Here we present measurements that empha-
size the influence of Fiske modes on detector
resolution, maximum count rate and effective area.

2. Detector characterization

We are developing STJ detectors based on
Nb-Al-AlOx-Al-Nb thin film technology. The de-
vices discussed here consist of a 265 nm Nb base
electrode, an Al-AlOx-Al tunnel junction with
50 nm thick Al layers that serve as quasiparticle
traps [17], and a 165 nm top Nb absorber. Device
areas range from 70 pmx70 pm to 200 pm X
200 pm. The devices are fabricated at Conductus
Inc. using a modified photolithographic trilayer
process [18]. The STJ detectors are operated in
a single-stage adiabatic demagnetization refriger-
ator (ADR) with a base temperature of 60 mK and
a hold time of 4-8 h below 0.4 K. The ADR temper-
ature is not regulated as the device response is
temperature independent below 0.4 K. A magnetic
field of 100 G is applied in the plane of the junction
in direction of the junction diagonal to suppress the

DC Josephson current and reduce the magnitude of
Fiske mode resonances [16]. The detectors face
a port in the side of the ADR that can be attached
to an X-ray fluorescence source or a synchrotron
beam line. The detector response is read out with
a current-sensitive pre-amplifier whose DC voltage
bias allows stable biasing between Fiske modes and
in regions of negative dynamic resistance [19]. The
pulses are processed with a commercial Canberra
2020 shaping amplifier and captured with a Nu-
cleus pulse height analyzer. For details of the ex-
perimental setup see Refs. [6,14].

2.1. Bias dependence

Fig. 1 shows the response of a 70 um x 70 um
STJ detector to 70 eV photons as a function of STJ
bias voltage, measured at a temperature of 250 mK
and a magnetic field of 80 G. The data were taken
in direct illumination at beam line 8-1 at the Stan-
ford Synchrotron Radiation Laboratory (SSRL).
The detector dark current (bottom trace) follows
roughly an exponential function, characteristic of
SIN tunneling in regions of trapped flux. In addi-
tion, a small residual DC Josephson current at low
voltage and three Fiske mode resonances are vis-
ible at voltages of 160, 330 and 460 uV. A fourth
Fiske mode resonance at a voltage of 220 uV is
completely suppressed at this magnetic field. While
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Fig. 1. Peak current signal (squares) and resolving power E/AE
(circles) as a function of bias voltage for 70 eV photons. Note the
drop in resolving power at Fiske mode resonances in the I(V)
characteristics (solid line).
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it is possible to choose a magnetic field at which
any one particular Fiske mode is reduced to zero, it
is not possible to suppress all of them simulta-
neously for any magnetic field.

The signal magnitude (squares) is found to vary
smoothly with bias voltage. It decreases at low bias
when quasiparticles in the counterelectrode directly
backtunnel into the absorber electrode before scat-
tering inelastically, thereby canceling part of the
signal. For bias voltages above 300 nuV, i.e. when
quasiparticles tunnel into the counterelectrode at
least 300 ueV above the gap, the average scattering
time is much faster than the tunneling time.
Quasiparticles are then trapped in the counterelec-
trode by scattering before they can directly back-
tunnel and the full charge is collected [20]. Above
460 1V, the dynamic resistance of the detector be-
comes comparable to the effective input impedance
of the pre-amplifier (~400 Q), and thus part of the
signal is lost through the device to ground.

The overall change in resolving power E/AE
(circles) with bias follows the signal magnitude.
At the optimum bias point, the resolution is
23 +0.1eV FWHM and is limited by electronic
noise. The resolving power decreases at low and
very high bias where the signal magnitude drops
while the electronic noise remains constant. In ad-
dition, at every Fiske mode, the resolution drops
although the signal magnitude is unchanged. To
verify that this drop is not due solely to a decrease
in the STJ’s dynamic resistance and thus an in-
creased voltage noise contribution, we have biased
the STJ on top of a Fiske mode where the dynamic
resistance is infinite and still observe a dramatic
decrease in resolving power.

Fig. 1 illustrates the influence of Fiske modes on
the energy resolution in STJ detectors. For larger
detectors, Fiske modes become more closely spaced
in voltage. Eventually, they overlap and thereby
preclude high-resolution operation. It is the inter-
action with Fiske modes rather than the increased
device capacitance which first limits the maximum
size of an individual high-resolution STJ detector.

2.2. Count rate

The response of the same detector was measured
at SSRL beam line 1-1 using direct illumination

with 277 eV photons corresponding to the carbon
K line. By moving the detector in and out of the
focal spot of the beam, the count rate was varied
from 1000 to 55000 counts/s (Fig. 2). No pile-up
rejection was used in these measurements, and the
stated output count rate reflects the dead time of
the pulse height analyzer. At low count rates below
10000 counts/s, the resolution at a bias voltage of
300wV is 6.4 +0.3eV FWHM at 277eV (solid
circles) and 11.2 + 0.4eV FWHM at the second-
order energy of 554eV (solid squares). Above
10000 counts/s, pile-up starts to reduce the resolu-
tion. At a rate of 20000 counts/s, the resolution
is still 8.2 at 277 eV and 13.3 at 554 eV. These results
are somewhat better than in earlier experiments
[14], possibly because the present pre-amplifier
is DC coupled to the detector, thus allowing the
removal of the large coupling capacitor (1 pF) with
its associated large discharge time constant. In these
measurements, the source line width contributes
about 2.9 eV to the resolution at 277 and 7.1 eV at
554 eV, because the monochromator’s entrance and
exit slits have to be opened to 100 um for high
photon flux. For 20 um slits, the low count rate
resolution improves to 5.7 + 0.2 eV at 277 eV (open
circles) and 8.7 + 0.7 eV at 554 eV (open squares).

It is interesting to note that the maximum
achievable count rate depends on the bias voltage.
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Fig. 2. Resolution at 277 eV (circles) and at 554 eV (squares) as
a function of output count rate. The solid symbols are data
taken with 100 pm x 100 pm monochromator slits and the open
symbols are data for 20 pm x 20 pm slits.
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Under the operating conditions discussed above,
this particular device becomes unstable at count
rates above 30000 counts/s when biased at 300 uV.
The response becomes chaotic, and no spectral
information can be obtained. We believe that this
instability arises from interference between the bias
point and the pre-amplifier with the nearby Fiske
modes, since stable operation at higher count
rate is possible at a bias voltage of 140 uV below
the lowest Fiske mode. At that bias, the lines are
still clearly resolved, even at an output count rate of
55000 counts/s (89 000 counts/s input count rate),
albeit at a reduced resolution of 43 + 1 eV (inset
Fig. 2). This illustrates that Fiske modes can also
limit the maximum count rate at which detectors
can be operated at optimum resolution. There is no
fundamental reason that tunnel junctions should
become unstable above 30000 counts/s, because
stable operation at higher count rates and bias
voltages above Fiske modes has been demonstrated
[14]. Rather, the instability probably depends on
the magnitude of the Fiske mode above the back-
ground current and the shift of the bias point dur-
ing a pulse, which makes it sensitively dependent on
operating temperature, magnetic field, bias voltage,
device size and pre-amplifier type.

2.3. Device size

Fiske modes also impose limitations on the max-
imum device size of a single STJ detector, because
in large devices the number of Fiske modes in-
creases until they overlap and make it impossible to
find a bias point that is not affected by at least one
of them. We have addressed this problem by oper-
ating four 200 pum x 200 um STJs in parallel and
reading them out with a single pre-amplifier. In this
configuration, the position of the Fiske modes is
still determined by the largest dimension of an
individual junction, while the effective area is in-
creased by a factor of four without any multi-
plexing. The trade-off lies in a reduced resolution,
because a slightly different junction response can-
not be corrected during calibration if all STJs are
read out with the same amplifier. Fig. 3 shows two
fluorescence spectra of MnO, one with a single
200 um x 200 um STJ (dashed line), and one with
four of them in parallel (solid line). The operating
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Fig. 3. Fluorescence spectra of MnO, one taken with a single
200 um x 200 pm STJ (dotted line), one with four 200 pm x
200 pm STJs in parallel (solid line).

conditions are optimized for four-junction opera-
tion. The increased number of counts in the larger
device is clearly visible. The shift of the Mn L, line
is not yet understood. Under conditions optimized
for single junction operation, this same junction
shows a resolution of 10.4eV at oxygen K. The
resolution of 25 eV for the four combined devices
indicates that the junction response varies by a few
percent over distances of 1 mm on a chip. Operat-
ing several junctions in parallel is a simple way to
increase the detector area with only moderate loss
in resolution. Improved device uniformity and
SQUID readout may allow operating many more
STJs simultaneously for low count rate applica-
tions where large detector area is more important
than highest resolution.

3. Summary

We have studied the influence of Fiske mode
resonances on the performance of Nb-based STJ
detectors. The best energy resolution of 2.3eV
FWHM at 70eV at low count rate and 8.2eV
FWHM at 277 eV at a count rate of 20 000 counts/s
is achieved when the detector is biased far away
from Fiske modes. Biasing near Fiske modes reduc-
es the detector resolution, and can also limit the
maximum count rate. Furthermore, Fiske modes
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limit the maximum area of an individual STJ de-
tector, as Fiske modes are more closely spaced in
bias voltage in larger detectors. This problem can
be addressed by operating several individual junc-
tions in parallel with a single pre-amplifier, al-
though this increase in area comes at the expense of
reduced energy resolution due to the different
response of each individual junction. In future
devices, Fiske modes may be avoided altogether by
developing STJ detectors with magnetic tunneling
barriers.
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