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X-ray Single Photon 1-D Imaging
Spectroineters

L. Li, L. Frunzio, C. Wilson, K. Segall and D.E. Prober
A.E. Szymkowiak and S.H. Moseley

Abstract— We have developed superconducting single-photon
1-D imaging x-ray detectors with an energy resolution of 13 eV
FWHM at 6 keV and 1-D spatial resolution of 0.25 pm over a
length of 20 pm in an effective area of 20 X 100 pm”. The energy
resolution along the 200 pm long absorber is 36 eV. The energy
resolution of 13 eV is among the best reported for this kind of
detectors and is within factor of 2 of its theoretical limit. The
signals are read out by low-noise current amplifier with a dc
voltage bias. The electronic noise measured by injecting pulses is
8 ¢V FWHM at 6 keV. By cooling the feedback resistor the
current noise is reduced from 160 fA/Hz'? to 90 fA/Hz'?,

Index Terms—imaging, single photon,
superconducting tunnel junction, x-ray detector

spectrometer,

I. INTRODUCTION

uperconducting tunnel junction detectors (STJs) have
been intensively studied in last decade as non-dispersive,
single photon spectrometers for the energy range from 1
eV to 10 keV [1-5], because of their predicted high energy
resolving power, E/AE. This good energy resolution arises
from the much lower energy, ~meV, necessary to create a
quasiparticle compared to the electron-hole pair excitation
energy in a conventional semiconductor detector. The STJ can
be used in astronomical observations, material analysis and
other spectroscopy applications. The STJ also provides
photon timing information with high quantum efficiency.
When a photon is absorbed in an STJ detector, it breaks
Cooper pairs and creates excess quasiparticles, the number of
which is

E
£
where E is the incident photon energy, € =1.74 A (2A is the
energy gap of a superconductor absorber) is the effective
energy required to create a single excitation (quasiparticle)
and F is the Fano factor. We assume F=0.22 [6]. The ideal
energy resolution of the STJ detector due to the creation
statistics of the single-electron excitations is AE=2.355
(FeE)", which gives 2.96 eV Full-Width-at-Half-Maximum
(FWHM) at 5.9 keV for Ta absorber. However, for the device
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with significant backtunneling, the effective F is about 1.3
[7.8].

II. DEVICE GEOMETRY AND EXPERIMENTAL SETUP

We have developed Ta-Al-AlOx-Al tunnel junction
detectors for astrophysical application. The device uses a
lateral double junction geometry, which can implement 1-D
spatial imaging with only two readout channels. The 2-
junction device geometry is shown in Fig. 1.

A photon is absorbed in the Ta film and the resulting
quasiparticles cool rapidly to the Ta energy gap (Ar, =700
peV). They then diffuse to the two Al traps, where they enter
at an energy Ar,, cool toward the Al gap (A4=180 peV) and
are trapped in the Al by phonon emission, and then they
tunnel. The ratio of charge collected in the two traps gives a
measure of the position of the photon absorption. The sum of
the charges provides information on the photon energy.

Ta absorber
Nb contact

[ |
B Junction
O

Jet 1

J ctm2

1

Al Electrode

Fig. 1.
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Device geometry of a 1-D imaging STJ detector using lateral

The 1-D imaging STJ detector we measured has a 570 nm
thick, 100 x 200 umz Ta absorber. A 5 pum thin strip of
niobium (Ay,=1.5 meV) makes electrical contact to the center
of the absorber, in order to prevent diffusion of the
quasiparticles from the lower gap Ta into the higher gap Nb
contact. There is an Al-AlOx-Al junction on each side of the
Ta absorber with 10 um overlap between Al and Ta. The
thickness of bottom and top Al layer of the junctions is 210
and 445 nm, respectively. The junction area is 460 umz. Our
tantalum film has RRR (residual resistance ratio) of 17. The

1051-8223/01$10.00 © 2001 IEEE

685



680

AlOX barrier has an estimated thickness of about 1 nm. Each
Al junction has a normal state resistance of 1.4 Q. The subgap
current is 6 nA at a base temperature of 220 mK with a bias
voltage 120 pVv.

The device has been tested in a 2-stage *He cryostat at its
base temperature of 220 mK. The magnetic field, about 20
Gauss, is applied in the plane of the junctions, perpendicular
to the long (112 pum) edge of the junction, to suppress the DC
Josephson current for stable DC biasing and to reduce the
current at the Fiske mode at 160 wV. The quiescent dynamic
resistance at a bias voltage of 120 pV is 50 kQ. The device is
illuminated with an **Fe x-ray source which emits the Mn K,
(E=5895 eV) and Mn Kp (E=6490 eV). The Mn K, line is
composed of 2-lines whose centers are separated by 11 eV.
The absorption efficiency of our Ta absorber is 28%. The
feedback resistors are cooled to reduce the Johnson noise. The
preamplifier has a current noise of 90 fA/Hz? a voltage
noise of 0.5 nV/Hz" and bandwidth of 100 kHz [9]. The
amplified x-ray pulses are digitized by a Nicolet Integra 40
Oscilloscope. The digitized pulses are acquired by a computer.
We apply various digital filters to the current pulses to obtain
the best energy resolution. The charge is calculated by
integrating of the current signal. The total electronic noise of
the STJ in its quiescent state (without x-ray) and the amplifier
can be measured using injected current pulses.

III. EXPERIMENTAL RESULTS

Fig. 2 shows a plot of the two detector charge outputs Q; vs.
Q,, filtered with a fifth order 4 to 90 kHz Chebyshev filter.
The filter reduces the total charge by a factor of three but
maximizes the signal-to-noise ratio. With no quasiparticle loss
in the absorber the Q; vs. Q, plot should be a straight line for
a fixed photon energy. The lifetime of quasiparticles in the Ta
absorber is long, and the curvature in the plot is actually due
to the filtering of the pulses with different shapes from
different locations.
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Fig. 2. Charge collected in junction 1 vs. charge collected in junction 2.
The data has been filtered.

Because of the overlap between the Ta and Al, the device
has an active area of 180 x 100 um®. A photon absorbed in the
overlap region sees a reduced Ta gap, and thus produces more
charge. This explains the upturn of the Q; vs. Q, plot at each
end. Also, the "hotspot" just after absorption is ~ 10 um wide,
so the useful length of the absorber is ~ 160 um. The
lifetime of quasiparticles in the Ta is long, about 450 ps, so
the absorber could be longer and thicker to improve the
effective area and absorption efficiency. The measured energy
resolution along the full absorber is 36 eV FWHM. In the
selected range of 20x100 um? at one side of the absorber the
energy resolution is 13 eV for individual Mn K; and K, lines.
The performance of the device is among the best for STJ
detectors. The x-ray spectrum is shown in Fig, 3.
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Fig. 3. The energy spectrum over a 20x100 um? range of Ta absorber
illuminated with an >5Fe source. The inset shows amplification of the Mn Ky
fine and double peak fit of Ky and Kea.

The advantage of this kind of device is that it can achieve
high energy and spatial resolution. From the energy resolution
we measured, we calculate the spatial resolution of the device
[10]. In the selected region with energy resolution of 13 eV,
the calculated spatial resolution is 0.25 um. For the energy
resolution of 36 eV at 5.9 keV along the whole absorber, the
spatial resolution is 0.5 pm in 160 pm, equivalent to about
320 pixels along the length, with only two readout channels.

The quiescent electronic noise (without x-ray) is mainly
due to the Johnson noise from the feedback resistor and shot
noise of the device. By cooling the feedback resistor, we
reduce Johnson current noise of the 1IMQ resistor from 130
fA/Hz'? at room temperature to 10 fA/Hz'? at about 1.5 K.
Fig. 4 shows the measured current noise at the input with
warm feedback resistor and cold feedback resistor. The AE
of the injected electronic pulses is 11 eV with a warm
feedback resistor, and it is 8 eV with a cold feedback resistor.
To make further improvement in the future, a lower device
temperature should be used to reduce the shot noise and



thermal quasiparticle loss in the junctions.
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Fig. 4. Measured equivalent current noise at input with warm feedback
resistor at room temperature compared to the one with cold feedback resistor
at 1.5 K. The noise at 10 kHz is quoted.

A feature that affects the energy resolution specifically near
the middle of the absorber is the Nb contact. Fig. 5 shows the
total charge after filtering as a function of position. We clearly
find that there is extra energy broadening in the middle of the
device. This is order of 45 eV FWHM. We believe the extra
energy broadening is due to the loss in the niobium lead or
reduction of Ar, proximitized by niobium. This problem might
be solved by making a tantalum contact to the Al trap of one
junction instead of a Nb contact to the center of the absorber.
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Fig. 5. Total charge vs. absorption location, corrected for loss.
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This present device increases the energy resolving power a
factor of two compared to the previous best device in our lab
[5]. The improvement is due to a longer tunneling time
(smaller junction area), which leads to better quasiparticle
cooling prior to tunneling. It also allows us to bias the
junction at a higher voltage to reduce the cancellation noise
[11]. The subgap current is smaller, because the area is
smaller, so the shot noise is smaller. However, this device also
shows some small effects of self-recombination. The ratio of
Mn Kg line to Mn Ky line is 1.09 instead of 1.10. It will not be
a problem for lower energy x-ray photons. The energy
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resolution of 13 eV FWHM is computed after we consider
this slightly nonlinear response. To avoid this problem we
need to have the Al trap volume somewhat larger, and cool
the device to lower temperature to further reduce the shot
noise and thermal quasiparticle loss.

IV. SUMMARY

In summary, we demonstrated single-photon imaging STJ
detectors with an energy resolution of 13 eV FWHM in a
20x100 pm? area, and 36 eV FWHM along the whole Ta
absorber, The spatial resolution is about 0.5 um in 160 pm.
By using a cold feedback resistor the current noise reduces
from 160 fA/Hz' to 90 fA/Hz'2. The electronic noise has
been improved from 11 eV with warm feedback resistor to
8¢V with cold feedback resistor. Cooling the device down to
0.1K can reduce the shot noise and thermal quasiparticle loss
in the junctions and improve the energy resolution even
further.
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