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We outline the basic concepts of the superconducting tunnel-junction detectors (STJs) and the performance
limits. The state of present development is presented, along with projections for future developments. The
performance approaches the limit due to intrinsic statistics for backtunneling devices, for photon energies E d
1 keV. The performance should soon approach those limits for energies above 1 keV now that the interaction
of device properties and amplifier noise, most relevant in that higher energy range, has become understood.
Present performance provides a spectral resolving power of E/DE = 25 for the STJitself at 5 eV, and E/DE =
400 at 6 keV. Count rates e 5,000 s'1 with little degradation of energy resolution have been demonstrated.
Further improvement of resolution is expected, with alarge numbers of pixels. An STJcamerawith 36 pixels
has been already demonstrated by ESA researchers on the William Herschel Telescope. Applications are
reviewed in a separate presentation by A. Peacock.[1]

1. INTRODUCTION

Thereis great interest in imaging single photon spectroscopy for future NASA missions. Two developing
technologies are [2] the superconducting tunnel junction (STJ) [3,4] and the transition edge sensor (TES)

[5]. These detectors can operate efficiently for single photon detection and spectroscopy at energies from the
infrared to the x-ray, and can be extended to detect power very sensitively into the sub-millimeter range, and
possibly do photon counting there aswell. [6] A schematic of the STJ operationisshowninFig. 1. The
absorbed photon breaks Cooper pairs (pair binding energy H meV) of the superconducting ground state,
forming single electrons (quasi particles) which are collected through atunnel junction. The integrated
tunneling current of these single electrons, the charge, is proportional to the photon energy. Variation of the
collected charge per photon for an ensemble of monochromatic photons determines the energy resolution of
the device. Thisvariation can be caused by intrinsic creation statistics, statistics of the device operation, and
by amplifier noise. Analogous noise sources apply for the TES

T . - In the optical/UV region, attention has
2 — focused on imaging single-photon
STJ spectrometers. The general
approach pursued to date (at ESA) is
Fig. 1 to use an array of single pixel
detectors.[7] STJdetectors with
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intrinsic imaging, which use charge-division for imaging, are being developed aswell [2,4,7b]. This
charge-division imaging is one of the clear advantages of the STJ compared to the TES. There are excellent
detailed reviews of the field in the past few years. [2,3] Wereview here the recent developments and future
promise, and provide references to specific papers and reviews. The main research laboratories presently
working inthisfield are at Yale [4], ESA and collaborating groups [3,7,8], Lawrence Livermore Lab (LLL)
[9], PSI [10] and Technica Univ. Munich (TUM) [11].

The STJ detector must accomplish at least two functions: absorption of the photon (by a superconducting
absorber) and readout of the single-electron excitations (quasi particles) via a superconducting tunnel junction
(STJ). These two functions might be combined into a single absorber-readout film. However, conflicting
material requirements and the conflicting requirements of having alarge or thick absorber, on the one hand,
and fast collection of quasiparticles on the other hand (which requires a small-volume from which to tunnel)
lead one to separate the absorbing and tunneling functions. The photon is absorbed, and the quasiparticles are
then trapped from the absorber, and then read out. The two main device approaches which result are: 1. a
sandwich with the absorber and trap/STJin astack (e.g., ESA, LLL), or 2. alateral separation of the absorber
and trap/STJ readout (e.g., Yale). These two approaches are shownin Fig. 1. InFig. 1 and 2, the leads are

not shown.

The sandwich-type devices have been studied extensively at ESA and LLL. Their fabrication borrows the
methods of superconducting digital electronics. At Yale we have developed STJ detectors with intrinsic
imaging, asseenin Fig. 2, and developed the new microfabrication methods that are required.

Charge-division uses an absorber with lateral trapping and quasiparticle charge division. Such an imaging
detector can have many pixels (e50) along the length L of the strip even though a strip uses only two readout
STJs. Tests of performance for both types of detectors have been carried out by the respective research
groups from H1 to 6,000 eV.
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Fig. 2 physical processes

areinvolved in the
operation of the STJ detectors[2,4]. Consider the two-junction device shown in Fig. 2. Theincident photon
isabsorbed in the Tafilm, breaking Cooper pairs and creating quasi particles with charge Q. These
quasiparticles rapidly ‘cool’ (in H ns) to the Tagap energy (0.7 meV), and diffuse at that energy until they
reach the Al ‘trap’. In the Al, they can scatter inelastically, losing energy (cooling) until they reach the Al
gap (0.18 meV). Once the quasiparticlesin the Al trap scatter below the gap of Ta, they are “trapped” in the
Al electrode. The quasi particles then tunnel to the Al * counterelectrode’ and thisis sensed as an increase in
current. Thistunneling must occur in atimed 10’'s of s, as the recombination time to reform pairs (and lose
quasiparticles) isHms. The current pulseis integrated to obtain the charge from each junction, Q; and Q.:

Q=Q1+Q,HO06e(E/D ) [1]

where E is the photon energy and D1, iS the gap energy of Ta. (The energy which does not produce

guasiparticles goes into phonons.) The photon energy is deduced from Eq. 1, with the exact proportionality
measured in experiment. Variationsin Q due to creation statistics set the intrinsic energy width. The energy
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width (fwhm) for creation statisticsis

DE=2.35[ EeF]Y2 creation statistics, with F = 0.2, the Fano factor [2]

There is additional statistical broadening due to the trapping process if the charge multiplies upon trapping,
and due to backtunneling multiplication (discussed below). Trapping noise can be eliminated with material
choice. The backtunneling multiplication for a symmetric structure gives atotal energy width

DE=235[ EeFgs]Y2 with backtunneling, Fe¢ = 1.3t0 1.5 [3]

Other effects can contribute to the energy broadening. If the charge collection of the tunneling processis
incomplete, then there is additional statistical uncertainty —and the effective Fano factor in Eq. 3 islarger.[4]
Incomplete cooling of the quasiparticles in the trap, and use of alow bias voltage, give incomplete charge
collection.[4a,b]. The amplifier can also contribute current noise, which gives broadening aswell. The
amplifier noise theory has previously been treated [2] for the case where the amplifier noise simply adds to
that of the statistical broadening. Thisisthe correct limit for low photon energy (E << 1 keV in present
devices), but is not agood description at higher photon energies, where the photon-induced tunneling current
changes the quiescent |-V curve. For energies above 1 keV, the device interacts with amplifier noise during
the current pulse, differently than in the quiescent state. The dynamic resistance during a photon-induced
pulseislower than in the quiescent state, and this leads to an additional broadening due to the interaction of
the amplifier voltage noise with the dynamic device characteristics. This case has been studied at Y ale by
Segall [4] and the new noise mechanisms carefully identified. These new noise mechanisms can be ‘ designed
out’ of the device by changing to longer tunnel times and biasing the device at a higher voltage. Recent
experiments at Y ale on x-ray detection at 6 keV show significant improvement in energy resolution when this
prescription is followed, as discussed below. With the strip imaging device of Fig. 2, the fraction of charge
collected in each junction tells the location of the absorption event. If the photon is absorbed in the center,
then the charge divides equally (on average). The formulafor the spatial resolution DL along the absorber
stripof lengthL (Fig. 2) is:

To achieve imaging, one employs either many individual STJs or a strip-imaging device. (A square absorber,
with x and y imaging, has also been demonstrated [12] and modeled [13]. Resultsfrom Yale fabrication
work areshownin Fig. 3.) The charge division statistics should not affect the energy resolution, as all the
charge for a strip absorber is collected when Qq and Q, are summed, in the limit of no absorber loss. We
have a spatial resolving power along the

L - EL

Al / AE
strip given in the formula above for the case where amplifier noise isdominant. When STJnoiseis
dominant, asimilar formula applies.

An important process in some STJ
designs, and in all sandwich
structures, is backtunneling. Consider
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Fig. 3 the sandwich structurein Fig. 2.
Quasiparticles diffuse into the Al trap
from the Ta absorber. A quasiparticle can then cycle back and forth across the junction, if there is no path for
it to diffuse away after it first tunnels from the trap. This backtunneling process gives a charge which adds to
the tunnel current for each traversal of the barrier, due to pair mediation.[2,4] The collected chargeis
Qoacktunneling = <n> Q, with Q the created quasiparticle charge, Eq. 1, and <n> the number of barrier

traversals. <n>istypicaly 3 to 50, and backtunneling thus gives a much larger charge than is created in the
absorber. Thisis advantageous when the charge is small and amplifier noiseisrelatively large, as for optical
photons. However, the statistical noise with backtunneling is afactor of ailmost 3 larger than without this
process; compare Eqg. 2 and 3. Also, the length of the pulse isincreased, by afactor of 3-50. Backtunneling
has been employed in all ESA and LLL experiments due to their stacked STJ geometry. Nevertheless, large
count rates with little degradation of energy resolution, e 5,000 c/s, are observed by the LLL group, shownin
Fig. 5. Thislarge count rate is observed with backtunneling.
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Fig. 5 methods are given in the references.

Typical experiments are conducted at
0.1to 0.2 K, though the ESA group has fielded the S-Cam with a base temperature H 0.3 K, using pumped

3He. The detectors are sensitive to all photons of frequency above 2D+, /h H 400 GHz. Thus, photons of

energy outside the desired band must be excluded. In optical experiments, excluding IR can be a serious
challenge; designs are being developed for such cryogenic IR filters.[14] Use of acold fiber or imaging fiber
bundle to couple in visible photons appears to attenuate fully the IR photons in the optical path, but thisis not
feasible above H 5 eV. TES devices share this feature of long wavelength sensitivity, and in fact are sensitive
to photons of al energies, asthere is no energy gap in the TES absorber. Semiconductor x-ray calorimeters
also usefiltersto exclude IR photons.[15]

4. RESULTS—-ENERGY RESOLUTION AND CHARGE-DIVISION IMAGING

Two device characteristics are important for low noise. First, the STJ must have low dc current to minimize
shot noise, and large differential resistance to minimize the contribution of amplifier voltage noise. Second,
the absorber film must have low loss for quasiparticles. Tafilms achieve thislow loss, but only the LLL
group has been successful with Nb films. The losstime of the Yale Tafilmsise 0.5 ms, which should allow
devicelengthse 1 mm. Notethat Tais an excellent absorber from the visible to x-ray range (absorption
€60% in the full visible range).[ 3]

The energy resolution of single-pixel devices has been reported for the range 0.6 — 6 eV at ESA, and between
50-70 and 200-1000 eV at LLL. We present the LLL datain Fig. 4. Both groups find good agreement with
Eq. 3, for backtunneling, with devices in the sandwich structure. (The LLL devices use Nb filmsinstead of
Ta; for Nb, Dy = 1.5meV.) Thechargeislarger than Eq. 1 by afactor of <n> due to backtunneling. The
amplifiers used in these experiments were room temperature FETs. The amplifier noiseis of order the energy
width due to statistics, Eq. 3. Thisindicates that better amplifiers are desired, especially when one tests
devices with the smaller charge, EQ. 1, and the smaller energy width, Eg. 2, expected without
backtunneling. A cold JFET should achieve E/DE H 45 at 5 eV without backtunneling, and an RF-SET
amplifier [16] may achieve theintrinsic value of E/DE H 65 at 5 eV this appears to be the ideal readout for
the optical STJ. We seein Fig. 4 that the theory for the energy resolution is confirmed, at least for
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backtunneling devices below 1 keV.
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However, therewas asmall ‘light leak’ in those experiments, and IR photons, likely from the 77K stage,
entered and caused some extranoise. At x-ray energies such light leaks have negligible effect, so we focus on
these x-ray experiments in discussing charge division and our energy resolution in imaging detectors.

The x-ray studies at Y ale and el sewhere have steadily improved the energy resolution, so that the present
‘record’ is DE=12t0 13 eV fwhm at 5.9 keV, the ®Fe K line. Recent experimentsat Yale [4, Segall,
these proceedings| achieved DE = 13 eV at E=6 keV in June, 2000, as have experiments at TUM with a
single Al tunnel junction coupled by phonon transmission to a Pb absorber, which achieves 12 eV.[11] We
present the Yaleresultsin Fig. 6, as these also show the charge-division method. The best energy resolution

isachieved on aregion of the absorber where we can apply the optimal filter; in other regions, the slow
diffusion in the Ta absorber smooths the charge pulse. We are working to improve thisissue of signa
processing. The curvature of the Q; vs. Q, plot results from the filter used in data processing, not from losses

inthe Tastrip. Data points at lower energy are due to photon absorptionsin the SIO layer which overlies the
Ta; thislayer was added to protect against oxidation, but is likely needed only over the STJitself, not over the
absorber. Viewed in the histogram of Fig. 6, it is seen that there are few absorption points below the main
Ka1 -Kg pair of linesat 5.9 keV. We have measured similar devices (also with SiO protection over the STJ)
produced in 1993, over a6 year period. Thereis no evidence of aging.
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Fig. 6 devices which achieved

DE =25¢eV. For those
device designs, Segall accounted carefully for all the noise mechanisms. The newer devices have better
energy resolution because the tunnel time is longer than for past devices; aso, the geometry was changed to
allow biasing at higher voltage. Both these changes ensure that the quasiparticles that enter the trap have
longer to cool to get below the energy set by the bias voltage, (Da| + €V ;). Thisdirection to improve
performance was amajor conclusion of Segall’swork.[4] The tunnel time of these new devicesis about 5
us, so that count rates of about 104 per sec may be achievable. The previous devices had atunnel time of
order 2 ps, and were biased at a voltage 40% lower. The improvement of resolution to 13 eV represents a
further validation of the modeling done by Segall. Since that modeling provides a prescription for further
improvement of performance, we are confident that achieving an energy width of 4 eV isfeasible. What will
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be required is use of colder temperatures, to reduce the thermal recombination and the shot noise of the dc
current, and somewhat slower tunneling. These changes will introduced in future work.

5. FUTURE DIRECTIONS; COMPARISON TO TESDEVICES

Future goalsfor STJs are:

1. improved energy resolution of the devices;

2. increased number of pixels beyond the 36 achieved with the SCAM?2,
already a significant achievement; and finally

3. cryogenic readout amplifiers, using the RF-SET.

Energy resolution: in the range below H1 keV, STJ single-pixel detectors have achieved the energy width
predicted for backtunneling devices, Eq. 3. Further improvement will require the use of devices without
backtunneling (and with no other sources of statistical broadening), and such devices —can- be produced with
present fabrication methods, using the lateral geometry in Fig. 2. Below H1 keV, one aso needs amplifiers

with lower noise than present room-temperature JFET amplifiers. Cold FETswill be adequate to achieve
device performance where the intrinsic resolution, Eqg. 2, is the dominant limit on performance. However, to
achieve performance with the fastest count rates and with (potentially) negligible contribution from amplifier
noise, the RF-SET transimpedance amplifier [18] will need to be developed. To date, a charge-locked loop
RF-SET has been demonstrated,[ 18] which shows that the periodic characteristics of the device can be used,
with feedback, to produce alinear charge amplifier. The STJrequires a current amplifier with low input
resistance to collect the full charge and remain biased at the correct dc voltage. Thiswill require
development of the transimpedance configuration. Thisis being pursued by GSFC/Y ale.[18]

Improved energy resolution for E e 1 keV will require a device designed to minimize the noise contributions
from the interaction of the amplifier with the STJin its dynamic state. The work by Segall [4] provides the
prescription for this, and is being pursued at Yale. A cold JFET amplifier should be sufficient for these larger
photon energies, because of the large charge created. In thisenergy range, above 1 keV, the absorption
coefficient of the strip geometry (with a Ta absorber H 1 um thick) is strongly preferred compared to
absorption in the stacked-junction geometry, where the absorber isfairly transparent asit isalayer only HO.1
um thick. Moreover, the photons that are not absorbed in the absorber of the strip detector are absorbed in the
substrate, and can be easily discriminated by their risetime, and by their charge, which isd 1/6 that of photons
absorbed in the absorber. The absorption of the photons which pass thru the absorber in the stacked structure
ismore complicated. Absorption in the lower Tafilm of a stacked junction produces amost the same charge,
with the same polarity, as for absorption in the top film. Risetime discrimination is possible for the stacked
junction. Inthevisible range, one may even prefer to couple photonsin through the transparent substrate into
the bottom film; this approach is followed at ESA, and provides somewhat higher absorption efficiency and
some IR attenuation. The resolution is also better, because the bottom film is of higher quality, asitis
deposited hot. Coupling in photons through the substrate is not an option for Ee 6 eV.

To achieve alarge pixel number (greater than the present 10’s of pixels) one can work harder to make more
single-pixel (stacked) detectors and room-temperature JFET amplifiers. This approach has been successful
for ESA with the 36-pixel SSCAM. While the limits on pixel number in this case are set ‘only’ by practical
considerations, these practical considerations likely limit the number of pixelsto of order afew hundred
STJs. To achieve more pixels, one needs to employ charge-division (spatial) multiplexing. With charge
division, one requires many fewer amplifiers than pixels. The charge division methodsis now well
demonstrated in work at Yale, and recently also at ESA[7] and PSI[10]. There appears to be no penalty for
the energy resolution in using charge division. Further work needs to be done to determine quantitatively the
loss mechanisms and maximum absorber length set by the absorber losses. With an absorber 1 mm long and
20 microns wide, one can achieve €50 pixelsin the visible range if charge-division statistics are the sole limit
on energy resolution. (Creation statistics do not affect the spatial resolution!) We show in Fig. 7 the design

of aproposed STJ camerafor visible photons, for the Palomar 200 inch telescope. This employs 10 strips,
each of which should provide 45 spatial pixelsat 5 eV with acold-FET amplifier for each STJ. Thistype of
camera could probably be extended to have H10x larger pixel count.
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Fig. 7 range [17]. The RF-SET offers better

sensitivity for the optical detectors
than cold JFETs (Q issmall at low energies), faster response, and the possibility of frequency multiplexing
the RF-SET readouts.[18] Whileit istoo early to predict specific performance, we believe that the RF-SET
can provide virtually noiseless readout of the STJ, and further can be integrated onto the same chip asthe STJ
and use much less area than the STJitself. An attractive feature of the RF-SET amplifier isthat is can be
frequency multiplexed, so that one rf HEMT amplifier, at 4 K, could process the rf signal from maybe 20 to
50 RF-SETswhichareat T H 0.1 K. Thisfrequency multiplexing has been demonstrated with two frequency
channels.[18] While alow frequency feedback line is needed for each RF-SET to read out the STJ, this
requirement is not that difficult.. The number of RF-SETs required for a strip-imaging detector is one per
STJ. Thus, for the camerashown in Fig. 7, one would require 20 RF-SETs and feedback lines, if one wereto
use the RF-SET asthe STJreadout. It appears that these RF-SETs could all be read out by asingle HEMT
amplifier, using different drive frequencies (multiplexing) for each RF-SET. Thislooks tractable.

To conclude, we compare the performance of the STJand TES: the attractive features of the STJ detector are
fast count rate (H 10% per sec), energy width DE which is reduced (improved) at lower photon energy for a
given detector (Egs. 2 or 3; the TES has a Hfixed energy resolution for a given device), the capability of
gpatia charge division, and the future possibility of frequency-multiplexed RF-SET readouts. The STJis not
athermal device (the TESis), and thus operating the STJ at lower temperatures to improve its resolution does
not slow the response. TES detectors, in contrast, tend to be slower, and the very best performancein the
x-ray range is achieved with a device with a Hms time constant.[5] TESs to date achieve aresolution
comparable to the STJin the visible range (TESsin the visible are fairly fast [5b]). TESs achieve better
resolution (to date) in the x-ray range. STJenergy resolution above 1 keV should improve with our new
understanding of the noise mechanisms. For reading out the STJ, the RF-SET is a promising new technology,
and is being developed in labsin the US, Europe and Japan. The RF-SET have very broad bandwidth, e 100
MHz. TESs have a mature cryogenic readout technology, the SQUID. The TES can likely use a
row-and-column SQUID readout method. Thiswill be first tested with FIR power detectors,[19] where fast
responseis not as critical asit will be for pulse recording from single photons. It isnot certain that this
multiplexing method will be fast enough to achieve high readout speeds needed for fast, single photon (i.e.,
pulse) detection. Clearly, work remains to be done to devel op both readout technologies. We conclude that
both technologies, the ST}RF-SET and the TES-SQUID have real promise for single-photon spectroscopic
imaging intherange 1 eV to H10 keV. The recent progress for both technologiesis rapid and very
encouraging.
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