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Photon counting experiments at wavelengths ranging from near infrared to x-ray with niobium
based superconducting tunnel junctions with aluminum trapping layers are presented. Single
photons can be detected up to a wavelength @il The response in the ultraviolet to near-infrared
region is characterized by a good energy linearity2(5%), a capability to handle event rates up

to ~3 kHz, and moderate energy resolving poWefAE~7 for E=4 eV). The x-ray response at

6 keV is characterized by anomalously high signals compared to the low energy response, a severe
energy nonlinearity and a relatively poor energy resolution~af40 eV, full width at half
maximum. © 1998 American Institute of Physids$0021-897@8)04010-9

I. INTRODUCTION (1) to the opposite electrod®), and vice versa, will be less
. ) ) than unity. These probabilities are dependent on the rates for
Superconducting tunnel junctioSTJ9 have been ex- nneling across the barrief'(,) and the rates for loss of
tensively studied in the last decade in pursuit of the prEd'Cteg]uasiparticles from the electrodd () by mechanisms
excellent energy resolving power at x-ray photon enerbies.iher than by tunneling, such as recombination, trapping in
The high energy resolution, compared to semiconductor- Ofyver band gap regions or diffusion into the connecting

gas-based detectors, arises from the much lower energy négx 45 The probability for tunneling from electrodean be
essary to generate free-charge carriers. In the case of a Sjtitten as

perconductor, these free charge carri@masiparticlesare

produced by the breaking of Cooper pairs, which typically I tun;

requires an energy of the order-ef meV. For a widely used i:m' @
superconducting material such as Nb, it has been calculated - ) 4
that the number of quasiparticles produced by the absorptiohhus, the number of detected quasipartidig€) will be,

of a photon with energ¥ is given as E

. N(E)=(n)| No(E)= \/ < (F+G) (33
No(E)=—= /= F. ©o _
€ € with (n) the average number of tunnel processes per quasi-
. . article given b

Heree~1.7A (with A the band gap of the supercondugtisr P g y

the average energy required to generate one quasiparticle and P.(1+P,)

F=0.22 is the Fano factd® The quasiparticles can be de- (M= (1-P,P,) (3b)

tected through tunneling, by means of a number of different _ _

tunnel processes across the thin insulating barrier of a ST&nd the tunnel noise fact@ given by

The amplitude of thg s!gnal pulse measureq after the absorp- P, P§+3P1P2+ prz

tion of a photon will, in a first approximation, be propor- G= ) (30)

. . . 2
tional to the number of generated quasiparticles and, thus, to (P11 P1P2)

the energy of the photon. If each quasiparticle would induceryhica|ly, the energy resolution of a niobium based STJ wil
exactly one tunnel process, the limiting energy resolution,, dependent on statistical fluctuations\Nig(E) andn, and
[full width at half maximum(FWHM)] for & 6 keV x-ray  pe of order~10-15 eV for 6 keV x rays. Further degrada-
photon would be~4eV. In most practical applications, i of the energy resolution can be envisaged due to spatial
however, the probabilitie®; and P, for a tunnel process qnniformities in the response of the detector and to elec-
from the electrode where the photon absorption took placgqnic noise. For a symmetrical device(P,=P)), G=1

: i=P)),
+1/n) and the measured energy resolution can be approxi-
dElectronic mail: pverhoev@astro.estec.esa.nl mated by
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AE=2.355\/€E(F+1+G)+(QE)2+(Uelectr)21 4

where « is a device dependent constaimt eV per eV of
photon energy quantifying the resolution degradation due
spatial nonuniformity in the responS8@nd o ey is the elec-
tronic noise contribution. While several groups have
achieved energy resolutions better than 100 eV FWHM at
5.89 keV, the best results reported to date are 29 eV by
Mearset al,” for a Nb-based device with 200 nm thick Al
trapping layers, and 27 eV by Hett al. for an Al device.

A second attractive prospect of superconducting detec-
tors lies in their application as photon counting detectors
with a moderate intrinsic energy resolving power for ultra-
violet (uv) and visible light. These properties, in combination
with a relatively high detection efficiency, make the STJ an

important new type of detector for uv/optical applications in'"- X X -
astronomy’~12 At a typical photon energy of 3 eV\( polished sapphire substrates. Figure 1 shows a Nomarski mi-
croscope image of one of the 80 um? devices on the

~410 nm), the expected tunnel noise limited energy resolu* - ¢ i
tion of a niobium based device will be 0.3 eV (FWHM), ~ ¢hip- The width of the leads is am. The base and top
The use of materials with lower band gap would have everflectrodes of the devices have identical layer thicknesses:

better prospects, albeit at the cost of a lower operating90 "M Of niobium and 120 nm of aluminum. The base film
temperaturé 2 Spatial nonuniformities in the detector’s re- niobium is epitaxial, with a residual resistance ratio~of0,

sponse will be relatively less important, since their contribu-Whereas the top electrode is polycrystalline. The aluminum
xide barrier has an estimated thickness<of nm and a

tions to the energy resolution are proportional to the photor?X!C A )
energy. For example, spatial nonuniformities giving rise toresistance 0f-2.2x107"  cnr. The band gap of the de-

AE~100 eV atE=6 keV, would have a completely negli- vices at the barrier, as derived from the current—voltage
gible effect on the energy resolution®t3 eV. The crucial (! —V) curves and assuming equal gaps in top and base elec-

parameter for the detection of low energy photons is thdf@de, is 0.44 mV. In spite of the very high electron trans-
signal-to-noise ratio. The signal can be enhanced by a loiSSIVity, t.he junctions show Iowlleakage currents. This is
resistivity tunnel barrier and by the application of quasipar-lustrated in Figs. &) and 2b), which show thel -V char-
ticle trapping layerd? which confine the quasiparticles close 2cteristic aff=0.3 K and the measured subgap currentzden-
to the tunnel barrier. This will enhance the tunnel probabilitys't'e_S in the temperature range _0'371'1_ K fo_r X2 um

and keep the quasiparticles away from some potential losd€Vice, respectively. The solid line in Figit is the calcu-

sites, such as the oxide coated top surface. Low noise operiied subgap current density for a Bardeen—Cooper—
tion requires a high quality tunnel barrier with low leakage >chrieffer (BCS)-like temperature dependence using the

current density. Since both the signal as well as the elec@?0ve mentioned band gap and barrier resistance. The mea-

tronic noise depend on the dimensions of the device, thegaH"ed current density dt=0.3 K could vary between differ-

can be optimised for maximum signal-to-noise ratio. Note€nt cooling cycles, indicative of different degrees of trapping

the signal depends in part on the electrode volume due tgf Mmagnetic flux. From the lowest measured currer;t density
quasiparticle loss at the edges and quasiparticle selfWhich was similar for the best 2020 and 50<50 xm” mi-
recombination, while the noise is a function of device ca-Cron devices it is concluded that the real leakage current

pacitance and subgap current, which depend on the barridensity (s opposed to excess current induced by trapped
area. flux) can only be_ established at<0.3 K. This Ieakage

In this work we describe photon counting experimentsCU'ent den?ty is of the same order of magnitude
with niobium-based STJs with Al trapping layers which are(=0-1 PAjunT) as in similar niobium-based devices with

optimized for low energy photon detection. Preliminary datathin (5 nm) Al layers. For the purpose of single photon

on the xray performané and on the uv/optical counting in the visible wavelength range, where the signals

performanc®15:16 of these devices have been reported infrom the STJ are small, a low subgap current at the bias point
previous papers. In the present article new measurements &hessential for low noise performance. The measured szubgap
the single photon counting capabilities of the same detector€Uentlsg and dynamical resu;tarld%d of the 20<20 um

in the uv to near infraredNIR) wavelength range are pre- device at a typical bias voltagé,,s—0.20 mV and under the

sented and a comparison with the detectors response at x-rgiPSt favorable conditionéT =0.3 K and minimal flux trap-
wavelengths is made. ping problems were I ;=100 pA andRy~1 M. Any de-

viation from these conditions resulted in increased noise.
The characteristic times for trapping of quasiparticles

from Nb into the trap formed by the proximised Nb and the
The STJs used for this work have been fabricated byAl, as well as the characteristic times for excitation from the

Oxford Instruments Scientific Research DivisiqgCam- trap and for tunneling from the trap across the barrier have

bridge, UK). The detector chip carries eight STJs: four 20been estimated previousl{,using the work of Golubov

X 20 wm? and four 5050 um? sized devices. They are etall’ on the proximity effect in dirty superconductors. It

FIG. 1. Nomarski microscope photograph of ax380 um? STJ.

Nb—Al-aluminum oxide—Al-Nb multilayers deposited on

Il. DESCRIPTION OF THE STJs
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i (A%P=0.44 meV) the quasiparticles will emit phonons of
l: T (just sufficient energy E ejaxaiior~1 meV) to break one ad-
! ditional Cooper pair in the trap. Taking into account phonon

1.0@'
1

0.51

g } losses from the tra i iparti iplicati
£ ) p, an effective quasiparticle multiplication
£ 00 factor of ~2 has been estimaté@i Thus, the aluminum trap-
= . Vg ping layers have a threefold effect on the responsivity of the
° _osl l :T ¥ ) ] detectors. First, the quasiparticles are confined in a narrow
AR B region close to the barrier, which enhances the tunnel rate.
10 ! current Second, the quasiparticles are kept away from the top elec-
-04 -02 0. 0.2 0.4 trodes top surface, which has been found to act as a quasi-
voltage (mV) particle sink?® Third, in the process of relaxation to the gap
5 energy in the trap, the original number of quasiparticles is
= ' @ ' ' ' ' amplified by a factor of-2.
§
> 100t
f- lll. EXPERIMENTAL CONFIGURATION
2 . -
g 10 °r All experiments in the present work have been per-
3 ‘ formed in a3He cryostat with a base temperature of
§, 1077 ~ 300 mK. A superconducting magnet provides the magnetic
E 6 BCS theory field required to suppress the STJ's Josephson current and
10

Fiske steps. The typical field strength used in the present
experiments was of the order of 8 mT.

The light source in the uv and optical experiments was a
FIG. 2. (a) Part of thel -V characteristic for the 2020 um? device atT xenon lamp in combination with a grating monochromator
=300 mK andB=8 mT. The structure around zero voltage is the incom- with adjustable entrance slit. An additional filter was used if
plet_ely suppressed Josephson current. The arrows indicate the scgnning giUppression of light in higher orders of the monochromator
rection. (b) Measured subgap current densigt V,;,s=0.10 m\) against . . .
temperature for the 2020 um? device. The solid line is the calculated V_Vas requwed_. A uv-grade silica fiber was used to couple the
current density without leakage current. light into the inner vacuum chamber of the cryostat and onto

the detector. The available wavelength range is 200—-1060
nm (corresponding to the energy range 1.17-6.2 aWd is
was found that the trapping tims,<1 ns, whereas the ex- limited at the short wavelength side by the transmission of
citation time is on the microsecond time scale. Furthermorethe fiber and at the long wavelength side by the rotation of
in experiments on similar devicewith thin Al layers a typi-  the grating. The end of the fiber was at a distance of 0.5-1
cal quasiparticle loss time of the order /s is derived. ~mm from the detectors surface, thus illuminating all STJs on
Therefore, as an approximation it is assumed that all quasthe chip more or less uniformly. For practical reasons, the
particles initially created by photon absorption in the Nbangle of incidence with respect to the plane of the detector
layers are instantaneously collected in the trapping regiongvas~30°. The optical constants of niobium in the available
Subsequently, tunnel and loss processes begin. The tunn&hvelength range guarantee complete absorption of the in-
time, calculated from the approximation given by de Kortecident light within the 100 nm thickness of Nb of either the
et al’® and taking into account that the trapping layer ex-base or the top electrode of the STJs. Furthermore, the
tends significantly into the Nb is estimated as sapphire substrate is transparent between 200 and 1000 nm.
Tun=0.31us from Thus, the top and base electrode of the STJs can be stimu-
5 tra lated selectively by illuminating the front or the back side of
Tun=4€"RnA[ N (0)da + Nib(0) dis the detector chip, respectively. The photon flux incident on a
V2 A2 STJ is adjustable with the entrance slit of the monochro-
(A+Vb|as) A .
X \/W. (5) _mator. In order.to a}llow for photon counting the photon flux
bia is generally maintained at below 1000 detected photons/s, so
Here,R, is the normal resistancé, is the area of the junc- that the mean arrival time between photons is far longer than
tion, Nnp(0) and Ny (0) are the normal state single spin the event processing time of the electronics or the signal
densities of state of Nb and Adja” andd,, are the effective  pulse duration. This can only be achieved with the entrance
confinement lengths in the proximised Nb {2 nm) and the slit of the monochromator almost closed, which has the ad-
thickness of the Al layer, respectively, aMj;,sis the ap- ditional advantage of reducing the input bandwidth to a neg-
plied bias voltage(typically 0.2 mV). A lower limit for ligible value in this experiment €5 nm). However, at
Tun~0.21 us is found if only the Al thickness is taken as the monochromator settings of <300 nm, some broad band
confinement length. Note that the proximity model used herdalse light (with A>500 nm is found in the output of the
does not strictly apply in case of the clean epitaxial base filnmonochromator.
Nb and the relatively thick Al layers. The source in the x-ray experiments is a radioactire

During their relaxation from the gap energy in the bulk sample emitting the MnK, (E=5895eV) andK; (E

Nb (AR*~1.5 meV) to the gap energy in the trapping region = 6490 eV) line complexes. This source illuminates the STJs

00 02 04 06 08 1.0 12
temperature (K)
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uniformly at the front side and its intensity is chosen such 5000 i " N = 250 nm
that typically a few hundred photons/s are detected. Note 4000
that, contrary to the uv/optical experiments, 6 keV x-ray pho- c
tons are absorbed equally in the top and the base electrode { 3000
(~2%), aswell as in the sapphire substrate beneath the STJ o
(~96%). 5 2000
The electronics chain used to read out the STJs consists o
of a charge sensitive preamplifier-atl m from the STJ, and 1000
a shaping stage, both at room temperature. Different elec- 6008

tronics chains are used for the optical and x-ray experiments,
tuned (so as to maximize the signal-to-noise ratio the 5000
different magnitudes of the current pulses from the detector.

A = 500 nm

The limiting noise levels of the electronics with open input £ 4000 3
correspond te-400 and~6x 10* electrons rms, for the op- >
tical and x-ray experiments, respectively. Pulses from an € 3000 E
electronic pulser can be fed into the electronics. The total § 2000 ;
electronic noise of the combination of STJ and electronics
can be measured as the width of the pulse height distribution 1000 3
from this electronic pulser. The electronics chain is optically
coupled to a PC. For each detected photon the charge output, 3008 t t
which corresponds to the total number of tunneled electrons
N(E) as a result of the absorption of one photon, and the rise
time of the charge pulse, which corresponds to the decay c 2000 ]
time of the current pulse from the STJ, are stored on the PC. {
The time required to detect and process one event amounts to i)
~160us, and is governed by the bipolar filtering circuit of §
the pulse shaping stage. While the photon arrival time can be o 1000 ]
determined to below 1@s, the current electronics process-
ing time constrains the maximum photon input rate.

0
IV. RESULTS 00 05 1.0 15 20 25

h 1
A. Ultraviolet and visible light experiments charge (adcf *1000)

1. Responsivity and energy linearity FIG. 3. Pulse height spectra @) A =250 nm, (b) A=500 nm, and(c) A
o ) . =1000 nm from the 2820 um? device in back illumination mode. The
The uv and visible light experiments have concentratexperimental conditions werd= 300 mK, V;,,,c=0.25 mV, andB=8 mT.

on the 2020 /.Lm2 device, which proved to give the best The second peak in the 1000 nm spectrum originates from incomplete sup-
results. Only limited data is available for the >550,um2 pression ofA =500 nm photons from the second order of the monochro-
device. Single photon pulse height spectra in the Wavelengtwator'

range A =200—-1000 nm were acquired in front as well as

back illumination. Examples of spectra in back illumination

mode at\ =250, 500, and 1000 nm are shown in Fig. 3. Theyielding a responsivity of- 3600 electrons/eV and a noise of
responsivity(in electrons per eV of photon enenggnd the  ~1200 electrons rms. The measured rise times are of the
total electronic noise have been measured as a function @irder of 1.5—2us for both devices. Assuming that all initial
operating temperature and bias voltage across the STJ, quasiparticles are trapped into the proximised Nb and Al
order to determine the optimum operating conditions. Figdayers and that a quasiparticle multiplication factor of 2 is
ures 4a) and 4b) show the measured responsiviip back  achieved during the energy relaxatitrthe average number
illumination mode of the 20<20 um? device and the 50 of tunnel processes per quasiparticle in the trap amounts to
X 50 um? device, respectively, as a function of bias voltage~4 for the 20<20um? device and ~5 for the 50

for different temperatures. Measurements at higher tempera< 50 um? device. If the minimum photon energy detectable
tures or higher bias voltages were prohibited by excessiven a photon counting experiment is defined as equivalent to
noise. Within the accuracy of the measurements, the respo®o, e, the maximum detectable wavelengths akxe
sivity of the top electrodéas measured in front illuminatipn =1060 nm and\ =740 nm for the 2&20 and the 50
and the base electrode were found to be the same. The cow-50 um? device, respectively.

ditions for optimum signal-to-noise ratio for the 20 The strong dependence of the responsivity of the 20
X 20 um? were: Vpiae=0.25 mV andT=300-330 mK. In X 20um? device on temperature is remarkable. In the 50
these conditions, the measured responsivity of the 2050 um? device this dependence was less pronounced:
X 20 um? device is ~3000 electrons/eV and the noise is ~3% increase in responsivity foF=300—330 mK, com-
~700 electrons rms. The optimum conditions for the 50pared to~15% for the 20k 20 um? device. This tempera-
x50 um? device wereV,,s=0.20mV and T=300 mK, ture dependence of the responsivity can be interpreted as a
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€ 2000} + T=300 mK | g 1500 S
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s b) 50x50 um? "n
>
$ 500 g
o 4000 1 120 €
2> 0 .
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2]
S 2000 1
a + T=300 mK energy (eV)
o o T=330 mK
FIG. 5. Measured single photon charge out{®j as a function of photon
0 L L . energy for the 2620 um? device atVy,,=0.25 mV andT=300 mK. The
0.00 0.10 0.20 0.30 0.40 solid line is a best fit of the data to a linear relation between energy and
bias voltage (mV) charge output. The residuals of the (fitbserved-calculatecare also indi-

cated(A).
FIG. 4. The responsivitfas measured from single photon pulse height
spectra ak =470 nm as function of bias voltage fofa) the 20x 20 um?

and(b) the 50x 50 wm? at different temperatures. Note how the responsivity
increases with increasing device temperature. 0.55-0.70 eV for the base electrode and 0.60-0.95 eV for

the top electrode. The electronic noise contribution to the
energy resolution iAEge=0.50—0.55 eV in all measure-
temperature dependence of the excess loss rates for quasiparents. Also indicated is the device-limited energy resolution
ticles. Excess loss processes of quasiparticles are understoa& ., obtained from AE.)?=(AE;)?—(AEge)> The
to be loss processes through mechanisms other than the wtevice-limited resolution as derived from the experimental
avoidable thermal and self-recombination of quasiparticlesgata has been compared to the theoretical resolution for a
such as trapping and loss in regions of reduced energy gapymmetrical STJ calculated from E¢4) with (n)=4, «
for example at the edges of the devices. At elevated tempera=0 and oe,=0, is also shown in Figs. (6 and Gb).
tures such trapping processes would be counteracted by Glearly, the device-limited energy resolution of the top elec-
higher excitation rate out of the trapping region. This is sup-
ported by the smaller temperature effect in the larger device,
for which the losses at the edges are a less dominant &ffect 1.0

and, hence, also the responsivity is higher. o) base
Figure 5 shows the measured peak posititoistained o8r ]
from least squares fits to a Gausgias a function of photon 2 o6l avooges *°° o * ]
energy (E=6.2—1.4eV, A\=200-900 nm for the 20 g * ]
X 20 um? device in back-illumination mode. During the L o0a4f 00,‘,—""
L

measurements, three reference measurements-800 nm
were taken, from which a drift in the measured chagpef 0.2} % ]
1.3% over the complete set is derived. The data in Fig. 5
have been corrected for this drift. A least squares fit of the
data to a linear relation between charge and energy yielded
an electronic offset of-430 electrons and a responsivity of
2980 electrons/eV. This fit is represented by the solid line in
Fig. 5. The deviations from linearity are within 2.5%, indi-
cating a good energy linearity of the detector in this wave-
length range.

FWHM (eV)

2. Energy resolution

The energy resolution of the detector has been deter- energy (eV)
mined by fitting Gaussians to the single photon peaks in the
spectra. The obtained FWHM energy resolutiginseV) are FIG. 6. The measured FWHM energy resoluti@® as a function of photon

: : : energy for(a) the base electrode arid) the top electrode. Also indicated is
plotted as a functlon of p.hOt.On energy in Figéajéand E{bg the derived device-limited energy resolutiof ). The solid and dashed lines
for back and front illumination modes of the 2@0 um are the predicted device limited resolution without and with a contribution

device, respectively. The measured resolutidis,,, are  from spatial nonuniformities in the response, respectively.
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10000.0 j i 500
o) 200 cts/s
1000.0¢
c single events 400
& 1000
2 c
g 10.0 double events { 300
o ]
10 S 0.76 0.78 0.80 0.82 0.84
. ll 3 200
N X substrate
10008:0 S )
b) 3600 cts/s 100
single events
1000.0
< double events 0
< 1000 wiote | 0.0 0.2 0.4 0.6 0.8
T events charge (10 ® electrons)
3 10.0 4
° FIG. 8. Pulse height spectrum from the>20 xm? device illuminated with
1.0 i a Fe source(Vye=0.2 mV, T=300 mK, B=8mT). The insert is a
0.1 zoom-in on the double set &fa-KB peaks at the high pulse height end of
o 1 5 3 4 5 the spectrum.

charge (adc# *1000)

FIG. 7. Pulse height spectra at=300 nm (V};,s=0.25 mV, T=300 mK, b ; ; : ;
i een given in the current experiments. For practical astro-
B=8 mT) for the 20 20 um? device at detected event rates(af 200 cts/s 9 P P

and (b) 3600 cts/s. nomical applications of such a device this processing time
would need to be significantly reduced.

trode is affected significantly by spatial nonuniformities, B. X-ray experiments
whereas the base electrode shows an almost theoretical be-
havior. This is probably related to the very different quasi-1. Responsivity and energy linearity

particle diffusion properties in the two films. An approximate X-ray specira have been acquired with the same 20

estimate of the contribution from the spatial honuniformity %20 wm? and 50<50 um? devices used for the optical ex-

factor « to the energy resolution of the base and top elec- . .
trode are a=0.015eV/eV anda=0.042 eV/eV, respec- periments. Figure 8 shows a charge output spectrum from the

tively 20X 20 um? device, illuminated by aFe source. It shows a
' large number of low pulse height events attributed to photons

which are absorbed in the sapphire substrate, where their
energy is converted into phonons, which, in their turn, can
diffuse into the STJ's base electrode and break Cooper pairs

The system’s capability to deal with high event rates hasnto quasiparticled?> These are subsequently detected by
been tested by varying the photon flux incident on the STJdheir tunnel processes across the barrier. The substrate events
and monitoring the quality of the single photon pulse heightare the majority of the events: onk4% of the photons
spectra ah =300 nm. Figures (& and 7b) shows the spec- incident on the area of a STJ are actually absorbed in the
tra at event rates of 200 and 3600 detected photons/s, respestperconducting films of the detector. The latter are the
tively. Degradation of the spectra at high event rates occursvents of interest and they are represented by the double set
through the pile-up of events. Due to the bipolar shapingof K, andK; peaks at the highest pulse heights. Each set
circuit, the measured pulse height for two coincident eventgorresponds to absorptions in either the top or the base nio-
can range from less than the amplitude of a single event tbium electrode. The difference in charge output for the two
up to twice that amplitude. The double pulse height eventelectrodes is-2%. The spectra show no clear indication for
are clearly recognized as a second peak in the high countraévents related to absorptions in the aluminum films. The cal-
spectrum of Fig. (), whereas the lower pulse height eventsculated fraction of events absorbed in the aluminum is
are seen as extensions of the tails of the main peak and an10% of the total number of events absorbed in the 8TJ.
elevation of the low pulse height floor in the spectrum. Atan  The variation with bias voltage of the charge output for
event rate of 3600 cts/s, about 10% of the detected events atlee K, peak with the highest pulse height in the 50
such pile-up events. The degradation in energy resolutiorx 50 um? device is shown in Fig. @). Maximum charge
(measured as FWHM of the main peak in the specirahan  output occurs aV,,;,¢~0.20 mV for both device sizes and
event rate of 3600 cts/s is, however, less then 10%, and themounts to 2.8 10° electrons for the 5850 um? device
variation in pulse height of the single photon peak is withinand to 0.85 10° electrons for the 28 20 um? device. This
+1%. It must be stressed that this pile-up effect is simplyis a rather different behavior from that observed at optical
due to the relatively long event processing time of the elecwavelengths(see Fig. 4. The measured charge output is
tronics, rather than the duration of the signal pulse from thebout two orders of magnitude higher than measured from
STJ, which is estimated to have a decay time of ordgs2  similar devices with thin(5 nm) Al trapping layers® The
No attention to minimizing the electronics process time hagorresponding responsivities are 3.90* and 1.4<10*

3. Count rate capability
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FIG. 10. A 6 keV photon x-ray pulse from the 8&0 um? device (at
Vyias=0.2 mV, T=300 mK, B=8 mT), as measured at the output of a pre-
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o
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=

w
T

risetime J1.02 amplifier with aRC time of 0.5 us. The measured pulse shape is clearly
different from a single exponential decdgtashed curve indicative of a
0 . 1.00 nonlinear energy response.
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FIG. 9. The maximum MrKa charge outputa), decay time and energy It{) N thg x-ray rgsponse m.ak:as the .dlscrepancy with thi
nonlinearity (b) against bias voltage for the (0um? device (T observed responsivity at optical energies even more remark-
=300 mK, B=8 mT). able.

2. Energy resolution

The best signal-to-noise ratio is found for the electrode

electrons/eV, which exceeds the responsivities at optical'ith the largest pulse height for both devices and corre-

— 2 H
photon energiegsee Fig. 4 by a factor of 11 and of 5, SPOnds toAQ/Q=0.0068 for thze 2620 um* device and
respectively. AQ/Q=0.011 for the 5& 50 um* device. The correspond-

The observed rise time of the pulses from the chargé”g widths of the electronic pulser at the same pulse height

sensitive preamplifier, corresponding to the decay time of th&"€ 0-0022 and 0.0033, respectively. After correction for the
current pulse from the STJ, also depends strongly on the bidionlinearity of the local energy scale, the measured energy
voltage and ranges from 3—1 for the 20x 20 wm? device resolutlozns are~150 eV and2~ 14Q eV(FWHM_) for th(_a ZQ_
and from 4—2Qus for the 50< 50 wm? device[see Fig. &)]. X 20 um* and the 5 50 um dewce,_ respelctlve.ly.. S|gn|f|.-
Again, there is a large discrepancy with the rise times in thé:a_mtly _better results havczagbeen obtained with sn‘mlar devices
optical experimentgsee Sec. IVAL The strong depen- with thin (5 nm) Al layers: " Note that an extrapolation of the

dence on bias voltage of the pulse decay time is rather Supjeasured energy resolution for the base electrode of the 20

2 . . .. .
prising since this decay time reflects the quasiparticle Iife.>< 20 um” device in the visible/uv wavelength region would

time in the detector. Mearst al.” have observed the same !mply AE~210 gV(FWHM) atE=5895 eV, approximately
phenomenon in STJs of the same type, and have interpretéri'i agreement with the observed 150 eV.
this as the result of a thermoelectric feedback mechanism.
In most spectra, the relative separationkof and K4
peaks is far less than the corresponding difference in photon High quality niobium based STJs with Al trapping
energy €xg/Ex,=1.101). The ratio of measured charge layers have been demonstrated as single photon detectors
outputs Qk z/Qk, is 1.02 for the 220 um? device and in the uv-NIR wavelength regior(\ =200—1000 nm,E
1.045 for the 5 50 wm? device(at Vpiae=0.20 m\). More-  =1.2—6.2 eV, and at x-ray energieE=5.9 keV).
over, this nonlinearity in the energy response is strongly de- At uv-NIR photon energies, the best signal-to-noise ratio
pendent on bias voltage, as is shown in Fih)9Figure 10 is obtained with a 2820um? device, operated afl
shows a pulse frm a 6 keV x-ray photon from the 50 =0.30 K. The lower energy limit for single photon detection
X 50 um? device, measured at the output of a dedicated prewith this device is 1.17 eV N=1060 nm), determined by
amplifier with aR C time constant of 0.5us. The rising edge noise of the remote room temperature electronics. The ob-
of the pulse is dominated by thi®C time, whereas the decay served signal amplitudes at these wavelengths correspond to
of the pulse reflects the decay of the current pulse from than average of 4-5 tunnel processes per quasiparticle. The
STJ. Clearly, the decay cannot be described by a single exesponse of the device is also linear with photon energy to
ponential(represented by the dashed cyrvehe initial fast  within the measurement accuracy of a few percent. The mea-
decay is explained by the rapid self-recombination of quasisured energy resolutiofFWHM) at low photon energy
particles when their density is high. As this density reducesanges from 0.55—-0.70 eV for the base electrode, and from
due to losses, the recombination slows down until the totaD.60—0.95 eV for the top electrode, with an electronic noise
decay rate is dominated by the excess loss mechari@mh  contribution of 0.55 eV. The devices capability to deal with
as quasiparticle trapping at the edgé&his severe nonlinear- reasonably high photon fluxes has been demonstrated for

V. CONCLUSIONS
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