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Single photon detection at visible and x-ray wavelengths
with Nb–Al superconducting tunnel junctions
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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 of 1mm. The response in the ultraviolet to near-infrared
region is characterized by a good energy linearity (,2.5%), a capability to handle event rates up
to ;3 kHz, and moderate energy resolving power~E/DE'7 for E54 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 of;140 eV, full width at half
maximum. © 1998 American Institute of Physics.@S0021-8979~98!04010-9#
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I. INTRODUCTION

Superconducting tunnel junctions~STJs! have been ex-
tensively studied in the last decade in pursuit of the predic
excellent energy resolving power at x-ray photon energi1

The high energy resolution, compared to semiconductor
gas-based detectors, arises from the much lower energy
essary to generate free-charge carriers. In the case of a
perconductor, these free charge carriers~quasiparticles! are
produced by the breaking of Cooper pairs, which typica
requires an energy of the order of; meV. For a widely used
superconducting material such as Nb, it has been calcul
that the number of quasiparticles produced by the absorp
of a photon with energyE is given as

N0~E!5
E

e
6AF

e
F. ~1!

Heree;1.7D ~with D the band gap of the superconductor! is
the average energy required to generate one quasiparticle
F50.22 is the Fano factor.2,3 The quasiparticles can be de
tected through tunneling, by means of a number of differ
tunnel processes across the thin insulating barrier of a S
The amplitude of the signal pulse measured after the abs
tion of a photon will, in a first approximation, be propo
tional to the number of generated quasiparticles and, thu
the energy of the photon. If each quasiparticle would indu
exactly one tunnel process, the limiting energy resolut
@full width at half maximum~FWHM!# for a 6 keV x-ray
photon would be;4 eV. In most practical applications
however, the probabilitiesP1 and P2 for a tunnel process
from the electrode where the photon absorption took pl

a!Electronic mail: pverhoev@astro.estec.esa.nl
6110021-8979/98/83(11)/6118/8/$15.00
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~1! to the opposite electrode~2!, and vice versa, will be less
than unity. These probabilities are dependent on the rates
tunneling across the barrier (G tun) and the rates for loss o
quasiparticles from the electrode (G loss) by mechanisms
other than by tunneling, such as recombination, trapping
lower band gap regions or diffusion into the connecti
leads. The probability for tunneling from electrodei can be
written as

Pi5
G tun,i

G tun,i1G loss,i
. ~2!

Thus, the number of detected quasiparticlesN(E) will be,4

N~E!5^n&FN0~E!6AE

e
~F1G!G ~3a!

with ^n& the average number of tunnel processes per qu
particle given by

^n&5
P1~11P2!

~12P1P2!
~3b!

and the tunnel noise factorG given by

G5
P12P1

213P1P21P1
2P2

~P11P1P2!2 . ~3c!

Typically, the energy resolution of a niobium based STJ w
be dependent on statistical fluctuations inN0(E) andn, and
be of order;10– 15 eV for 6 keV x rays. Further degrad
tion of the energy resolution can be envisaged due to sp
nonuniformities in the response of the detector and to e
tronic noise. For a symmetrical device5,4 (Pi5Pj ), G51
11/̂ n& and the measured energy resolution can be appr
mated by
8 © 1998 American Institute of Physics
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DE52.355AeE~F111G!1~aE!21~selectr.!
2, ~4!

where a is a device dependent constant~in eV per eV of
photon energy! quantifying the resolution degradation du
spatial nonuniformity in the response,6 andselectr is the elec-
tronic noise contribution. While several groups ha
achieved energy resolutions better than 100 eV FWHM
5.89 keV, the best results reported to date are 29 eV
Mearset al.,7 for a Nb-based device with 200 nm thick A
trapping layers, and 27 eV by Hettlet al.,8 for an Al device.

A second attractive prospect of superconducting de
tors lies in their application as photon counting detect
with a moderate intrinsic energy resolving power for ultr
violet ~uv! and visible light. These properties, in combinati
with a relatively high detection efficiency, make the STJ
important new type of detector for uv/optical applications
astronomy.9–12 At a typical photon energy of 3 eV (l
'410 nm), the expected tunnel noise limited energy reso
tion of a niobium based device will be;0.3 eV ~FWHM!.
The use of materials with lower band gap would have e
better prospects, albeit at the cost of a lower opera
temperature.11,12 Spatial nonuniformities in the detector’s re
sponse will be relatively less important, since their contrib
tions to the energy resolution are proportional to the pho
energy. For example, spatial nonuniformities giving rise
DE'100 eV atE56 keV, would have a completely negl
gible effect on the energy resolution atE53 eV. The crucial
parameter for the detection of low energy photons is
signal-to-noise ratio. The signal can be enhanced by a
resistivity tunnel barrier and by the application of quasip
ticle trapping layers,13 which confine the quasiparticles clos
to the tunnel barrier. This will enhance the tunnel probabi
and keep the quasiparticles away from some potential
sites, such as the oxide coated top surface. Low noise op
tion requires a high quality tunnel barrier with low leaka
current density. Since both the signal as well as the e
tronic noise depend on the dimensions of the device, th
can be optimised for maximum signal-to-noise ratio. No
the signal depends in part on the electrode volume du
quasiparticle loss at the edges and quasiparticle s
recombination, while the noise is a function of device c
pacitance and subgap current, which depend on the ba
area.

In this work we describe photon counting experime
with niobium-based STJs with Al trapping layers which a
optimized for low energy photon detection. Preliminary da
on the x-ray performance14 and on the uv/optica
performance10,15,16 of these devices have been reported
previous papers. In the present article new measuremen
the single photon counting capabilities of the same detec
in the uv to near infrared~NIR! wavelength range are pre
sented and a comparison with the detectors response at
wavelengths is made.

II. DESCRIPTION OF THE STJs

The STJs used for this work have been fabricated
Oxford Instruments Scientific Research Division~Cam-
bridge, UK!. The detector chip carries eight STJs: four
320mm2 and four 50350mm2 sized devices. They ar
Downloaded 09 Jun 2005 to 192.171.1.126. Redistribution subject to AIP
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Nb–Al–aluminum oxide–Al–Nb multilayers deposited o
polished sapphire substrates. Figure 1 shows a Nomarsk
croscope image of one of the 50350mm2 devices on the
chip. The width of the leads is 3mm. The base and top
electrodes of the devices have identical layer thicknes
100 nm of niobium and 120 nm of aluminum. The base fi
niobium is epitaxial, with a residual resistance ratio of;70,
whereas the top electrode is polycrystalline. The alumin
oxide barrier has an estimated thickness of,1 nm and a
resistance of;2.231026 V cm2. The band gap of the de
vices at the barrier, as derived from the current–volta
(I –V) curves and assuming equal gaps in top and base e
trode, is 0.44 mV. In spite of the very high electron tran
missivity, the junctions show low leakage currents. This
illustrated in Figs. 2~a! and 2~b!, which show theI –V char-
acteristic atT50.3 K and the measured subgap current d
sities in the temperature range 0.3–1.1 K for a 20320mm2

device, respectively. The solid line in Fig. 2~b! is the calcu-
lated subgap current density for a Bardeen–Coop
Schrieffer ~BCS!-like temperature dependence using t
above mentioned band gap and barrier resistance. The m
sured current density atT50.3 K could vary between differ-
ent cooling cycles, indicative of different degrees of trappi
of magnetic flux. From the lowest measured current den
~which was similar for the best 20320 and 50350mm2 mi-
cron devices! it is concluded that the real leakage curre
density ~as opposed to excess current induced by trap
flux! can only be established atT,0.3 K. This leakage
current density is of the same order of magnitu
(<0.1 pA/mm2) as in similar niobium-based devices wit
thin ~5 nm! Al layers. For the purpose of single photo
counting in the visible wavelength range, where the sign
from the STJ are small, a low subgap current at the bias p
is essential for low noise performance. The measured sub
current I sg and dynamical resistanceRd of the 20320mm2

device at a typical bias voltageVbias50.20 mV and under the
most favorable conditions~T50.3 K and minimal flux trap-
ping problems! were I sg5100 pA andRd'1 MV. Any de-
viation from these conditions resulted in increased noise

The characteristic times for trapping of quasipartic
from Nb into the trap formed by the proximised Nb and t
Al, as well as the characteristic times for excitation from t
trap and for tunneling from the trap across the barrier h
been estimated previously,14 using the work of Golubov
et al.17 on the proximity effect in dirty superconductors.

FIG. 1. Nomarski microscope photograph of a 50350mm2 STJ.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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6120 J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Verhoeve et al.
was found that the trapping timet tr,1 ns, whereas the ex
citation time is on the microsecond time scale. Furthermo
in experiments on similar devices6 with thin Al layers a typi-
cal quasiparticle loss time of the order 1ms is derived.
Therefore, as an approximation it is assumed that all qu
particles initially created by photon absorption in the N
layers are instantaneously collected in the trapping regio
Subsequently, tunnel and loss processes begin. The tu
time, calculated from the approximation given by de Ko
et al.18 and taking into account that the trapping layer e
tends significantly into the Nb,19 is estimated as
t tun'0.31ms from

t tun54e2RnA@NAl~0!dAl1NNb~0!dNb
trap#

3A~D1Vbias!
22D2

~D1Vbias!
2 . ~5!

Here,Rn is the normal resistance,A is the area of the junc
tion, NNb(0) and NAl(0) are the normal state single sp
densities of state of Nb and Al,dNb

trap anddAl are the effective
confinement lengths in the proximised Nb (;12 nm) and the
thickness of the Al layer, respectively, andVbias is the ap-
plied bias voltage~typically 0.2 mV!. A lower limit for
t tun'0.21ms is found if only the Al thickness is taken as th
confinement length. Note that the proximity model used h
does not strictly apply in case of the clean epitaxial base
Nb and the relatively thick Al layers.

During their relaxation from the gap energy in the bu
Nb (DNb

bulk'1.5 meV) to the gap energy in the trapping regi

FIG. 2. ~a! Part of theI –V characteristic for the 20320mm2 device atT
5300 mK andB58 mT. The structure around zero voltage is the inco
pletely suppressed Josephson current. The arrows indicate the scanni
rection. ~b! Measured subgap current density~at Vbias50.10 mV! against
temperature for the 20320mm2 device. The solid line is the calculate
current density without leakage current.
Downloaded 09 Jun 2005 to 192.171.1.126. Redistribution subject to AIP
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trap50.44 meV) the quasiparticles will emit phonons

~just! sufficient energy (Erelaxation'1 meV) to break one ad
ditional Cooper pair in the trap. Taking into account phon
losses from the trap, an effective quasiparticle multiplicat
factor of;2 has been estimated.14 Thus, the aluminum trap-
ping layers have a threefold effect on the responsivity of
detectors. First, the quasiparticles are confined in a nar
region close to the barrier, which enhances the tunnel r
Second, the quasiparticles are kept away from the top e
trodes top surface, which has been found to act as a qu
particle sink.20 Third, in the process of relaxation to the ga
energy in the trap, the original number of quasiparticles
amplified by a factor of;2.

III. EXPERIMENTAL CONFIGURATION

All experiments in the present work have been p
formed in a 3He cryostat with a base temperature
;300 mK. A superconducting magnet provides the magn
field required to suppress the STJ’s Josephson current
Fiske steps. The typical field strength used in the pres
experiments was of the order of 8 mT.

The light source in the uv and optical experiments wa
xenon lamp in combination with a grating monochroma
with adjustable entrance slit. An additional filter was used
suppression of light in higher orders of the monochroma
was required. A uv-grade silica fiber was used to couple
light into the inner vacuum chamber of the cryostat and o
the detector. The available wavelength range is 200–1
nm ~corresponding to the energy range 1.17–6.2 eV! and is
limited at the short wavelength side by the transmission
the fiber and at the long wavelength side by the rotation
the grating. The end of the fiber was at a distance of 0.5
mm from the detectors surface, thus illuminating all STJs
the chip more or less uniformly. For practical reasons,
angle of incidence with respect to the plane of the detec
was;30°. The optical constants of niobium in the availab
wavelength range21 guarantee complete absorption of the i
cident light within the 100 nm thickness of Nb of either th
base or the top electrode of the STJs. Furthermore,
sapphire substrate is transparent between 200 and 1000
Thus, the top and base electrode of the STJs can be st
lated selectively by illuminating the front or the back side
the detector chip, respectively. The photon flux incident o
STJ is adjustable with the entrance slit of the monoch
mator. In order to allow for photon counting the photon flu
is generally maintained at below 1000 detected photons/s
that the mean arrival time between photons is far longer t
the event processing time of the electronics or the sig
pulse duration. This can only be achieved with the entra
slit of the monochromator almost closed, which has the
ditional advantage of reducing the input bandwidth to a n
ligible value in this experiment (!5 nm). However, at
monochromator settings ofl,300 nm, some broad ban
false light ~with l.500 nm! is found in the output of the
monochromator.

The source in the x-ray experiments is a radioactive55Fe
sample emitting the MnKa (E55895 eV) andKb (E
56490 eV) line complexes. This source illuminates the ST

di-
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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6121J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Verhoeve et al.
uniformly at the front side and its intensity is chosen su
that typically a few hundred photons/s are detected. N
that, contrary to the uv/optical experiments, 6 keV x-ray ph
tons are absorbed equally in the top and the base elect
(;2%), aswell as in the sapphire substrate beneath the
(;96%).

The electronics chain used to read out the STJs con
of a charge sensitive preamplifier at;1 m from the STJ, and
a shaping stage, both at room temperature. Different e
tronics chains are used for the optical and x-ray experime
tuned ~so as to maximize the signal-to-noise ratio! to the
different magnitudes of the current pulses from the detec
The limiting noise levels of the electronics with open inp
correspond to;400 and;63104 electrons rms, for the op
tical and x-ray experiments, respectively. Pulses from
electronic pulser can be fed into the electronics. The to
electronic noise of the combination of STJ and electron
can be measured as the width of the pulse height distribu
from this electronic pulser. The electronics chain is optica
coupled to a PC. For each detected photon the charge ou
which corresponds to the total number of tunneled electr
N(E) as a result of the absorption of one photon, and the
time of the charge pulse, which corresponds to the de
time of the current pulse from the STJ, are stored on the
The time required to detect and process one event amoun
;160ms, and is governed by the bipolar filtering circuit
the pulse shaping stage. While the photon arrival time can
determined to below 10ms, the current electronics proces
ing time constrains the maximum photon input rate.

IV. RESULTS

A. Ultraviolet and visible light experiments

1. Responsivity and energy linearity

The uv and visible light experiments have concentra
on the 20320mm2 device, which proved to give the be
results. Only limited data is available for the 50350mm2

device. Single photon pulse height spectra in the wavelen
rangel5200– 1000 nm were acquired in front as well
back illumination. Examples of spectra in back illuminatio
mode atl5250, 500, and 1000 nm are shown in Fig. 3. T
responsivity~in electrons per eV of photon energy! and the
total electronic noise have been measured as a functio
operating temperature and bias voltage across the ST
order to determine the optimum operating conditions. F
ures 4~a! and 4~b! show the measured responsivity~in back
illumination mode! of the 20320 mm2 device and the 50
350mm2 device, respectively, as a function of bias volta
for different temperatures. Measurements at higher temp
tures or higher bias voltages were prohibited by exces
noise. Within the accuracy of the measurements, the res
sivity of the top electrode~as measured in front illumination!
and the base electrode were found to be the same. The
ditions for optimum signal-to-noise ratio for the 2
320mm2 were: Vbias50.25 mV andT5300– 330 mK. In
these conditions, the measured responsivity of the
320mm2 device is ;3000 electrons/eV and the noise
;700 electrons rms. The optimum conditions for the
350mm2 device were Vbias50.20 mV and T5300 mK,
Downloaded 09 Jun 2005 to 192.171.1.126. Redistribution subject to AIP
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yielding a responsivity of;3600 electrons/eV and a noise o
;1200 electrons rms. The measured rise times are of
order of 1.5–2ms for both devices. Assuming that all initia
quasiparticles are trapped into the proximised Nb and
layers and that a quasiparticle multiplication factor of 2
achieved during the energy relaxation,14 the average numbe
of tunnel processes per quasiparticle in the trap amount
;4 for the 20320mm2 device and ;5 for the 50
350mm2 device. If the minimum photon energy detectab
in a photon counting experiment is defined as equivalen
5snoise, the maximum detectable wavelengths arel
51060 nm andl5740 nm for the 20320 and the 50
350mm2 device, respectively.

The strong dependence of the responsivity of the
320mm2 device on temperature is remarkable. In the
350mm2 device this dependence was less pronounc
;3% increase in responsivity forT5300→330 mK, com-
pared to;15% for the 20320mm2 device. This tempera-
ture dependence of the responsivity can be interpreted

FIG. 3. Pulse height spectra at~a! l5250 nm, ~b! l5500 nm, and~c! l
51000 nm from the 20320mm2 device in back illumination mode. The
experimental conditions were:T5300 mK, Vbias50.25 mV, andB58 mT.
The second peak in the 1000 nm spectrum originates from incomplete
pression ofl5500 nm photons from the second order of the monoch
mator.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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temperature dependence of the excess loss rates for qua
ticles. Excess loss processes of quasiparticles are under
to be loss processes through mechanisms other than th
avoidable thermal and self-recombination of quasipartic
such as trapping and loss in regions of reduced energy
for example at the edges of the devices. At elevated temp
tures such trapping processes would be counteracted
higher excitation rate out of the trapping region. This is su
ported by the smaller temperature effect in the larger dev
for which the losses at the edges are a less dominant eff20

and, hence, also the responsivity is higher.
Figure 5 shows the measured peak positions~obtained

from least squares fits to a Gaussian! as a function of photon
energy ~E56.2– 1.4 eV, l5200– 900 nm! for the 20
320 mm2 device in back-illumination mode. During th
measurements, three reference measurements atl5300 nm
were taken, from which a drift in the measured chargeQ of
1.3% over the complete set is derived. The data in Fig
have been corrected for this drift. A least squares fit of
data to a linear relation between charge and energy yie
an electronic offset of2430 electrons and a responsivity
2980 electrons/eV. This fit is represented by the solid line
Fig. 5. The deviations from linearity are within 2.5%, ind
cating a good energy linearity of the detector in this wa
length range.

2. Energy resolution

The energy resolution of the detector has been de
mined by fitting Gaussians to the single photon peaks in
spectra. The obtained FWHM energy resolutions~in eV! are
plotted as a function of photon energy in Figs. 6~a! and 6~b!
for back and front illumination modes of the 20320mm2

device, respectively. The measured resolutionsDEm , are

FIG. 4. The responsivity~as measured from single photon pulse heig
spectra atl5470 nm! as function of bias voltage for:~a! the 20320mm2

and~b! the 50350mm2 at different temperatures. Note how the responsiv
increases with increasing device temperature.
Downloaded 09 Jun 2005 to 192.171.1.126. Redistribution subject to AIP
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0.55–0.70 eV for the base electrode and 0.60–0.95 eV
the top electrode. The electronic noise contribution to
energy resolution isDEelectr50.50–0.55 eV in all measure
ments. Also indicated is the device-limited energy resolut
DEc , obtained from (DEc)

25(DEm)22(DEelectr)
2. The

device-limited resolution as derived from the experimen
data has been compared to the theoretical resolution f
symmetrical STJ calculated from Eq.~4! with ^n&54, a
50 and selectr50, is also shown in Figs. 6~a! and 6~b!.
Clearly, the device-limited energy resolution of the top ele

FIG. 5. Measured single photon charge output~d! as a function of photon
energy for the 20320mm2 device atVbias50.25 mV andT5300 mK. The
solid line is a best fit of the data to a linear relation between energy
charge output. The residuals of the fit~observed-calculated! are also indi-
cated~n!.

FIG. 6. The measured FWHM energy resolution~d! as a function of photon
energy for~a! the base electrode and~b! the top electrode. Also indicated i
the derived device-limited energy resolution~L!. The solid and dashed line
are the predicted device limited resolution without and with a contribut
from spatial nonuniformities in the response, respectively.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp



s
l
si
te
ity
ec
-

a
T

gh
-
p
u

in
n
t
n
tr
ts

d
an
s
tio

t
in

pl
ec
th

a

tro-
me

20
-
the

ons
heir
an
airs
by
vents

the
the
e set
set
nio-
wo
or
al-
is

J.
or
0

d

cal
is
om

f

6123J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Verhoeve et al.
trode is affected significantly by spatial nonuniformitie
whereas the base electrode shows an almost theoretica
havior. This is probably related to the very different qua
particle diffusion properties in the two films. An approxima
estimate of the contribution from the spatial nonuniform
factor a to the energy resolution of the base and top el
trode are a50.015 eV/eV anda50.042 eV/eV, respec
tively.

3. Count rate capability

The system’s capability to deal with high event rates h
been tested by varying the photon flux incident on the S
and monitoring the quality of the single photon pulse hei
spectra atl5300 nm. Figures 7~a! and 7~b! shows the spec
tra at event rates of 200 and 3600 detected photons/s, res
tively. Degradation of the spectra at high event rates occ
through the pile-up of events. Due to the bipolar shap
circuit, the measured pulse height for two coincident eve
can range from less than the amplitude of a single even
up to twice that amplitude. The double pulse height eve
are clearly recognized as a second peak in the high coun
spectrum of Fig. 7~b!, whereas the lower pulse height even
are seen as extensions of the tails of the main peak an
elevation of the low pulse height floor in the spectrum. At
event rate of 3600 cts/s, about 10% of the detected event
such pile-up events. The degradation in energy resolu
~measured as FWHM of the main peak in the spectrum! at an
event rate of 3600 cts/s is, however, less then 10%, and
variation in pulse height of the single photon peak is with
61%. It must be stressed that this pile-up effect is sim
due to the relatively long event processing time of the el
tronics, rather than the duration of the signal pulse from
STJ, which is estimated to have a decay time of order 2ms.
No attention to minimizing the electronics process time h

FIG. 7. Pulse height spectra atl5300 nm ~Vbias50.25 mV, T5300 mK,
B58 mT! for the 20320mm2 device at detected event rates of~a! 200 cts/s
and ~b! 3600 cts/s.
Downloaded 09 Jun 2005 to 192.171.1.126. Redistribution subject to AIP
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been given in the current experiments. For practical as
nomical applications of such a device this processing ti
would need to be significantly reduced.

B. X-ray experiments

1. Responsivity and energy linearity

X-ray spectra have been acquired with the same
320mm2 and 50350mm2 devices used for the optical ex
periments. Figure 8 shows a charge output spectrum from
20320mm2 device, illuminated by a55Fe source. It shows a
large number of low pulse height events attributed to phot
which are absorbed in the sapphire substrate, where t
energy is converted into phonons, which, in their turn, c
diffuse into the STJ’s base electrode and break Cooper p
into quasiparticles.22 These are subsequently detected
their tunnel processes across the barrier. The substrate e
are the majority of the events: only;4% of the photons
incident on the area of a STJ are actually absorbed in
superconducting films of the detector. The latter are
events of interest and they are represented by the doubl
of Ka and Kb peaks at the highest pulse heights. Each
corresponds to absorptions in either the top or the base
bium electrode. The difference in charge output for the t
electrodes is;2%. The spectra show no clear indication f
events related to absorptions in the aluminum films. The c
culated fraction of events absorbed in the aluminum
;10% of the total number of events absorbed in the ST21

The variation with bias voltage of the charge output f
the Ka peak with the highest pulse height in the 5
350mm2 device is shown in Fig. 9~a!. Maximum charge
output occurs atVbias'0.20 mV for both device sizes an
amounts to 2.33108 electrons for the 50350mm2 device
and to 0.853108 electrons for the 20320mm2 device. This
is a rather different behavior from that observed at opti
wavelengths~see Fig. 4!. The measured charge output
about two orders of magnitude higher than measured fr
similar devices with thin~5 nm! Al trapping layers.23 The
corresponding responsivities are 3.93104 and 1.43104

FIG. 8. Pulse height spectrum from the 20320mm2 device illuminated with
a 55Fe source~Vbias50.2 mV, T5300 mK, B58 mT!. The insert is a
zoom-in on the double set ofKa-Kb peaks at the high pulse height end o
the spectrum.
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electrons/eV, which exceeds the responsivities at opt
photon energies~see Fig. 4! by a factor of 11 and of 5,
respectively.

The observed rise time of the pulses from the cha
sensitive preamplifier, corresponding to the decay time of
current pulse from the STJ, also depends strongly on the
voltage and ranges from 3–12ms for the 20320mm2 device
and from 4–20ms for the 50350mm2 device@see Fig. 9~b!#.
Again, there is a large discrepancy with the rise times in
optical experiments~see Sec. IV A 1!. The strong depen
dence on bias voltage of the pulse decay time is rather
prising since this decay time reflects the quasiparticle
time in the detector. Mearset al.7 have observed the sam
phenomenon in STJs of the same type, and have interpr
this as the result of a thermoelectric feedback mechanis

In most spectra, the relative separation ofKa and Kb

peaks is far less than the corresponding difference in pho
energy (EKb /EKa51.101). The ratio of measured charg
outputsQKb /QKa is 1.02 for the 20320mm2 device and
1.045 for the 50350mm2 device~at Vbias50.20 mV!. More-
over, this nonlinearity in the energy response is strongly
pendent on bias voltage, as is shown in Fig. 9~b!. Figure 10
shows a pulse from a 6 keV x-ray photon from the 50
350mm2 device, measured at the output of a dedicated p
amplifier with aRC time constant of 0.5ms. The rising edge
of the pulse is dominated by thisRC time, whereas the deca
of the pulse reflects the decay of the current pulse from
STJ. Clearly, the decay cannot be described by a single
ponential~represented by the dashed curve!. The initial fast
decay is explained by the rapid self-recombination of qua
particles when their density is high. As this density redu
due to losses, the recombination slows down until the to
decay rate is dominated by the excess loss mechanisms~such
as quasiparticle trapping at the edges!. This severe nonlinear

FIG. 9. The maximum Mn-Ka charge output~a!, decay time and energy
nonlinearity ~b! against bias voltage for the 50350 mm2 device ~T
5300 mK, B58 mT!.
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ity in the x-ray response makes the discrepancy with
observed responsivity at optical energies even more rem
able.

2. Energy resolution

The best signal-to-noise ratio is found for the electro
with the largest pulse height for both devices and cor
sponds toDQ/Q50.0068 for the 20320mm2 device and
DQ/Q50.011 for the 50350mm2 device. The correspond
ing widths of the electronic pulser at the same pulse he
are 0.0022 and 0.0033, respectively. After correction for
nonlinearity of the local energy scale, the measured ene
resolutions are;150 eV and;140 eV ~FWHM! for the 20
320mm2 and the 50350mm2 device, respectively. Signifi-
cantly better results have been obtained with similar devi
with thin ~5 nm! Al layers.23 Note that an extrapolation of th
measured energy resolution for the base electrode of the
320mm2 device in the visible/uv wavelength region wou
imply DE'210 eV~FWHM! at E55895 eV, approximately
in agreement with the observed 150 eV.

V. CONCLUSIONS

High quality niobium based STJs with Al trappin
layers have been demonstrated as single photon dete
in the uv-NIR wavelength region~l5200– 1000 nm,E
51.2– 6.2 eV!, and at x-ray energies (E55.9 keV).

At uv-NIR photon energies, the best signal-to-noise ra
is obtained with a 20320mm2 device, operated atT
50.30 K. The lower energy limit for single photon detectio
with this device is 1.17 eV (l51060 nm), determined by
noise of the remote room temperature electronics. The
served signal amplitudes at these wavelengths correspon
an average of 4–5 tunnel processes per quasiparticle.
response of the device is also linear with photon energy
within the measurement accuracy of a few percent. The m
sured energy resolution~FWHM! at low photon energy
ranges from 0.55–0.70 eV for the base electrode, and f
0.60–0.95 eV for the top electrode, with an electronic no
contribution of 0.55 eV. The devices capability to deal w
reasonably high photon fluxes has been demonstrated

FIG. 10. A 6 keV photon x-ray pulse from the 50350mm2 device ~at
Vbias50.2 mV, T5300 mK, B58 mT!, as measured at the output of a pr
amplifier with aRC time of 0.5 ms. The measured pulse shape is clea
different from a single exponential decay~dashed curve!, indicative of a
nonlinear energy response.
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event rates up to 3.5 kHz. No significant degradation of
pulse height spectra is observed, other than by pile-up
events due to the relatively long event processing time of
current nonoptimized electronics.

The devices responsivity~in detected charge per eV o
photon energy! at an x-ray energy of 5.9 keV was found
be 5–10 times higher than in the uv/NIR, with correspon
ingly longer pulse decay times. The x-ray responsivity a
shows a strong nonlinearity with photon energy, which
attributed to the loss of phonons, emitted in the se
recombination process of excess quasiparticles, from
trapping volume. The processes which can account for
large discrepancy between the response in x-ray and op
wavelengths are presently being investigated in a serie
experiments on devices with varying Al trapping lay
thicknesses24 as well as in experiments at intermediate ph
ton energies (E510– 100 eV).
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