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Quasiparticle diffusion and the energy resolution of superconducting tunneling junctions
as photon detectors. II. Experiment
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In a previous paper we presented an analytical iterative model to describe the spectral characteristics of a
superconducting tunnel junction~STJ! used as a photon detector, in terms of the spatial and temporal evolution
of the quasiparticle population in both electrodes. This model includes effects from quasiparticle recombina-
tion, multiple quasiparticle tunneling, phonon coupling between the electrodes, asymmetry between base and
counter electrode, losses at nonideal edges and diffusive losses into electrical connections, bridges, or localized
traps. Here we discuss two examples in which this model is applied to comprehensive experimental datasets
obtained with multiple STJ’s, and demonstrate how this model can be used to obtain a better understanding of
the factors that limit the energy resolution in STJ’s as photon detectors.
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I. INTRODUCTION

Although the measured energy resolution of superc
ducting tunnel junctions~STJ’s! used as photon detecto
approaches the theoretical limit at optical and UV energ
in the x-ray regime there remains a significant discrepan
the origin of which is not well understood. The best resu
are an intrinsic energy resolution for 6 keV photons of 29
for Nb/Al STJ’s,1 16 eV for Ta both in a single STJ with
collimated illumination,2 and a strip absorber,3 and 10 eV for
Al.4 However, these results are still at least a factor 2 ab
the resolution arising from statistical fluctuations in t
creation5 and tunneling of the quasiparticles,6,7 respectively,
10, 7, and 4 eV for the above materials.

In the previous paper8—hereafter paper I—we discusse
the possibility that a significant, additional contribution
x-ray linewidth may be due to inhomogeneous broaden
that is, to a dependence of the responsivity of an STJ on
position of the photoabsorption event. We presented an
lytical, iterative model of the response surface for an STJ
terms of the spatial and temporal evolution of the quasip
ticle population in the two~nonidentical! electrodes. The ef-
fects of all significant mechanisms for quasiparticle inter
tion and loss were included, notably, multiple tunnelin
recombination, phonon coupling, diffusive transport in
leads and bridges, and trapping at nonideal edges and lo
ized traps.

In the present paper we make a detailed, quantitative c
parison of the model with experimental results obtained fr
two different sets of STJ’s; the first a sequence of sin
STJ’s differing only in size, and the second a 333 array of
devices connected by bridges. Earlier indications that spa
inhomogeneity may influence STJ resolution have been
tained in a number of previous investigations, bo
theoretically9–13 and experimentally. In experiments usin
0163-1829/2002/66~9!/094511~14!/$20.00 66 0945
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low-temperature scanning electron microsco
~LTSEM!,14–16 and the recently developed low-temperatu
scanning synchrotron microscopy~LTSSM!,17 it was pos-
sible to observe directly the spatial variation of responsiv
From analysis of the responsivity of STJ arrays there ex
also experimental evidence that the actual loss sites w
dominate the spatial response of STJ’s are localized.3,16 In
particular, the positioning of lead connections have a ma
impact on the inhomogeneity of the response.

Because the model involves a considerable number of
put parameters, it is important to use datasets that are s
ciently comprehensive to provide useful restrictions on
input parameters. In this paper we discuss two such data
One was obtained for a set of five single STJ’s of differe
sizes~sample 1!, for which LTSEM data and spectral dat
obtained by illumination with an Fe55 source, are available
The second set of data was obtained with an array of 333
STJ’s~sample 2!, of which the base electrodes are connec
via small bridges. Spectral data was obtained at several
ergies, including theL and K lines of Cu and Fe targets
Simultaneous read outs of one STJ and its two neighb
allowed us to obtain detailed knowledge of the charge los
across the bridges~cross talk!. We demonstrate that bot
cases satisfy the requirements of the model for the lin
superposition of perturbations, and that almost all feature
these complicated datasets are accurately reproduced.

II. EXPERIMENT

A. Fabrication

The STJ’s used in our experiments were fabricated
Oxford Instruments, UK, and VTT Electronics, Finland,
part of an ongoing effort by ESA to develop imaging spe
troscopic detectors for astronomical purposes.18 The sand-
©2002 The American Physical Society11-1
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wiches of Nb/Al/AlOx /Al/Nb were magnetron sputtered o
a superpolished sapphire substrate in one run without br
ing the vacuum in the deposition chamber. Deposition c
ditions were selected such that the first Nb overlayer is e
taxial with the sapphire, and the first Al layer epitaxial wi
the Nb. Exposure of the first Al layer to a controlled amou
of oxygen creates the AlOx barrier, with a typical resistivity
of 2.560.5 mV cm2. The layers that are deposited on top
the barrier are polycrystalline. The manufacturing proces
of the STJ’s are modified versions of the SNE
technique.19,20 The main difference between the fabricatio
processes of sample 1~Oxford Instruments! and sample 2
~VTT! lies in the etching of the trilayer; where Oxford In
struments applies a wet etch technique, VTT uses a reac
ion etching technique.

The single STJ’s of sample 1 are part of a series o
devices with different sizes~10, 20, 50, and 100mm) and
different lead widths~1 and 3 mm), all deposited on the
same sapphire substrate. The Nb base electrode is 110
thick, monocrystalline epitaxial with the substrate, and ha
residual resistance ratio (RRR)5r293 K/r10 K5109. As the
diffusion constant scales proportional with the RRR, t
value suggests fast quasiparticle diffusion in the base fi
The first Al layer is 5-nm thick, and epitaxial with the N
base film. On top of the barrier is another 5-nm-thick layer
Al, polycrystalline, with an average grain diameter of 40 n
~estimated from TEM cross-sectional images!. The top Nb
electrode is 180 nm thick and polycrystalline. The top el
trode has an~estimated! RRR value of 4. Clearly, the diffu-
sion of quasiparticles in the top electrode will be consid
ably slower than in the base electrode. The average en
gap of the combined electrodes is 1.37 meV, which is 1
lower than the bulk Nb value due to the proximity effect
the Al layer.

Figure 1 shows a picture of the 333 array of STJ’s in
sample 2, including the numbering convention. As this ar
was mainly intended as a technology demonstrator, the

FIG. 1. Top view Nomarski microscope image of the 333 array
of Nb-based STJ’s~sample 2!, with a definition of the numbering
Note that the top electrode of the central pixel~No. 9! of the Nb
array is not connected. All other connections are intact.
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electrode of the central STJ~No. 9! was not connected an
the width of the remaining top lead connections and
number of bridges varies among the STJ’s. The top-film le
connections are 2mm wide for STJ’s 2, 3, 4, 5, and 1mm
wide for STJ’s 1, 6, 7, 8. The width of the base lead to S
1 is 2 mm, as is the nominal length and width of the bridg
connections between adjacent STJ’s. The odd numbe
STJ’s have 2 bridge connections to their neighbors and
even numbered STJ’s have three bridge connections.
base electrode of the STJ’s in the array consists again
monocrystalline Nb, epitaxial with the sapphire substra
and has dimensions 4434430.10 mm3. On top of the base
electrode lies a sandwich consisting of 10 nm Al, epitax
with the Nb, a barrier of;1.9 nm AlOx and another 10 nm
Al, which together with a Nb layer forms the polycrystallin
top electrode. The dimensions of the top electrode are
34030.25 mm3. As a consequence, the STJ has a ‘‘mes
structure, with the base electrode being slightly larger th
the top electrode. Hence there is a 2mm wide rim around
the base electrode from which quasiparticles cannot dire
tunnel into the top electrode~see also Fig. 1 in paper I!. Due
to the thicker Al layers, the energy gapD is lower than in the
previous case, 1.15–1.19 meV. Several RRR measurem
were performed to assess the quality of the films in the st
in detail. The full stack of layers had an RRR value of 2
Two separate depositions of single Nb layers have b
made under conditions and with thickness identical to th
of the the base and the top Nb depositions in the stack. Th
layers had RRR values of 61 and 12 for base and top
respectively. Assuming that the ratio of the RRR values
the Al layers in the base and top electrode is the same as
the Nb layers, and the resistances of the layers in the s
can be added as parallel resistors, we find for base and
electrode RRR values of 41 and 8, respectively.

B. Experimental conditions

All the spectral measurements are carried out in two c
ostats with base temperatures of about 1.25 K. A magn
field of typically 100 G, parallel with the barrier and at 45
with the sides of the electrode, is applied to suppress the
~and, as much as possible, the ac! Josephson current. A volt
age bias of typically 0.5 mV is applied to keep the STJ’s
the point where theS/N ratio is maximum. This point corre
sponds roughly to the maximum in the tunnel current, as
electronic noise is the dominating noise source here, but u
ally an offset is applied to stay clear from Fiske steps~see
Fig. 2!. The current pulses from the detectors are proces
on-line through a charge-sensitive preamplifier with lo
noise JFET input stages, followed by electronic shaping w
two bipolar semi-Gaussian filters into a fast~triggering!
channel and a slow channel that corresponds to the integr
charge. The information in the fast and slow channels
codes also the pulse duration. Pulses can be collected in
incidence for up to four channels. An electronic pulser
coupled in during the measurements to assess the noise
the detector environment~pick-up on cables, amplifier noise
IR background!.
1-2
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FIG. 2. ~a! Fe55 spectrum, including pulser
obtained with the 50mm single STJ~sample 1!
with 1 mm wide leads. The main spectral fea
tures are identified. Top and base film FWHM
energy resolutions are 353 and 127 eV, resp
tively. ~b! Current-voltage characteristic take
under the same circumstances, showing the s
gap current at a level of 5 nA, and the residual
and dc Josephson currents.
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C. Data

Our datasets generally consist of two parts. One part
responds to some representation of the response su
~charge output as a function of photon absorption positio!,
either in the form of a LTSEM scan, or in the form of spe
tral line profiles~or both!, while the other part consists o
measurements of the duration time of the charge pulse f
the STJ. Both parts are reproduced by the theory describe
paper I.

1. A series of single STJ’s

Fe55 spectra were obtained for four STJ’s in sample
with sizes of 10, 20, 50, and 100mm respectively, and
1 mm wide leads. Figure 2~a! shows an example of such
spectrum, including the pulser signal, which monitors
electronic noise. Additional LTSEM scans on the tw
50 mm STJ’s of sample 1~respectively, with 1- and
3-mm-wide leads! were carried out at the University of Tu¨b-
ingen. An overview of STJ properties and corresponding d
used in this paper is given in Table I.

Figure 2 provides examples of a typical Fe55 spectra, and
a corresponding current-voltage characteristic. An exam
of a LTSEM scan is shown in Fig. 3. It provides an accur
impression of the response surface for electrons absorbe
the top film. In particular the impact of the lead is clear
demonstrated. The image resolution is limited to 100 nm
to the necessity to apply a magnetic field for suppression
the Josephson current. STJ response signal inhomogen
larger than 3% can be detected. The base temperature o
integrated cryostat was 1.6 K, which is still an accepta
temperature for Nb STJ’s with thin Al layers. The scans w
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made with a beam energy of 5 keV to ensure only stimu
tion of the top film. A disadvantage of this technique is t
inability to stimulate the base film without evoking a r
sponse from the top film as well, which limits this techniq
to analysis of the top electrode. Although the processes
photon and electron absorption are physically different,
timescale on which the quasiparticle cloud is generated is
short compared to other characteristic timescales~tunnel
time, diffusive crossing time!,21 that no detectable differ-
ences are to be expected. In LTSEM the electron beam
normal to the electrode, while after irradiation with x rays
comparable energy~LTSSM!, the photoelectrons initially
move parallel to the film. However, we do not expect sign
cant differences in the production of nonequilibrium qua
particles in LTSEM and LTSSM because at 5 keV the ph
toelectron range in Nb is 120 nm, smaller than the thickn
of the top Nb film.

2. An array of coupled STJ’s

Sample 2 was characterized inside a portable cryosta
our soft x-ray beamline. X rays were generated with a Ma
son 5 source on a Cu target~Cu-L line, 930 eV!, and Trufo-
cus source tubes with Fe and Cu targets~Fe-K and Cu-K,
6395 and 8037 eV, respectively!. The dataset is summarize
in Table I.

In Fig. 4 a comparison is made between the spectral
tures for the 8 STJ’s that are connected. Figures 4~a! and 4~d!
imply that the charge output of both the base and top e
trodes depends strongly on the number of bridges conne
to the base films. Figure 4~c! indicates that per bridge
slightly less than 6% of the total number of quasipartic
icates

0
4

.5
TABLE I. Summary of properties and available datasets for STJ’s in both samples. An asterisk ind
LTSEM scans.

Sample 1 Sample 2

STJ 1 2 3a 3b 4 1 2 3 4 5 6 7 8
top film size (mm) 10 20 50 50 100 40 40 40 40 40 40 40 4
base film size (mm) 10 20 50 50 100 44 44 44 44 44 44 44 4
lead width (mm) 1 1 1 3 1 1 2 2 2 2 1 1 1
number of bridges 2 3 2 3 2 3 2 3
energy~keV! 5.9 5.9 5.9 5.9 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6
add. energy~keV! 5.0* 5.0* 0.93 0.93 0.93
add. energy~keV! 8.0 8.0 8.0
1-3
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ROLAND den HARTOGet al. PHYSICAL REVIEW B 66, 094511 ~2002!
that are detected through tunneling escape. For quasipart
created in the base film this fraction appears larger, alm
7% according to Fig. 4~f!, because here quasiparticles c
escape across the bridges before having tunneled. These
siparticles do not contribute to the measured charge outpu
the electrode, but do show up in the cross-talk signal. T
energy resolution, on the other hand, does not seem to
pend so much on the number of bridges as on the width
the top lead connection, as is apparent from Figs. 4~b! and
4~e!. On the other hand, the effect of lead width on t
charge output is less pronounced. Comparison of the ch
outputs of top electrodes with 1- and 2-mm-wide leads sug-
gests a 2% effect on the total charge output. So the
question arises why the bridges, which have a substa
influence on the charge output, have hardly an impact on
energy resolution, while the top leads, which hardly aff
the charge output, have such a dramatic effect on the en
resolution.

Finally, the additional 2-mm-wide ground lead connecte
to the base film does not seem to have a negative influe
on the charge output at all. On the contrary, the charge ou
of STJ 1 is the highest among the STJ’s. Figures 4~c! and
4~f! demonstrate clearly that the bridges between STJ 1
its neighbors, STJ’s 2 and 8, are the most inefficient cond
tors of the array. Still, the reduced transparency of
bridges explains only 2% of the 6% difference in char
output between STJ 1 and the average and cannot fully c
pensate the presence of the base lead. Apparently, hardly
quasiparticles are lost via the base lead. This is confirmed
a comparison with a reference array~not shown here!. The
reason is probably that the Nb in the base lead is no
contact with Al, and will therefore have a gap equal to that
bulk Nb. The proximized base electrode has a lower gap,

FIG. 3. LTSEM scan with 5 keV electrons of the response s
face of the top electrode of a 50mm STJ~sample 1! with a 3 mm
wide lead. The impact of the top lead on the shape of the resp
surface is clearly demonstrated. The stripes in they direction~scan-
ning direction! across the surface are instrumental artifacts. On
base surface the lead connections to the top electrode~solid lines!
and base electrode~dashed lines! are indicated. The signal is nor
malized to the center of the electrode. The white line across
surface indicates the one-dimensional cross section of the sca
which the model is fitted.
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the quasiparticles in the electrode will be Andreev reflec
by the lead~provided that they are sufficiently relaxed!.

3. Pulse duration times

The current pulseI i(t) generated by the STJ as a result
a photon absorption in electrodei is given by Eq.~E2! in
paper I. It is clear from this expression that, even wh
losses at the edges and through leads and traps are abse
pulse from an STJ cannot be characterized by a single t
parameter, but is dominated by two exponential decay tim
Each of these decay times is a combination of four para
eters, namely, the quasiparticle tunnel and loss times in
two electrodes. Usually, only one of the two dominates,
that the pulse has a quasiexponential time dependence.
with careful sampling of the pulses by a digital oscillosco
it is difficult to separate these two exponentials. Refere
22 therefore discusses special techniques to derive the
parameters from phonon-induced pulses. The electro
used in this work, however, are geared towards a h
through-put of pulses, and therefore characterize the pu
by a single duration time, that is derived from the signals
the fast and the slow channel. The ratio of the charge ou
in the slow channel to that in the fast contains informati
about the pulse duration time. This ratio is calibrated us
pulser signals with well-known total charges and exact ex
nential decay. Although the detailed information about t
double exponential form of the pulses is therefore lost,
combination of pulse duration times and charge output v

FIG. 4. Side-by-side comparison of the properties of the ei
connected STJ’s in sample 2. All values were obtained for 6490
x rays from a Fe target.~a! Charge-output signal detected in the to
electrodes where the photons are absorbed. Gray scale coding
cates number of bridges connected to the base electrode: dark
ing indicates two bridge connections, light shading, three.~b! En-
ergy resolution, gray scale coded for the width of the top le
connection: dark shading indicates 1mm width, light shading
2 mm. ~c! Cross-talk signals detected by the two neighbor ST
QN, as a percentage of the total charge signalQ ~corrected for
losses across the bridges!. Gray scale coding same as under~a!.
~d!–~f! Idem, for photons absorbed in the base electrodes.
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TABLE II. Required input parameters for the components of the model. The parameters were intro
in paper I. A tick indicates that the parameter is required for the calculation of the respective contrib
Index j, which runs over 1 and 2, indicates that both the parameter values for base and top electro
required.

Fixed Variable
Contribution L dj Nh r ini N0 xa xl , j D j G t,i j G l , j Rj* Ri j* b j gl , j

Si ,1 A A A A A A A A A A A

Si ,2 A A A A A A A A A A A

Si ,edge A A A A A A A A

Si ,out A A A A A A A A A

I i(t) A A A A A A
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ues for both electrodes~four values in total! provides enough
information to sufficiently restrict the quasiparticle tunn
and loss times in both electrodes~four parameters!.

III. MODEL

A. Description

According to the theory of paper I, the response surfac
constructed from four contributions added in superposition
the flat response of an ideal detector: the first and sec
iteration of the nonlinear response, the contribution fro
quasiparticle trapping at the perimeter of the electrode,
the quasiparticle losses into leads, bridges or localized tr

Si~E,xa!511Si ,1~E,xa!1Si ,2~E,xa!1Si ,edges~xa!

1Si , leads~xa!1Si ,bridges~xa!, ~3.1!

wherei 51,2 for absorption in, respectively, the top or ba
film. Apart from photon energyE and absorption position
xa , each of these contributions depends on a list of in
parameters, which are summarized in Table II. For the p
pose of further discussion they are divided into two grou
‘‘fixed’’ parameters, that correspond to established proper
of the electrode or that determine the algorithm and ‘‘va
able’’ parameters, which means that we hope to derive t
values from fitting the model to data. The symbols are
same as in paper I, to which we refer for an explanati
Most parameters differ in top and base electrodes. Beca
both electrodes are coupled through quasiparticle tunne
and phonon transport across the barrier, both parameter
required for the computation of the respective contributio

Starting from a response surface, the derivation of sp
tral lines is straightforward. The basic spectral line shap
just the histogram of the response surface. In the case
Fe55 spectrum, we only consider the two main lines, Mn-Ka
~5895 eV! and Mn-Kb ~6490 eV!. Given the energy resolu
tions of the detectors at hand it is not necessary to t
Mn-Ka1 and Mn-Ka2 separately; neither is the natural wid
of these lines of any importance.23 For the same reason th
statistical contributions from Fano and tunnel noise to
linewidth can be ignored. The STJ charge output correspo
ing to the Fe55 spectrum is then given by@see Eq.~2.14! in
paper I#:
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Q~EFe55!5e$N0~Ka!@^nt&St~EKa
!1hKa

^nb&Sb~EKa
!#

10.139N0~Kb!@^nt&St~EKb
!

1hKb
^nb&Sb~EKb

!#% ^ P~E!. ~3.2!

HereN0(Ka) andN0(Kb) are the initial number of quasipar
ticles generated upon absorption of a Mn-Ka or Mn-Kb pho-
ton; hKa

and hKb
are factors that correct for the photon

absorbed in the top electrode, based on the mass absor
coefficients in the Henke tables.24 The ^nt& and^nb& are the
charge multiplication factors in top and base electrode,
spectively, due to multiple tunneling, and were introduced
paper I.St(E) and Sb(E) represent the spectral line shap
and are obtained by spatial integration over the~normalized!
response surfaces for top and base electrode. Finally, the
tire spectrum is convolved withP(E), the measured pulse
profile, to properly account for the electronic noise.

B. Fitting the model

1. Input parameters

The amount of freedom in the model is in reality mu
less than the presence of 14 free parameters in Table II
gests, since we already know the approximate values of th
parameters either from first principles or from addition
measurements.

The most important parameters are the diffusion c
stants; unfortunately these are also the least well underst
In normal-state Nb at low temperatures, they can be e
mated from the RRR values of the electrodes, using the
miliar Einstein relation, as Dn5RRR/2N(0)r293e

2

'8 RRR cm2 s21. Here N(0) is the single-spin density o
states in Nb, equal to 3.231022 cm23 eV21,25 andr293 the
room temperature resistivity of Nb (12.5mV cm). Alterna-
tively, the diffusion constant can be estimated byDn
5 1

3 vFl'6 RRR cm2 s21, giving approximately the same
value. Here we used the relation between normal-state re
tivity and electron mean free path in Nb,rnl53.75
31026mVcm2,26 implying l53 RRR nm, and a Fermi ve
locity of vF55.73107 cm/s.27 Below we will use Dn
57 RRR cm2s21.

Estimating the diffusion coefficient of quasiparticle
in superconductors is more difficult. Quasiparticles mo
1-5
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ROLAND den HARTOGet al. PHYSICAL REVIEW B 66, 094511 ~2002!
with an energy dependent group velocityvQP(e)
5vFA12(D/e)2, so that an average diffusion constant d
pends on the details of quasiparticle energy distribution
thermal equilibrium the diffusion constant was found in R
28. However, this condition does not apply to the quasip
ticle populations in our detectors. A thermalized energy d
tribution, with quasiparticle density that still far exceeds t
thermal density, requires efficient phonon exchange with
bath. At low temperatures this process is extremely sl
because the phonon population is frozen out. At temperat
as high as in our experiments~1.2 K! the characteristic
single-phonon absorption time is of the order of 200–300
The thermalization time is therefore of the same order
magnitude as the tunnel time. However, in each tunne
event the quasiparticle gains energy equal toeVbias from the
external bias source. This causes heating of the quasipa
population and prevents the establishment of a thermal
distribution. The possibility of establishing local equilibriu
within the quasiparticle system via strong scattering betw
quasiparticles is also excluded. The scattering time scale
be roughly estimated using the Eliasberg formula29 tQP

21

5(kTC)2/\EF3nQP/2N(0)D. It is larger than 10ms even
for the largest density of quasiparticles in our smallest (10m)
device. Under these conditions the mean energy of the n
equilibrium quasiparticle distribution is better characteriz
by the so-called balance energy, defined as the quasipa
energy at which tunnel rate is equal to the phonon emiss
rate.30 Although the quasiparticle mean energy does not
incide with the balance energy and should be derived fr
the kinetic equation, the balance energy sets the correct
scale. This is because the quasiparticle distribution is ba
on a trade-off between the energy gain in tunnel proces
~both for direct and back-tunneling events! and the energy
loss in the inelastic scattering processes with subseq
phonon emission. For our detectors, the balance energy
at 1.1D. At this energy,̂ vQP&[0.42vF , hence a typical es
timate of the quasiparticle diffusion constant would beD
'3.0 RRR cm2 s21. We note here that previous experime
tal verifications of the quasiparticle diffusion constants u
ally fell short of any theoretical expectation by factors ran
ing from 4 to 7 in Ta,31,32to two orders of magnitude in Nb.33

This phenomenon has so far eluded a proper explana
hence we take the theoretical prediction only as a star
point.

The four phonon transmission parameters,Ri* andRi j* can
be estimated using the acoustic mismatch model,34 which
was extended to stacks of layers in Ref. 35. Using this mo
we estimate for the phonon transmission coefficient acr
the Al/AlOx /Al layers hpe,i j 50.068. This value is almos
the same for both samples, despite the difference in Al th
ness. For the phonon losses from the base film into the
phire substrate we estimatehpl,150.10, while for the losses
from the top film into the~few nm thick! NbOx layer that
covers all our samples, the transmission coefficient is e
mated to byhpl,250.16.~Lacking phonon transmission da
for the Nb/NbOx interface, we used data for the Nb/TiO2
interface in Ref. 34.!
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The parameters for quasiparticle losses across brid
connecting adjacent STJ’s (gl ,i) are basically fixed by the
cross-talk signals in the neighboring STJ’s. So the only tr
uncertain parameters are the quasiparticle loss rates a
edges (b1 andb2) and into leads and localized traps. Sin
these depend very much on processing conditions they
take on a broad range of values. These are the only par
eters that really need to be fitted. Note that the ratesG l ,i are
bulk quasiparticle loss rates, and do not include the m
specific quasiparticle losses at the edges, through elect
connections and into localized traps. Thus, a change ingl ,i or
b i immediately implies an opposite change inG l ,i in order to
maintain the correct charge output value.

As was made explicit in paper I, we can either have f
spatial resolution at the expense of time dependence or h
time-resolved information without spatial resolution. B
cause the combination of charge output and pulse dura
for both electrodes provides enough information to det
mine the quasiparticle tunnel and loss rates in the two e
trodes, we attempt to model the pulse duration times as w
To this end, model pulses are processed and calibrated
way which mimics as closely as possible the processing
the current pulses described above. Therefore, the comp
and measured values for the pulse duration time should
directly comparable. The quasiparticle tunnel and loss ra
~four parameters! can now be estimated from the combin
tion of charge output and pulse duration times in top a
base films~four values! using the following dependences
Reducing simultaneouslyG t and G l by the same fraction
hardly affects the charge output, but increases the pulse
ration time via the dominating exponential factor in Eq.~E2!
of paper I. On the other hand, an increase ofG t and a de-
crease ofG l such that their sum remains invariant, does n
influence the pulse duration time@cf. the definitions of the
exponential factors in Eq.~A2! of paper I#, but does increase
the charge output. Apart from the corrections due to qua
particle losses at the edges and through leads and traps
need to account for the effect of the electronic amplificat
and shaping on the measurement of the pulse duration.
computation of the pulse duration times therefore requ
three additional ‘‘fixed’’ parameters: the fast and slo
shaping timest fast andtslow, and the RC time of the preamp
lifier tRC.

2. Fitting strategies

The above five model components in Table II have be
coded in IDL~Research Systems Inc.!. The second iteration
is by far the slowest step, and, as we will demonstrate bel
of negligible importance in practical applications. For
given set of parameters, a typical evaluation of the respo
surface of an electrode, on a 50350 grid, summing up to 50
harmonics, and omitting the second iteration, takes of
order of 100 seconds on a 300 MHz PC~whereas the evalu
ation of the second iteration step, summing up to 40 harm
ics, will typically run for a day!. This opens up the possibil
ity of fitting model response surfaces to actual da
However, finding a best-fitting solution in a space spann
by 14 parameters is quite a challenge. The brute force
proach of systematic variation of each parameter in an
1-6
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QUASIPARTICLE DIFFUSION AND . . . . II. . . . PHYSICAL REVIEW B66, 094511 ~2002!
ceptable range is clearly excluded on computational grou
no matter how efficient the routines are. More efficie
search strategies such as a genetic algorithm36 or the multi-
dimensional downhill simplex method37 are only a partial
solution. In both cases we found that the bottleneck was
so much the search strategy itself, but the actual compar
of the model with the data. A single number that describ
the quality of the fit, such as the usualx2 value, turned out
not very useful for our more complicated datasets. First,
data do not only consist of spectra, but also of informat
about the pulse duration. It is arbitrary how much weig
each of the components in the dataset should receive in
final figure of merit. Secondly, small spectral features, su
as theKb line from the thin base film, carry most informa
tion about the nonlinearity of the detector. Fitting strateg
based on a single figure of merit completely missed th
small features and therefore tend to wrongly estimate
associated phonon parameters. Instead of concentratin
more elaborate schemes to verify automatically the quality
the fit, we found it was feasible to perform the fit by han
Starting from the above educated guesses about the valu
the input parameters, we found it is possible to obtain sa
factory fits to the datasets in a couple of hours. In this
proach the uniqueness of solution is not guaranteed; but
ther is this true also for other numerical strategies, due to
arbitrariness of the figure of merit.

C. Two examples

Even without a detailed quantitative comparison to da
the model can provide very useful insight into ways of e
hancing the performance of STJ’s. One example was alre
given in paper I: if the tunnel and/or loss rates in an electr
could be tuned to renderR̃i j 50, the STJ response for photo
absorption in that electrode becomes perfectly linear over
range of energies where second order effects are neglig
Admittedly, this requires a fine-tuning of tunnel and lo
rates that is difficult to achieve in practice, because of
inherent inaccuracies of the fabrication process. Here we
cuss two examples of possible improvements that are m
easier to achieve, namely through the number and posit
ing of loss channels to the electrodes. The term loss chan
does not apply only to lead or bridge connections, but als
local traps, whether deliberate or unintentional.

1. Number of loss channels

Figure 5 demonstrates what happens when bridges~with a
throughput typical of a bridge connection of the array! are
added one by one to an electrode with an otherwise id
response. Going from one to two bridges has a marke
larger impact on the energy resolution than going from t
to three bridges. At this stage, multiple peaks may arise
the spectral line, even though the input photons were
sumed to be perfectly monochromatic. The surprise of
exercise, however, was in the last step, going from thre
four bridges: The energy resolution in the case of fo
bridges turned out to be the same as in the situation wh
only one bridge was present, even though the charge ou
has dropped effectively by 20%. The explanation lies in
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symmetry of response surface. Adding one bridge to a s
ation in which already three bridges are present brings
topology of the response surface from an extremely as
metrical situation back to the fourfold symmetry associa
with a square electrode. Conversely, this figure implies t
one-by-one removal of possible causes of resolution de
dation~such as unintended local traps at the edge of an e
trode! may occasionally work in the opposite direction.
also implies that the energy resolution of STJ’s at the edg
an array will be considerably worse than that of STJ’s wh
are completely surrounded by neighbors, unless they
supplemented with dummy bridges that cause a similar q
siparticle loss as the real bridges.

2. Position of a loss channel

Corners are more difficult to diffuse into than the sides
the electrode. This principle is illustrated with Fig. 6, whe
a single loss channel~again with a loss rate corresponding
a typical bridge in the array! is moved from the central side

FIG. 5. The response surface due to the presence of an inc
ing number of bridges, and the corresponding spectral lines.
inset gives the FWHM spectral linewidth as a per cent fraction
the full signal.
1-7
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ROLAND den HARTOGet al. PHYSICAL REVIEW B 66, 094511 ~2002!
position to the corner. To minimize the impact on the cha
output and energy resolution, the preferred position fo
bridge or a lead is clearly as close as possible to the corne
the STJ. For single STJ’s this configuration is also prefer
for another reason: it is the most convenient position
placing an STJ in a 45° orientation with respect to the m
netic field in order to have maximum suppression of
Josephson current. For arrays the configuration is often
ferent, but placing bridges in or close to the corners a
promotes the performance of the STJ: Compared to the
example in Fig. 5, placing the four bridges in the corn
does not so much improve the energy resolution, because
degree of symmetry remains the same, but the charge ou
may be improved by a few per cent up to well over 10
depending on the parameter values.

IV. RESULTS

A. Sample 1: a series of single STJ’s

There are three reasons why we chose to model
dataset. First, good quality LTSEM data was available
two STJ’s on the chip. Second, there is a clear dependenc
the energy resolution on the size of the STJ in both e
trodes, which allows us to test the dependence of the en
resolution on the diffusive properties of the STJ’s. And thi
the range of electrode volumes spans two orders of ma
tude, which allows us to test the assumptions for applica
ity of the linear superposition of perturbations of the r
sponse surface, on which our model is based.

Instead of modeling the entire LTSEM surface scan of
top electrode, we selected only the data on the diagonal

FIG. 6. The charge output and the FWHM spectral linewidth
a function of the location of the loss channel.
09451
e
a
of
d
r
-

e
if-
o
st
s
the
ut

,

is
r
of
-

gy
,
i-

l-
-

e
at

runs through the top and base lead connections~indicated as
a white line in Fig. 2!, because the response in these point
most affected by the diffusion of quasiparticles into t
leads. The data on this line therefore contain most inform
tion about the value of the diffusion constant in the top el
trode. The information on pulse duration times constrains
ratio between tunnel and loss times. The response surfac
the 100 mm STJ is relatively insensitive to diffusion-relate
losses, so the spectral data for this device provide the st
gest constraints on the actual values of quasiparticle tun
and loss times. Theb andG l parameters for this device wer
kept in the same range as for the other devices. The pho
transport parameters were taken as predicted by the aco
mismatch theory, and we found no reason to change th
during the fitting. The data points in between top and b
film are due to events in which the primary electron, ejec
from the K shell after photon capture, crosses the barr
These events were not modeled.

The values of the fitted parameters are listed in Table
while the results of the fits are shown in Fig. 7 and Table
It is evident that the model is able to reproduce almost all
relevant features of the dataset: line shapes, relative
strengths, the shapes of the LTSEM scans, and the p
duration times mostly to within a few percent. There a
some exceptions, however, such as the position of the
film line of the 50 mm STJ, and the pulse-duration time
the top film of the 100mm STJ.

Most notably, the position of the Mn-Kb line detected by
the base electrode of the 10mm STJ is placed at a slightly
too high charge relative to the Mn-Ka line @Fig. 7~c!#. In this
electrode one of the basic assumption for the applicability
the modeluS2u!uS1u does not apply, as can be seen in Tab
V, which lists the median values of (S1) and (S2) for a
photon energy of 6 keV. Actually, it turned out that omittin
both iteration steps gave a better match to the actual
position than inclusion of either the first or first two step
So, while all other fitted curves in Figs. 7~c!–7~f! contain
contributions from both first and second iterations, the fit
the base-film lines in Fig. 7~c! is made without any accoun
of nonlinearity. As can be seen in Table V, the first a
second iteration step are the first two terms of a series w
alternating signs. In the case of the 10mm base electrode
this series is slowly converging to a relatively small cont
bution. Since the first few terms of this series are larger th

s

are the
TABLE III. Parameters fit to the dataset of sample 1. Columns on the left describe parameters that
same for all STJ’s~related to the quality of the different layers and interfaces!; columns on the right describe
parameters that differ for individual STJ’s~related to details of the fabrication process!. Note that to facilitate
comparison among the STJ’s, the loss rate associated with the lead is listed, instead of thegl parameter that
characterizes the complete diffusion process.

electrode D j G t,i j G l , j Rj* Ri j* size G lead,top G lead,base b top bbase

cm2 s21 ms21 ms21 mm3 s21 mm3 s21 mm ms21 ms21

top 1.0 0.75 1.27 4.3 1.3 10 10.0 1024 0.11 0.022
base 50. 1.98 0.28 5.1 2.1 20 100.0 1024 0.29 0.025

50 100.0 1023 0.34 0.064
100 100.0 1023 0.10 0.070
1-8
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FIG. 7. ~a!, ~b! Comparison between mea
sured LTSEM scans and the modeled respo
for 50 mm STJ’s~sample 1! with, respectively, 1
and 3 mm wide leads. The line scan was con
structed by taking a cross cut of the surface sc
along the diagonal parallel with the leads,
shown in Fig. 2. ~c!–~f! Comparison between
measured Fe55 spectra and model calculations fo
four STJ’s, with sizes of, respectively, 10, 20, 5
and 100 mm and 1 mm lead widths. Solid lines
represent measured spectra, filled gray his
grams correspond to modeled spectra.
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the total contribution, this implies that the intrinsic nonli
earity ~due to quasiparticle self-recombination! in the
10 mm STJ is stronger than the nonlinearity derived fro
the spectral data. This means that recombination effects
partially compensated by quasiparticle tunneling and los
Finally, we note that the~spectral! nonlinearity in the base
films can, in principle, be completely removed if the ra
G l ,1 /G t,12 were increased by a factor 49.3, renderingR̃12
50. The tunnelrate can be tuned by changing the thickn
of the layers in the electrode, see, e.g., Ref. 38, and altho
the quasiparticle loss rate is less easily kept under con
this suggests a feasible cure for nonlinearity.

TABLE IV. Comparison between measured and fitted pulse
ration times for single STJ’s of different sizes~sample 1!.

Measured Computed
size top base top base
mm ms ms ms ms

10 0.34 0.28 0.43 0.24
20 0.56 0.53 0.65 0.54
50 0.84 0.77 0.87 0.80
100 1.01 0.91 0.67 0.95
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The diffusion constants found to fit the data are sign
cantly smaller than the theoretical estimates above. From
RRR values of the electrodes, we would expect theoret
estimates for the diffusion constants of 12 and 327 cm2 s21,
for top and base electrode, respectively. We found them to
a factor 6 – 12 smaller, although the ratio between the t
values is not exactly the same as the ratio between the R
values. The magnitude of the diffusion constants was
only restricted by the LTSEM data. An increase of the diff
sion constants made it impossible to find a set of parame
with which all line shapes could be reproduced. In particu
for the top film it was difficult to reconcile the large line

- TABLE V. Comparison of the~median! magnitude of the con-
tributions from first and second iteration as a function of device s
~sample 1!.

size Top electrode Base electrode
mm first iter. second iter. first iter. second iter.

10 20.16 0.048 20.26 0.21
20 20.072 7.531023 20.069 0.013
50 20.044 1.831023 20.015 4.531024

100 20.039 1.131023 27.831023 6.731025
1-9
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FIG. 8. Comparison between measured sp
tra obtained with STJ 7 of sample 2 and model
spectra, at two energies Cu-L ~930 eV! and Cu-K
~8037 eV!. The insets show the comparison b
tween measured and modeled cross-talk acr
the bridges. The measured cross-talk spectra
constructed by averaging of the coincident si
nals in the two neighbor STJ’s, 6 and 8. Sol
lines represent measured spectra, filled gray h
tograms correspond to modeled spectra.
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width for the smaller devices with the relative sharpness
the lines for the larger devices as the value ofD top was
increased. Consequently, we are confident that the fitted
ues of the diffusion constants do indeed reflect a phys
property of the STJ’s.

B. Sample 2: an array of coupled STJ’s.

In paper I it was shown that the problem of quasiparti
losses into leads, bridges and localized traps can be desc
by a single family of mathematical solutions, provided t
loss channels are nonideal, in the sense that a certain fra
of the quasiparticles entering is lost. Sample 2 offers
possibility to quantify the properties of this family, which
characterized by a single parametergl ~see Appendix C in
paper I!. By measuring in coincidence the charge signal
one STJ and the cross-talk signal across the bridges in its
neighbors, we can determine the losses through these bri
and other channels characterized by the samegl parameter.

1. Spectral data

The spectral data to which we attempted to fit the mo
were acquired with STJ 7, and are shown in Fig. 8. Sim
taneously, we tried to reproduce the features in Fig. 4, as
as the pulse duration times. Following the scheme outline
Sec. III we arrived at the set of input parameters describe
Table VI, and the pulse duration times listed in Table V
The result is shown in Fig. 8 for two spectra, taken at thL
andK lines of Cu.

Because in both cases thea andb component are 20 eV
apart, we treat them separately in the model. So we mod
spectrum with four components, the Cu-La ~920 eV! andLb
~940 eV! lines, and the Cu-Ka2 ~8027 eV! and Ka1 ~8047
eV! lines. The fixed parametersL, d1, and d2 are taken as
described in Sec II. The summations were expanded into
harmonics, andr ini was estimated to be 1mm. The phonon
transport parameters were taken as predicted by the aco
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mismatch theory, and kept constant during the fitting. B
cause the two spectra were taken in separate runs, the
linearity of the STJ at Cu-K must be separated from possib
variations in the measured response. From our experie
the differences between measurements made during diffe
cool downs is of the order of several per cent.

The model faithfully reproduces the main spectral deta
relative line strengths and positions of the lines, while t
pulse duration times are predicted to within 4%. Only t
cross-talk line shapes appear somewhat wider than actu
measured. Although the width of the Cu-K line measured by
the base film is overestimated, the overal distribution
charge output and FWHM linewidths in Figs. 4~b! and 4~e!
are satisfactorily accounted for, which was our main conce

2. Cross talk

The cross-talk events are separated from substrate ev
~photon absorption events in the substrate mediated
phonons to the base electrode! by their coincidence with base
or top electrode events in the neighbor STJ. In order to ch
acterize the differences between the measured and the m
elled cross-talk signal, we selected only cross-talk eve
originating in the top electrode, because this line is strong
and has the smallest width.

As the bridges are short, only 2mm, the quasiparticle
losses during passage are very small. We therefore ass
that all the quasiparticle loss via these channels is due
diffusion into the neighbor electrode.

Because the cross-talk signal is much smaller than
original signal, it is much less subject to nonlinearity in t
neighbor STJ for high-energy photons. It is, however, sub
to nonlinearity in the STJ where the photon is absorbed,
is corrected accordingly. We found that even after this c
rection, the cross talk in the Cu-K spectrum was still over-
estimated, while it gave a good match in the Cu-L spectrum.
Reducing the gain by 3% in the Cu-K spectrum, which is
8

15
TABLE VI. Parameters fitted to the dataset of sample 2.

D j G t,i j G l , j Rj* Ri j* b j gl , j gtrap,j

electrode cm2 s21 ms21 ms21 mm3 s21 mm3 s21 ms21 ms21

top11 mm top lead 4.5 0.67 1.54 2.2 0.65 0.0 0.012
base11 mm top lead 17.6 1.08 0.60 3.8 1.5 0.1 0.15 0.1
top12 mm top lead 4.5 0.67 1.54 2.2 0.65 0.0 0.025
base12 mm top lead 17.6 1.08 0.60 3.8 1.5 0.1 0.15 0.0
1-10
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QUASIPARTICLE DIFFUSION AND . . . . II. . . . PHYSICAL REVIEW B66, 094511 ~2002!
within the variation expected for run-to-run differences, ga
the match shown in Fig. 8~b!. We did not attempt to mode
the spectral feature associated with the rim, the part of
base film not covered by the top film, in particular becau
its shape differs strongly from a square electrode. The co
sponding cross-talk spectrum in Fig. 9~a! is less well repro-
duced. Although solutions exist that better reproduce the d
in Fig. 9, these fail to reproduce the results in Fig. 4, wh
the challenge was to find a set of parameters that was ab
explain all aspects of this comprehensive body of data.

3. Energy resolution

The data in Fig. 4 initially raised two questions conce
ing the energy resolution in the array. On the one ha
DEbaseandDEtop hardly depend on the number of bridges
all. Figures 4~c! and 4~f! do not indicate an obvious relatio
between the cross-talk across the bridges and the en
resolution. Apparently, the addition of a third bridge to t
two bridges that are already present does not make m
difference for the RMS spatial variations in the response
the base electrode. This interpretation is supported by
fact that collimation of the x rays to a beam with a 10mm
@full width at half maximum~FWHM!# footprint, aimed at
the center of the electrode, improvesDEbase by 80%. So a
question arises: why does the addition of another sourc
inhomogeneity in the charge response not further degrade
energy resolution? The answer may be be found in a c
parison of the topology of the response surface for the ca
of two and three bridges shown in Fig. 5, where the reso
tions hardly degrades by adding an extra bridge.

Another conclusion that can be drawn from Fig. 4~e! is
that the width of the top lead does have a strong impac

TABLE VII. Comparison between measured and fitt
pulse duration times at two different photon energies for ST
~sample 2!.

930 eV 8038 eV
top base top base

measured 0.76 0.76 0.74 0.74
computed 0.77 0.74 0.77 0.74

FIG. 9. Values for charge output and energy resolution for
and base electrodes derived from models of STJ’s with differ
top-lead widths. To be compared to Fig. 4.
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DEbase. Apparently, the reduction of the top lead width b
half, improvesDEbase by 40%. Hence a second question—
how can a top contact, that is only reached after the qu
particles start tunneling and through which at most 2% of
quasiparticle can escape, have such a profound impact o
base-film energy resolution, whereas an additional brid
across which 7% of the quasiparticles diffuse, does not se
to influence the energy resolution at all? Simulations w
increasingly stronger losses through the top lead indica
that the top lead itself cannot be the explanation. It may
that the processing associated with the top lead also form
trap in the base film.

The trap had to be made quite strong, because a loss c
nel in a corner of the electrode affects the topology of
response surface much less than a loss channel located i
middle of one of the sides, as was shown in Fig. 6. Contr
to what we expected from the definition of theg parameter,
the trap is strongest~by a factor 12! on the side of the small-
est top lead width~see Table VI!, so there is no obvious
correlation with lead width. Considering that the 1mm top
leads are all on one side of the array~see Fig. 1!, it might be
that some sort of misalignment of one of the lithograph
patterning masks could be at the origin of this problem.

In Fig. 9 we show modeled charge outputs and ene
resolutions side-by-side for all eight working STJ’s in th
array. We find that the model accounts, at least qualitativ
for all these puzzling observations of the energy resolution
a function of the width of the top lead, in combination wi
the dependence of charge output on number of bridges. H
ever, it was not trivial to find a set of parameters that pro
erly explained the details of Fig. 4, and the patterns in Fig
are very sensitive to the exact parameter values. In fact,
had to omit the convolution with the pulser signal to reta
the similarity with Fig. 4. This casts some doubt on o
simple explanation in terms of a single base-film trap as
ciated with the top lead, but since the goal of this exerc
was to demonstrate the capability of the model to reprod
comprehensive datasets, we did not venture into more c
plicated explanations, or more extensive searches of par
eter space.

4. Nonideal edge

The base electrode of the STJ’s in this array provide
good example of a nonideal edge as defined above. Since
base electrode is 4mm larger than the top electrode, it con
tains a 2 mm wide rim from which quasiparticles canno
directly tunnel into the top electrode. During their stay in t
rim, quasiparticles have a chance of getting lost, so the
can be considered a nonideal reflecting edge. On average
time spend by a quasiparticle in the rim will betstay
5w2/4Dbase, wherew is the width of the rim (2 mm), while
the chance of getting lost is given by the bulk loss ra
G l ,base, which was obtained from the fit to the data. Note th
it was not necessary to introduce nonideal edges in the
electrode, hence we have setb top50. The reflectivity of the
rim is given byR5exp(2Gl,basetstay). From the fitted value
of the edge parameterb53L(12R)/4l we can derive the
quasiparticle mean-free pathl in the base electrode to b
260 nm, a few times the electrode thickness. Since we ex
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specular reflection of quasiparticles at the atomically flat
terface between Nb and sapphire, and diffusive scatterin
other interfaces, this seems indeed the right order of ma
tude. Another check comes from scaling thel at room tem-
perature with the RRR value of the base electrode. Con
ering only Nb, we findl53 RRR nm5183 nm which is in
good agreement with the value derived from the fittedb
parameter. This is a strong confirmation of the validity of t
model, since this link betweenb, G l ,baseand Dbasewas not
explicit in the model. It is also a confirmation of the exi
tence of a bulk-loss component, even in a high-quality e
taxial film. Finally, we note that the expected contributi
from recombination with thermal quasiparticles is over
order of magnitude smaller than the derived bulk-loss ra

5. Diffusion constants

The diffusion constants obtained from the fit are ag
significantly lower than expected. Given the RRR values
base and top electrode of 41 and 8, we would expect di
sion constants of, respectively, 123 and 24 cm2 s21. In prac-
tice the diffusion in the base electrode is considera
smaller, by a factor of 7, while the diffusion constant in t
top electrode is only a factor 5.5 smaller than expect
Again, the ratio ofDbaseto D top is not equal to the ratio of the
corresponding RRR values. This confirms that whatever
reasons for the slow quasiparticle transport in supercond
ors, they do not directly relate to the electron transport in
normal state.

Nevertheless, a comparison between Tables VI and
listing, respectively, the parameters found in the fit to t
dataset for sample 2 and the parameters fitted to the sam
data, shows a consistent pattern. First we note that jud
from the RRR values the quality of the base film in the sin
STJ’s is higher than that in the array. On the other hand,
quality of the top film appears lower. This is reflected in t
values for the diffusion constants, and the bulk quasipart
loss rates in Tables III and VI. Finally, we note that the ra
of theDbasein both samples does match the ratio between
corresponding RRR values, which installs further confide
in the fitted values for the diffusion constants.

V. CONCLUSIONS

We have tested the analytical model for the STJ respo
surface, developed in paper I, against two extended data
that combined spectral data for multiple STJ’s and pulse
ration information, supplemented with LTSEM scans a
cross-talk information. In both cases we had datasets
were large enough to place useful limits on most of
model parameters.

The model provides a close and detailed account of m
of the features in the data, including the position, wid
shape and relative strength of the spectral lines, the sur
shape of the LTSEM scans, and the values for cross-
signals and pulse-duration times.

The basic premises of the model were confirmed. In p
ticular the requirements for weak nonlinearityuS1u!1 and
uS2u!uS1u are fulfilled in all STJ’s we studied here, apa
from the smallest device (10mm in size! for which uS2u
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&uS1u, and more iteration steps are required. In this particu
case, the subsequent iterations formed a slowly converg
series of relatively large terms with alternating signs, res
ing in a small total contribution. Skipping the iteration ste
all together turned out to provide a more accurate descrip
than including the first, or first two, iteration steps. This de
onstrates that there is an important difference between
measured nonlinearity of a device, which follows from t
charge output as a function of photon energy, and its intrin
nonlinearity, which is related to the details of the quasipa
cle recombination process.

We have demonstrated that the new concept of a supe
sition of separate contributions to the topology of the
sponse surface is valuable for the characterization and un
standing of detectors in which diffusion of the charge carri
plays a dominant role. In particular, in combination wi
analysis techniques such as LTSEM or the newly develo
LTSSM, which directly probe the response surface, o
model provides a powerful tool in the analysis and solut
of problems with energy resolution in STJ’s. But we a
confident that the techniques developed in this work are u
ful in a much wider range of applications. Because of
computational speed this method is in principle suited
application in automatic fitting algorithms, although th
uniqueness of any solution is hard to verify, due to the nu
ber of free parameters.

The solutions we obtained in both cases indicate that
quasiparticle diffusion constants in both electrodes are ty
cally an order of magnitude smaller than the theoretical v
ues, in accordance with the findings of other groups.
emphasize that it was not possible to find solutions w
larger diffusion constants that fitted the data any near as
as the present ones. Neither was it possible to obtain s
tions of the same quality in which the ratio ofDbaseto D top
matches the ratio of the corresponding RRR values. On
other hand, the ratio between theDbasein both samples does
reflect the ratio of the RRR values of the epitaxial films
both samples, confirming the values of the fitted diffusi
constants. It also demonstrates that quasiparticle diffus
through an epitaxial film is physically distinct from diffusio
through a polycrystalline film. This seems to imply a relati
between the quasiparticle and normal-state diffusion cons
that goes beyond current theoretical models.

Contrary to what one might expect, the losses through
leads and at the edges do not fully account for the to
quasiparticle loss budget. There remains a bulk loss com
nent, even in the epitaxial base electrodes, which correl
with the quality of the film, as measured by the RRR valu
We suspect that this bulk loss of quasiparticles also play
role in the difference between normal-state and quasipar
diffusion. This bulk loss is at least an order of magnitu
larger than the expected contribution from recombinat
with thermal quasiparticles.

We would like to emphasize that our model goes beyo
a mere description of data. Based on the examples we
cussed, the results obtained with our model suggest qua
tive guidelines for the improvement of the performance
high-resolution STJ detectors. It was one of the objectives
this paper to demonstrate that, provided a comprehensive
1-12
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of measurements of a series of STJ devices fabricated on
same chip has been made, one can put useful restriction
the values of all these adjustable parameters. These ad
able parameters are primarily related to fabrication con
tions ~e.g., the quasiparticle diffusion constants, quasipart
loss parameters, phonon parameters!, and should be repro
ducible in future fabrication runs. Details of the design,
the other hand, are mainly related to what we have called
fixed parameters of the model~e.g., the size of the STJ, po
sition and width of leads, etc.!. The only design parameter t
which most of the adjustable parameters are related to,
thickness of the layers, has a linear influence on their val
So, once a fit has been made, it is possible to predict res
for future designs in a straightforward manner, and thus
optimize the design in a systematic way. We could alrea
identify some general rules.

~a! It was shown that the position of leads and bridges
a strong influence on the contribution to the energy reso
tion: corners are the best locations for a lead, the ce
positions on the sides are the worst. Also, as losses thro
leads scale with their width, losses can be minimized
making the leads as small as possible.

~b! It would even be better if the influence of bridges a
leads could be eliminated altogether, as they give, at lea
the examples discussed, the strongest contribution to the
homogeneity of the response surface. This could be achie
by fabricating them from higher energy-gap materials,
this turns out to be quite a challenge in practice.3 The energy
gap in short bridges between adjacent STJ’s are reduce
the proximity of the lower-gap electrode material, and t
energy of quasiparticles is raised above the local gap
Joule heating during tunneling. Furthermore, any additio
step in the fabrication process increases the risk of the
ation of additional quasiparticle trapping sites.
D.

n

P.
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~c! In sample 1, we found that an increase of the ra
G l ,1 /G t,12 ~in this case by a factor 50! would render the en-
ergy response of the base electrode of these detectors
tremely linear~i.e., R̃1250). Although challenging to realize
in practice, such a modification would be very interesting
small devices, in which nonlinear effects are strongest.
every electrode it is, in principle, possible to tune the lo
and tunnelrates in such a way that they fully compensate
quasiparticle self-recombination.

~d! Perhaps the most important lesson was that in orde
significantly improve the energy resolution all localized co
tributions that break the symmetry of the response surf
~such as localized traps, leads, bridges! must be eliminated
together. As we saw, from the point of view of energy res
lution it is better to have four bridges on the STJ’s in
array, than two or three. This is because with four bridg
the response surface is more symmetrically disturbed tha
the case of two or three. So, removing one source of trou
e.g., a trap at the edge caused by a flaw in the fabrica
process, may not necessarily improve the energy resolu
and could actually have an adverse effect, depending on
topology of the response surface. This could explain w
improving the energy resolution of STJ’s to the statistic
limit has proven to be such a persistent problem over the
decades.
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