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We present an experimental study of the time scales for various quasiparticle processes in a
superconducting single photon spectrometer. Processes studied include quasiparticle recombination,
diffusion, trapping, tunneling, and energy redistribution. Experiments were performed with a double
junction, imaging x-ray detector whose charge output provides a measure of the photon energy.
Time scales are extracted with a simple model and the values of several parameters, including the
diffusion constant and recombination time, are found to differ from theoretical predictions. These
results provide guidelines for performance analysis, device scaling, and future designs. ©1997
American Institute of Physics.@S0003-6951~97!01852-4#
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In recent years superconductors have been used in s
photon spectrometers for x-ray photons and more rece
for ultraviolet ~UV! and visible photons.1–4 A photon is ab-
sorbed in a superconductor, creating excess charge ca
~quasiparticles! which increase the subgap current of an
tached tunnel junction. The integral of the increase in c
rent, the charge, is proportional to the photon energy.
cause of the small energy gap in the superconductor abso
these devices should have an excellent energy resolution
x rays, less than 5 eV full width at half maximum~FWHM!
for a photon energy of 6 keV, more than 103 better than Si
devices.5 Experiments to date achieve a resolution of 29 e1

Improved resolution and scaling to larger sizes are sign
cant future goals. To achieve these goals it is importan
better understand the device physics.

Operation of these devices differs from that of semico
ductor devices in the means of charge transport and read
In a semiconductor device, the charge is swept out and
lected by an electric field. In a superconductor, the exc
tions travel by diffusion and are read out through a tun
junction. Charge flow is controlled with band gap engine
ing. The quasiparticles are generated in the higher gap
sorber~tantalum! and diffuse into a lower gap material, th
trap ~aluminum!, where they scatter inelastically toward th
gap energy of the trap. They then tunnel to the counter e
trode. If two junctions are used with one absorber, the cha
separation allows for one dimensional spatial resolution.3,6

Information on quasiparticle dynamics and energy red
tribution is essential for proper design and for scaling to n
designs in the future, especially for larger x-ray absorb
Also, the theoretical value for the resolution is achieved o
if each quasiparticle produced in the absorber is counted
actly once. This letter presents some of the first meas
ments and the most complete analysis to date of experim
tal quasiparticle dynamics issues in imaging superconduc
detectors. We find unexpectedly slow diffusion in both
and Al and a recombination time in the Ta absorber which
shorter than that due to thermal recombination alone. In

a!Current address: JPL, M/S 168-314, Pasadena, CA 91109.
b!Electronic mail: daniel.prober@yale.edu
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dition, the trapping efficiency and the dependence of
charge on bias voltage can be understood from the quas
ticle inelastic scattering rate in the two Al junction ele
trodes; this rate agrees with the theoretical prediction for

The samples studied have a double-junction geome
shown in Fig. 1. A Ta film (DTa50.7 meV) 6000 Å thick
forms the absorber. Each trap is an Al film, 1500 Å thick.
rays absorbed in the Ta break Cooper pairs, creating ex
quasiparticles which cool in about 100 ps to near the Ta
edge, over a distance of about 3mm.7 They then diffuse at
this energy, and, after reaching either trap, scatter down
elastically toward the Al gap energy (DAl50.18 meV) and
tunnel to the counter electrode. Each junction is voltage
ased in the subgap region. The charge for each junctio
found by numerically integrating the digitized current wa
form. The sum of the two quasiparticle charges is prop
tional to the photon energy. Their ratio determines the
sorption location. With no loss, a plot of the charge from t
two junctions,Q1 vs Q2 , would be a straight line for fixed

FIG. 1. Charge collected in junction 1 vs charge collected in junction 2
the Ta device~T50.23 K, V570mV!. The curvature of the data is due to
finite loss time in the absorber. Cluster of points atQ15Q255.5 million
electrons is from electronically injected current pulses. Inset shows the
vice schematic along with the energy diagram for the different films.
3901)/3901/3/$10.00 © 1997 American Institute of Physics
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photon energy.8 The plot ofQ1 vs Q2 in Fig. 1 is for an x-ray
source with a dominant emission at 5.9 keV and a wea
emission at 6.5 keV. Experiments were done atT
50.23– 0.33 K. Details of device fabrication and electron
readout have been published.2,6

The device shown in the inset of Fig. 1 is the Ta devi
we have tested two of these. The energy gap diagram
shown for the different films. We have also tested anot
device, the Ta/Al device, in which the Al trap overlays t
entire absorber. In this latter device the x rays are also
sorbed in the Ta, due to its high atomic number. Howev
the quasiparticles are trapped vertically into the lower gap
overlayer and diffuse laterally in the Al. Trapping does occ
in this Ta/Al device because the gap of the Al overlayer
increased above that of the Al trap by proximity effect w
the Ta.

To extract the relevant time scales from the measu
ments, we employ a numerical model of the current puls
After the 100 ps of initial cooling, we treat the quasipartic
propagation with the one-dimensional diffusion equatio
We include a loss time,t loss, to account for recombination in
the absorber. Trapping is simulated by the boundary co
tion D(]n/]x)ux56L/25nux56L/2(Dt trap)

21/2 at the absorber
trap interface withn(x) the density of quasiparticles,D the
diffusion constant in the absorber, andL the length of the
absorber~200 mm!.9 The valuet trap represents the averag
time it takes a quasiparticle to be trapped; for perfect tr
ping (t trap→0) the relation becomesnux56L/250. Tunneling
and inelastic scattering in the Al electrodes are treated b
system of rate equations for the energy distribution
quasiparticles.10 The parameters in this simulation areQ0

~the initial quasiparticle charge!, D, t tunn ~the tunnel time in
the normal state11!, t loss, andtout ~the time to diffuse in the
Al counter electrode away from the junction area!. These
parameters are determined in separate measurements
simulated current pulses fit the digitized wave forms wel

Losses in the absorber give the curvature of theQ1 vs
Q2 plot, Fig. 1, since quasiparticles created in the cen
have to diffuse a longer distance~time! before being trapped
We find t loss531ms in the Ta device andt loss'1 ms in the
Ta/Al device, listed in Table I.~The values forD are dis-
cussed below.! The loss times are independent of tempe
ture. For Ta,t loss is smaller than the value of 2800 ms due
thermal recombination alone.14 We speculate that the loss
due to trapping sites in the film, either at the surfaces or
to magnetic flux penetration. Our calculations show tha
small, perpendicular magnetic field (;1 G) could explain
the short loss time. A magnetic field of about 15 G is appl
parallel to the film in order to suppress the Josephson c
rent, but may have a small perpendicular component du
imperfect alignment.

We determine the diffusion constant in the absorber fi

TABLE I. Summary of results; values for times are from experiment.

Device
D@cm2/s#
~theory!

D@cm2/s#
~experiment! t loss@ms# t trap@ms# t0@ms#

Ta 40 8 31 ,0.01 0.44
Ta/Al 530 60 1 8 •••
3902 Appl. Phys. Lett., Vol. 71, No. 26, 29 December 1997
er

;
is
r

b-
r,
l
r
s

-
s.

.

i-

-

a
f

The

r

-

e
a

d
r-
to

from the difference in arrival times of the current pulses
the two junctions, at a specific current threshold~see inset,
Fig. 2!. Figure 2 shows the delay time versus absorpt
location for the Ta device. The data are compared with
sults from the simulation. A best fit is obtained fo
DTa58 cm2/s ~solid line!, and is insensitive to the threshol
chosen. This value is much lower than we calculate using
low temperature resistivity of our Ta, 0.48m V cm. We cal-
culate a value for the normal state ofDn5180 cm2/s.12 D is
reduced in the superconducting state because the quasi
cle dispersion relation has a minimum at the gap edge wh
the group velocity is zero.13 The degree of reduction depend
on how close to the Ta gap edge the quasiparticles re
Simulation shows that within 0.2ms the quasiparticles rela
to a distribution with an effective value ofD540 cm2/s, but
that D decreases very little after that~during the time for a
typical current pulse!. Thus, there is a factor of 5 disagre
ment between theory,DTa540 cm2/s, and experiment
DTa58 cm2/s. For the Ta/Al device a similar discrepanc
exists, with the experimental value ofDAl560 cm2/s, com-
pared to a prediction ofDAl5530 cm2/s. The measured val
ues are independent of temperature over the range stud

Trapping occurs when the quasiparticles scatter inela
cally to lower energy in the Al trap regions. The rate
trapping can be determined from theQ1 vs Q2 plots by fo-
cusing on events close to one junction. If the scattering
fast, quasiparticles are trapped immediately and the charg
the opposite junction is nearly zero. If the trapping is slo
quasiparticles diffuse back to the absorber and cause a fi
charge in the other junction. Thus, with slow trapping t
charge separation is weak and the points cluster toward
center of the plot ofQ1 vs Q2 .

The Ta device shows fast trapping and effective cha
separation. The data can be fit with a trapping tim
t trap,10 ns. This agrees well with the predicted trappi
time of 6 ns for injection at the Ta gap energy into the A
This 6 ns time is derived from an inelastic parametert0

50.44ms computed for Al.14 The Ta/Al device shows
weaker charge separation because the gap in the Al overl
is not strongly enhanced~by proximity effect with the Ta!, as

FIG. 2. Delay time vs absorption location for the Ta device~T50.23 K,
V570mV!, for two different values of threshold current. The solid lines a
fits from the model. The inset shows the onset of a set of pulses, one
each junction, from a single x-ray.~The larger pulse is cut off.! The time
delay is clearly visible.
Friedrich et al.
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compared with the gap in the Al trap. The fitted trappi
time is 8 ms. We do not have sufficient information on th
gap in the Al overlayer to predictt trap for the Ta/Al device.

Another measure of the inelastic scattering in the Al tr
is the dependence of the charge on temperature. We ca
the temperature dependence of the charge using the s
value oft0 which was consistent with the measured trapp
time.

The charge output also depends on bias voltage. This
be understood as partial cancellation of the forward tunn
ing processes by reverse processes. Consider the simp
case where the quasiparticles in the counter electrode do
diffuse away from the junction. A quasiparticle which h
tunneled into the counter electrode can tunnel back to
trap and ‘‘cancel’’ the forward current if its energy in th
counter electrode has not relaxed to below the gap of the
trap. ~See Fig. 3 inset; allowed tunneling in this diagram
horizontal.! Once a quasiparticle in the counter electrode
relaxed its energy below the gap in the trap, however
cannot tunnel back and cancel the forward current. Thu
the inelastic scattering to lower energy in the counter e
trode is rapid, the reverse current will be small and there w
be little cancellation.15 This is the case for large bias vol
ages,V, since the inelastic scattering rate due to phon
emission is large~scaling approximately likeV3!.14 For
smaller bias voltages, however, the inelastic scattering
weaker so the reverse current is larger and the total char
reduced. Fast diffusion of quasiparticles away from the t
nel barrier into the leads would reduce the amount of reve
tunneling; however, because the diffusion is slow in the
counter electrode the outdiffusion time,tout, is comparable
to the back tunneling time.

We plot in Fig. 3 the charge collected for events in t
center of the absorber versus bias voltage, and also fit
with our simulation. The value oft0 , the inelastic paramete
for Al, is used as a fitting parameter. The solid curve is
t050.44ms. The two dashed curves are fort0 values two
times smaller and two times larger. The general agreem
seen demonstrates that quasiparticle relaxation and rev
processes determine the voltage dependence of the char
these devices. The data can be fit with the theoretical va

FIG. 3. Total charge,Q11Q2 , vs bias voltage for the Ta device (T
50.23 K). The circles are experimental data and the lines are fits from
model for different values oft0 . Inset shows the energy diagram with a
allowed forward tunneling process. The reduction in charge at low bia
due to cancellation of the forward current by reverse processes.
Appl. Phys. Lett., Vol. 71, No. 26, 29 December 1997
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of t050.44ms. This agreement, and its consistency with t
temperature dependence of the total charge and the trap
time, provide a check on the self-consistency of our a
proach, besides giving an estimation of the value oft0 itself.

We conclude that the physical models we have dev
oped describe well the device operation: gain, time sca
and trapping. Issues of noise remain to be resolved in fu
work. The measured parameters~see table! show that scaling
to millimeter sizes, as desired for astrophysical x-ray det
tors, is feasible. With a loss time of 31ms, an absorber 1 mm
in size would still achieve an energy resolution the same
at present, provided the electronic noise can be reduce
1200 electrons FWHM.2 For new designs, a lower limit on
absorber and trap size can also be computed from our m
with these parameters, to ensure efficient charge separa
and trapping.3 This is relevant to the UV/visible photon de
tectors, where small pixels and large count rates are an
pated. Finally, for the charge to be less dependent on
voltage, a bias voltage above 120mV is desirable.16

We thank R. G. Wheeler, C. Mears, K. Gray, and P.
Kindlmann for useful discussions, and M. Rooks of Corn
CNF for fabrication assistance. This work was supported
NASA Grant No. NAG5-2892 and NASA Graduate Fellow
ships for two of us~K.S. and M.G.!
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