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Quasiparticle nonequilibrium dynamics in a superconducting Ta film
L. Li, L. Frunzio, C. M. Wilson, and D. E. Probera)

Department of Applied Physics and Department of Physics, Yale University, New Haven, Connecticut 06520-8284

~Received 8 August 2002; accepted 6 November 2002!

Nonequilibrium quasiparticle dynamics in Ta are studied using a superconducting Ta film with an Al
tunnel junction connected at each end. The quasiparticle system is driven out of the equilibrium by
absorption of an x-ray photon. Millions of quasiparticles, created by each photon, diffuse in the Ta
film. When the quasiparticles reach the Al junctions they lose energy by emitting phonons and are
trapped in the Al film. By measuring the tunneling current, the number of excess quasiparticles can
be calculated. In Ta, the diffusion constant of 8.260.2 cm2/s and quasiparticle lifetime of 83
65 ms at 0.21 K are derived from fitting the measured current pulses, and are compared with
theoretical predictions. ©2003 American Institute of Physics.@DOI: 10.1063/1.1533106#
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I. INTRODUCTION

Detectors based on superconducting tunnel juncti
~STJs! have been studied in the past decade as nondispe
single-photon spectrometers for photon energies of 1 eV
10 keV.1–6 The small superconducting energy gap, appro
mately one milli electron volts, compared to the electro
hole excitation energy in semiconductors, approximately
electron volt, gives a much larger number of excitation
(;103). This improves the energy resolution of the STJ d
tectors compared to semiconductor detectors. STJ-base
tectors also provide timing information and high-quantu
efficiency.

This work investigates the nonequilibrium dynamics
the quasiparticles in a Ta film absorber. The understandin
essential for designing and optimizing such detectors
potentially for understanding fundamental nonequilibriu
phenomena ind-band superconductors. Quasiparticle lo
diffusion rate, and trapping are all studied. We show h
they limit the speed of the photon detector’s response.
have previously presented results for the x-ray energy re
lution for a device with lengthL5200mm, and analyzed
how that depends on the tunnel junction and ground con
design.7

In the devices studied, photons are absorbed in one
perconductor Ta and the charge is read out from an
AlOx–Al tunnel junction. The 600 nm thick Ta film absorbe
is contacted by an Al tunnel junction on each end, shown
Fig. 1. Ta is chosen as the x-ray photon absorber becaus
its higher absorption efficiency and longer quasiparticle li
time compared to Nb.8 The device geometry2,3,9 provides
one-dimensional spatial imaging using the division of t
quasiparticle charge between the two junctions to determ
the location of the photon absorption event. When a pho
with energyE is absorbed in the superconducting Ta film,
breaks Cooper pairs and creates an average numbeNo

5E/« of excess quasiparticles («51.74D1). They diffuse at
an energy slightly larger than the Ta gap energy,DTa

5700meV, until they reach an Al trap electrode at one e

a!Electronic mail: daniel.prober@yale.edu
1130021-8979/2003/93(2)/1137/5/$20.00
s
ive
to
i-
-
e

-
de-

f
is
d

,

e
o-

ct

u-
–

n
of

-

e
n

of the absorber. There they lose energy and scatter d
toward the Al gap energy (DAl5180meV) by phonon emis-
sion, and are trapped in the Al once the energy is less t
DTa. These quasiparticles then tunnel through the Al ox
barrier and produce a current pulse that is recorded. T
current pulse is integrated to give the charge collected fr
each tunnel junction. The ratio of the charges from the t
junctions gives the position of the photon absorption. T
sum of the two charges gives the photon energy. Previ
studies10,11 have reported the physics of the readout proc
of the tunnel junctions.

II. MODELS

In the model used in our simulations, the on
dimensional diffusion equation is used to describe the spa
distribution of the quasiparticle density as a function of tim
n(x,t) since the quasiparticle mean-free-path;0.1mm is
much smaller than typical device dimensions and the bou
aries can be taken to be lossless. Quasiparticles at
absorber-trap interfaces will diffuse into the trap over a ch
acteristic lengthL trap51 mm12 while they inelastically scat-
ter down below the Ta gap energy. The diffusion equation
the quasiparticles in the Ta absorber is

]n~x,t!

]t
2D

]2n~x,t!

]x2 52
n~x,t!

t loss
, ~1!

whereD is the diffusion constant of Ta film andt loss is the
quasiparticle lifetime in the Ta absorber.

To study the dynamics of the quasiparticles we calcul
how the density changes with time, and simulate the tun
current through the junction to compare with measured c
rent pulses. In the Al junction we can neglect the spa
dependence of the quasiparticle density due to fast diffus
in Al. We follow the quasiparticle distribution inside the A
junction as a function of energy. Inelastic scattering, reco
bination with thermal quasiparticles and self-recombinati
tunneling, and backtunneling processes in both electrode
each tunnel junction and out diffusion from each count
electrode are all included in the simulation.11,12 The out-
diffusion process in the Al counter electrode is one in wh
7 © 2003 American Institute of Physics
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quasiparticles diffuse away from the junction region throu
the wiring, after which they no longer can tunnel back to t
trap electrode. For an out-diffusion time which is short co
pared to the tunnel time from the counter electrode, a qu
particle tunnels once and then leaves the region of the tu
barrier. If the out-diffusion time is long, a quasiparticle c
backtunnel from the counterelectrode and return to the t
and then tunnel again. This process can be repeated, resu
in charge multiplication. We compute the number of qua
particles crossing the Ta–Al interface, the interface curre
and the electrical current crossing the tunnel barrier. It is
tunnel current which causes a current flow in the exter
circuit. To assign an electrical current to a quasiparticle nu
ber current through the Ta–Al interface, we multiply th
number current by the electron charge.

Figure 2 shows the simulated interface currents and
tunneling currents from a single photon absorbed near
end of the absorber~at 10mm distance!, or at the center, of a
100 mm long Ta absorber. In the simulation the initial num
ber of quasiparticles in the Al traps is 8 million after trappi
multiplication.12 For this simulation we use the diffusio
constant in the Ta as found below in our experimen
8.2 cm2/s, and a tunneling time from the trap electrode
2.5ms. We assume there is no quasiparticle loss in the Ta
that there is fast out diffusion in the Al counterelectrode af
tunneling. This means there is no charge multiplication d
to backtunneling. Since the inelastic time in Al is relative
small for an emitted energy (DTa2DAl);0.5 meV, all qua-
siparticles entering the Al trap from the Ta are trapped. Fo
photon absorbed near one end, at a distance from one tra
x0510mm, diffusion to that trap is fast,;1/4ms, whereas
the smaller quasiparticle current entering the more dis
trap is much slower; see Fig. 2. For thisL5100mm absorber
the diffusion times are relatively short, and the domina
slowdown of the tunneling current is the tunnel time of t
junction. This is still largely true for an absorption event
the center of the absorber, atx0550mm. For this short ab-
sorber, the interface current pulse is very short.

We next consider the effect of the absorber lengthL. For

FIG. 1. Geometry of devices Ta1~top! and Ta2~center!. The black regions
are tunnel junctions. The counterelectrodes are not shown. A band dia
is also shown~bottom!. In the central region, the Fermi level is constan
The Al counterelectrodes are noted. Device Ta3 has a Ta absorber le
L51000mm but otherwise has the same geometry as device Ta2.
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photons absorbed at locations 0.1 or 0.5 L and for no qu
particle loss, the diffusion time and the time scale of t
interface current both scale asL2. The amplitude of the in-
terface current scales inversely withL2, since the total
charge stays the same if there is no quasiparticle loss in
Ta film. The time scale of the tunneling current depends
the diffusion time, the tunneling time, and the out-diffusio
time. In Fig. 2, we take the out-diffusion time to be zero.
the Ta absorber is long enough that the diffusion time
much longer than the tunneling time, e.g., forL5500 and
1000mm, the time scale of the tunneling current will depe
primarily on the diffusion time. The pulse length of the tu
neling current is an important parameter for photon det
tors. It sets the maximum count rate of the detector. T
longer the absorber, the slower the response time. Thus
diffusion time sets the limit to the detector size for a giv
count rate, even with no quasiparticle loss. With quasipart
loss, the absorber length is further limited.

III. EXPERIMENT

Measurements of tunneling current and integrated cha
were done for three devices of different length. These w
conducted in a two-stage pumped3He cryostat at 210 mK. A
magnetic field of about 2.5 mT is applied parallel to t

am

gth

FIG. 2. The top figure shows the simulated interface currents for a pho
absorbed at 10 and at 50mm from one end of a 100mm long Ta absorber.
The two solid curves forx0510mm are for the two junctions. The dashe
curve forx0550mm applies for each of the two junctions. The time scale
the interface current is determined by the diffusion time. For an absorbe
a different length, the diffusion time scales asL2. The bottom figure shows
the simulated tunneling current with a tunneling time of 2.5ms. Note the
time scale differs from that of the top figure. The wave form of the tunnel
current depends in general on the diffusion time~top figure!, the tunneling
time, and the out-diffusion time. The quasiparticle loss and the outdiffus
time here are taken to be zero.
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substrate, perpendicular to the long dimension of the ju
tions, to suppress the Josephson current. The device is
diated with an55Fe x-ray source which emits MnKa (E
55895 eV) and MnKb (E56490 eV) photons. A low-noise
current amplifier is used to measure the current signal fr
each tunnel junction.13 The three devices have different a
sorber lengths, but the same width of 100mm, and the same
junction area, 2025mm2. The devices were produced on on
passivated Si wafer. The Ta absorber film was dc magne
sputtered at 750 C in a deposition system with a base p
sure of 631025 Pa. The Ta film has a residual resistan
ratio (RRR)517 with Tc54.5 K. The Josephson curren
density of each device is 30 A/cm2. The other main param
eters of the three devices are listed in Table I. The tun
time is computed from the normal state resistance. Their
ometries are shown in Fig. 1. Each device is voltage bia
at 130mV.

IV. RESULTS AND DISCUSSIONS

The diffusion constant and quasiparticle lifetime of ea
device are derived by fitting the current pulses from the t
junctions, one at each end of the absorber. Figure 3 sh
two experimental pulses, from device Ta2, which are gen
ated by a single x-ray photon, with the fitted pulses. Here
fit an out-diffusion time of 16ms. Similar pulse fittings also
display good agreement for the other two devices. The
fusion constant and the loss parametera5L/(Dt loss)

1/2 of
quasiparticles in Ta film are the parameters in the model.
determination of the loss parameter is discussed below.
diffusion constant is determined by fitting the experimen
plot of the delay time between the two pulses as a function
the peak current, for a number of different current thresh

TABLE I. Main parameters of devices studied.

Device Ta1 Ta2 Ta3

Trap volume@mm3# 1944 972 972
Absorber length@mm# 200 500 1000
Tunnel time@ms# 6.8 3.4 3.4

FIG. 3. The dots are the experimental current pulses from the two junct
of device Ta2, forL5500mm, and the solid lines are the fits from th
theoretical model.
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levels. We find a diffusion constant approximatelyD58.2
60.2 cm2/s for all three devices; see Table II.

The loss parametera of the quasiparticles in the Ta i
determined from the curvature of the plot ofQ1 versusQ2 ,
whereQ1 and Q2 are the charges collected by junctions
and 2, respectively.Q15* I 1dt with the integration interval
longer than the pulse time. The total chargeQ5Q11Q2 is
proportional to the photon energyE. Figure 4 shows plots of
Q1 versusQ2 of devices Ta1 and Ta2, and the predict
curves from the model12 for the Mn Ka x-ray energy. The
x-ray events form two traces which correspond to Mn Ka

and Mn Kb lines with the Mn Ka events about 89% of the
total number. In the figure, each dot represents an x-ray p
ton event. The charge signal was not filtered for this p
because filtering distorts such a plot, as the current pu
from different absorption locations have different wa

ns

TABLE II. Diffusion constant and quasiparticle lifetime in the Ta film.

device Ta1
200 mm

device Ta2
500 mm

device Ta3
1000mm

a5L/ADt loss 0.75 1.9 4.0
Diffusion constant

D @cm2/s#
8.2 8.3 8.0

Quasiparticle lifetime
t loss @ms#

87 83 78

FIG. 4. Q1 vs Q2 plots of devices Ta1 and Ta2. The dots are measu
individual x-ray events. The lines are from the theoretical model. For
the fitted line is barely distinguishable from the data.
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forms. The energy resolution is determined from plots
filtered charge. If there were no quasiparticle loss in the
absorber and no self recombination in the Al trap, a plot
Q1 versusQ2 would be a straight line. When there is qua
particle loss in the absorber, the plot will be curved. T
quasiparticles created in the center of the absorber have m
loss than those created near the edge, because it takes l
for the quasiparticles in the center to diffuse out from t
absorber. TheQ1 versusQ2 plot of device Ta1 is almost a
straight line, which means the quasiparticle loss in the
sorber is small. The bending at the two ends is due to
sorption events in the 10mm overlap of Ta and Al. For a
longer absorber, it takes longer for the quasiparticles to le
the Ta film. The quasiparticles are more likely to be lost
the Ta. TheQ1 versusQ2 plot of device Ta2 shows this
trend. Device Ta2 is 2.5 times the length of device Ta1.
device Ta2, 30% of the quasiparticles created in the cente
the device are lost in the Ta. The quasiparticle loss increa
with time. Thus, for device Ta3 withL51000mm, the mea-
sured quasiparticle loss for photons absorbed in the cent
about 75%.

The quasiparticle lifetime is calculated from the diff
sion constant and the fitted quasiparticle loss parametea.
The results are shown in Table II. To within the experimen
accuracy, each parameter is the same in the three devic

Quasiparticle loss may be caused by spatially unifo
loss in the Ta absorber or by loss at the Nb contact in
center, through recombination in Nb oxide regions with
lower-energy gap. The gap in pure Nb is 1.4 meV; Nb oxid
can be metallic or low-gap superconductors.14 The mecha-
nism we have modeled in Fig. 4 is uniform Ta loss. A mod
in which loss occurs at the Nb contact gives a much differ
shape. Instead of a smooth curve in the center, as in Fig
Nb loss gives a pointed structure in the center of theQ1

versusQ2 plot, and a straight line from the center to ea
edge. Our data is fit much better by uniform Ta loss. Ho
ever, we do observe an excess broadening of the en
width DE in the center. We have shown that this broaden
is caused by the Nb contact.7 It is caused either by the trap
ping centers formed by the Nb oxides or by the out diffus
of a small number of quasiparticles through the Nb lead. T
dominant mechanism contributing to the energy width at
center of the absorber is loss at the Nb contact. But
dominant loss mechanism in the absorber overall is unifo
loss in the Ta film. New designs of the Ta ground cont
have eliminated the energy broadening due to the
contact.7

We now consider the understanding of the parame
we infer from fitting the data. AtT50.21 K, the diffusion
constant for thermal quasiparticles in Ta is expected to
DTheory5DN(2kBT/pD)1/2517 cm2/s, which is reduced
from the normal state valueDN51/re2N(EF)5130 cm2/s
by the dispersion relation of the quasiparticles.15 N(EF) is
the density of electronic states at the Fermi level andr
50.7mV cm is the film resistivity. When an x-ray photon
absorbed in the Ta, the quasiparticles created by the x
photon are under nonequilibrium conditions and have an
ergy distribution broader than a thermal distribution.9 The
diffusion constant depends on this nonequilibrium quasip
f
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ticle energy distribution. Using the simulation of quasipar
cle relaxation processes,9 we predict that the quasiparticle
under a nonequilibrium condition should have an effect
diffusion constant ofDeff527 cm2/s. Thus, the measured dif
fusion constant,D58.2 cm2/s, is significantly smaller than
what we expect. The disagreement is similar to that see
the previously published data.16–18 One other group17 and
our group obtained a diffusion constant of 8 cm2/s. By using
a higher-purity epitaxial Ta film, ESA~European Space
Agency! researchers achieved a larger diffusion constan
17 cm2/s at T50.3 K, which is still three times lower than
the theoretical value of 63 cm2/s.18,19 The differences be-
tween diffusion constants measured by different groups m
be caused by the different film structures and qualities. T
epitaxial film has faster quasiparticle diffusion than the po
crystalline film because the epitaxial film has fewer crys
grain boundaries for quasiparticle scattering, so the m
free path of quasiparticles in the epitaxial film is longer th
that in the polycrystalline film. A similar discrepancy be
tween predicted and measured diffusion constants in p
crystalline Nb films has also been reported.20,21

The quasiparticle lifetime we measure is longer than t
reported by others.16–18The data previously reported by ou
group16 was for a short device withL5200mm, produced
prior to the devices reported here. That device hadt loss

531ms andDTa58 cm2/s. The larger losses may be due
the detailed differences in production of those earlier
vices. The parameters reported above forL5200 to 1000
mm apply for our present methods of device production. T
ESA group18 obtainedt loss'52ms with a 100 nm thick Ta
epitaxial film. This difference int loss is probably caused by
the different film structures and the thickness of the Ta fil
or by the different substrates.22 Therefore, the shorter quas
particle lifetime the ESA group observed may be caused
use of a thinner Ta film with less phonon trapping22 com-
pared to our Ta film. However, even our measured quasi
ticle lifetime of 83 ms is much smaller than the theoretic
value of about 1 ms.23–25 So far, there is no explanation o
the shorter lifetimes nor of the slow diffusion constant in T
One hypothesis is that the slow diffusion is caused by
small gap variations inside the Ta absorber film at gr
boundaries that temporarily trap quasiparticles. There is
full model of this effect, and work remains to understa
measured diffusion constants and lifetimes.

V. CONCLUSIONS

In summary, we have successfully modeled the data
three devices with different lengths with self-consistent p
rameters for the diffusion constant and quasiparticle lifetim
The model is very useful for predicting the performance
UV and optical device designs. At 0.21 K the diffusion co
stant and quasiparticle lifetime in the Ta film are 8
60.2 cm2/s and 8365 ms, respectively. These are bo
smaller than the theoretical values. The quasiparticle di
sion lengthL5(Dt loss)

1/25260mm sets the scale for the
length of a Ta film absorber fabricated with our prese
methods to be less than 1 mm long. The slow diffusion mi
be improved with further advances in Ta film quali
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by using a deposition system with a lower base pressure
a higher-deposition temperature, or a lattice matched s
strate.
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