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Quasiparticle nonequilibrium dynamics in a superconducting Ta film

L. Li, L. Frunzio, C. M. Wilson, and D. E. Prober®
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@2 cnf/s and quasiparticle lifetime of 83
+5us at 0.21 K are derived from fitting the measured current pulses, and are compared with
theoretical predictions. @003 American Institute of Physic§DOI: 10.1063/1.1533106

I. INTRODUCTION of the absorber. There they lose energy and scatter down
toward the Al gap energyA,=180ueV) by phonon emis-

Detectors based on superconducting tunnel junctionsion, and are trapped in the Al once the energy is less than
(STJ9 have been studied in the past decade as nondispersive,,. These quasiparticles then tunnel through the Al oxide
single-photon spectrometers for photon energies of 1 eV tharrier and produce a current pulse that is recorded. This
10 keV2~® The small superconducting energy gap, approxi-current pulse is integrated to give the charge collected from
mately one milli electron volts, compared to the electron-each tunnel junction. The ratio of the charges from the two
hole excitation energy in semiconductors, approximately ongunctions gives the position of the photon absorption. The
electron volt, gives a much larger number of excitations sum of the two charges gives the photon energy. Previous
(~10%. This improves the energy resolution of the STJ de-studied®* have reported the physics of the readout process
tectors compared to semiconductor detectors. STJ-based def-the tunnel junctions.
tectors also provide timing information and high-quantum
efficiency.

This work investigates the nonequilibrium dynamics of Il MODELS
the quasiparticles in a Ta film absorber. The understandingis |n the model used in our simulations, the one-
essential for designing and optimizing such detectors angimensional diffusion equation is used to describe the spatial
potentially for understanding fundamental nonequilibriumgistribution of the quasiparticle density as a function of time,
phenomena ind-band superconductors. Quasiparticle Ioss,n(x,t) since the quasiparticle mean-free-patt0.1um is
diffusion rate, and trapping are all studied. We show howmych smaller than typical device dimensions and the bound-
they limit the speed of the photon detector’s response. Waries can be taken to be lossless. Quasiparticles at the
have previously presented results for the x-ray energy resgzbsorber-trap interfaces will diffuse into the trap over a char-
lution for a device with lengti.=200um, and analyzed acteristic lengthL 4= 1 wm'? while they inelastically scat-
how that depends on the tunnel junction and ground contaggr down below the Ta gap energy. The diffusion equation for

design’ the quasiparticles in the Ta absorber is
In the devices studied, photons are absorbed in one su-

perconductor Ta and the charge is read out from an Al—  “N(X.0) _Dﬁzn(x,t) __nxy &
AlOx—Al tunnel junction. The 600 nm thick Ta film absorber at x> Tloss |

is contacted by an Al tunnel junction on each end, shown iR hareD is the diffusion constant of Ta film ante. is the

Fig. 1. Ta is chosen as the x-ray photon absorber because aﬂasiparticle lifetime in the Ta absorber.

iFs higher absorption efficiency e_md longer quagsiparti_cle life- " 14 study the dynamics of the quasiparticles we calculate
time compared to NB_.The device geomet?;?'_ provides oy the density changes with time, and simulate the tunnel
one-dimensional spatial imaging using the division of the,irent through the junction to compare with measured cur-
quasiparFicIe charge between the Fwo junctions to determing, ¢ pulses. In the Al junction we can neglect the spatial
the location of the photon absorption event. When a photolyenendence of the quasiparticle density due to fast diffusion
with energyE is absorbed in the superconducting Ta film, itjn A we follow the quasiparticle distribution inside the Al
breaks Cooper pairs and creates an average NUMBEr jnction as a function of energy. Inelastic scattering, recom-
=E/e of excess quasiparticles ¢ 1.7417). They diffuse at  pination with thermal quasiparticles and self-recombination,
an energy slightly larger than the Ta gap enerd¥  (ynneling, and backtunneling processes in both electrodes of
=700ueV, until they reach an Al trap electrode at one endgach tynnel junction and out diffusion from each counter-
electrode are all included in the simulatitnt? The out-
¥Electronic mail: daniel.prober@yale.edu diffusion process in the Al counter electrode is one in which
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FIG. 1. Geometry of devices Talop) and Ta2(centej. The black regions g
are tunnel junctions. The counterelectrodes are not shown. A band diagram = 200
is also shown(bottom). In the central region, the Fermi level is constant. 5 150 -
The Al counterelectrodes are noted. Device Ta3 has a Ta absorber length g
L=1000um but otherwise has the same geometry as device Ta2. O 100
50 1
quasiparticles diffuse away from the junction region through 0- T I I I IS S ]
the wiring, after which they no longer can tunnel back to the 0 2 4 6 8 10 12 14 16
trap electrode. For an out-diffusion time which is short com- Time [ps]

pared to the tunnel time from the counter electrode, a quasiflG 2 The top fi . .
i . .2 p figure shows the simulated interface currents for a photon
particle tunnels once and then leaves the region of the tunnghsorbed at 10 and at 5om from one end of a 10am long Ta absorber.
barrier. If the out-diffusion time is long, a quasiparticle canThe two solid curves fok,=10 um are for the two junctions. The dashed
backtunnel from the counterelectrode and return to the tragurve forxo=>50 um applies for each of the two junctions. The time scale of

; ; : interface current is determined by the diffusion time. For an absorber of
and then tunnel again. This process can be repeated, resu'?'ﬂ@iﬁerent length, the diffusion time scaleslas The bottom figure shows

n Charge mult!pllcatlon. We (':OmpUte the n.umber of quaSlne simulated tunneling current with a tunneling time of 2& Note the

particles crossing the Ta—Al interface, the interface currentime scale differs from that of the top figure. The wave form of the tunneling

and the electrical current crossing the tunnel barrier. It is thigurrent depends in general on the diffusion tittwp figure, the tunneling

tunnel current which causes a current flow in the extern ime, and the out-diffusion time. The quasiparticle loss and the outdiffusion
L . A . . ime here are taken to be zero.

circuit. To assign an electrical current to a quasiparticle num-

ber current through the Ta—Al interface, we multiply that

number current by the electron charge. photons absorbed at locations 0.1 or 0.5 L and for no quasi-
Figure 2 shows the simulated interface currents and thgarticle loss, the diffusion time and the time scale of the
tunneling currents from a single photon absorbed near ongterface current both scale &2. The amplitude of the in-
end of the absorbeat 10um distance, or at the center, of a terface current scales inversely wilt?, since the total
100 um long Ta absorber. In the simulation the initial num- charge stays the same if there is no quasiparticle loss in the
ber of quasiparticles in the Al traps is 8 million after trapping T4 film. The time scale of the tunneling current depends on
multiplication? For this simulation we use the diffusion the diffusion time, the tunneling time, and the out-diffusion
constant in the Ta as found below in our experimentsiime. In Fig. 2, we take the out-diffusion time to be zero. If
8.2 cnf/s, and a tunneling time from the trap electrode ofthe Ta absorber is long enough that the diffusion time is
2.5 us. We assume there is no quasiparticle loss in the Ta anghuch longer than the tunneling time, e.g., to=500 and
that there is fast out diffusion in the Al counterelectrode after; 9oo um, the time scale of the tunneling current will depend
tunneling. This means there is no Charge mUltiplication du%rimar"y on the diffusion time. The pu|se |ength of the tun-
to backtunneling. Since the inelaStiC t|me in Al iS I’elatively neling current is an important parameter for photon detec-
small for an emitted energyAra— A ) ~0.5 meV, all qua-  tors. It sets the maximum count rate of the detector. The
siparticles entering the Al trap from the Ta are trapped. For gonger the absorber, the slower the response time. Thus, the
photon absorbed near one end, at a distance from one trap @ffusion time sets the limit to the detector size for a given

Xo=10um, diffusion to that trap is fast-1/4 us, whereas count rate, even with no quasiparticle loss. With quasiparticle
the smaller quasiparticle current entering the more distanpss, the absorber length is further limited.

trap is much slower; see Fig. 2. For this- 100 um absorber
the diffusion times are relatively short, and the dominant
slowdown of the tunneling current is the tunnel time of the
junction. This is still largely true for an absorption event in Measurements of tunneling current and integrated charge
the center of the absorber, =50 um. For this short ab- were done for three devices of different length. These were
sorber, the interface current pulse is very short. conducted in a two-stage pumpéde cryostat at 210 mK. A
We next consider the effect of the absorber lerigti-or ~ magnetic field of about 2.5 mT is applied parallel to the

Ill. EXPERIMENT
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TABLE I. Main parameters of devices studied. TABLE II. Diffusion constant and quasiparticle lifetime in the Ta film.
Device Tal Ta2 Ta3 device Tal device Ta2 device Ta3
200 um 500 um 1000 um

Trap volume[ um?] 1944 972 972
Absorber length um] 200 500 1000 a=L/\D7jpss 0.75 1.9 4.0
Tunnel time[ us] 6.8 3.4 3.4 Diffusion constant 8.2 8.3 8.0

D [cn?/s]

Quasiparticle lifetime 87 83 78
Tloss [MS]

substrate, perpendicular to the long dimension of the junc=
tions, to suppress the Josephson current. The device is irra-

. . 55 . -
diated with an>*e x-ray source which emits MrLK(E. levels. We find a diffusion constant approximatéy= 8.2
=5895 eV) and Mnlg (E=6490 eV) photons. A low-noise 4 5 .12/5 for all three devices: see Table II.

currﬁ T am;l)l!fler tls #35_?3 tc;hmeazurg the rﬁ:urregyﬁagna}[l frg)m The loss parametex of the quasiparticles in the Ta is
€ach tunnefl junction. the three devices have dillerent ab- yoermined from the curvature of the plot @f versusQ,,

;orbtgr Iengths,zggt th? s:?hmedwmh of 160, ar;jd thz Same \ here Q; and Q, are the charges collected by junctions 1
junction area, am’. The devices were produced on one and 2, respectivelyQ,= [1,dt with the integration interval

passivated Si wafer. The Ta absorber film was dc magnetrolizlmger than the pulse time. The total cha@e Q,+Q, is
. 1

sputtered at 750 C in a deposition system with a base pref)'roportional to the photon enerd; Figure 4 shows plots of

_5 . . .
S“tfe ong<R10 17Pa._thT hTe_TZ ;”IT hﬁ}s aJreS|drl:aI re5|stan(ite versusQ, of devices Tal and Ta2, and the predicted
ratio ( =17 wi e € Josephson current o a5 from the mod# for the Mn K, x-ray energy. The

density of each device is 30 A/é&mThe other main param- x-ray events form two traces which correspond to Mp K

e_ters. of the three devices are listed in Ta_ble I. The tqnne nd Mn K, lines with the Mn K, events about 89% of the
time is computed from the normal state resistance. Their 9&;

i h in Fig. 1. Each device i it bi Egtal number. In the figure, each dot represents an x-ray pho-
Z:nleBrc;esVare shown in Fig. 1. Each device IS vollage DIaseh, ayent, The charge signal was not filtered for this plot,
V.

because filtering distorts such a plot, as the current pulses
from different absorption locations have different wave

IV. RESULTS AND DISCUSSIONS

The diffusion constant and quasipatrticle lifetime of each 16 15
device are derived by fitting the current pulses from the two 14d-
junctions, one at each end of the absorber. Figure 3 shows Device Tal
. : ; } — 124,
two experlr_nental pulses, from G!ewce T_a2, which are gener < j 200pm Ta absorber
ated by a single x-ray photon, with the fitted pulses. Here we S 10 )
fit an out-diffusion time of 16us. Similar pulse fittings also § g
display good agreement for the other two devices. The dif- =
fusion constant and the loss parameter L/(D 74592 of E 6. -
quasiparticles in Ta film are the parameters in the model. The < 4
determination of the loss parameter is discussed below. The
diffusion constant is determined by fitting the experimental 2
plot of the delay time between the two pulses as a function of 04—t ;5» SRUES Y S
the peak current, for a number of different current threshold 0 2 4 6 8 10 12 14 16
16 5
50 14 - ‘
]2_' \’ Device Ta2
— 40+ & N\ 500pum Ta absorber
E eeeee Experiment Z 10 '
§ 304 —— Theory S s
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= 20 = 6
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& .
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FIG. 3. The dots are the experimental current pulses from the two junction§1G. 4. Q, vs Q, plots of devices Tal and Ta2. The dots are measured
of device Ta2, forL=500um, and the solid lines are the fits from the individual x-ray events. The lines are from the theoretical model. For Tal
theoretical model. the fitted line is barely distinguishable from the data.
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forms. The energy resolution is determined from plots ofticle energy distribution. Using the simulation of quasiparti-
filtered charge. If there were no quasiparticle loss in the Tale relaxation processésye predict that the quasiparticles
absorber and no self recombination in the Al trap, a plot ofunder a nonequilibrium condition should have an effective
Q, versusQ, would be a straight line. When there is quasi- diffusion constant oD .=27 cnf/s. Thus, the measured dif-
particle loss in the absorber, the plot will be curved. Thefusion constantD=8.2 cnf/s, is significantly smaller than
quasiparticles created in the center of the absorber have movéhat we expect. The disagreement is similar to that seen in
loss than those created near the edge, because it takes longfee previously published daté-*® One other grouff and

for the quasiparticles in the center to diffuse out from theour group obtained a diffusion constant of 8% By using
absorber. The&), versusQ, plot of device Tal is almost a a higher-purity epitaxial Ta film, ESAEuropean Space
straight line, which means the quasiparticle loss in the abAgency) researchers achieved a larger diffusion constant of
sorber is small. The bending at the two ends is due to abl7 cnf/s atT=0.3 K, which is still three times lower than
sorption events in the 1@m overlap of Ta and Al. For a the theoretical value of 63 cits.'®™ The differences be-
longer absorber, it takes longer for the quasiparticles to leavéveen diffusion constants measured by different groups may
the Ta film. The quasiparticles are more likely to be lost inbe caused by the different film structures and qualities. The
the Ta. TheQ, versusQ, plot of device Ta2 shows this epitaxial film has faster quasiparticle diffusion than the poly-
trend. Device Ta2 is 2.5 times the length of device Tal. Foerystalline film because the epitaxial film has fewer crystal
device Ta2, 30% of the quasiparticles created in the center @frain boundaries for quasiparticle scattering, so the mean
the device are lost in the Ta. The quasiparticle loss increasdece path of quasiparticles in the epitaxial film is longer than
with time. Thus, for device Ta3 with=1000uxm, the mea- that in the polycrystalline film. A similar discrepancy be-
sured quasiparticle loss for photons absorbed in the center feen predicted and measured diffusion constants in poly-
about 75%. crystalline Nb films has also been reportéd*

The quasiparticle lifetime is calculated from the diffu- ~ The quasiparticle lifetime we measure is longer than that
sion constant and the fitted quasiparticle loss parameter reported by other®™®The data previously reported by our
The results are shown in Table I1. To within the experimentaldroup™® was for a short device with =200um, produced
accuracy, each parameter is the same in the three devicesprior to the devices reported here. That device hads

Quasiparticle loss may be caused by spatially uniform=31 s andD+,=8 cn¥/s. The larger losses may be due to
loss in the Ta absorber or by loss at the Nb contact in théhe detailed differences in production of those earlier de-
center, through recombination in Nb oxide regions with aVices. The parameters reported above Ife¥ 200 to 1000
lower-energy gap. The gap in pure Nb is 1.4 meV; Nb oxides«M apply for our present methods of device production. The
can be metallic or low-gap superconductéfhe mecha- ESA group® obtainedriose=52 us with a 100 nm thick Ta
nism we have modeled in Fig. 4 is uniform Ta loss. A model€pitaxial film. This difference irvoss is probably caused by
in which loss occurs at the Nb contact gives a much differenthe different film structures and the thickness of the Ta films
shape. Instead of a smooth curve in the center, as in Fig. £7 by thg different substratéé Therefore, the shorter quasi-
Nb loss gives a pointed structure in the center of @  Particle I|fet!me the ESA group observed may be caused by
versusQ, plot, and a straight line from the center to eachUse of @ thinner Ta film with less phonon trappifigom--
edge. Our data is fit much better by uniform Ta loss. How-Pared to our Ta film. However, even our measured quasipar-

ever, we do observe an excess broadening of the eneréﬂ?'e lifetime of 83 us is much smaller than the theoretical

3—-25 H H
width AE in the center. We have shown that this broadening’alué of about 1 m&?7* So far, there is no explanation of

is caused by the Nb contaltt is caused either by the trap- the shorter IifeFim_es nor of the slow.difftllsio.n constant in Ta.

ping centers formed by the Nb oxides or by the out diffusionOn€ hypothesis is that the slow diffusion is caused by the
of a small number of quasiparticles through the Nb lead. ThéMall gap variations inside the Ta absorber film at grain
dominant mechanism contributing to the energy width at thd®oundaries that temporarily trap quasiparticles. There is no
center of the absorber is loss at the Nb contact. But th&!ll model of this effect, and work remains to understand

dominant loss mechanism in the absorber overall is unifornfn@@sured diffusion constants and lifetimes.

loss in the Ta film. New designs of the Ta ground contact

have e7liminated the energy broadening due to the Nl:{,_ CONCLUSIONS

contact:

We now consider the understanding of the parameters In summary, we have successfully modeled the data of
we infer from fitting the data. AT=0.21 K, the diffusion three devices with different lengths with self-consistent pa-
constant for thermal quasiparticles in Ta is expected to beameters for the diffusion constant and quasiparticle lifetime.
Dheory= Dn(2kgT/7A)¥2=17 cnf/s, which is reduced The model is very useful for predicting the performance of
from the normal state valuBy=1/pe?N(Eg)=130cnf/s UV and optical device designs. At 0.21 K the diffusion con-
by the dispersion relation of the quasiparticte(Eg) is  stant and quasiparticle lifetime in the Ta film are 8.2
the density of electronic states at the Fermi level and +0.2cnf/s and 83%5us, respectively. These are both
=0.7 u) cm is the film resistivity. When an x-ray photon is smaller than the theoretical values. The quasiparticle diffu-
absorbed in the Ta, the quasiparticles created by the x-rasion lengthA = (D 7,s)?=260um sets the scale for the
photon are under nonequilibrium conditions and have an erlength of a Ta film absorber fabricated with our present
ergy distribution broader than a thermal distributfofihe  methods to be less than 1 mm long. The slow diffusion might
diffusion constant depends on this nonequilibrium quasiparbe improved with further advances in Ta film quality
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