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Quasiparticle losses at the surface of superconducting tunnel
junction detectors
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Physikalisches Institut, Lehrstuhl Experimentalphysik II, Univetsiiaingen, Auf der Morgenstelle 14,
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F. B. Kiewiet, M. L. van den Berg, and P. A. J. de Korte
Space Research Organization Netherlands, Sorbonnelaan 2, 3584 CA Utrecht, The Netherlands

(Received 23 June 1998; accepted for publication 29 Septembej 1998

Superconducting tunnel junctiofSTJ9 are promising as high energy resolution x-ray detectors.
However, the theoretical limit of the energy resolution of STJs has not yet been reached for several
reasons. In many cases quasiparticle losses limit the energy resolution. We have investigated STJs
with different multilayer structures by means of low temperature scanning electron microscopy. By
measuring the quasiparticle lifetime of Nb junctions with and without Ta passivation at the surface,
we have identified quasiparticle losses at the surface of nonpassivated junctions as the dominant loss
process. The temperature dependence of the quasiparticle lifetime gives information about the loss
mechanism. The influence of quasiparticle traps on the effective quasiparticle lifetime is discussed.
© 1999 American Institute of Physid$0021-897809)04801-X

I. INTRODUCTION time which contains all loss processes, we measured the qua-
siparticle lifetimes at various temperatures to distinguish dif-

Superconductl_ng tunnel junction§TJs, consstmg of . ferent quasiparticle loss mechanisms by their temperature
two superconducting electrodes separated by a thin bame&ependencé

have been ext_ensively studied fo_r their application asJKhigh The most important temperature dependent loss process
inergy resci:u'ilon x-bray Se;[je(_:tors n thfetLange of 1_13 ?V ‘is the recombination of an excess quasiparticle with a ther-
n x-ray photon absorbed In one of the Superconducting,, guasiparticle to a Cooper pair. For temperatures well

elect.rodefs breaks up Cooper pairs thereby creating exceB@Ioch the intrinsic thermal recombination time is given
guasiparticles. These quasiparticles can tunnel through the 7

barrier. By measuring the tunneling current the energy of the

x-ray photon can be determined since the number of quasi- T A(0)
particles created is proportional to the absorbed eneigy. =1 —Cexp( , (1)
Nb the mean energy needed to create excess quasiparticles is T kT

- 34 i o
about e~1.74.%" As the_: syperconduc_:tmg gap is in _the with a material dependent time constar§ (7qy,=2.9
range of meV, the excitation energyis about 1000 times X102 5). We will see that in our experiments the recom-

smaller than the excitation energy for electron-hole pairs irbination of two excess quasiparticléself-recombination
semiconductor detectors. Therefore, the intrinsic energy.. pe neglected

resolution, which is limited by Poisson statistics, is about 4

. X . . S uasiparticle recombination creates a phonon with an
eV for 6 keV x rays in Nb junctions. This resolution is more Q P P

energyE=2A which can again break up a Cooper pair. On
"he other hand, the recombination phonons may get lost due

far with Nb junctions is only 50 eV for 6 keV x rafs. effective recombination time®" is given by the following
There are several reasons that are responsible for th@quation fo<r.<7):°

resolution degradation. When quasiparticles get lost before o=ty =rr

tunneling, they do not contribute to the signal and the ratio of

signal to noise gets smaller. Moreover, the statistics of the

tunneling process have to be taken into acc8ufthere are

local quasiparticle losses, the detector response becomes spas, - the phonon escape time ang the pair breaking

tially inhomogeneous which also decreases the energy resgr.a Y

Iqtion: In this article we focus on spatially independent qua-  he phonon trapping factqe=[1+(r,/7,)] is a con-

siparticle losses only. o stant for T<0.3T, (Ref. 7 and in the limitr,/7,>1 the

~ For future production of STJ detectors it is of interest to,qn0n trapping factor is proportional to the electrode thick-

find out which quasiparticle loss processes are domlnanEeSSd (becauser,=d). Theoretically, for the junctions pre-

Since we can measure only the effective quasiparticle lifeggnted in this arﬁcle we expep1+(ry/7b)]>90.9

Another important quasiparticle loss process is quasipar-

dElectronic mail: friedhelm.panteleit@uni-tuebingen.de ticle trapping. A quasiparticle trap is a region with a lower

r
Tfﬁz 1+~
b

Ty 2
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gap, which can confine quasiparticles. This loss mechanism A
is illustrated in Fig. 1. In the trap quasiparticle states are
available below the bulk superconducting ghg,,. Quasi- (a) Ta 5nm
particles which reach the neighborhood of the trap can relax
to these states in trapping time,, by inelastic phonon

emission. The trapped quasiparticles do not have enough en- |
ergy to enter the bulk superconductor again except after ab- # Nb 720 nm ]
sorbing a phonon. They leave the trap with escape tigge

The energy of the trapped quasiparticles is converted by re- d
combination into subgap phonons@ <2A,,), which can- -
not break up Cooper pairs in the bulk material. Nb 180 nm AS'o
If the response of one electrode is eliminated by a trap- Nb 180 nm 3160nm
ping layer away from the barrier, there is an additional qua- T T R S ]
siparticle loss because all excess quasiparticles can only tun- Si0,
nel once and then get lost in the electrode with the eliminated
response. The corresponding loss time is the temperature in- Si substrate

dependent tunnel time,,, which is also proportional to the
electrode thicknesd.®

Il. EXPERIMENT

The junctions were fabricated by Space Research Orga-
nization Netherland§SRON.!! Junctions of two different (b)
wafers fabricated in a similar way and having comparable
multilayer structureqAl6/1 and Al6/3 were investigated.
Figure 2 shows the multilayer structure of two different types
of junctions of wafer Al6/1.

The response of the base electrode of all the junctions
investigated is eliminatedkilled) by adding an effective
trapping layer(50 nm Ta away from the barrier. Excess
guasiparticles in the base electrode are trapped effectively in
that Ta layer and are removed from the tunneling process. In
this way tunneling from the base to the top electrode is sup-
pressed. A killed base electrode is advantageous for investi-
gating surface losses because the signal of the top electrode
can be measured without being obscured by back tunneling
from the base electrode. Thus, in the following We CONCeNy g, 2. schematic layout of two different junctions of wafer Al6(a) type
trate on the response of the top electrode only. A junction with the top wiring covering the complete top electrode é»d

We measured two junctions of wafer Al6/1 having dif- type B junction with the wilfing covering only a sr_nall area o_f the top eleq-
ferent multilayer structuregsee Fig. 2 The trilayer of trode. The 50 nm Ta layer in the base electr_ode_ls_an effective quasiparticle

. trap so the response of the base electrode is eliminated.
A16/1 consists of Ta(10 nm/Nby, (180 nm/Al (5
nm)/AlO, (j.=400(AlcnT)/Al (10 nm/Nby,se (180 nm/Ta
(50 nm. The type A junctionFig. 2(a)] is covered by the

Si substrate

top wiring (10 nm Ta/720 nm Np Here the upper electrode
consists of two different Nb layers which results in a 900 nm
total thickness of the upper electrode. The uncovered top

Oraramder t electrode of the type B junction is 180 nm thick. The junc-
g o tions measured are square shagigge A: 104x104 um?;
4 quasiparticle type B: 144144 un’).

One junction of wafer Al6/3 with a special design was
measuredjunction area: 254254 um?). The trilayer of this
junction consisting of Nj, (200 nm/Al (5 nm)/AIO, (j

Ava recombination =260 Alcn?)/Al (10 nm/Nbp,ee(150 nm/Ta (50 nm is half
l hQ<A,, covered by the top wiringl0 nm Ta/800 nm Npbmaking the
oo > upper electrode of the covered pétpe A) effectively 1000
X nm thick whereas the top electrode of the uncovered part
Cooper pair (type B) is only 200 nm thick. The Ta layer on the top of the

FIG. 1. Quasiparticles may get trapped in regions with a reduced superconl“-mcovered partis only 5 nm thick.

ducting gap. If trapped quasiparticles recombine, the energy of the recom- | he top electrode and the top wiring are covered with a
bination phonon is smaller than2, . . thin Ta-passivation layer which prevents oxidation of the Nb
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surface. Oxidized NhRef. 12 is assumed to reduce the (a)
guasiparticle lifetime since a layer of normal conducting
NbO could be an effective quasiparticle trap. Since Tahasa 1400
smaller superconducting gap than Nb, the passivation layer 1200 |, —a— type A passivated
should be thin in order to avoid quasiparticle trapping in the [, —e— type B passivated

e 1000 F ', ™\ e fit (type A)
passivation layer. B \ - - - - fit (type B)

The quasiparticle lifetimes of all the junctions have also 800 |
been measured after removing the Ta-passivation layer by ¥ oo
reactive ion etching in S By doing this we studied the 400 |
effect of passivation on the quasiparticle lifetimes. By mea-
suring the quasiparticle lifetimes of junctions with different 200 N g
electrode thicknesses we can also extract some information 0 " Lo nl
about surface losses. Since in a thinner electrode more qua- 1.5 2.0 25 T[Igjo 35 4.0 4.5
siparticles exist close to the surface, surface losses should be
more important in a thinner electrode. (b)

The quasiparticle lifetimes were measured by means of
low temperature scanning electron microscdpff SEM)* 1400
for various temperatures ranging from 1.75 to 4.3 K. The 1200 _' : —o— type A non-passivated
sample was mounted in a low temperature stage in a standarc —o— type B non-passivated
SEM and irradiated by an electron beam of 5 keV. The pen- _ 1000 } § = fit (type A)
etration depth of 5 keV electrons into the Nb was 120 nm, so & 300 - -~ fit(type B)
that quasiparticles are created only in the top electrode of the l}
junctions. The energy deposition due to the electron beam =~ 600 [
can be used to simulate x-ray photons, but in contrast to 400 | _
x-ray measurements SEM provides high spatial resolution 200 | -
(about 1um). ety

During the measurement the junction is current biased in 0 5 20 25 30 35 40 as
the subgap region of thé-V characteristics and the bias T[K]

voltage shift due to the irradiation is detected. The Josephson

current and the Fiske resonances are suppressed by applyiRi§. 3. Measured decay timegec and theoretical fitting curve for sample

a magnetic field paraIIeI to the tunneling barrier. Al6/1 (a) with Ta passivation an¢b) after removing the passivation layer.
The exponential temperature dependence of the subgap

current of thel-V characteristics is used to calibrate the

junction temperature. The error of the temperature value is

AT<0.1 K. We cannot explain this phenomenon. In the following we

For the time resolved measurements the junction is irraggncentrate on the decay times fb 2.5 K which we as-
diated with short electron beam pulséypically 100 ns  syme to be equal to the quasiparticle lifetimes.
long). The time evolution of the bias voltage shift is ampli-  The quasiparticle lifetimes of the passivated and the non-
fied and monitored with a digital oscilloscope. These pulsegassivated type B junction are shorter than the lifetimes of
normally show an exponential decay with a time constanihe type A junction. This is expected because of the propor-
equal to the quasipatrticle lifetime. As only a small area in the(ionality of 7.ﬁ:ff and 7, to the top electrode thickness
center of the junction&iameter of about um) is irradiated, After removing the passivation layer the quasiparticle
the influence of quasiparticle losses at the edges of the jungsetimes of both types of junctions &t<1.9 K are shorter
tions should be negligible. than the lifetime of the corresponding junctions with passi-
vation. This effect is more pronounced for the thinner type B
junction which indicates that an additional quasiparticle loss
occurs at the surface of the nonpassivated junctions.

Figure 3 shows the measured decay timgs of sample Figure 4 shows the quasiparticle lifetimes of sample
Al6/1 for various temperatures. FoF>2.5 K the decay Al6/3. Again we concentrate only on the decay times Tor
times are nearly constant. At these temperatures we expeet2.5 K. In this temperature regime the lifetimes at the pas-
much shorter quasiparticle lifetimes because the effective resivated type A position are even shorter than the lifetimes at
combination timer,eff should be in the range of a few nano- the passivated type B position. On the other hand, the life-

IIl. EXPERIMENTAL RESULTS

seconds. In the limity.< 7rc=RpC (C s the capacity and
Rp the dynamic resistance of the junctjdhe measured de-
cay time should be given bygzc. However,mg¢ is shorter

times at the passivated type A position of sample Al6/3 are
much shorter than the corresponding lifetimes of sample
Al6/1 (passivated type A Obviously, there is an additional

than the measured time constants, and we observed that theasiparticle loss at the type A position of sample Al6/3.

decay times are independent of the bias conditions. It is in-

teresting that foil > 2.5 K the decay times are shorter for the
thinner type B junction(also for sample A16/3, see Fig).4

After removing the passivation layer the lifetimes at the
type B position are reduced, whereas the lifetimes at the type
A position remain unchanged.
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(a) the following approximatiorc describes the variation of the
phonon trapping facto(p is fixed and 6 the reduction of the

700 ; .
* superconducting gap:
600 —n— type A passivated
00 | —e— type B passivated
g or AR T £t (type A cpr(A)~pr[(1-5)A];, <03, )
5 400 | -—--ﬁtgtypeBg
T o300 ¢ The evaluation for different values af shows that It~
200 f —6.95, e.g., a reduction of the superconducting gap of 10%
100 } - (6=0.1) corresponds to a reduction of the phonon. trapping
. T factor of 50% €=0.5). So we can define an effective pho-
0 1.5 2.0 2.5 3.0 3.5 4.0 45 non trapping factop* = cp which includes the reduction of
T[K] Teit=P* 7, by a reduced superconducting gap. To adjust the
fitting function unambiguously we do not vaty, only p*.
This is justified because the error of the approximation of Eq.
(b) (3) is smaller than the error bars of the measured decay
times.

700 — All temperature independent quasiparticle losses are
600 | \ summarized in the time constant. Then the effective qua-
—o— type A non-passivated siparticle lifetimer(T) is given by

500 | —o— type B non-passivated
) ----fit
u—é 400
© 300 1 1 - 1 + i, (4)
200 | . Tire(T)  p*7(T) 7
100 | . 5
0 . L= o mn . with A=1.47 meV (from thel-V characteristic We adjust

15 20 25 30 35 40 45  the calculated functionr(T) to the experimental data
(74ed by varying the two fitting parameters and p*.
FIG. 4. Measured decay timeg,, and theoretical fitting curve for sample Since we expect that a quasiparticle trap is created at the
Al6/3 (a) with Ta passivation an¢b) after removing the passivation layer. surface of the nonpassivated Nb junctions through oxidation,
we will now discuss the influence of quasiparticle traps on
the fitting parameters. andp*. We assume that the quasi-
IV. DISCUSSION particle trap is away from the barrier so that trapped quasi-
particles cannot tunnel. We distinguish between the limit of
In Sec. Il we have seen that additional quasiparticle los@an effective quasiparticle trap and the limit of a weak quasi-
occurs at the surface of the nonpassivated junctions. To irparticle trap. For the classification of quasiparticle traps,
vestigate this effect more quantitatively we adjust a fittingwhich depends on the reduction &f;,, with respect ta\
function to the measured curvéSigs. 3 and 4 The follow- and on the proximity effect, we assume a trapping layer
ing theoretical model is only valid for data points&t2.5  thickness of a few nanometers. Following the proximity
K because of the unknown origin of the measured decaynodel of Golubovet al!* the proximity effect can be char-
times atT>2.5 K. acterized by the proximity parametey,. A large y,, corre-
In our time resolved experimentsee Sec. )ithe detec- sponds to a large gap reduction.
tor response always shows exponential decay. This exponen- The scattering processes of an effective quasiparticle
tial decay would not be observable if self-recombinationtrap are illustrated in Fig.(®). In this limit Ay, is strongly
plays an important role because self-recombination is timeeduced Q,;<0.8A,,) with a proximity parametery,
dependent. For this reason we can neglect self>1 which results in a small probability that a trapped qua-
recombination. This is not surprising because at our experisiparticle can leave the trapf,,/ 7esc<1). As the quasipar-
mental temperaturekgT/A=0.1) the thermal quasiparticle ticle density in the trap is enhanced with respect to the bulk
density is supposed to be higher than the excess quasipartiaieaterial, the recombination time in the trafi®® is much
density. By neglecting self-recombination, all temperaturefaster thanres.and 7y,,. For this reason quasiparticle trap-
dependent quasiparticle losses can be characterized by amg with subsequent recombination in the trap is an addi-
effective recombination timeg4=p7,, with the intrinsic re-  tional loss process. The corresponding loss timg can be
combination timer, [see Eq.(1)] and the phonon trapping shown to be approximately independent of the temperature

factor p [see Eq.(2)]. in the limit of an effective trag? So the fitting parameter,
The effective recombination depends in particular on thecan be reduced by an effective quasiparticle trap.
superconducting gap. Calculating the functionreg=pr, The scattering processes of a weak trap are illustrated in

for different values ofA andp, we can show that in first Fig. 5b). In the limit of a weak trap the reduction of the
order a small change ia is equivalent to a change m In  superconducting gap of the trap is smald,(y> Ay,
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(a)

Tursp
bulk material -_> quasiparticle
Ay trap
Ay
Tm
Tloss, bulk Tloss, trap
Tasp
bulk material ’ quasiparticle
Al:culk u'ap
TCSC

v v

Tloss, bulk Tlou, trap

FIG. 5. Simple model to illustrate the scattering rateqafan effective
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TABLE |I. Fitting parameters, and p*.
Al6/1 7.(N9 p*
Type A passivation 1656150 55 (56<p* <80)
Type A nonpassivation 1400100 95+15
Type B passivation 18007(=1300) 1062
Type B nonpassivation 356070 237

of the temperature in the limit of a weak tr&bBecause of
Eq. (3) p* is smaller tharp;. Hencep* can be reduced by
a weak quasiparticle trap.

The results of the fitting procedure are shown in Tables |
and Il. As we have measured the quasipatrticle lifetimes only
for T=1.75 K, the saturation of the quasiparticle lifetimes at
the value ofr, at low temperatures cannot be observed di-
rectly. For this reason the errors @f can be rather large.

The passivated type B junction of wafer Al6/1 has very
good propertiegsee Table)l As the fitting parameter, of
this junction is in the range of the tunneling time,(~2
MS), Twn IS the dominant loss time at low temperatures. So
almost all quasiparticles contribute to the signal and the en-
ergy resolution of this junction is therefore not limited by
quasiparticle losses in the top electrode. After removing the
passivation layers. of this junction is strongly reduced. The
fitting parameterr; of the nonpassivated type A junction is
also a bit shorter tham. of the passivated type A junction.
As this effect is more pronounced for the thinner type B
junction, we can assume that this additional temperature in-
dependent loss is caused by an effective quasiparticle trap at
the surface of the junctions consisting of normal conducting

quasiparticle trap an(b) a weak quasiparticle trap. The quasiparticles are in NpO.

two reservoirgthe bulk material and the quasiparticle traghich they can
leave in directions shown by the arrows. A thick arrow indicates that the

corresponding scattering rate is high.

>0.9Ap,) . The escape time.s.and the trapping timey,,

The fitting parameterp* (effective phonon trapping
factorg are approximately proportional to the thickness of
the upper electrode. This is expected because the phonon
trapping factor is proportional to the film thicknedsSo we

can regard the upper electrode of the type A junction as a
homogenous Nb film.

are in the same range and shorter than the effective loss time  The fitting parameterp* of the nonpassivated junctions

in the trap and in the bulk material 7{, Tiap

are about two times larger than the fitting paramepgrsof

< Tioss,trap Tloss,buli - IN this case the quasiparticles of the bulk the corresponding passivated junctions. This indicates that
material and of the trap are in equilibrium and quasiparticlehe Ta-passivation layer is a weak quasiparticle trap.

trapping is not an additional loss process. In calculating the

We will now compare these results with the measure-

effective quasiparticle lifetime of the system, it must bements of samp|e Al6/3see Table ). An important differ-
taken into account that the recombination time in the trap isnce to sample Al6/1 is that* at the type A position is very
shorter than in the bulk material because of the reduced SWmall and does not Change after removing the passi\/ation_

perconducting gap ,. Using EQ.(3) it is possible to de-

Hence the reduction gf* is not caused by a surface effect.

scribe the recombination of the whole SyStem with the intrin-Probab|y the interface between the two Nb |aye‘gsnng

sic recombination time of the bulk materigl(A,,,) and an
effective phonon trapping factg™:

1 a b 1

= J,— ~ .
Tei P17 (Apu) pZTr(Atrap) P* 7 (Apun)

©)

The two constantsa and b, which describe the probability
that a quasiparticle stays in the bulk material and in the trap, type B nonpassivation
respectively, can be shown to be approximately independent

and top electrodeof the type A electrode forms a weak
guasiparticle trap which reduces’. The fitting parameter

TABLE Il. Fitting parametersr, andp*.

Al6/3 7. (N9 p*
Type A passivation 708 7.<1500 162
Type A nonpassivation 7087,<1500 162
Type B passivation 80650 25+3
7607,<1500 10:2
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