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Asymmetric response of superconducting niobium-tunnel-junction x-ray detectors
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The asymmetric response of the counter and base electrodes of x-ray detectors employing polycrystalline
niobium tunnel junctions has been studied by low-temperature scanning electron micr¢k3&EM).
LTSEM has revealed that the base electrode produces a signal more than two times larger than the counter
electrode, and effective quasiparticle lifetimes are 100 ns in the counter and 280 ns in the base. Based on the
|-V characteristics and the measured effective quasiparticle lifetimes, we propose a model structure for a
spatial variation of the gap parametr which involves proximity quasiparticle trapping layers. The small
counter signal is caused by the shorter quasiparticle lifetime and the trapping effect. The LTSEM results are
consistent with x-ray spectra for a radioactfR?ee source[S0163-18206)06437-5

[. INTRODUCTION guasiparticles relax to energies just abové aithin
10 *2-10° s after the photoabsorption, and then recombine
Superconducting tunnel junctiofSTJ'9 have been ex- into Cooper pair§.In order to obtain a reasonable signal, the
tensively studied for a promising application to high-energy-excess quasiparticles should be counted within a quasiparti-
resolution x-ray detectors in a range of 1-10 keV. An x-raycle lifetime. Hence, an important issue of the high energy-
photon deposited in either superconducting electrode of sesolution detectors is to obtain a long quasiparticle lifetime
superconductor-insulator-superconductofSIS)  junction  and a short tunneling time. The effective quasipatrticle life-
breaks Cooper pairs and creates quasiparticles in excess ofime is longer than the intrinsic lifetime because a quasipar-
thermal equilibrium density. Those quasiparticles can beicle recombination creates a phonon with an energy A
measured through quasiparticle tunneling of SIS junctionshat breaks a Cooper pair agditf Thus the phonon loss
operated on Giaever mode. High energy resolution is envisime plays an important role. On the other hand, the tunnel-
aged from a small superconducting-energy gdptBat is ing time is basically determined by an electrode thickness
more than 1000 times smaller than that of silicon. The intrin-and a normal-state junction resistance, which is a measure of
sic resolution of STJ detectors is given byE/E  tunneling barrier transparency.
=2.\In4(Fe/E)? in full width at half maximum(FWHM), It is known that two electrodes of STJ detectors generally
whereE is the radiation energy is the Fano factor, and  produce an asymmetric response, which appears as double
is the mean energy necessary to create one quasiparticigeaks to monochromatic x rays on pulse height spéttra,
Theoretical predictions have indicated tHae0.2 ande  although there is a report on polycrystalline niobium junc-
=1.7A(=2.64 meV for niobiuni? and thus an intrinsic en- tions of which the response seems to be symmétrithe
ergy resolution of 0.07%4 eV for the 6-keV x rays How-  asymmetric response has been reported in polycrystalline tin
ever, no experimental results have realized this value bear niobium junctions:****Recently, niobium junctions have
cause of tunneling barrier imperfections, electric noises, anbleen frequently employed, because a combination of nio-
quasiparticle losses. In niobium junctions, the best resolubium and aluminum enables one to fabricate high-quality
tions are in a range of 53—88 eV for the 6-keV x rdy3and  tunnel junctions? In any case, there is no consensus on
a resolution of 29 eV has been achieved with aluminumwhich electrode makes a larger signal. This may be under-
quasiparticle-trapping layefs. stood by taking into account phonon escape processes from
Photoabsorption in the superconducting electrodes injunctions into surroundings. However, an exact evaluation of
duces several processes. The processes have been descripkdnon escape times seems impossible. Contrarily, in nio-
in literature?”® Here we mention them briefly. In niobium bium junctions with single-crystalline base electrodes it has
the photoabsorption of the 6-keV x ray creates a photoeledseen consistently reported that the single-crystalline bases
tron with an energy oE-E, (3.2—-3.5 keV, whereE, isthe  produce considerably higher signals than the polycrystalline
binding energy of thé shell. TheL-shell vacancy causes an counters*”*® The larger base signals may primarily result
Auger electron emission at 2.5 keV, which is dominant at afrom longer quasiparticle lifetimes in single-crystalline nio-
probability of more than 96%, or a radiatilé-L transition.  bium. It has been also implied that a contaminated surface
These electrons lose their energies through ionizations arldyer and photoelectron escape cause the poor counter-
multiple scattering, which finally create quasiparticles. Theperformancé®-?'However, the properties of counter or base
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FIG. 1. Top view and cross section of the niobium junction on a
Si wafer covered by a 20-nm thick MgO layer. The film thicknesses
are 200 nmbase Nb, 10 nm(Al/AlO,), 100 nm(counter Nb, 300
nm (Si0,), and 400 nm(lead Nb.
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electrodes have not been measured separately, and thus the
cause of the asymmetric response is obscure.

Recently, it has been pointed out with low-temperature o T T Y.
scanning electron microscopf TSEM) that the single- Voltage [mV]
crystalline niobium base produces a signal 2—3 times larger (b)
than the polycrystalline counté?,and additionally the base
signal of a polycrystalline niobium junction is larger than the  FIG. 2. 1-V characteristic curve at 4.2 Ka) a wide voltage scan
counter oné? These results were obtainable through an acand(b) a magnified curve in the subgap region.
curate controllability of the position and depth of small per-
turbation in LTSEM. In this study, we have also employedthicknesse$® The above interpretation is compatible with
LTSEM to determine explicitly which electrode of our poly- that in Ref. 24.
crystalline niobium junctions produces a larger signal and to A junction of 3520 um?® was analyzed by LTSEM. De-
measure guasiparticle lifetimes separately. LTSEM data artails about LTSEM have been published elsewlferé.
analyzed in combination with-V characteristics and x-ray Throughout the measurements the dc Josephson current was
spectra in detail. Finally, a model structure for a spatialsuppressed by applying a magnetic field parallel to the junc-
variation of the gap parameter is proposed to explain obtion surface. The junction was kept at 2.0 K by pumpihig,

served asymmetric response. and biased at 0.6 mV with a current bias network. Two kinds
of measurements were performed: spatially resolved mea-
Il EXPERIMENT surement(two-dimensional imageand time-resolved mea-

suremenitime decay. Two-dimensional images of junction

The niobium junctions were fabricated by conventionalresponse were recorded with long electron pulses fou25
photolithographic and reactive ion etching techniques. That different energies between 5 and 15 keV. The measured
structure of the junctions is shown in Fig. 1. A typical junc- signal reflects the steady-state density of the excess quasipar-
tion on the wafer had a critical current density joi=120 ticles, since the pulse duration is exceedingly longer than
Alcm?, a normal-state specific resistancepgf=16 u() cn. quasiparticle lifetimes. We observed no nonlinear depen-
The |-V characteristic curve measured at 4.2 K is shown indence of the junction response on electron-beam currents in a
Fig. 2. The sum of the gap parameters is 2.86 meV at 4.2 Krange of 2—8 pA. Hence, the perturbation is considered to be
A small knee at 0.15 mV is assigned to a singularity at thesmall. Time decay curves were measured with short pulses
gap parameter difference between the counter and baskr 100 ns at 10 keV which contain 19 electrons, in order to
eV=A.—A,. Itis thus evaluated that the gap parameters atvaluate the quasiparticle lifetimes.
0 K areA,(0)=1.55 meV, which is equal to the bulk value, ~ X-ray measurements were performed ifHe cryostat at
andA,(0)=1.40 meV, which is suppressed by the proximity 0.4 K. The whole area of a junction of 580 um? on the
effect in the aluminum layer. It is expected that the basesame wafer was uniformly irradiated with a radioactiviee
niobium layer underneath the proximity layer has the same&ource, which emits the MK« 5.89 keV(88%) and MnK 3
gap asA.. TheA reduction of 0.15 meV due to the Al layer 6.49 keV (12% characteristic x rays. The junction was bi-
(~8 nm) agrees well with dependence d&f on aluminum ased at voltages between 0.13 and 0.6 mV with a constant
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FIG. 3. Two-dimensional LTSEM image of the junction re- E / M
sponse to the 15 keV electrons. The signal heights are toned from  — .
black for the lowest signal to white for the highest one. The corre- g:‘;) )
sponding top view is shown in Fig. 1. The arrow indicates the 3 g5 ST Junction area T
direction of the line scan in Fig. 4. . Basearea
current source. In the bias point range the dynamic specific o N—
resistance is 0.08 cn?. Readout electronics were a conven- 0.0 X . , .
tional combination of a preamplifier, a shaping amplifier, an o 10 20 30 40
analog-to-digital converter, and a multichannel analyzer. y [um]
IIl. EXPERIMENTAL RESULTS AND DISCUSSION FIG. 4. Line scan of the LTSEM image at 5 keV and junction
) ) ) ) ) structure along the arrow indicated in Fig. 3. The junction signal is
A. Two-dimensional image of junction response plotted against the electron-beam coordinate.

Figure 3 shows the two-dimensional image of the junction
response to the 15 keV electrons. The 15-keV electrons pa:
through most parts of the junction structure, and thus th e higher and lower peaks are assigned to the absorptions of
junction area and the contact holes are visible. The line sc e M?] Ke line in thg base and co?mter res ectivelp The
at 5 keV along the vertical arrow is shown in Fig. 4. From houlder is d he ab : £1h ’ FI) . {1
the electron ranges of 120 nm in niobium and 380 nm jponouider is due to the absorption of the M'ﬁ ine in the
SiO, at 5 keV?' it is obvious that the electrons are com- b_ase. Concerning the counter, these two lines produce the

single peak due to a lower energy resolution.

pletely stopped within the counter niobium in the junction The signal height ratio of the base and counter peaks is

area and within the base niobium in the base area where no . oo . -
counter and barrier are present. Thus, the equal energi%‘é’o' which coincides with the lower limit of the LTSEM

were deposited in either electrode. The signal curve is almost
flat in the junction area. On the other hand, in the base area 120}
the signal exhibits a maximum just outside the junction area
and rapidly decreases toward the base edge. The step just
outside the junction area indicates that the base produces a
signal more than two times larger than the counter. The value
two is considered to be a lower limit of the signal height
ratio, because the signal from the base area reflects the num-
ber of quaisparticles that diffuse into the junction area and at
least half of the quasiparticles in the base cannot be counted
when the electron beam irradiates just outside the junction ZRNAN
area. Thus, the intrinsic signal height ratio may be close to a B .
four. 0 . . . . " |
100 200 300 400 500 600 700
B. X-ray spectra Channel

Qw-energy background, and the higher peak is accompanied
y a shoulder. In consideration of the above LTSEM results,

Mn K(5.89%eV)

80 |

Yield [counts]

40| Mn KB

(6.49keV)

The present junction structure has not been optimized for F|G. 5. X-ray spectrum for &Fe source at a bias voltage of
x-ray spectroscopy. Nevertheless, the junction successfully.25 mv and 0.4 K. The higher and lower peaks are assigned to the
produces the clear x-ray peaks on the pulse height spectrugaray events in the base and counter electrodes, respectively. The
shown in Fig. 5. Two peaks are apparently recognized with aignal of the MnK 8 line appears as a shoulder of the higher peak.
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FIG. 6. X-ray spectrum measured at a bias voltage of 0.4 mV -0.2 0 02 0.4 0.6 0.8 1
and 0.4 K. The inset displays the same spectrum with the log scale. Time [ps]

The energy resolution for the M« is 300 eV in FWHM. The Mn
K8 line is moderately separated because of a better energy resolu- FIG. 7. Time decay curves measured with the 10-keV electron
tion than in Fig. 5. The low-energy background below the 250thpulse for 100 ns at different two positions. The solid lines show the
channel is caused by the x-ray events in the leads far from th@umerical fit results. It is evaluated that the quasiparticle lifetimes
junction area or the substrate events. are 100 ns in the counter and 280 ns in the base electrodes. In the
inset the curves are plotted with the linear scale.
result accidentally. However, the x-ray and LTSEM experi-
ments were performed at the different bias points and tem- In literature measured effective lifetimes in niobium are
peratures. In addition, the x rays irradiate the whole areastrongly dependent upon experimental conditions. That
while the electrons stimulate the certain positions. Thus, wéanges, for example, from 40 ns in a double tunnel junction
cannot exactly compare the two results. Nevertheless, at théevice to 50us in a high purity bulk single crysta?:* The
same bias point as the LTSEM measurements, only a singleresent effective lifetimes, which are remarkably shorter than
set of peaks was observed similarly to Fig. 6. The signathat of the bulk single crystal, may be related to a fast pho-
from the counter was considered to be obscure on the larggon loss at grain boundaries. There are two phonon loss pro-
yield from the low-energy background, which means that thecesses in general: phonon escape into surroundings and bulk
signal height ratio is more than two. Hence, the two result$honon decay into energies below.2The phonon escape
of the x-ray and LTSEM measurements are consistent. occurs only near a junction-substrate interface within a pho-
The best energy resolution is obtained at a bias point opon pair-breaking mean free pat) while the bulk phonon
0.4 mV, as shown in Fig. 6. The energy resolution for thedecay can occur everywhere in the electrodes. In niobium
Mn Ka line is 300 eV in FWHM, and the MK 8 line is  junctions the phonon escape has generally been considered
comparatively well separated from thex line. to be a major phonon loss process in literature. However, it
has been pointed out that even in a 100 nm thick niobium
film the phonon escape to surroundings is negligible, since
the A of niobium is exceptionally smaller than those for
The time decay curves of the junction response to thether elemental superconductdts? Hence, the bulk pho-
10-keV pulse for 100 ns are shown in Fig. 7. As displayed innon decay should be dominant in niobium. As a result, in our

the inset concerning the linear scale plot, the signal risegnctions the effective quasiparticle lifetimé is expressed
during the electron pulse are linear. This ensures that thg

perturbation is small or the self-recombination is negligible.

At position 1 the S|gnal_ reaches amaximum just at the end of 7 =r(1+7,/78), (1)

the electron pulse, while at position 2 it is delayed by about

50 ns. This delay is consistent with a time necessary for thevherer, is the intrinsic lifetime,r, is the phonon decay time,
quasiparticles created in the base area to reach the juncti@md 75 is the phonon pair-breaking time. The intrinsic life-
area, namely a mean diffusion leng{f2Dt for 50 ns is an time calculated by a low-temperature approximation is
order of the base area width.Numerical fits with a two- 7,=50 ns at 2.0 K andrz equals 1.9 p&3! The phonon
exponential-term formula were performed with a nonlineardecay time is thus estimated at=10 ps by taking the mea-
optimization method. The best fits for the decay curves arsured lifetime of the base. In a bulk single-crystalline nio-
expressed by 1.59 ekpt/0.103+1.95 exf—1/0.279 at po-  bium it has been reported that the phonon decay time at an
sition 1 and 1.19 exp-t/0.28)) at position 2, wheré is the  energy of A(Al) is 145 us that is a factor of 100 shorter
time after the pulse end in an unit pfs. At position 1 the than a theoretical anharmonic decay tifiét was envisaged
10-keV electrons stimulate both the counter and base, whilthat the surface of the bulk niobium caused a fast phonon
at position 2 the electrons stimulate only the base. It is thuslecay. When we take a relation Q;ocE‘F’ for the anhar-
demonstrated that the quasiparticle lifetimes are 100 ns in theonic decay’ the phonon decay time at\2Nb) is an order
counter and 280 ns in the base. of 10°° s, which is still longer than 10 ps. It is well known

C. Time decay: quasiparticle lifetimes
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that the polycrystalline niobium films have a columnar struc-  £,mevi
ture with grain sizes of 30—-80 nit:*® The columnar struc-
ture can cause phonon inelastic scattering withjnin con-
sideration of theA. It is therefore reasonable that the
effective lifetimes are shortened by the fast phonon decay 1ss
enhanced at the grain boundaries. L4
The quasiparticle lifetimes significantly influence the sig-
nal height of junction response, which is directly related to
the collected excess char@ TheQ is expressed by

122

-1
Tiun counter Nb substrate
Q=Qo =1 =-1. 2 : >

T T T —>
tun r Depth

whereQ, is the total charge of the excited quasiparticle, and
Twn IS the quasiparticle tunneling tirﬁeEquation(Z) is valid FIG. 8. Model structure of the gap parameter variation, which is

if there is no back tunneling, the so-called Gray effédn derived from thd -V characteristics and the measured quasiparticle

our junction the Signa' amp”fication due to the Gray effect is'ifetimes. The solid line shows the gap parameter variation, and the
negligible, since the measured effective lifetimes are shortethadow represents the distributio_n of electron quasiparticles at
than the tunneling times. The tunneling time in T#0. The scales of both axes are inaccurate.

kT<eVg<2A, whereVy is the bias voltage, for junctions

with two identical electrodes is expressed by reducedA in the counter. The other regionR2 and R4,

have the same gap parameter of 1.55 meV.

J(A+eVg)?—A? We estimate the\ value inR1 from the measured quasi-

ATev , (3 particle lifetimes. Since the phonon decay times in both elec-

B trodes are supposed to be the same, the ratio of the effective

whereN(0) is the single spin density of states at the Fermilifetime in the counter to that in the base equals the ratio of
energy, andl is the thickness of the electrode from which the intrinsic lifetimes. Ther, is given by
quasiparticles tunnel to the other electrddén the present 2
junction there is the proximity layer under the barrier in the —1:2770‘ F &
base. Nevertheless, since thereduction is small and the " hZy(0) N(0)’
bias voltage sufficiently exceeda {—A,)/e, the tunneling where o
times can be well approximated by E®). Equation(3) is
valid for both tunneling processes of counter-to-base a

base-to-counter independently of the bias poldritfhe tun- a low-frequency approximation ofa?(Q)F(Q)=bQ?

neling times are expected to be 28 for the counter-to-base where( is the phonon energy and is supposed to be equal to
tunneling and 4.5us for the base-to-counter tunneling. From 27, andNy,=2N(0)A (kg T/2A) Y2exp(—AlkgT), Eq. (4) is
Eq. (2) the ratio of the collected charge from the baeto " o gy B Y =

that from the counte®. is estimated a®,/Q.=1.4 by using

Ttun™ 482pnN(0)d

4

’F is the product of the electron-phonon coupling
trength and the density of phonon states, ap@) is the
n lectron-phonon coupling renormalization factdf we take

the measured lifetimes. The value is less than the measured _, 16mb [mke T 5 A
lower limit of the signal height ratio. T :hzl(O) oA A exr{ - kB_T) (5)

It is known that the proximity layer with a reducédacts
as a quasiparticle trapping layer and enhances tunnelinghe values ob and Z,(0) are tabulated in Ref. 9. When a
rates3’~% Quasiparticle lifetimes and tunneling times in single set of theb andZ, values is assumed for the present
Nb-Al  proximity junctions have been calculated junction, the ratio of the lifetimes in the counter and base is
theoretically’® Although the theory cannot be simply applied given by
to the present case of the conditionkgfT>(A.—A,) at 2.0
K, it is predicted that a lower limit of, for base-to-counter e Tre [Ac
is 3 us in consideration of the trapping effect due to the Al ﬁ_ Tb_ Ap
layer in the base. Accordingly, the upper limit of the pre- ’
dicted signal ratio is two at 2.0 K. That value is still incon- By employing the measured lifetime ratio and an average
sistent with the measured signal height ratio, which indicate§ap value of 1.48 meV for the base, it is calculated that
that no significant trapping effect of the Al proximity layer is Ac=1.22 meV. This large\ reduction more than the thermal

expected. Thus, another cause of the smaller counter sign@lergy enables us to replade by Ag;, which means that
should be considered. most of the quasiparticles are confined?h. In other words,

the lifetime inR1 is shorter than that in the base predomi-

nantly because of a larger number of the thermal quasiparti-

cles that originates from the small The estimated value

of 1.22 meV inR1 is an effective value, since the values of
In order to explain the unexpected large asymmetric reb andZ, in the proximity layer are unknown.

sponse, we introduce a simple model structure illustrated in A question is what the reducekivegion is in the counter.

Fig. 8. In addition to the aluminum proximity lay&3 inthe It is well known that the surface of niobium is easily oxi-

base, let us assume that there is another reBibrwith a  dized in air, and such niobium oxides as 8§ and NbQ,

572 p(Ac<0>—Ab(0>
R TG

) . (6)

IV. INTERPRETATION OF THE ASYMMETRIC
RESPONSE
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and Nb-O solid solutions are formed even at room T K]

temperaturé® Moreover, the presence of a normal-metal 40 20 10 05

layer underneath a niobium-oxide layer has been proposed in

Nb-NbQ,-superconductor junctiorf$.Nb,Os is an insulator,

while NbQ, is usually a normal metal. The Nb-O solid solu-

tions are superconductors of whidh, is reduced by 0.93 3

K/O at. %2%?* The formation of these phases on niobium

surfaces has been confirmed by Rutherford backscattering,

x-ray photoemission spectroscopy, and other metRdthin

the present junctions, the niobium surface was exposed in air

during the fabrication processes and even the wafer was oc-

casionally heated up at about 100 °C in air feB0 min

before the SiQ deposition, and thus the oxide formation on

the counter surface is highly expected. The contribution of a

low-T, layer of the Nb-O solid solutions is unlikely, because 0000 Lot v

the solubility limit of oxygen is expected to be less than 1 T 02 0.6 1 14 18

at. % even at 600 °C, which corresponds to a negligible re- UT K

duction of T, or A.*® Hence, it is most probable that a NpO

metal layer is present near the counter surface, and functions FIG. 9. Subgap current as a function of inverse temperature at a

as a strong trapping layer. bias voltage of 0.6 mV. The solid line is the sum of the theoretical
It is also expected that the metal layer is formed on thgunneling current due to the thermal quasiparticles and a leakage

surface of the base area shown in Fig. 4. This metal layegurrent of 0.0088 A/cih

may trap quasiparticles excited in the base and the Iifetim%ase Thus. onlv the t . f Id b ible f

should be shorter than in the base under the junction are : » only the trapping effect could be responsible for

However, when the electron beam irradiates ::)osition 1in'c smaller counter signal to the x rays at 0.4 K.

Fig. 7, the recombination in the base area is negligible, since V. CONCLUSION

the quasiparticles excited in the base need to diffuse out of

the junction area to be trapped in the base metal layer. Con- The LTSEM two-dimensional images have revealed that

trarily, the quasiparticles excited in the counter are easiljhe base electrode of the polycrystalline Nb-Al/ASIb

trapped in the counter metal layer because of short migratiofyinction produces a signal more than two or possibly four

lengths of less than the thickness of the counter niobium. OffMeS larger than the counter. By the time decay measure-
%ents the effective quasiparticle lifetimes have determined:

0.1F

Subgap current [A/cm?]

0.01 |-

the other hand, at position 2 the excited quasiparticles ma _ ,
be trapped in the base metal layer, but these quasiparticldd0 NS in the counter and 280 ns in the base at 2.0 K. The

cannot contribute to the decay curve. Only quasiparticles thdt ective lifetime in the base indicates that the phonon decay
diffuse into the junction area produce the junction signal, sg!Mme i as short as 10 ps. It is implied that th& ghonon

that the decay curve reflects the quasiparticle lifetime in th&!€CaY is enhanced by a large factor at the grain boundaries in
base under the junction area. the polycrystalline niobium films.

The thermal quasiparticle density in niobium falls to "€ model structure has been proposed forAhepatial
~102cm3at 1 K and as low as-1 cm 2 at 0.4 K, if the variation in consideration of the-V characteristics and the

junction is ideal. This indicates that only self-recombinationsT€asured quasiparticle lifetimes. The model structure in-

take place in this temperature range, in which niobium juncY0lves the reduced-regions due to the proximity effect. It
is concluded that the causes of the asymmetric response to

tions are normally operated for x-ray measurements;, - ! e X
Namely, the quasiparticle recombination rate is determined’® €lectron beam ard) the short quasiparticle lifetime in
e counter electrodg?) the small quasiparticle trapping

by the density of excess quasiparticles created by x rays i
Y Y d P y ¥ effect due to the aluminum proximity layer in the base, and

lace of the thermal quasiparticle dendityHowever, in re-
P q P H g%) the dominant trapping effect due to the proximity surface

ality all junctions possess a leakage current in some degree: i I F
As shown in Fig. 9, at 2.0 K the subgap current of thelayer of the metallic oxide in the counter. The x-ray spectra

present junction is dominated by the tunneling current due tG€ consistent with the above interpretation.
the thermal quaS|part|cIe_s. Op the oth(_ar hand, the leakage ACKNOWLEDGMENTS
current exceeds the quasiparticle tunneling current below 1.6
K, so that the subgap current is independent of temperature. The authors would like to express their thanks to S. Kiryu,
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