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ABSTRACT

Superconductive tunneljunctions are under development as detectors for X-ray astronomy in the 0.5-10
keV energy range, because of their potentially high energy resolution (6E < 10 eV) in combination with
high detection efficiency.

Especially absorber-junction combinations offer the prospect of high energy resolution detectors with a
high detection efficiency and a reasonable (~ 1 cm?) size. The proximity effect between the Nb absorber
and the Al trapping layer plays a dominant role. A study of the proximity effect in Nb/Al/Al,035/Al/Nb
junctions with different Al-layer, the trapping layer, thicknesses is presented.

1. INTRODUCTION

The pioneering efforts of the groups at the Paul Scherrer Institut!? and the Technische Universitit

Miinchen® and their promising results, about 50 eV energy resolution at 5.9 keV, ignited the interest for
research on superconducting tunneljunctions at various institutes.

Notwithstanding this broad effort the results on energy resolution have sofar not been improved.

The work in our group is directed to the development of detectors for X-ray spectroscopy of astronomical
X-ray objects. To make these detectors attractive we require them to combine:

— high detection efficiency in the energy range 0.5 — 10 keV

- good, about 10 eV, energy resolution

— some imaging, either by intrinsic imaging or by an array of individual detectors.
The need for reasonable efficiency requires a detector thickness of 20 — 30 um Nb or an equivalent thick-
ness of another superconductor. This requirement combined with the others excludes the use of simple
junctions. Superconductive absorbers, read out by one or more superconductive junctions, possible by
the use of quasiparticle trapping?, are the most likely route to a successful detector.

The work in this paper is directed to the study of this quasiparticle trapping mechanism in junctions of
Nb/Al/Al;03/Al/NDb and is a precursor to the use of large absorbers, read out by small junctions.

2. THEORY
a. General

The response of superconductive junctions to X-ray photons is due to the creation of excess quasiparticles,
which subsequently tunnel to the other film. The ultimate achievable energy resolution is given by the
statistical variation on the number of created quasiparticles and is given by:

§E(FWHM) = 2.355(FcE,)? (1)
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with F the Fano factor, € the mean energy required for the creation of a quasiparticle and F, the energy
of the X-ray photon. Calculations® performed for Nb yield F' = 0.22 and € = 1.75 A, with A the bandgap
energy for Nb.

Several papers have appeared on the initial loss of quasiparticles from the system due to localized heating
by the absorption of the X-ray photon.57:® Calculations performed for Sn® indicate that this might account
for a loss of about 50% of the quasiparticles in case of absorption of 5.9 keV X-rays. For Nb quantitative
calculations do not exist, but qualitative arguments” indicate that the situation might be better than for

Sn.

Other loss processes occur after the quasiparticle phonon system has relaxed to the bandgap, namely loss
of quasiparticles and phonons from the system.

In figure 1 the various processes in this system are indicated. The loss processes and their impact on the
signal level as well as on the energy resolution will be part of the discussions in the following paragraphs.
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Fig. 1. Schematic of the quasiparticle phonon system stimulated by an X-ray photon creating excess
quasiparticles and phonons. The situation is shown for a tunneljunction with two superconducting films
on top of a substrate.

In this chapter some of the time constants governing the various processes are reviewed, since current
literature is inconsistent. A crucial parameter is the time constant for tunneling, generally called the

tunnel time 7. In line with the paper by Ginsberg® it follows that for a junction with two normal
conducting films:

I=U/Rn (2)
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in which U equals the biasvoltage and Ry the normal resistance. For the current I also should hold:
[=gN> 3)

in which N the number of charge carriers which can tunnel, ¢ the electron charge and ;1; the tunneling
probability. At T' ~ 0 the charge carriers N, which can tunnel, are

N = 2N,VqU (4)

with Ng the density of states per spin direction per eV at the Fermi level and V the volume of the layer
for which the tunnel time is calculated. So for a junction with normal conductive films the tunnel time
equals

™ = 2¢* NoRnV (5)

In case tunneling between superconductors is considered this formula is changed for two reasons:

- Quasiparticles are split into electron-like (k > kp) and hole-like (k < kr) branches. Only the
energy level of one of the branches corresponds to that with states at the other side of the barrier,
thereby enhancing the tunnel time by a factor 2. This is illustrated in figure 2, which represents a
superconductive junction in semiconductor representation.

— The density of states in a superconductor is strongly enhanced near the bandgap. This results in
a correction factor to the tunnel time 77, which becomes smaller than one for relatively low bias
voltages. This correction factor is independent of temperature as long as kT < qU.

FILM 1 FILM 2

Fig. 2. The semi-conductor representation of a subgap biased junction with two superconductive films.
This figure illustrates that the tunnel change for quasiparticles is reduced by a factor 2.

So the tunnel time for a superconductive junction with films of equal bandgap becomes:

(A +qU)* - A%}
At qU (6)

r = 4¢ NV Ry
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Verification of this formula is possible by making use of the expressions for the thermal quasiparticle
density!? N

ny, = 2No(2m AkT)ze~A/FT (7)
and that for the thermal subgap current!!

I AU o akT)be /T (8)
9EN [(A+qU)? - A%z

I

Since half of the thermal current comes from the film with volume V for which the tunnel time 77 is
calculated, the following relation holds:

1 1
qnthV; = §Ith (9)

Combining equations (7), (8) and (9) results again in expression (6) for 7.

The other, inconsistently treated, parameter is the temperature independent recomlination rate R, defined
as the average rate at which any single quasiparticle reacts with any other quasiparticle in an ensemble
with a density equal to one. So the total rate at which recombination occurs equals:

1 R
SN -1 (10)

since %N(N — 1) is the number of ways we can make pairs out of N quasiparticles. The rate at which
quasiparticles are converted into 2A phonons by recombination is!?

ON N R

since two QP’s are destroyed by each recombination. In case of large N:

1
- = 12
A= = (12)
with n = g If one implements the thermal quasiparticle density (7) and the equation for 7g from
Kaplan!?® into equation (12) one obtains
2A 1
- oy (13
ch 4NOA7‘0

When this is applied to recombination of excess quasiparticles N, one finds:

8Jvezc _ 2 R
T [2Nege Ny + N2, ] % (14)

of which the first term represents recombination of excess QP’s with thermal QP’s and the second self

recombination. So for small numbers (Neye < Nyp) of excess QP’s the time constant for the relaxation of
excess QP’s by recombination is twice as short as the recombination time 7, calculated by Kaplan!3.
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b. Proximity effect and quasiparticle trapping

The response of Nb-junctions with “thick” Al-layers adjacent to the barrier is dominated by QP trapping
in the reduced bandgap region. The use of QP trapping for collection and faster tunneling of QP was first
proposed by Booth et al.* The process is illustrated in figure 3. Excess QP created by X-ray stimulation
scatter towards lower energies in the low bandgap region and get confined. This confinement in a small
volume near the tunnel barrier reduces the tunnel time. The flow of QP and phonons in a junction with
a low bandgap trapping layer is illustrated in figure 4, which forms the outline of a simple model used to
interpret the data presented in this paper.

Excess qp scatftering
gp's with phonon emission
? ) - ————— <
A, :
A ——
@D
S /.
Cooper  Excitation Recombination | _| —Tunnel
pairs by X-ray photon barrier

~<———Absorber ———> <——Trapping layer —

Fig. 3. Schematic of the trapping process* into a lower bandgap region caused by down scattering of the
quasiparticle energy.

Since the counter electrode is covered by 20 nm of Al any excess QP’s in this layer get instantaneously
trapped in a region separate from the tunnel barrier. For the present model it implies that only signals
are expected from X-ray absorption in the bottom layer and that backtunneling of excess QP’s or phonons
from the counter electrode can be neglected. This will be justified in a quantitative way later in the paper.

The bottom electrode in this model is split into two compartments, i.e.:

— One parallel and adjacent to the barrier with a reduced bandgap Amin

— One between the former compartment and the substrate with a bandgap equal to the one for bulk

Nb,ie. Ap.

In both compartments we assume a QP-phonon system governed by recombination and pair breaking
as described by the Rothwarf-Taylor equations. In the transport between the two compartments the
phonon transport is neglected, since it contains only a small fraction of the energy transport between
both compartments. The loss of phonons from the system is described by the phonon trapping factor
according to Kaplan!4. For the low bandgap compartment the transmissivity for phonons at either side
has been taken equal to one. For the bulk bandgap compartment the transmissivity equals 0.34 at the
Nb/SiO;, interface and 1.0 between both compartments. Loss of phonons by decay has been neglected.

Loss of QP’s from the system is considered only for the bulk bandgap compartment. This time constant
is actually the only free parameter of the model, since all other parameters can be derived from actual
measurements and models.
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Fig. 4. Schematic of the quasiparticle phonon system stimulated into non-equilibrium by an X-ray photon.
The situation is shown for a tunneljunction with a trapping layer in the bottom electrode.

QP’s can however also get lost from the low bandgap region, since the thermal energy kT of the QP’s
is not too different from the depth, A — A,,in, of the trapping compartment. So part of the QP’s in
the trapping layer are not confined and can get lost through the QP loss mechanism in the bulk bandgap
compartment. This effect has been included in the model.

The key parameter in this model is the trapping time into the low bandgap compartment. This time con-
stant for scattering towards a lower bandgap region is given by Kaplan!3. For small energy differences 6 E,
compared to the bandgap energy, and for a BCS density of state distribution the following approximation
holds:

Ts ~ (6E)73° (15)

For an exact solution the density of states as function of energy and position perpendicular to the barrier,
in the reduced bandgap region, is required. This information combined with Kaplan’s!3

general equation
on QP scattering results in the trapping time.

This calculation has recently be performed by Golubov and Houwman!® based on the earlier work by
Golubov!617 on the proximity effect. Golubov characterizes this effect by two proximity parameters 7,
and yg. The behaviour of the order parameter near the S’S interface, defined by v,, and g, is shown in
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figure 5. In our case S’ is the Al-layer and S the Nb layer. The parameters £s: and {s are the coherence
length in superconductors S’ and S. By solving the Usadel equations in the S’ and S region for dy, < &,
and d; > {, the required superconducting properties can be determined.
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Fig. 5. Behaviour of the order parameter A(z) at an interface between two superconductors S and §'.
The behaviour is characterized by the two prozimity parameters v,, and vg.

For Nb/Al junctions in which the Nb and Al-layer are sputtered in one run, study of the I-V characteristics
for junctions with different layer thicknesses of Al have shown that yg5 ~ 0, so that only 7,, describes the
proximity effect in this case.

3. EXPERIMENTAL DATA

In order to investigate the influence of QP trapping on the performance of junctions as X-ray detectors
a series of Nb/Al/Al;03/Al/Nb junctions have been produced with different Al-layer thicknesses in the
bottom electrode. So far only 50 pm size junctions have been measured. The geometry of the devices is
shown in figure 6.

The size of the electrodes equals 70 x 70 x 0.3 um® and 60 x 60 x 0.165 um? for the bottom and counter
electrode, respectively. Both electrodes have a long connecting lead of 5 pm width. The counter electrode
has been covered with 20 nm Al.

The Al-layers at the barrier range from 5 to 25 nm for the bottom electrode and equals 3 nm for the
counterelectrode. The most useful data are given in the following table.

Table 1 Junction characteristics

Wafer Rn Al-thickness Ve (4 K) Amin (1.5 K)
(@) (nm) (mV) (mV)
PROX 4 0.44 5 2.73 1.37
PROX 3 0.57 10 2.58 1.21
HG@7.2 0.16 15 2.54 1.17
PROX 2 0.58 20 2.40 1.02
PROX 1 0.48 25 2.30 0.93

The bandgap value of the counter electrode Apax (1.5 K) equals about 1.4 meV. Since both layers have
been sputtered at ambient temperature they have a typical resistance ratio RRR ~ 5.
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Fig. 6. Geometry of the Nb/Al/Al, O3 /Al/Nb junctions.

So far only X-ray measurements have been performed on 50 um junctions of the first three wafers in the
table. These measurements are performed by stimulation with 5.9 keV X-rays from an %% Fe radioactive
source. The junctions are biased at about 0.2-0.4 mV by a current source with voltage stabilization. The
X-ray induced excess current in the junction is amplified by a cold charge sensitive preamplifier with a
feedback capacitance of 1 pF and a bandwidth limited rise time of approximately 350 nsec.

In figure 7 four pulse height spectra are shown, two for the PROX 3 wafer, 10 nm Al, and two for the
HG@7.2 wafer, 15 nm Al. The two spectra for both wafers have been taken at different temperatures.
The axes for the pulse height are in volts. For both cases one volt corresponds to approximately 90.000
electrons of tunneled charge. The measured pulse shapes for all runs are consistent with a signal decay
time shorter than about 350 nsec.

Characteristics of the data in figure 7 and the other available data are given in Table 2.

The peak positions in the above table are normalized to an expected number of excess QP equal to 2.4 10°
for an X-ray of 5.9 keV. The peak position represents the highest pulse height feature in the spectrum.
Other information, which can be extracted from the data is the countrate, i.e. =~ 190 counts/sec for
HG@7.2 and ~ 65 counts/sec for PROX 3.
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Fig. 7. Measured pulse height distributions for the PROX 8 and HG@7.2 wafer. For each device the
spectra are given at two temperatures. The pulse height is given in volts. In both cases 1 V corresponds
to a tunneled charge of about 90.000 electrons.

Table 2 Spectral information

PROX 4 HG@7.2 PROX 3

(K) PEAK (%) T(K) PEAK (%) T(K) PEAK (%)

1.5 2.6 1.25 20 1.40 2.3
1.40 15 1.43 2.5
1.55 11 1.55 1.7
1.64 8 1.65 1.1
1.75 7 1.75 0.6
1.88 6
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4. DISCUSSION AND INTERPRETATION

The data interpretation along the model explained in the theory section requires the determination of
its time constants. Based on the information in table 1 and the work of Golubov and Houwman!® the
trapping times for the various wafers can be determined. Also given are the relevant tunnel times for
the bottom layer as well as for the trap. Based on the work of Golubov the width of the trapping layer
is estimated as the thickness of the Al-layer plus 1.5&s, which in case of Nb equals 60 nm. The most
relevant parameters are given in table 3.

Table 3 Junction parameters

Wafer Ym Tirap T%V b T1T~ r 6A
(nsec) (usec) (pusec) (meV)
PROX 4 0.2 770 ) 1.1 0.08
PROX 3 0.4 100 6.5 1.5 0.24
HG@7.2 0.6 36 1.8 0.5 0.28
PROX 2 0.8 20

0A in the above table is the energy gap difference between the two compartments in the bottom electrode
and is required to calculate the fraction of QP in the trapping layer, which is not confined due to thermal
excitation. This fraction is calculated by folding the Fermi-Dirac distribution with a constant density of
states, a crude approximation to density of state calculations at the S’S interface by Golubov.

From the data in this table it is derived that:

1. The trapping time in the Al-layer of the counter electrode equals 11 nsec. This is a value deduced
from PROX 2 data and corrected for the thickness ratio of bottom and counter electrode.
The maximum event fraction which can therefore be expected from the counter electrode equals 0.3%
for PROX 3 and 1% for HG@7.2. So the conclusion that the counterelectrode is effectively a sink to
excess QP’s and phonons is justified.

2. Trapping plays only a very limited role for PROX 4, since the trapping time is long and §A = 0.08
meV is smaller than kT, so that a large fraction of the particles in the trap are not really confined.

On the basis of the values in table 3 we have made a coarse fit to the peak values given in table 2. The
result is shown in figure 8 for the PROX 3 and HG@7.2 data. The 7, time constant is adjusted to fit
the lowest temperature datapoint on each data set. The 7s values are 25 and 30 nsec for the PROX
3 and HG@7.2 data, respectively. The signal decay times calculated in this model are consistent with a
measured decay time shorter than 350 nsec.

From the fits it is apparent that the loss time in the high bandgap region of the bottom electrode is
extremely short. If one performs the same analysis on the PROX 4 datapoint a loss time of 80 nsec is
calculated. This discrepancy is not explained.

Given these short loss times the energy resolution of the junctions is strongly influenced by local variations
in the 71,55 time and edge effects. The QP cloud diameter 30 nsec after creation equals about 25 um. The
strong influence of edge effects is apparent from the measured countrates, i.e. 190 and 65 counts/sec for
HG@7.2 and PROX 3, respectively. The expected countrates for the 70 x 70 x 0.3 um?3 bottom electrodes
are 530 and 170 counts/sec, respectively. So the measured events originate from a central area of about
40 pm square.
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Fig. 8. Peak positions of the pulse height distributions as measured for the PROX 3 and HG@7.2 wafer
for various temperatures. Also is drawn a model fit to the data.

No additional QP loss time had to be incorporated in the QP trap near the barrier. Given the fraction
of non-confined QP in the trap, due to thermal excitation, a lower limit can be set on any QP loss in the
trap itself, i.e. about 400 nsec. A confirmation of this conclusion can be obtained by measuring pulse
shapes with a faster amplifier.

So on the basis of the above discussion on the QP loss times it is concluded that the QP loss does not
originate in the bulk but originates predominantly from trapping at the Nb-5iO; interface and at the edges
made by anodization. This is not inconsistent with the severe bandgap reduction in Nb due to surface
oxidation.!® This trapping mechanism has been shown to be very efficient for relatively small bandgap

reductions.

5. CONCLUSIONS

The results obtained on Nb junctions with Al-layers of various thicknesses indicate that:
- quasiparticle trapping is quite an efficient process in Nb junctions with Al-layers of 10 nm and thicker.
— the proximity model by Golubov and Houwman!® can explain the present data quite well.
— Nb junctions suffer from the bandgap reduction at oxidized and anodized surfaces. Without any

special attention extremely fast loss processes, about 30 nsec, are present.
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