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Strong Nonlinear Response of Superconducting Tunnel Junctions due to Localized Traps
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The responsivity of a single superconducting tunnel junction for photon detection has been determined
over a wide range of energy from optical to hard x ray. An unexpected rapid increase of responsivity
is found in the ultraviolet regime. We show that the effect is due to the presence of localized
traps—regions of locally reduced energy gap containing a number of confined states. The balance
equations for nonequilibrium quasiparticles have been generalized to account for the effects of
localized traps. Quantitative modeling yields the details of trap density and trapping probability.
[S0031-9007(98)08375-6]
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One of the most exciting recent developments in astr
physical instrumentation in recent years has been the u
of superconducting tunnel junctions (STJ) to detect sing
photons at optical wavelengths [1]. In contrast to charg
coupled devices, STJ’s also possess intrinsic wavelen
and time resolution, thus providing the basis for photo
counting systems which are far superior to existing type
STJ’s have previously been used to detect ultraviolet a
x-ray photons [2], however the STJ responsivity at the
energies is invariably larger than for optical photons. Th
unexpected result cannot be explained on the basis of
standard Rothwarf-Taylor description of nonequilibrium
quasiparticle (qp) dynamics [3]. According to this mode
responsivity should decrease monotonically with increa
ing photon energy due to the increasing self-recombinati
[3,4]. In this paper we present detailed experimental r
sults on the responsivity of a single STJ device over
wide range of energy, from the visible to the hard x-ra
region (Fig. 1). The device used was a high quality ep
taxially grown, Nb-Al -AlOx-Al -Nb proximised structure
which has enhanced responsivity due to multiple tunne
ing. We found that the responsivity remained consta
throughout the optical and near ultraviolet range, then ro
rapidly to a peak value of approximately 43 times the op
tical value, before falling nearly hyperbolically along the
curve expected due to self-recombination. We shall sho
that the observed energy variation of these quantities is d
to the presence of “pools” having reduced energy gap a
giving rise to potential wells each containing a number o
localized states in which the qp’s may be confined. The
will be referred to as localized traps. Our results sugge
that the localized traps play no less a significant role in s
perconductors than in semiconductors.

Balance equations in the presence of localized tra
ping states.—To describe the time evolution of nonequi
librium qp’s and the phonon distributions generated by th
absorption of a photon in the STJ, the phenomenolog
cal Rothwarf-Taylor (RT) equations may be written (in
the case where, due to fast phonon pair breaking, phon
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remain in local equilibrium with qp’s) [3,4]

dn1

dt
­ 2 n1sGt,1 1 GQL,1 1 GQPL,12 1 GQPL,1d

1 n2sGt,2 1 GQPL,21d
(1)dn2

dt
­ 2 n2sGt,2 1 GQL,2 1 GQPL,21 1 GQPL,2d

1 n1sGt,1 1 GQPL,12d .

Herenj andnT are densities of nonequilibrium and therm
qp’s in electrodej; Gt,j is the tunnel rate from electrode
j; andGQPL,ji, GQPL,j are loss rates due to recombinatio
GQPL,ji, corresponds to phonon escape from electrodj
into i (phonon coupling) andGQPL,j accounts for phonon
escape into surrounding materials (e.g., the substrate)
is given byGQPL,j ­ snj 1 2nT dRp with the effective re-
combination coefficientRp. Finally, GQL,j is the loss rate
due to any process other than recombination, notably
fusion into leads and trapping by localized states. Beca
of the dependence of the recombination rate on qp den
(self-recombination) Eqs. (1) are nonlinear. The measu

FIG. 1. The responsivity vs photon energy: datas1d together
with the theoretical fit (solid line).
© 1999 The American Physical Society 1257



VOLUME 82, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 8 FEBRUARY 1999

a-
of
for
es
g
-
e it

een
tial

al

of
chargeQsEd, whereE is the energy of the absorbed pho
ton, is the integral over the total excess tunneling curre
and can be easily expressed in terms of the solution
Eqs. (1). We shall define a fundamental STJ responsiv
SsEd asQsEd per unitE normalized to the limit of an in-
finitesimally smallE. Thus,

SsEd ;
QsEd

E
lim
E!0

µ
E

QsEd

∂
. (2)

We now introduce the effect of localized trapping stat
by writing the Shockley-Read-type balance equation [
for the density of populated trapsnt,

dnt

dt
­ ctsNt 2 ntdn 2 gnt . (3)

HereNt is the total density of traps, andct andg are the
trapping coefficient and detrapping rate, respectively.
definition ctNt ; G is the trapping rate by empty traps
While in semiconductors the Shockley-Read equation d
scribes trapping of an electron (hole) by a discrete level
a localized trap in a superconductor is envisaged to cont
a large number of states. Thus Eq. (3) deals with prope
averaged quantities.

Detrapping occurs either directly via the absorptio
of a phonon or through recombination of the trappe
qp with a free qp of high enough energy such that t
resultant emitted phonon may break a Cooper pair a
produce two free qp’s. At temperatures normally used
experiments the latter process is dominant. Detrapping
recombination requires that the nonequilibrium qp’s hav
on average, an energy at least that of the trap depth ab
the superconducting edgeD. We write the detrapping rate
gstd ­ R1nstd with R1 accounting for the events in which
the recombination phonons are retained within the syste
in contrast toRp where they are lost from the structure, an
also for those in which the excess qp’s are too close to
superconducting edge to produce detrapping.

The overall trapping rate is constant as long asNt ¿ nt

and if g does not depend on qp density. These conditio
are fulfilled forE ! 0. However, at high incident photon
energy and specifically for the high quality STJ’s no
available, the number of excess qp’s can approach
exceed the number of traps, therefore reducing the ove
trapping rate and enhancing the detrapping process.
have generalized the RT equations to include the kinet
of trapped qp’s as follows.

First, we solve (3) forntstd, assuming all traps are empty
at timet ­ 0. Then we split the loss termGQL,jnj of (1)
into the sum of a diffusive contributioñGnj and a trap
contribution2

dnt

dt and introduce dimensionless qp dens
ties ystd ­ n1std

n0
andzstd ­ n2std

n0
with n0 being the initial

qp density. We consider a symmetrical STJ, where all p
rameters are the same for both electrodes. Substitutingdnt

dt

into (1) with the symbolsa ­ Rpn0, b ­ nT

n0
1

G̃
2a , and

z ­ sct 1 R1dn0 leads to a new set of equations whic
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replace (1),

dy
dt

­ 2 as y2 1 2byd 2 Gy exp

"
2z

Z t

0
yst0d dt0

#
2 Gts y 2 zd 2 GQPL,12 1 GQPL,21z ,

dz
dt

­ 2 asz2 1 2bzd 2 Gz exp

"
2z

Z t

0
zst0d dt0

#(4)

2 Gtsz 2 yd 2 GQPL,21 1 GQPL,12y .

Analytical solution for multiple tunneling systems.—As
will be discussed in the following section, the above equ
tions may be solved numerically for an arbitrary set
parameters. Figure 1 shows the modeled responsivity
a typical sample. However, many of the salient featur
may be derived analytically by considering the limitin
behavior of a multiple tunneling system. In this situ
ation each qp on average tunnels several times befor
is lost, i.e.,Gt ¿ maxsa, GQPL, G̃, Gd. Under such cir-
cumstances the qp’s become equally distributed betw
both electrodes before any loss occurs. Hence, the ini
conditions can be taken asyst ­ 0d ­ zst ­ 0d ­ 1

2 and
at any instance of timeystd . zstd . ystd1zstd

2 . Hence (4)
can be reduced to a single equation forystd [or zstd]. In-
troducing the new functionwstd ­ expf2z

Rt
0 yst0d dt0g,

measuringt in units of G21
t and integrating the result-

ing second order differential equation once with the initi
conditionw0s0d ­ 2

z
2Gt

, we obtain the exact result,

Gt

2bz
w0 ­ 2

∑
1 1

1
4b

2
G

2bsz 2 ad

∏
w11sayz d 1 w

2
G

2bsz 2 ad
w2. (5)

Since QsEd
E ­ 2

2eGtN0
zE ln ws`d, whereN0 is the initial

number of qp’s, a knowledge of the full time dependence
wstd is unnecessary. Att ! ` we havew0 ­ 2zwy !
0 becausews`d remains finite whiley ! 0, so that (5)
becomesµ

1 1 xE 2
b
c

∂
X 1

b
c

Xc11 ­ 1 , (6)

where xE ­ 1
4b , b ­ G

2ba , c ­ z
a 2 1, and X ­

fws`dg1ysc11d. Note that b is primarily governed by
the trapping rateG, while c contains both trappingsctd
and detrappingsR1d coefficients. The number of traps
Nt influences onlyb. x is mainly determined by the
diffusive losses̃G.

At E ! 0 we obtain

lim
E!0

QsEd
E

­
e

1.75D

Gt

G 1 G̃ 1 2RpnT
. (7)



VOLUME 82, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 8 FEBRUARY 1999

ag-
n
teps.
at

ent

e
ole

ed
for

ing
on.
ing
ve a

um
by

m-
for
la-

k-
f-

c-
e
-
s.

d
,
oss
ed

’s

m

-

Using (7) and (2) we arrive at the general expression

SsEd ­ 2sb 1 1d
ln X
xE

. (8)

As follows from Eq. (7) at low photon energy the
STJ responsivity is essentially constant. Simple analy
shows that it rises significantly when the photon ener
exceeds a certain threshold, then saturates and t
gradually decreases at high energies aslns11xEd

E due to
the self-recombination process. The maximum value
responsivity occurs at an energyEM obtained from setting
the differential ofSsEd to zero and using (5) and (6). It
is given by

SM ­
b 1 1

bXc11
M 1 1

XM . (9)

Thus the shape of the responsivity curve versus ene
is determined primarily by the two parametersb and c.
It will be of particular interest to determine the relativ
values ofct andR1, which appear combined inc. Thus
ct ¿ R1 implies a limited number of traps, while the
opposite casect ø R1 describes the situation of a much
higher density of traps, but with effective detrapping.

A strong nonlinearity of the STJ response results fro
either scenario. In the former case the sharp rise of the
sponsivity is the result of trap saturation, while in the la
ter it is the effective depopulation of the traps which mak
such traps inefficient as a qp loss mechanism. Both mec
nisms result in an increase of the qp lifetime such that t
remaining free qp’s carry on tunneling and contributing
the STJ response. With a further increase in qp dens
the responsivity saturates since the self-recombination
comes dominant and eventually causes its decrease asln E

E .
The second mechanism described above can be consid
as self-heating since the traps are effectively depopula
or heated up. In systems with multiple tunneling, afte
each tunneling event the qp emerges with an excess ene
eVb , whereVb is a bias voltage, so that the qp distributio
is raised in energy aboveD. If the bias voltage is large
enough, the number of tunnels per qp is large such that
mean qp energy is high. In this situation the depopulati
factorR1 may be close to the absolute recombination fa
tor R, thus favoring self-heating.

Comparison with experiment.—Using the above equa-
tions, we have modeled the responsivity of a Nb-Al -AlOx-
Al -Nb STJ, in the range 1 to 6000 eV as shown in Fig.
This type of STJ is fully described in [2]. The device i
diamond shaped,20 3 20 mm2 deposited epitaxially on
polished sapphire. The Nb and Al layers are 100 a
120 nm thick respectively, both for the top and the ba
film. The residual resistance ratio of the epitaxial base N
film is ,70 and that of the polycrystalline top film is,5.
The AlOx barrier has an estimated thickness of#1 nm and
a resistance of,2.2 3 1026 V ? cm2. The band gap of
the device is 0.44 meV. In the range 40–2000 eV, the d
vice was irradiated using monochromatic synchrotron r
diation. It was installed in a He3 cryostat at a temperature
,
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of ,320 mK with the chip mounted so as to fully illumi-
nate the top electrode. It was biased at 0.18 mV. A m
netic field of,8 mT was applied parallel to the junction i
order to suppress the Josephson current and the Fiske s

Measurements in the optical range (1 to 5 eV) and
6 keV were performed at 300 mK in a separate experim
[2], leading to a signal of,2750 electrons per 1 eV in the
optical and,14 400 electrons per 1 eV at 6 keV. Thes
results are consistent with the synchrotron data. The wh
set is shown in Fig. 1 (crosses,1), with a maximum
responsivitySM , 43.4 at ,525 eV.

In order to fit the data, a numerical code was develop
to solve Eqs. (3) and (4) with extra terms accounting
the qp diffusion from the absorption site. Parametersb and
c are first estimated from the experimental results, us
the analytical solutions described in the previous secti
Equations (3) and (4) are then solved numerically us
these values and the input parameters tuned to achie
more accurate fit to the observations. Parameterx may
be determined independently, by noting that at maxim
responsivity the signal decay is mostly controlled
residual losses. At 525 eV the measured time is47 ms,
giving G̃ & 2 3 104 s21, hencex.

Other parameters are the thermal populationnT and the
recombination coefficientsR, Rp, andR1. Using the den-
sities of states for qp’s and Cooper pairs from the proxi
ity effect model [6] and applying the general expression
the recombination rate given in [7] to the thermal popu
tion, one hasnT . 0.0827 qpymm3, andR . 600 mm3ys
for qp’s close to the energy gapD; for qp’s of energy
,1.25D, R , 1200 mm3ys. The proximity effect model
of [6] was extended to the case of arbitrary layer thic
nesses, to account for relatively thick Al layers. The e
fective recombination coefficient is given byRp ­ Rs1 1
tPL
tPB

d21, with tPL the phonon escape time out of the ele
trode andtPB the Cooper pair breaking time for th
phonons, calculated to be.100 ps by averaging the char
acteristic times in Nb and Al over the density of state
The credibility of the proximity effect model on which
our calculations forGt , R, andtPB are based is supporte
by independent measurements ofI-V curves, gap energy
and critical current versus temperature. The phonon l
time for Nb-based junctions similar to the device report
here has been empirically determined in [4] as,1.2 ns,
giving Rp . 46 mm3ys at the energy gap. Finally,R1

is given by hRs1 1
tPB
tPL

d21, whereh # 1 accounts for
the availability of only a fixed fraction of the excess qp
for detrapping. If h ­ 1, one hasR1 , 510 mm3ys.
Allowing 600 , R , 1200 mm3ys and104 , G̃ , 2 3

104 s21 leads to0.018 , x , 0.072 eV21.
Parameterb can be estimated using Eq. (9) or fro

experimental measurements ofSM . At optical energies
only trapping lossG is of importance. Using2 ms mea-
sured signal decay time at optical range yieldsG . 5 3

105 s21. Finally, applying Eq. (6) to the maximum re
sponsivity point, using the range specified forx and the
1259
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TABLE I. Parameters used for the fit of Fig. 1. All quantities are defined in the text.

G21
t ct Nt G̃21 tPB R h D

(ns) smm3ysd sstymm3d smsd (ps) smm3ysd scm2ysd
87 203.5 2870 70 120 1200 0.18 2
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estimate ofb, one has1.1 , c , 5.9. The resultant best
fit is given by the solid line in Fig. 1. The best fit parame
ters, listed in Table I, all lie within the estimated range
The fit matches the data with a standard deviation of 1.4
with a slight discrepancy around the maximum. A valu
of 2 cm2ys for D indicates that diffusion in the structure
is rather slow. Faster diffusion would produce a flatte
responsivity below 300 eV and a sharper rise towar
the maximum. The tunnel time of 87 ns accounts fo
a response of 2750 electrons per eV at 1 eV, while t
proximity effect model predicts a tunnel time of 90 ns a
the band gap with a slow rise over the broad range of
energies reaching 150 ns by2.5D. This does not exclude
the possibility that qp’s have a finite distribution aboveD.
Indeed the best fit value forR corresponds to the qp energy
of 1.25D, while h is not negligibly small. Finally, we note
thatct andR1 are very similar, implying that this specific
device is in the intermediate range between the self-heat
and trap saturation mechanisms.

Finally, since the theoretical model introduces trap b
havior phenomenologically it describes the effect of loc
traps of any kind, for example, the locally suppressed g
regions which occur due to known effects of Nb oxidatio
[8,9]. However, the traps might also be more fundamen
in origin, for example, due to crystallographic imperfec
tions at grain boundaries, STJ edges, or NbyAl interfaces.
In the latter case the lateral fluctuations of the main mes
scopic parameters determining the specific characterist
of a proximity effect may easily provide extra localized
traps.

In summary, we have derived the generalization
the Rothwarf-Taylor balance equations to incorporate t
-
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effects of localized trap kinetics. It has been show
that the population and depopulation of traps can lead
a strong nonlinearity of the STJ response. The theo
is shown to agree well with experimental observation
in NbyAl based STJ. The observation of the spectr
maximum in the STJ responsivity profile provides a dire
method of determining the trap density.
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