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Cooper-pair resonances and subgap Coulomb blockade in a superconducting
single-electron transistor
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We have fabricated and measured superconducting single-electron transistors with Al leads and Nb islands.
At bias voltages below the gap of Nb we observe clear signatures of resonant tunneling of Cooper pairs, and
of Coulomb blockade of the subgap currents due to linewidth broadening of the energy levels in the super-
conducting density of states of Nb. The experimental results are in good agreement with numerical simulations.
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The single-electron transistor! (SET) and its supercon-
ducting version is one of the most versatile tools in mesos-
copic physics. It has been used for extremely sensitive
charge measurements,” for the construction of Cooper pair
pumps and other adiabatic devices with applications in
metrology, and more recently for building up superconduct-
ing quantum bits.*

The IV characteristics of superconducting SETs present
the usual features of quasiparticle tunneling (at voltages
above 2Ay,+2A,)), Josephson-quasiparticle tunneling (at
half of these values), and Josephson effect (around zero
bias). These features have been thoroughly investigated by
now by many groups and the physics of a charge transport at
these bias voltages is well understood. However, at low bias
voltages other transport processes could also become impor-
tant and can alter the performance of Josephson-based de-
vices. In this paper, we study two such processes appearing
in our Nb-based SET: Resonant tunneling of Cooper pairs,
and transport through states inside the gap of Nb (subgap
currents).

We have fabricated Al/AlO,/Nb/AlO,/Al single electron
transistors using a lithographic technique described
elsewhere.” Measurements were done using a small dilution
refrigerator equipped with well-thermalized and electrically
filtered measuring lines. The superconducting gaps obtained
for Nb and Al (Ay,=1.4 mV, A,;=0.2 meV), and also the
measured critical temperatures for Nb (7, =~ 8.0-8.5 K),
show that the films are indeed of good quality.

At voltages below the gap of Nb, a series of gate-
dependent resonance peaks appears in the IV characteristics
of the SET (Fig. 1). We interpret this as resonant tunneling of
Cooper pairs, a transport phenomenon first predicted theo-
retically and later observed in Al symmetrically-biased su-
perconducting SETs.® Below we describe the same process
for our Nb-island SETs under the asymmetric bias shown in
Fig. 1. We consider a generic process in which a charge dg,
tunnels through the left junction and a charge dg, tunnels
through the second junction, both into the island. During the
process, a charge dg=0dq,+ dq, is transferred into the island
and a charge 6Q=dg,— dq, is transferred through the exter-
nal circuit in the forward direction. The change in the elec-
trostatic free energy (including work done by the sources)
associated with this process is
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where ¢ is the initial charge of the island, C; and C, are the
capacitances of the left and right junctions, C, is the gate
capacitance, and Cy=C; +C,+C,. Resonant Cooper pair tun-
neling in superconducting SETs occurs when no energy is
required for processes resulting in the transport of m Cooper
pairs 6Q=-2me through the external circuit and the creation
of an excess of n Cooper pairs dg=—2ne on the island, i.e.,
E(-2ne,-2me)=0.

The dominant processes are those involving m==+1 and
n==1, corresponding to a single Cooper pair tunneling
through either one of the junctions.® For these processes, the
resonant condition describes two lattices with a cell size of
(4e/Cs) X (2e/C,) (in VXV, plane) corresponding to odd
and even values of gy/e, and displaced with respect to each
other by 2e/Cs along the V axis and by e/C, along the V,
axis. During the time of an experiment, g, can either be
fixed, in which case only one lattice pattern will appear, or it
can fluctuate between odd and even values, in which case
what will be measured is the overlap between the two lat-
tices, resulting in a checkerboard lattice with half the period-
icity. This last situation occurs indeed in all of our three
samples. To check this, we first measured the gate modula-
tion at voltages above the quasiparticle threshold of Nb,
where the transport is of single-electron type, and determined
e/ C,. This corresponds to the size of the checkerboard pat-
tern along V, that we see in our measurements at lower bias
as well, e.g., e/C,=12.3 mV (Cg= 12.9 aF) for the sample of
Fig. 1. (For clarity, we will concentrate our discussion on
that particular sample from now on. The other two samples
yielded similar results.) The observation that the checker-
board pattern is le-periodic allows us to determine
e/Cs=68.3 uV and thus the charging energy Eq=e?/2Cs
=34.1 pueV.” The SET’s junction asymmetry is reflected in
the different absolute values of the positive-slope lines
(for which n and m have different signs) versus the negative-
slope lines (m and n have the same sign), yielding
C,=1.03 fF and C,=1.29 fF.
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FIG. 1. Schematic of the circuit (upper left inset) and current versus bias and gate voltages (3D plot) showing the checkerboard pattern

(right inset) associated with resonant tunneling of Cooper pairs. The contour plot of the right inset is obtained by subtracting the background
current thus leaving only the characteristics of the resonant tunneling.

To check for consistency, we have determined E also by
standard Coulomb-blockade thermometry® with the super-
conductivity both in Al and Nb suppressed. We find E.
=36 ueV, which is in very close agreement with the results
above.

The second intriguing feature in the low-bias IV of our
Nb-island SETs is the presence of relatively large subgap
currents: From Figs. 1 and 2(a) one can see that the Cooper
pair resonances appear as being built upon a current which
increases with bias voltage (at voltages larger than
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2A o1+ 2ANy, it will merge into the quasiparticle current). The
origin of the subgap currents in superconductors is
still a matter of intense theoretical and experimental
investigations.® Here, we further explore these currents by
using a magnetic field to suppress the gap of Al; the transi-
tion to the normal-metal state in the leads is clearly indicated
by the disappearance of the Josephson effect and of the Coo-
per pair resonances as seen in Fig. 2(a).

While Al is in the normal state, a very interesting feature
appears at low bias voltages [Fig. 2(b)], where we observe a
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FIG. 2. (Color online) (a) Effect of a magnetic field on IV characteristics (current values at different V,’s, showing gate modulation, are
superposed): Zero, upper curve; intermediate value, middle curve; complete suppression of the gap of Al, lower curve. (b) The main graph
shows the low-bias Coulomb blockade dip: Experimental values (blue), standard BCS Coulomb-blockade thermometry fit (dotted line), and
the predictions of the orthodox theory with lifetime broadening and gap inhomogeneity (continuous line). The upper inset shows the
conductances for two single Al-Nb junctions of normal resistances 30 k) (lower curve) and 11 kQ (upper curve).
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FIG. 3. (Color online) (a) Qualitative comparison between the
conductances extracted from the data by averaging out the gate
modulation (symbols) and those obtained by numerical simulations
(lines) at different magnetic fields. (b) The gap of Al leads (open
circle), measured separately, plotted together with the Al gaps de-
termined from the conductance peaks of (a) for three SET samples
(square, triangle, and star).

dip in the conductance. In measurements on single Al-Nb
junctions [again with the gap of Al suppressed, Fig. 2(b)
inset] this feature is not present.’ Instead, below 0.2 mV the
1V is approximately ohmic. This shows that the dip is due to
the Coulomb blockade of the subgap current, and that in the
first approximation one could attempt to fit the graph with
the standard analytical expressions for Coulomb-blockade
thermometry® (CBT) [Fig. 2(b), main graph, red dashed
line]. Fitting yields T=98 mK, which agrees well with the
value measured using a calibrated resistor thermally an-
chored to the mixing chamber, and E-= 13 ueV, which is in
reasonable agreement with the value determined from Coo-
per pair resonances, considering that we are not in the limit
kgT> E . and therefore the standard approximations of Cou-
lomb blockade thermometry are not accurate, especially for
determining E..}

A better model should take into account that we are at low
temperatures kg7 <E. and also describe the nonlinear in-
crease in the subgap current at higher voltages. To develop
such a model, we introduce a lifetime broadening I" of the
quasiparticle energies, resulting in a density of states'”

p(E,Anp) = . (2)

( E-il
Re /=2
V(E = iT)* = A%,

This effect could be caused by the proximity to the metal-
insulator transition, due to the granular structure of the Nb
films (with our films being still on the metallic side,
' < An).'® Another possibility is the opening of conduction
channels in the junctions,” as suggested by the relatively
large value of the room-temperature conductance [for the
sample presented in Fig. 1, Fig. 2, and Fig. 3(a), this was
30 uS]. Irrespective to the microscopic origin, this density of
states accounts well for the existence of subgap currents
seen in Fig. 2(b), inset. At low energies E<Ay, the
density of states can be approximated as p(E,Ay,)
~T'/Any+ (3T /2A)(E/ Axy)?. In the case of a single junction
of resistance R with a normal-state metal this results in a
subgap conductance R™'p(V,Ay,); therefore, ohmic for low
enough voltages and increasing as V2 for relatively larger
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voltages. In addition, the granular structure of the films and,
possibly, impurities resulting from outgassing of the mask
polymer is also making the film inhomogeneous. As a result,
the gap edge is smeared due to local fluctuations in the ef-
fective electron-electron interaction. Other fabrication tech-
niques [e.g., the use of stronger polymers such as PES (Ref.
11)] could improve the quality of the Nb films. For our
samples, since the superconducting coherence length in bulk
Nb is only &y, =38 nm, we expect to be in the limit in which
the size of the inhomogeneities is much larger than &y,. In
this case, it has been shown'? that the effective (average)
density of states takes the form

5(E)=j dAnyP(Any) p(E, Axp), (3)
0

where P is the probability density associated with a certain
value of the gap. For small levels of inhomogeneity, the
function P is a Gaussian of standard distribution o centered
around an average gap value (slightly smaller than the bulk
value).

Finally, to complete our model, we calculate numerically
the currents and conductances for the superconducting SET
in the framework of the orthodox theory of sequential tun-
neling, by computing the tunneling probabilities into and out
of the island (with the density of states above for Nb) and by
solving the master equation for the charge on the island. In
the case of suppressed Al gap, a very good fit is obtained for
0=0.38 meV, I'=37.5 ueV, T=95.7 mK, and charging en-
ergy, Ec=34.1 peV, as determined before [Fig. 2(b), main
graph, continuous line]. The temperature also agrees well
with the value obtained by simple CBT fitting above and the
value of the thermometer.

In the case when the leads are superconducting the com-
parison with the experimental data can be done only qualita-
tively: the main reason is the existence of Cooper pair reso-
nances peaks, yielding an extra contribution to the current
which cannot be eliminated in a straightforward way. How-
ever, a number of qualitative features can still be observed by
averaging the resonance peaks over gate voltages. The con-
ductances obtained by this procedure should reflect the volt-
age dependence of the subgap current in the region where the
height of the resonance peaks is approximately constant. A
reasonably fair qualitative agreement with the model pre-
sented above is obtained [Fig. 3(a)]. The main feature that
we see both in the calculated conductivities and in the con-
ductivities obtained from our data through the above proce-
dure is the appearance of a peak at the onset of the Al qua-
siparticle threshold (2A,;). By using a magnetic field to
partially suppress the gap of Al, we see that the peak moves
to the left [see Fig. 2(a) and Fig. 3(a)]. To verify that this is
indeed the case, we have measured single Al-Al junctions
with the same fabrication parameters as the leads of the Nb-
island SET, and determined the gap of Al at various magnetic
fields [Fig. 3(b), circles]. The agreement with the gaps deter-
mined from the low-voltage features [Fig. 3(a)] of three Nb-
island SET samples (square, triangle, star) is good.

In conclusion, we have fabricated and measured super-
conducting single-electron transistors and we have presented
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evidence for a number of transport processes occurring at
bias voltages below the gap of the island: resonant tunneling
of Cooper pairs, Coulomb blockade of the subgap current for
normal leads, and the appearance of a step in the subgap
current at 2A,; for the case of superconducting leads.
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