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We have studied hybrid superconducting microcoolers made of a double superconductor-insulator-
normal metal tunnel junction. Under subgap conditions, the Andreev current is found to dominate the
single-particle tunnel current. We show that the Andreev current introduces additional dissipation in the
normal metal equivalent to Joule heating. By analyzing quantitatively the heat balance in the system, we
provide a full description of the evolution of the electronic temperature with the voltage. The dissipation
induced by the Andreev current is found to dominate the quasiparticle tunneling-based cooling over a
large bias range.
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In a tunnel junction between a normal metal (N) and a
superconductor (S), the charge transfer occurs mainly
through two different mechanisms. The tunneling of a
single quasiparticle is possible for electrons or holes with
an energy E (compared to the Fermi level EF) larger than
the superconductor gap !. At low energy, the charge trans-
fer occurs through the Andreev reflection [1,2]. In the
normal metal, an electron (a hole) impinging on the super-
conducting interface is reflected as a hole (an electron),
enabling the transfer of a Cooper pair into (out of) the
superconductor. As the energies of the involved electron
and hole are located symmetrically around EF, the
Andreev reflection does not carry heat through the inter-
face at zero bias. The probability for an incident quasipar-
ticle to follow an Andreev reflection, a specular reflection,
or a tunnel transfer is given in the ballistic regime (no
disorder) by the Blonder-Tinkham-Klapwijk theory [3].
For a N-I-S tunnel junction with an insulator (I) of inter-
mediate or low transparency, the Andreev reflection proba-
bility is predicted to be vanishingly small. Taking into
account the quasiparticles confinement in the vicinity of
the interface, this is no longer true. This confinement can
be induced by the disorder or the presence of a second
barrier in the normal metal. A single quasiparticle then
experiences several collisions with the interface [4,5]. The
actual Andreev reflection transmission coefficient corre-
sponds to the coherent addition of many individual trans-
mission probabilities. Therefore, the Andreev subgap
current significantly exceeds the ballistic case prediction
[6,7] and can be modulated by a magnetic flux [8].

A quasiparticle current in a N-I-S junction indeed carries
both a charge current and a heat current. With a voltage
bias smaller than the gap !=e, the tunnel current is selec-
tively made out of high-energy electrons (or holes); this
cools the electronic population of the normal metal [9]. In
this way, (S-I-N-I-S) microcoolers based on a double tun-
nel junction provide a significant temperature reduction,
which reaches an optimum at a voltage bias just below the

gap. At a very low temperature, the thermal transport in
such N-I-S tunnel junctions appears to be still little under-
stood. For instance, an apparent reversal of the normal
metal temperature evolution was observed in various ex-
periments [10,11] and related to a non-BCS density of
states of the superconductor [11]. A clear understanding
of this behavior is still missing.

In this Letter, we describe an experimental study of the
heat transport in a S-I-N-I-S junction, focusing on the very
low temperature regime. We show that the phase-coherent
Andreev current introduces a significant dissipation in the
normal metal. We provide a fully quantitative analysis of
the heat transfer in the system which shows that, although
the Andreev current is a small effect in terms of charge
current, the heat it creates has a dominating influence on
the heat balance.

Figure 1 (inset) shows a typical sample which features a
geometry similar to the one studied in Ref. [12]. It consists
of a 50 nm thick, 4 !m long, and 0:3 !m wide normal
metal Cu electrode embedded between two 40 nm thick
and 1:5 !m wide superconducting Al electrodes. The tun-
nel barriers at the two symmetric junctions of dimensions
1:5! 0:3 !m2 were prepared by oxidization in 0.2 mbar
of O2 pressure for 3 min and give a total normal-state
resistance Rn in the range 2–3 k". In addition to the two
cooling junctions, we added three Cu tunnel probes of area
0:33! 0:43 !m2 on one Al electrode (one is shown in the
insets in Fig. 1 ). These probes are strongly connected to
both a Cu reservoir and an Al reservoir so that no cooling is
expected there. These junctions thus provide a reference
for an isotherm behavior. In the following, we will describe
the behavior of one out of three investigated samples which
all showed similar behavior.

We have measured the current-voltage I"V# character-
istic of every probe junction and of the two cooling junc-
tions in series at temperatures down to 90 mK. The
differential conductance dI=dV"V# is obtained by numeri-
cal differentiation. We have taken special care to obtain
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accurately the subgap conductance of our current-biased
samples down to a level of about 10!4 of the normal-state
conductance. Figure 1 displays on a logarithmic scale the
differential conductance of the cooling junctions for a
series of cryostat temperatures. The tunnel current in a
N-I-S junction is given by:
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where V=2 is the voltage across the N-I-S junction, fN"E#
is the electron energy distribution function in the normal
metal, and ns"E# $j E j =

%%%%%%%%%%%%%%%%%%
E2 !!2

p
is the normalized

BCS density of states in the superconductor. An isotherm
N-I-S junction would then feature in the subgap regime a
linear behavior of the differential conductance on a loga-
rithmic scale. In contrast, we observe in the high tempera-
ture (T > 200 mK) data an upward curvature, which
constitutes a clear signature of the electron cooling [12].

In the low temperature regime (T < 200 mK), clearly a
different characteristic is obtained with a differential con-
ductance peak at zero bias. A similar behavior is obtained
on every probe (not shown). This zero-bias peak cannot be
accounted for by a single-particle tunnel current. The zero-
bias differential conductance increases, while the tempera-
ture is lowered below about 200 mK, which suggests that it
is a phase-coherent effect.

We will ascribe the low bias differential conductance
peak to an Andreev current, i.e., a double particle tunnel

current created by Andreev reflections at the N-I-S junc-
tions. In order to calculate the Andreev current IA, we used
the theory of Ref. [5]. We took into account the finite gap !
and the disorder both in the normal metal and in the
superconductor. We considered the 1D regime where the
coherence length of an Andreev pair in the normal metal
LE $
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[13] is much larger than the junction

dimension.
Let us first discuss the current-voltage characteristics of

one probe junction, where the electronic temperature can
be considered as constant and very close to the cryostat
temperature. Figure 2 displays the measured current-
voltage characteristic of one probe junction (1:55 !m
away from the cooler junctions) together with the calcu-
lated single quasiparticle and Andreev currents. We have
fitted the current-voltage characteristics of the probe while
taking the electron diffusion coefficient in Cu equal to
the measured value D $ 80 cm2 & s!1. The fit parameters
are ! $ 0:228 meV, the electronic temperature Te $
105 mK, which is found slightly higher than the bath
temperature, and L’ $ 1:5 !m, which agrees well with
expectations for a pure metal at very low temperature [14].
In this fit, we had to scale the Andreev current by a multi-
plying factor M $ 1:37 in a similar way to Ref. [8]. The fit
describes very well the probe data. The crossover between
the low-bias Andreev current and the high-bias single
quasiparticle current is clearly visible. We did not need
to take into account the possible contribution of pinholes in

FIG. 2 (color online). Current-voltage characteristic of the
cooler junctions (top curve) and of the probe (bottom curve)
as a function of the voltage and at a cryostat temperature of
90 mK together with best-fit calculations of the Andreev current
(dotted lines) and of the single-particle current (dashed lines)
using the parameters D $ 80 cm2 & s!1, L’ $ 1:5 !m, Rn $
1:9 k" (cooler) and 2:76 k" (probe), and 2! $ 0:43 meV
(cooler) and ! $ 0:228 meV (probe). The fit temperature is
105 mK. Compared to the theoretical calculations based on
Ref. [5], the Andreev current was multiplied by 0.49 (cooler)
and 1.37 (probe). No cooling effect is included in the calculation.

FIG. 1 (color online). Left inset: Geometry of the sample.
Right inset: Scanning electron microscope micrograph of a
typical cooler sample made of a normal metal Cu electrode
(light gray) connected to two superconducting Al reservoirs
(dark gray) through tunnel junctions. One of the additional probe
junctions connected to one Al reservoir is visible at the bottom.
Main figure: Normalized differential conductance as a function
of the voltage and at the cryostat temperatures of 90, 230, 330,
and 440 mK.
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«	reflec/onless	tunneling	»	



incoherent	Mul/ple	Andreev	reflec/ons	



Out-of-equilibrium	π	junc/on	



FeNi/In/Ni	junc,on	
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SFS π	junc/on	



Long	range	triplet	proximity	effect	


