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Abstract
We have performed experiments where hot electrons are extracted from
a normal metal into a superconductor through a tunnel junction (NIS junc-
tion). We have measured the cooling performance of such NIS junctions,
especially in the cases where another normal metal electrode, a quasipar-
ticle trap, is attached to the superconductor at different distances from
the junction in direct metal-to-metal contact or through an oxide barrier.
The direct contact at a submicron distance allows superior thermalisation
of the superconductor. We have analysed theoretically the heat transport
in this system. From both experiment and theory, it appears that NIS
junctions can be used as refrigerators at low temperatures only with quasi-
particle traps attached. Configurations with several NIS junctions can be

used efficiently for refrigerating purposes.

1 Introduction

Normal metal-insulator-superconducting (NIS) junctions can be used in a variety
of applications. This paper is devoted to the cooling properties of such junctions.
By placing an insulating layer between a normal metal and a superconductor,
one can extract selectively electrons from the normal metal, reducing in this way
its temperature. In Fig. 1 it is shown schematically how the hot electrons are
extracted from the normal metal through one junction and cold electrons are
introduced into it through the other junction. The first part of the cooling pro-
cess is represented by the tunneling phenomenon through the junction, and is
discussed in Section 2. The second part, analyzed in Section 3, concerns the
diffusion and trapping of nonequilibrium quasiparticles formed in the supercon-
ductor. The general results will be combined in Section 4, where the possibility
of constructing coolers using NIS junctions is investigated.
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Figure 1: The basics of the cooling process, using a pair of NIS junctions. The
hot electrons are extracted from the normal metal (N), through the insulating
layer (I) on the left, and deposited into the left superconductor (S). On the right
hand side, cold electrons are extracted from the superconductor and deposited
into the normal metal. All these processes lead to the reduction of the average
energy of the electron gas, i. e. reduction of the temperature in the normal
metal. The weak coupling between the electrons and the phonons in a metal, at
such low temperatures [1], allows the onset of a nonzero temperature difference
between these two subsystems in the process.

2 Tunneling processes in NIS junctions

When a thin insulating material (usually an oxide layer) is placed between a
normal metal and a superconductor, forming in this way a NIS junction, the
electrical charges can still penetrate from one side to another by tunneling. The
thickness of the insulator determines the tunneling probability, which is inversely
proportional to the resistance of the junction, Rr. The tunneling hamiltonian
can be written in the general form [2]:
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where Ty, is the tunneling matrix element, while ¢ , and ¢ , are creation
operators on the states with momenta k, and kg, respectively, and projection of
spin o. All through this paper, the superscripts “n” and “s” will refer to normal
metal and superconductor, respectively. We also make the assumption that the
tunneling yields no spin flips. Using the linear transformation of the electron
operators, ¢, and ¢ ,, into quasiparticle operators, ,, and ¥/ ,, and the
Cooper pair creation and annihilation operators, ST and S [3, 4], we can write

the terms of the tunneling hamiltonian as in [5]
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where j; and js represent the densities in energy of the currents of electrons and
holes, respectively, passing from the normal metal into the superconductor, while
js and j, represent the reverse currents. Expressing the tunneling probability in
terms of the normal state tunneling resistance, we obtain the expressions for the
four currents, as functions of energy:

Ji(e)=g(e) fule — eV, T,)[1 — fs(¢, T;)] /€ Rr,
ja(€)=g(€) fu(e + eV, T,)[1 — fi(e, Ts)]/€* R, (1)
j3(€)=g(e)[1 — fule — eV, Tn)] fs(e, T5) /€’ Rr,
ja(e)=g(e)[1 — fule + eV, Th)]fs(e, T5) /€’ Rr,

where fns(€, Ths) represent the populations of the electron (in the normal metal)
and quasiparticle (in the superconductor) energy levels, at some effective tem-
peratures T, and Tj, respectively. V' is the voltage across the junction and the
electron charge is e. The energy € is measured from the Fermi energy in the
superconductor and it is always taken in absolute value. Although f,¢ may not
be Fermi distributions in our case of nonequilibrium [6] we make the assumption
that 1 — f,(—€,Ty) = fu(e,Th), which is an identity for a Fermi distribution, to
transform the expressions that involved negative €. In what follows I shall con-
centrate on the junction where the flux of electrons is oriented from the normal
metal into the superconductor (left side in Fig. 1), where eV is positive. Using
Egs. (1), the particle and excitation fluxes, J. and J,, respectively, can be written
as

o= ho= [TGi— i st i) de 2)
= eJ%T /A " 9(O)[fale — eV, Th) — fule + eV, Ty)] de,

Jg = /:O(jl + Jj2 — js — Ja) de (3)
= eJ%T /:o 9(&)[fale — €V, To) + fule + €V, Tn) — 2fs(e, Ts)] de.

The power flux transported by the electrons from the normal metal into the
superconductor is given by the formula [5]
o0

Po = [Tlle=eV)0i— o) = (e+ eV)(is - o)) de 8

= /A [e(jr + J2 — Js — Ja) — €V (j1 — J2 — ja + ja)] de.
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We observe that, while J. depends only on 7}, and is independent of T, both J,
and P, also depend on T,. As T} increases, the power extracted from the normal
metal decreases, and it turns out that it is important to keep the superconductor
at as low temperature as possible, in order to have an efficient cooling of the
normal metal. In order to evaluate the temperature of the superconductor, we
have to model the diffusion of the quasiparticles into the superconductor. This
problem will be discussed in the next section.

3 The diffusion of quasiparticles in supercon-
ductors

The cooler consists of a very thin film of normal metal, which is to be cooled,
in contact, through an oxide layer, with the superconducting film. The widths
of the films vary from about 0.3 ym up to 6 um. In the case of small junctions,
the length of the normal metal film is a few microns, while in the case of large
junctions, it is 10 to 30 um. The length of the superconducting film is considered
to be infinite. See Paper IV and citations therein for more details about the
experimental design.

From the fact that a quasiparticle excitation, say ,,|BCS), where ¢ and o
correspond to the quasiparticle wave-number and spin, respectively, is an eigen-
state of the wave-number operator, with eigenvalue ¢, and from the dispersion
equation, one can deduce the energy dependent quasiparticle group velocity,
v(e,z) = vpy/1 — (A(x)/€)?. The Fermi velocity is denoted by vp [7, 8]. The
diffusion constant D(e,z) = (1/2)v(e, x)a, where a is the elastic mean free path,
follows immediately: D(e,z) = (v(e,z)/vp)D, [8]. Here D, = (pyec(er))™! is
the normal diffusion constant of the superconducting film, determined by extrap-
olating the resistivity p, of its normal state towards zero temperature. Since in
the cooling experiments the quasiparticle energies lie close to the gap energy, the
diffusion constant is very small. Moreover, the excess population of the quasi-
particle levels could decrease the energy gap in the junction region, lowering in
this way the cooling performance. As a consequence of this, it was observed in
the experiment that if bare superconducting films were used in the construction
of the coolers, no appreciable reduction in temperature takes place in the normal
metal island (see Paper IV). Therefore, the quasiparticles should be driven away
from the junction regions.

In Paper IV we show how one can remove the excess quasiparticle excitations
from the regions near the junctions by attaching a semi-infinite normal metal
electrode to the superconductor, forming in this way a bilayer structure, which
acts as a "trap” for injected hot quasiparticles. To calculate the quasiparticle
flux we have to write down the diffusion equation. In all the situations discussed
here a film of Cu was used as the normal metal, while the superconducting metal
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Figure 2: The SEM image (a) of a large SINIS cooler used in Paper IV, with
junction area > 10 pm? and its schematic illustration (b) from above (up) and in
cross-section (down). The cooling junction is in the range [0,!], while the bilayer
trap starts at the distance l,, from the origin. The parameter /; is defined such
that A(z) = Ay for > [y .The thick line on top of the Al film ((b) down)
represents the oxide layer and forms the junction in the range [0,1].

was Al.

Let us consider the NIS structure presented in Fig. 2 (b) (all the geometri-
cal notations will refer to this figure), where the electrons pass from the normal
metal into the superconductor. The other junction of the SINIS structure (S,
I, and N denote the superconductor, insulator, and normal metal, respectively)
can be treated in a similar manner. By A(z) we denote the nonconstant en-
ergy gap of the superconductor. We take the gap energy in a bare Al film to be
Ay = 200 peV, and deep in the bilayer region Ax < Ay because of the proxim-
ity effect, in the case of direct metal-to-metal contact between Cu and Al. The
excess quasiparticles in the junction region can disappear or change their energy
mainly by one of the following processes: interaction with each other, diffusion,
recombination, inelastic scattering on the lattice, and tunneling back into the
normal metal. All the last three phenomena heat the normal electrode. A mono-
tonic decrease of the energy gap outside of the junction area would enhance the
outgoing quasiparticle flux because of the increase of the diffusion constant and
of the probability of quasiparticle relaxation by inelastic collisions with the lat-
tice, outside the junction region. A quasiparticle trap through an oxide barrier,
similar and close to the junction could be useful in small area (SI)NIS structures,
since this would decrease the population of the quasiparticle levels by tunneling



Metal to be cooled Trap

%rmm‘ d electrons 2
[

quastparticles

axide laver axide layer

Figure 3: Schematic drawing of the electrons and quasiparticles flow in a cooler
with a trap in contact with the superconductor through an oxide layer.

into the normal trap. Taking into account all these effects, we can write the dif-
fusion equation for the population of the quasiparticle energy levels in an interval
[, e+ de) at point z, in the approximation that all the processes are local. Then,
if we consider that the quasiparticle distribution at point z can be approximated
by the thermal Fermi distribution f (e, T(z)) corresponding to temperature Ty(x)
(usually we have Ty > T}, > T, where Ty, is the heat bath temperature and 7, is
the temperature of the electrons in the normal electrode), and integrate over all
energies, we obtain a second order nonlinear differential equation for Ty(x):
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The constant ny = wsds(v/2m3/n2h%)/er is the density of electron states at Fermi
energy ep, per unit length, along Oz axis. The terms Y. = wydsRn?(T;, 1)
5, 8] and YTeen = Yrec(Th, x) account for the quasiparticle recombination and
thermal generation rates, respectively. R is the recombination constant and
n(T,z) is the quasiparticle density at temperature T' and at position z. (Ypn —
Yexcit) accounts for the inelastic interaction of quasiparticles with phonons and
Ja(V, €, Ty, Ts(x), z) is the density of the excitation current of energy e through
the unit length of the junction, at position z [5]. Therefore note that, formally,
SRy Ja(V, 6, Tn, Ty, x)de = Jy(V,Tn, T5) /1, where I is the length of the junction.
U is the voltage across the junction and j, = 0 for > [. In the case of a trap
attached to the superconductor through an oxide barrier j;(0, ¢, 75, T}, z) repre-
sents the term corresponding to the tunneling of quasiparticles into the trap. In
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Figure 4: Top: schematic drawing of the electrons and quasiparticles flow in a
cooler with a trap in metal-to-metal contact with the superconductor. Bottom:
the variation in space of the energy gap.

the present case the oxide layer in the trap region is identical to the one that
forms the junction, j¢(0,¢,T5, Ty, T > lirap) = Jq(0, 6,15, Th, v < 1) (see Fig. 3).
In all the other cases j; = 0. The expansion of the quasiparticle phase-space in
the bilayer region for the case of trap in metal-to-metal contact was not taken
into account in Eq. (5). In the absence of a rigourous microscopical theory for
the density of states in this situation, this can be incorporated by changing the

energy gap (Fig. 4).
4 Coolers

To calculate the temperature of the electron gas in the normal metal we have to
equate the heat flow to zero. If we neglect the heat dissipated by the electrical
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Figure 5: (a) A SEM image of a basic SINIS cooler with small junctions, schemat-
ically shown as an inset in (b). (b) Cooling performance of the sample in (a).
Horizontal axis gives the bath temperature. Vertical axis shows the temperature
of the normal metal at the optimum cooling bias. The two data sets correspond
to: pair B as cooler and pair A thermometer (circles), and pair A as cooler and
pair B as thermometer (triangles).

current into the normal metal, the equation obtained is

Jy de {35 €da(Us €, T, Tul(), 7), de
— kwyds A (2)[Trec (T, ) — (6)
Ygen (T, )]} — UI — Papy =0,

where P,pn = Zwndnl(TP — T2). X is the electron-phonon coupling constant
[1], while w,, dy, and [ are the dimensions of the normal electrode. For copper
Y~ 4 nW/K® pm?® [9]. The fraction of the excess recombination phonon energy
absorbed by the electrons in the normal metal is k£, while [ is the total current
through the junction, expressed in terms of T, T5, U, and A(z) [5]. In cooling
experiments the quasiparticle energies lie very close to the gap energy, therefore
we can neglect the contribution of the inelastic interaction of the quasiparticles
with phonons.

Figure 5 (a) shows a test sample where two types of low power SINIS coolers
(S = aluminium of 18 nm thickness, I = aluminium oxide, N = copper of 28 nm
thickness) can operate on the same normal metal electrode. The two pairs of
junctions, one at the ends of the central normal metal (copper) island (pair A),
and another one in the center (pair B), with superconducting electrodes pointing
perpendicularly to the normal metal island, can alternatively be used, one as a
SINIS cooling pair and the other one as a SINIS thermometer. The junctions have
different sizes between the pairs (ca. 1 x 0.3 um? with total resistance of 12.5
kQ in A, and ca. 0.4 x 0.3 um? with 34.4 kQ in B), but more importantly, the
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Figure 6: Performance of large junction SINIS coolers. T3, on the horizontal axis
is the starting temperature, and T}, is the temperature of the normal electrode
at the optimum bias for cooling. The five samples are otherwise similar, but the
differing parameters are such that: filled circles - no quasiparticle trap connected,
2Rt ~ 630 Q; down triangles - quasiparticle trap through an oxide layer at d =
1 pum, 2Rt ~ 280 €); up triangles - quasiparticle trap in metal-to-metal contact
at d = 5 pum, 2Ryt ~ 70 ); open squares - quasiparticle trap in metal-to-metal
contact at d = 1 pum, 2Ry ~ 230 €2; filled diamonds - quasiparticle trap in metal-
to-metal contact at d = 1 pum, 2Rt ~ 50 ). The film thickness of the copper
trap, aluminium and the normal metal island was 30 nm, 25 nm and 35 nm,
respectively.

superconducting aluminium outside the junctions is covered by a film of copper
through the same oxide layer as in the tunnel junctions, differently in the two
pairs. In pair B the coverage extends from a distance of about 0.2 ym essentially
to infinity, in pair A the similar overlap starts only at a distance of 8 um. Figure 5
(b) shows the corresponding cooling performances. It is obvious that pair B works
better as a cooler. This illustrative data shows that the cooling characteristics
depend on the position of the trap and on the geometry of the junction. Yet, as
it will turn out below, the trap with an oxide layer between the normal metal
and the superconductor is not sufficiently effective for large junctions.

To investigate the efficiency of a normal metal quasiparticle trap, let us ana-
lyze different SINIS coolers of nominally 4 - 6 yum X 4 - 6 um overlap area of the
NIS junctions. One should note that this area is typically two orders of magni-
tude larger than in the conventional electron beam fabricated junctions. Figure
6 presents the results obtained in Paper IV. We show the maximum tempera-
ture drop for five different samples of large SINIS cooler junctions. One cannot
compare the performance of different samples quantitatively from the main fig-
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Figure 7: Theoretical results of the minimum temperature of the normal metal,
normalized to the bath temperature, vs. bath temperature, for large junctions
(the area of one junction is 4 x 4 um?), in the following situations (see Fig. 6 for
the corresponding experimental results): (a) Rt = 110 Q and d =1 (circles), 5
(squares) and 10 pm (up triangles). Ax/Ay = 1/3; (b) Rt = 30 Q, Ax/Ay =
1/3, and d =1 (filled circles) and 5 pm (filled squares) . For comparison we show
the corresponding results for Ax/Ag = 1/2, with open circles and squares. The
simple solid lines show the cooling results at optimum bias voltage in the ideal
cases when Ty(z) =T, and A(z) = A, for all z.

ure directly, because the junction resistance (Rr) varies from sample to sample.
Clear qualitative conclusions can, however, be made, especially based on the low
temperature behavior. The sample with no quasiparticle trap (filled circles), the
one with the trap at a distance d = 1 ym, but with an aluminium oxide layer
between the two metals forming the bilayer (open down-triangles), and the one
with the trap in metal-to-metal contact at d = 5 pm (filled up-triangles) tend to
heat up at 7' < 200 mK. The sample shown with open up-triangles had a similar
oxide layer between the superconductor and the copper layers to what was used
to form the oxide barrier in the (SI)NIS junctions. In the two remaining samples,
the one shown with open squares and the one with filled diamonds, the copper-
to-aluminium direct metal-to-metal contact is at a distance of less than 1 pm.
One can see that in each case the cooling performance is superior down to 200
mK and beyond. The difference in performance between these two samples can
be explained qualitatively by the difference of Rt in them. A separate control
measurement of a sample with two different values of d from the same fabrication
batch were also performed to confirm the conclusion.

We will now briefly outline the theoretical calculations. Since A(z) should
depend on the geometry and on Ty(z), one can find all the information regarding
the cooling effect by solving Egs. (5) and (6) self-consistently. Proper boundary
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Figure 8: Experimental I'V-curves for the configuration with the trap in metal-
to-metal contact positioned at the distances indicated in the legend.

conditions for Eq. (5) would be 97;/0z = 0, at = 0 (zero diffusion current),
and Ty, = Ty, at * — oo. In the case of a trap in direct metal-to-metal contact
we approximate A(x), in the range 0 < z < [y, by the solution of the Ginzburg-
Landau equation: A(z) = —Agtanh [(z — (o + %0))/(V2€)]. The parameter y,
is calculated such that A(z > ly) = Ax. We used R = 26 um®s~!, from Ref. [8],
and D, for large junctions, was calculated to be 140 cm?s~!, from our measured
resistivity of the normal Al film, at 4.2 K. Choosing { = 1 pum and ly — liap =
0.5 pm (detailed microscopic calculations should give better approximations for
these parameters) we calculated the minimum temperature of the electron gas
in the normal electrode of the large NIS junction, as a function of 7;,. From
the experimental IV -curves with different trap positions shown in Fig. 8 we
conclude that Ayx/Ag is between 1/3 and 1/2 for our experimental configuration
with trap in metal-to-metal contact. We used these two extreme values in our
calculations. The results for the configuration with the trap in metal-to-metal
contact positioned at the distances d = 1, 5 and 10 ym are shown in Fig. 7.
Although the cooling performance varies with parameters like the resistance of
the junctions (Rr), diffusivity (D,) and the function A(z), clear conclusions can
be drawn: a trap positioned close to the junction radically improves cooling at
low temperatures.

In recent experiments with large junction SINIS structures, the ratio Tmin/Ts
was reduced down to 0.3 at temperatures around 300 mK, with a cooling power
of about 20 pW (see Fig. 9) [10]. The experimental setup is shown in Fig. 10.

Direct numerical calculations and our analytical evaluations [11] show that
if there is no trap at all (through oxide barrier or in metal-to-metal contact),
neither small nor large junctions can work as refrigerators at low temperatures.
The small NIS junctions (as in Fig. 5), with a trap through the oxide barrier
positioned close to it, work efficiently as a cooler, while in the case of large NIS
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Figure 9: Different cooling performances of large junction SINIS structures. An
example of an experimental configuration is shown in Fig. 10. The aspect ratio
of the junction is important for the cooling performance, since a smaller / reduces
the probability of back tunneling of excitations into the normal metal island [10].

junctions, the thermalization of the superconductor is poor at low temperatures,
as observed in the experiment. The theoretical results are shown in Fig. 11.

As a conclusion, we have demonstrated that the excess quasiparticle popu-
lation, i.e. the heating up of a superconductor, can be significantly reduced by
drawing the hot quasiparticles from the junction region into a bilayer trap. The
performance of such a trap is superior even with moderately large power levels,
when the trap is in direct metal-to-metal contact at a short (< 1 pum) distance
from the junction injecting heat (the choice of this distance depends mainly on
€). In smaller junctions, a trap in contact through an oxide barrier seems suffi-
cient for the purpose. We have modeled the heat balance and flow in the (SI)NIS
- quasiparticle trap systems. The theoretical calculations explain the observed
phenomena.

This publication is based (partly) on the presentations made at the Euro-
pean Research Conference (EURESCO) on ”Future Perspectives of Supercon-
ducting Josephson Devices: Euroconference on Physics and Application of Multi-
Junction Superconducting Josephson Devices, Acquafredda di Maratea, Italy, 1-6
July 2000, organised by the European Science Foundation and supported by the
European Commission, Research DG, Human Potential Programme, High-Level
Scientific Conferences, Contract HPCFCT-1999-00135. This information is the
sole responsibility of the author(s) and does not reflect the ESF or Community’s
opinion. The ESF and the Community are not responsible for any use that might
be made of data appearing in this publication.

The authors thank the Academy of Finland and European Space Agency for
financial support.

12



2 8815 15KU 18k W14

Figure 10: Example of experimental setup. The cooling performances of this type
of refrigerators are shown in Fig. 9 [10].
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Figure 11: Theoretical calculations of the minimum temperature of the electron
gas in the normal metal of a cooler with small junctions. The junction parameters,
as it is shown on the figure, correspond to the pairs AA and BB of junctions in
Fig. 5.
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