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Abstract

We present measurements on a novel electronic micro-refrigerator that can cool
conduction electrons significantly below the lattice temperature. A normal-insulator-
superconductor tunnel junction is used to extract electrons from the normal metal electrode
whose energy is higher than the Fermi energy. Electrons with an average energy equal to
the Fermi energy are returned to the metal by a superconducting contact. Consequently, the
high-energy thermal excitations are removed from the normal metal, thus cooling the
electrons. For lattice temperatures higher than 100 mK the data can be explained by a
simple theory incorporating the BCS density of states in the superconducting el ectrode and
the coupling between electrons and phonons. At lower temperatures our measurement
suggests that the electron energies in the norma electrode depart strongly from an

equilibrium distribution.
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At low temperatures the conduction electrons in metals become thermally decoupled
from the lattice as the number of phonons decreases. Consequently, the electrons can
assume an equilibrium energy distribution with a different temperature from that of the
lattice. To date, most experiments have probed hot-el ectron effects, where the electrons are
heated above the |attice by passing a current through aresistive metal film.1-3 In this letter
we demonstrate how the unique thermal transport properties of a normal-insulator-
superconductor (NIS) tunnel junction can be used to manipulate the Fermi-Dirac
distribution of electrons in the normal electrode in order to cool them well below the
lattice4 We find that, for lattice temperatures higher than 100 mK , the measured electron
temperature is predicted by a simple theory incorporating the BCS density of states in the
superconducting electrode and the coupling between electrons and phonons. However, at
lower temperatures, our measurement suggests that the electron energies in the normal
electrode depart strongly from an equilibrium distribution.

A related device, utilizing a double junction configuration (SINIS), was previously
used to enhance the critical-temperature of a thin aluminum film forming the normal
electrode® Our electron-refrigerator differs from the SINIS device in several important
aspects. First, the structure of the electron refrigerator (SNIS) is simpler and enables an
independent and direct measurement of the electron temperature in the normal electrode.
The SINIS experiments could not measure the temperature directly and thus relied upon a
theoretical fit to explain the data. Furthermore, in contrast to previous work, we explain
the data by considering both the thermal transport properties of the tunnel junction and the
transfer of energy to the | attice phonons.

The NISrefrigerator is shown schematically in Fig.1(a). It consists of a normal metal
strip which is connected to a superconducting contact. The metal strip also forms the
normal electrode for two NIS tunnel junctions, one of which is the electron refrigerator and
the other is a sensitive electron thermometer.3 The refrigerator junction is electrically

biased so that only electrons whose energy E is larger than the Fermi energy ErF are



removed from the metal strip, as shown in Fig. 1(b). Electrons with an average energy
equal to the Fermi energy are returned to the strip through the superconducting contact.
The net result of this manipulation is to remove the high-energy thermal excitations from
the electron population, thus cooling the electrons. As discussed below, the thermometer
junction is biased so that it does not affect the electron temperature in the normal electrode
but still has sufficient sengitivity to measure the electron temperature.

In order to understand the operating principles of the refrigerator we first review its
main components. The NIS junction is used here both as a thermometer and a refrigerator
for theelectrons. The current-voltage (1-V) characteristic of the junction depends only on
the temperature T of electrons in the norma metal electrode and is independent of the
temperature of the superconducting electrode® For our experimental parameters there are
very few thermal excitations in the superconducting electrode since its energy gap D is
much larger than the therma energy of excitations. Consequently, the dominant
contribution to the current is by electron tunneling from the normal to the superconducting

electrode, as shown in Fig. 1(b). For eV > 0 the current is given by®
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Here Ry is the normal state resistance of the junction.” When (D-eV) > kgT, then
| » 1oexp[-(D-eV)/kgT], where | = (2eRN)'1(2pDkBT)1/2. If the junction is biased at a
constant current then the temperature responsivity dvV/dT » -(kg/e)In(lg/l). For typical
values of bias current we calculate dV/dT =-0.4 pV/mK.

The thermal transport properties of the NIS junction can be understood by considering
the energy transferred by tunneling. When eV < D only electrons with energy E > Er can
tunnel from the normal electrode. This process removes the high-energy thermal

excitations from the normal electrode thus cooling the electrons. When eV > D electrons



with E < Ef are adso alowed to tunnel and subsequently deposit energy into the normal
electrode. The calculation of the power transfer Py from the normal electrode is similar to
that of the tunneling current in Eq. (1), except that here the energy (E-eV) transferred by
each electron is taken into account:8
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The maximum cooling power Pmax » -(kBT)2/(e2RN) occurs when eV = D. For
eV < (D-kgT) the cooling power isapproximately (eV-D)(I/e), whereas for €V > (D+kgT),
apower (eV-D)(l/e) is dissipated in the normal electrode. The cooling efficiency of the
refrigerator is |Py)/1V » kgT/D for eV = D, and is typicaly less than 10%. The
superconducting electrode dissipates a power Ps = IV - Py in the form of phonons
produced by the recombination of quasiparticle excitationsto form Cooper pairs. In our
configuration, wherethe density of quasiparticles is small, this energy does not leak back
into the normal metal.

A second component of the electron refrigerator is the normal-superconducting (NS)
contact which, through the process of Andreev reflection, allows electrical but not thermal
contact to be made with the normal electrode.9 When current is passed through the NS
interface, a Cooper pair in the superconductor combines with a hole from the normal metal
and produces an electron which subsequently carries the current in the applied field. The
electron isinjected into the metal with an average energy equal to Er and hence does not
add energy to the normal electrode.

In addition to the cooling process discussed above it is also necessary to consider
those mechanisms which deposit energy in the normal metal. In our configuration there are
two sources of energy input. Thefirst isdue to the thermal coupling between electrons and

the lattice, which occurs by the absorption and emission of phonons. The power transfer



between the two systems is given by Pep = &U(Tp® - T9), where Tp is the lattice
temperature, U isthe volume of the metal, and & » 2 nWK'5um'3 isamaterial-dependent
parameter.2 A second source of energy input is due to the power which isdissipated in the
resistance of the normal electrode by the refrigerator and thermometer currents. However,
for our configuration this Joule heating contribution is negligible. Theelectrontemperature

in the normal electrode is thus predicted from the energy baance equation, Py + Pep= 0.

The refrigerator was fabricated on a silicon substrate using conventional €l ectron-beam
lithography and triple-angle evaporation.10  Two superconducting aluminum electrodes,
750 nm thick and 0.5 um wide, were electron-beam evaporated and subsequently oxidized
in 33 Pa (250 mTorr) of O2 for 5 min to form the tunnel barriers. The normal metal copper
electrode was subsequently evaporated into a 0.5 pm wide, 10 pm long, and 80 nm thick
strip.  The superconducting contact consisted of a 250 nm thick 0.5 um wide lead (Pb)
strip which was thermally evaporated in a separate vacuum system. The normal state
resistances of the thermometer and refrigerator junctions were 8 kW and 10 kW
respectively. From previous measurements we estimate the resistance of the copper strip to
be 10 W. The refrigerator can also be fabricated using conventional photolithography or
shadow mask evaporation, provided that the device parameters (U and Ry) are
appropriately chosen.

The calibration of the electron thermometer is shown in Fig. 2, where the temperature
dependence of the voltage Vth across the thermometer junction, for bias currents of 0.24
and 0.43 nA, and when the electron refrigerator was not operating is plotted. Since very
little power is dissipated in the normal metal strip, we make the assumption that theelectron
temperature is equal to the temperature of the dilution refrigerator Tp. The squares are the
measured data and the solid curves are the calculated values from Eqg. (1) usng RN = 8 kW
and D/e = 190 pV. The fit is good for temperatures above 100 mK, but does not agree
with the measurements at lower temperatures. From independent measurements we

conclude that a smeared energy gap, due to the overlap between the normal metal electrode



and the graded edges of the superconducting electrode, isthe cause of the low temperature
discrepancy between the dataand EqQ. (1). The datafor the refrigerator junction, for which
the overlap area was smaller, showed good agreement to 65 mK. Furthermore, we have
found that the agreement with theory can extend down to 35 mK for tunnel junctions with
no such overlap.

In Fig. 3 (@) we show the measured dependence of the voltage Vi, across the
thermometer junction versus the voltage Vg across the refrigerator junction for lattice
temperatures Tp of 100, 150, and 200 mK. The electron temperature, which was
interpolated from Fig. 2 isindicated on theright axis. For bias voltages much smaller than
Dle, the electron temperature remainsconstant since very little current flows through the
refrigerator. When Vg approaches D/e, Vi increases, indicating that the electron
temperature has been reduced below that of the lattice. For higher voltages, the refrigerator
junction dissipates energy in the normal electrode and thus increases the electron
temperature. For our refrigerator the cooling power at 100 mK is about 7 fW, which gives
atemperature drop of about 15 mK for the electrons. The solid lines in Fig. 3 (a) are the
theoretical predictionsusing the measured parameters Ry = 10 kW, U = 0.5 pm3, and
fitted parameters D/e = 210 puV and & = 4 NWK-9um-3.

Though the theory isin excellent agreement with the data for T, > 100 mK, there are
deviations at lower temperatures. In Fig. 3 (b) we expand the Vi, versus Vg data for
phonon temperatures of 40 and 100 mK. The dashed horizontal line corresponds to the
voltage Vo a which the measured thermometer calibration in Fig. 2 linearly extrapolates to
0 K. Thethermometer voltage exceeds Vo for Tp = 40 mK and Ve > 157 WV, indicating
that the ssmple theory can no longer explain the data. This observation may be explained
by the fact that the concept of an electron temperature isno longer valid in thisregime. The
reason for this is that energy is extracted from the electrons a a rate
tnis L » (APmax/dT)C1» 10° s where C is the heat capacity of the strip, whereas the

electron-electron relaxation rateist gL » 5x106T s 1 with T in units of Kelvin.1l Below



about 20 mK, tnis'l > tee'l. Since the electron-electron interaction is responsible for
thermalizing electrons at these temperatures, a non-equilibrium energy distribution is
induced where the electron population is significantly depleted above Eg. Thus, in order to
maintain a constant current through the thermometer junction, Vi has to increase above V.
This observation suggests that the NIS tunnel junction might be a useful tool for creating

and probing non-equilibrium distributions in normal metal s

In conclusion, we have demonstrated that the unique thermal transport properties of
the NIS junction can be exploited to manipul ate the Fermi-Dirac distribution in the normal
electrode and to significantly cool the electrons below the lattice temperature. At the lowest
temperatures we find that the electron energies depart strongly from an equilibrium
distribution. This novel refrigeration technology may also be used to cool both electrons
and phonons in a thermally isolated substrate, such as a thin low-thermal-conductivity
membrane. This type of refrigerator would be useful for cooling devices which dissipate
very low power, such as x-ray or infrared detectors. We calculate that it should be possible
to cool amembrane to below 100 mK from a temperature of 300 mK within 0.1 s,12 thus
providing an aternative to more complex dilution or adiabatic demagnetizationrefrigerators
in certain applications.
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Figure 1. (a) Schematic of the electron refrigerator. The thermometer and refrigerator
tunnel junctions, labeled T and R, are depicted as black squares. (b) Energy level diagram

for the refrigerator junction. The junction is biased close to the superconducting gap D, so

that only electrons whose energy is higher than EF tunnel out of the normal electrode.
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Figure 2. Temperature dependence of the voltage Vy, across the thermometer junction for
bias currents of 0.24 and 0.43 nA. The squares are the measured values and the solid lines

are caculated using Eg. (1) and Ry = 10 kWand D/e = 190 pV.
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Figure 3. (a) Dependence of the thermometer voltage Vy;, on the voltage Vg across the

refrigerator junction for lattice temperatures of 100, 150, and 200 mK, and for a bias of

0.24 nA through the refrigerator junction. The squares are the measured values and the

solid lines are the theoretical predictions using the measured parameters Ry = 10 kW,

U = 0.5 um3, and fitted parameters D/e= 210 pV and & = 4 nWK-9pm-3. Theincreasein

the thermometer voltage for V& » 180 |V indicates that the el ectrons are cooled below the
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lattice. The electron temperature, which was interpolated from Fig. 2, isindicated on the
right axis. (b) Dependence of the thermometer voltage on the voltage across the refrigerator
junction for lattice temperatures of 40 and100 mK. The dashed horizonta line is the

voltage at which the temperature extrapolatesto O K.
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