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Abstract

Electronic cooling in superconductor - semiconductor - superconductor structures at sub kelvin temperatures has
been demonstrated. Effect of the carrier concentration in the semiconductor on performance of the micro-cooler

has been investigated.
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1. Introduction

During the past decade attention has been paid to a
new type of solid-state microcoolers based on electron
tunneling in NIS (normal metal - insulator - supercon-
ductor) structures [1-6]. These coolers are promising
for low temperature sensor applications and in partic-
ular for hot electron bolometers [6]. NIS refrigerators
may be used for both cooling the whole sensor or for
direct cooling of electrons in the detector. Significant
progress in the development of NIS and SINIS refriger-
ators has been achieved since the first demonstration
of electron cooling in the NIS structure [1]: consider-
able cooling of electrons in normal metal [2,3], and of
thin insulating membrane [4] has been demonstrated.

Recently a semiconductor - superconductor (Sm-S)
structure with Schottky barrier has been suggested for
electron refrigeration [7]. In this structure there is no
insulator layer and the Schottky barrier is formed at
the interface between the semiconductor and the super-
conductor. Moreover, variation of the doping level in
the semiconductor significantly affects the resistance of
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the Schottky barrier [8] and the electron-phonon cou-
pling in the semiconductor and it can be used for mod-
ification of the cooler device parameters in a very wide
range.

The operation of the refrigerator based on S-Sm-
S structure is similar to that of SINIS [7]. Cooling is
based on the existence of the energy gap in the super-
conductor which affects tunneling of the quasiparticles
between the superconductor and the normal electrode.
The maximum cooling power for an S-Sm-S cooler with
two symmetric junctions at T << T (Tc is a critical
temperature of the superconductor) is given by [2,4]

1/2
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where Rt is the normal-state tunneling resistance for
a single junction, A is the energy gap of the supercon-
ductor and T¢ is the electron temperature in the semi-
conductor. The maximum cooling power is obtained
when the voltage drop across each junction is slightly
below A/e. The operation of the cooler device depends
on the thermal coupling of the cooled electron system
to its environment. The heat flow from phonons (tem-
perature Tpn) to electrons (7¢) is given as [9]:
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Pey—pn = SV(Tp, — T7), (2)

where V' is the volume of the normal electrode, and X
is a material-dependent constant, which in SOI films
under investigation is of the order of 10°W/K°m?. The
electron temperature corresponding to the maximum
cooling can be found by solving equation for the power
balance in the system:

Pmaac + Pel—ph =0 (3)

Additional heating mechanisms such as a heat leak
through the junction due to back tunneling of the hot
quasiparticles and recombination phonons should be
taken into account in particular for the devices with
low resistance of the junctions [6].

2. Samples

Heavily doped n-type silicon with different carrier
concentration (from 4 x 10"?cm ™2 to 1.6 x 10*%em™?)
was used as a semiconductor in our S-Sm-S cooler
devices. The characteristics of the samples are given
in Table 1. All our samples were silicon-on-insulator
structures with 400 nm thick buried oxide layer. The
300 nm thick Al — 1%S7 film was used as a supercon-
ductor electrode. The area of the rectangular S-Sm-S
cooler sample used in our experiments was 20 x 30um?,
the size of the cooling contacts and the thermometer
contacts was 5 x 18um? and 3 x 3um?, respectively
(Fig. 1a).

A *He/*He dilution refrigerator was used for mea-
surements in the temperature range between 50 mK
and 1 K. The electron thermometry in the semiconduc-
tor is based on a high temperature sensitivity of the
quasiparticle tunneling: current-voltage characteristics
of a S-Sm-S structure strongly depend on the electron
temperature in the semiconductor at T' < T¢ (Fig. 1b).
We used a pair of current biased 3 x 3um? junctions
to probe the electron temperature in the normal elec-
trode.

Table 1

Characteristics of the samples. N - carrier concentration, d -
thickness of the silicon film, Ryq - sheet resistance of the silicon
film at 1.5K, Rt - normal-state tunnel resistance of 5 x 18;nn2
junction, Ppax - maximum cooling power at 175mK.

WAFER S1IA  S1F  S1G  SIH
N [x10*® cm™3) 4.0 6.7 12 16
d [nm] 70 58 58 58
Req (1.5 K) [Q] 148 109 88 77
Ry (1.5 K) [ ~T50  ~130 ~40  ~20
Puax (175 mK) [pW]  ~1.3  ~7.6  ~25  ~50
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Fig. 1. (a) An optical micrograph of an S-Sm-S cooler and a
schematic illustration of the connections to external circuitry
in the measurements. (b) Current-voltage characteristics of the
thermometer contacts (3 x 3um?) of S1F sample.

3. Resistance of the Schottky contact

The electrical resistance of a Schottky barrier formed
at the interface between a normal metal and a semi-
conductor is very sensitive to the doping concentration
in the semiconductor. The contact resistance can be
characterised by the specific contact resistance p(ohm-
em?). At low temperature and with high carrier con-
centration in the semiconductor (narrow barrier) the
tunnel resistance is determined by field emission [8]:
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Fig. 2. The specific contact resistance (pschottky) as a func-
tion of carrier concentration for heavily doped Si. The dashed
line corresponds to the equation p = poexp((No/N)*/?), with
po = 5.8 % 10~"Ohm - cm? and Nop =1.97 x 10%'em ™3, Inset:
Energy-level diagram for a metal-Schottky barrier contact on
a heavily doped, degenerate, n-type semiconductor. The width
of the depletion region is d, ~ (ND)’1/27 ®p is the height of
the barrier.



(a)
400
¥
€ 300
l\m
200
100
(b)
_ -190}
=2 200}
s 210
220k

04 02 00 02 04
V [mV]

Fig. 3. The electron temperature (a) and the voltage across
the thermometer junctions (b) as a function of the voltage
across the S-Sm-S cooler structure with N = 4.0 x 10'%em ™3
at different substrate temperatures. Temperatures near to the
curves correspond to the temperatures of the substrate.

pi = poexp(e®p/Eo), (4)

where po is a function of carrier concentration N, height
of the barrier &5 and temperature. Fy ~ N2 is a
characteristic energy of the tunneling process. The spe-
cific contact resistance of our cooler devices as a func-
tion of the N ~1/2 is presented in Fig. 2. The concentra-
tion dependence of the contact resistance is in agree-
ment with Eq. (4).

4. Results and discussion

The maximum cooling of electrons in respect to the
substrate temperature has been observed in the sam-
ples with N = 4 x 10"°cm 3. The electron tempera-
ture in silicon film as a function of the voltage across
the S-Sm-S cooler for different substrate temperatures
is shown in Fig. 3a. At temperatures below 450 mK all
curves exhibit two clear minima at V' =~ 0.34mV . For
a structure with two junctions in series the maximum
cooling power is obtained at V ~ 2A/e, from there
we get value of the gap for our Al — 1%S7 film A =~
0.17meV . With decrease of the temperature the ampli-
tude of the cooling peaks increases, which is due to the
faster decrease of electron-phonon coupling than of the
cooling power with decrease of temperature. Electron
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Fig. 4. (a) The electron temperature as a function of the volt-
age across the S-Sm-S cooler with N = 6.7 x 10%cm ™3 at
different substrate temperatures. (b) Experimental data (dots)
and results of the calculation of the electron temperature ac-
cording to the model with a leak resistance in the junction
(Ry, = 7.8kQ2) for S1F at two different substrate temperatures.

system cools to less than half the bath temperature
below 150mK. Cooling was observed at all substrate
temperatures down to 50 mK. The voltage across the
S-Sm-S thermometer as a function of cooler voltage is
presented in Fig. 3b for substrate temperatures below
150 mK, where electrons cool down to temperatures
out of the thermometer calibration range.

The samples with higher carrier concentrations
(N > 6.7 x 10"em™?) having lower characteristic
resistance of the junctions and thus higher cooling
power exhibit cooling only in the limited range of
temperature. At low temperature the cooling curves
demonstrate rapid increase of electron temperature
with increase of the applied voltage in the sub gap
region (Fig. 4). In spite of the high resistance of the
silicon film (see Tab. 1) this behavior near zero bias
can not be described by Joule heating in silicon: the
electrical current in the sub gap region is too small to
cause the observed heating effect. According to results
of our numerical modeling the observed behaviour can
not be described by back tunneling of hot quasipar-
ticles and phonons [6]. The Joule heat produced by
leak current through ohmic areas of the junction is
more likely responsible for the overheating at lower
temperature. Equivalent leak resistance (Rp) of the
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Fig. 5. The relative minimum electron temperature Tiin/To
as a function of the substrate temperature Ty for coolers with
different carrier concentration (triangles - N = 4.0 x 1019cm73,
circles - 6.7 X 1019cm73, rectangles - 1.2 X 1020cm’3, rhombi
- 1.6 x 102%m~3). The solid curve corresponds to a numerical
solution of Pmax 4 Pel—ph = 0 with & = 1.2x 103W/K®m? and
Rt = 750Q2. The dashed curve corresponds to the calculated
Tmin/To for S1F using the model with heating due to the leak
resistance of the junction (Ry = 7.8kQ).

5 x 18wm? junction of S1F sample, derived from the
comparison between measured and calculated I — V
characteristics, is about 7k{). The straight lines in
Fig. 4b are results of the numerical calculation of the
electron temperature for S1F according to the model
of the heat balance in the cooler device [2,6], which
takes into account Joule heating in the equivalent
leak resistor connected in parallel to the junction
and Joule heating in silicon, with following param-
eters: A = 0.17meV, Rt = 90Q, Ry, = 7.8k, =
1.5 x 10°W/K®m®. The good agreement between
measured values and fitting parameters supports our
conclusion that these heating mechanisms are respon-
sible for the limitation of S-Sm-S cooler operation at
lower temperature.

Relative minimum electron temperature Timin /7o as
a function of substrate temperature Iy for coolers with
different doping levels is presented in Fig. 5. In the
case of S1A sample (N = 4 x 10"?cm™?) electron cool-
ing increases with decrease of the temperature within
the temperature range under investigation. Solid line
in Fig. 5 is a fit of the experimental data with Eq. (3).
The agreement between the experimental results and
the fitting confirms that in the samples with low car-
rier concentration contribution of the different heating
mechanisms is weak. The behaviour of Tinin /70 in the
samples with higher carrier concentration is qualita-
tively different due to contributions of additional heat-
ing mechanisms. Dashed line in Fig. 5 is a calculated
dependence for Tin /To versus Tp (for S1F) based on

the thermal balance in the film with additional terms
corresponding to Joule heating in silicon film and in the
equivalent leak resistor. In the cooler with carrier con-
centration N = 1.2 x 10°° ¢ 3 the heating of the nor-
mal electrode due to high resistance of silicon starts to
play an essential role and limits cooling in the tempera-
ture range of the measurements. In the sample with the
highest carrier concentration of N = 1.6 x 10®°em ™3
the cooling effect is fully suppressed by heating.

5. Conclusion

We have demonstrated cooling by semiconductor-
superconductor structures with Schottky barriers at
sub kelvin temperatures. The variation of the doping
level significantly affects characteristic resistance of the
junctions and performance of the cooler.
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