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The possibility of cooling a system from liquid helium temperature, 4.2 K, using a tunnel junction refrigerator is

analysed. Calculations show that the device can be used over a wide temperature range from 4 K down to well below

1 mK with necessary cooling power. However, several serious difficulties must be overcome before the method can be

used in low temperature laboratories.
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1. Introduction

Thanks to the great progress in cryogenics, a va-
riety of commercial products are currently available,
allowing different samples to be cooled to any tem-
perature from room temperature down to milliKelvin
(mK) range. However, while a simple cryocooler can
cover the temperature range from 300 K to around
4 K, elaborate setups are usually needed to reach the
ultralow temperatures below 1 K. To be able to reach
this temperature range with a simple setup has been
an attractive goal of the cryogenics community for a
long time.

In 1961 Parmenter noticed that electron tun-
nelling between two superconductors may cool one
of the superconductors and warm the other.!]' The
possibility of using this phenomenon for refrigeration
was analysed by Melton et al in detail.!l Nahum et
alBl first realized refrigeration by a normal metal-
insulator-superconductor (NIS) tunnel junction. The
effect was then improved with a double junction (SI-
NIS) structure.[) However, these works aimed at mi-
crorefrigerator due to the small tunnelling area and
the thermal backflow through the insulating layer of
the device, both of which seriously limited the cooling
power available.

Mahan and Wood ®! discussed the possibility of
thermionic refrigeration. Several device designs based
on this idea have been put forward.’=8 The diffi-
culties inherent to thermionic refrigeration (high bias
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for overcoming the energy barrier, unacceptably large
heat load on anode etc) make the devices unrealistic
for cryogenics. Hishinuma et all® discussed in detail
the refrigeration efficiency by combined tunnelling and
thermionic emission in vacuum. The result is encour-
aging. For work function of ~0.8 eV, they showed
that temperatures down to 150 K can be reached.
Since the density of states in both cathode and an-
ode is continuous across the Fermi level for normal
metals and the tunnelling currents by states below the
Fermi level is detrimental for refrigeration, this normal
metal-vacuum-—normal metal (NVN) structure cannot
be expected to reach very low temperatures.

In the present work, we investigate the possibil-
ity of using a normal metal-vacuum-superconductor
We show that,
starting from the temperature of 4.2 K and taking

(NVS) structure for refrigeration.

reasonable parameters, the cold end of a single stage
refrigerator can reach as low as ~60 mK. Even temper-
atures well below 1 mK are possible with a two-stage
cascade refrigerator.

2. Model description

Our device model is similar to that described
by Hishinuma et al!®) The only change is the right-
hand-side electrode, the normal metal of which is re-
placed by a superconductor (Fig.1). The benefit of
this change is obvious: By biasing the Fermi level

of the left metal to coincide with the upper edge of
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the superconductor energy gap, the tunnelling cur-
rent has only contribution from the states above the
Fermi level, therefore yielding the most efficient cool-
ing effect. Since the energy gap of superconductors is
usually in the order of meV, such a low bias level will
greatly lighten the heat load of the hot end of the re-
frigerator. For such a low bias, the thermionic current
can be neglected. Therefore, in our device we need
only discuss the cooling effect by electron tunnelling.
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Fig.1. Sketch of the potential barrier between electrodes.

The physical picture of the device is simple. We
may divide the electrons into ‘hot’ and ‘cold’ ones.
All electrons above the Fermi level are ‘hot’ because
extracting these electrons from the normal metal de-
creases its average thermal energy. In the configura-
tion shown in Fig.1, it is easy to see that only the ‘hot’
electrons can tunnel through the vacuum barrier; and
the tunnelling electrons from the normal metal to the
superconductor are substantially more than that for
the opposite direction at the starting state when both
sides are in thermal equilibrium, i.e. the temperature
of the left normal metal T}, equals the temperature of
the right superconductor 7s. As the tunnelling pro-
ceeds, the normal metal loses more and more ‘hot’
electrons, and hence becomes cooler and cooler until a
final temperature is reached. At this temperature, be-
cause of the decrease of both the ‘hot’ electron number
and the average thermal energy kg7, in the normal
metal, the heat flows in both directions are balanced.

In the following we will give a brief estimation of
the cooling power P as a function of superconductor’s
energy gap 24, barrier’s width d, work functions of
the materials, @, and &, and temperatures Ty, Ts.
We will calculate the heat flow from normal metal to

superconductor, P,_s, and for the counterflow, Ps_,,
separately. The net cooling power is

P:PHHS_PSHH' (1)

First we calculate the number of tunnelling electrons
in each direction. Assuming a planar junction whose
junction area is perpendicular to the x-axis, with
Nyw(E,)d E, being the number of electrons incident in
unit time on unit area of the junction from the normal
metal side, and whose kinetic energy along = direction
is in the range between F, and E,+dFE,, then using a
free-electron approximation for the normal metal, we
obtain

2 2FE,
Ny(E)dE, = E T,)dP,dP,dP,
(BB, = o[22 [ [ 1m0,
P, P,

_ ﬁ//f(E,Tn)dPyszdEm (2)

P, P,

where 2/(27h)3 is the free electron density of states
(DOS) in momentum space (P,P,P,), and f(E,T,)
the Fermi distribution function. Similarly, the elec-
tron incident rate from the superconductor side is

Ny(E,)dE, = ﬁ // ns(E + A)

P, P,

x f(E+ A, T,)dP,d P,dE,, (3)

where ng(E + A) is the normalized DOS of the super-
conductor. In the BCS approximation
0 E <0,
E+A 4
|E+ A -0 W
(E+ A)2— A2

The number of transmitted electrons from the normal

ns(E+ A) =

metal to the superconductor in the energy range of F,
and F, +dFE, is

nn—»s(Emu Tnu Tb)dELE

= Nu(Ez)Dnsns(E 4+ A)

X [1—f(E+ A,T)|dE,, (5)

where D, is the transmission coefficient, ns(E +
A)1 — f(E+ A,Ty)] is a factor showing how many
unoccupied states in the superconductor are needed

to ensure the tunnelling electrons not being bounced
back. The counter-flow electrons are

Ng—n (Ewu TS7 Tn)dE;E

= Ny(Ey)Dson[l — f(B, To)]dE,. (6)
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Then we have
eV max
B .= / Eng, (E;Eu Tnu Tb)dELE (7)
0
and
eV max
Ps—»n — / Ens—»n (E;Eu Tsu Tn)dEwa (8)
0

where E is the thermal energy of the tunnelling elec-
tron, which can be approximated by F = kT + E,,
and eViax is the maximum number of barriers. The
net energy flow becomes

eViax
P = / [(kBTl’l + Em)”n—»s(Ewa Tnu Tb)
0
- (kBTS + Em)ns—m (ELE7 T57 Tn)]dE;E . (9)

The transmission coefficients in WKB approximation

readl10]

Drs=exp{-2 [ VEREVE Bz}, (0)

Dy, = exp{—% /do V2mleV(d — x) — E]

xd(d—x)}. (11)

The potential barrier V(z) in the vacuum gap takes

the form!1]

V(z) = Gy + (B, — By — A)g

4mo[ﬂ %E(W > nldﬂ (12)

where &, is the work function of the normal metal, &

is the work function of the superconductor, x denotes
the position of the tunnelling electron with respect to
the left electrode, d is the width of the vacuum gap,
and ¢ is the vacuum permittivity. The third term is
the image charge corrections near the two electrodes
(Fig.1).1*2]

Combining formulas (2)-(12), we can calculate
the net cooling power of the NVS tunnelling junction
when other heating effects and heat back flow are ig-

nored.

3. Result and discussion

Before proceeding with the detailed calculation,
we may make a rough estimation of how far we can
go with the NVS tunnelling refrigeration. Assuming

$, = &, = & and neglecting the image correction,

since the work function of a metal is in the range of
eV, and A for conventional superconductors is often
less than 1-2 meV, it is pretty safe in our case to re-
place Eq.(12) by a square barrier. Then

D =D,

L [2d

Arbitrarily, taking d =
D ~ 1.3 x 107,
can be simplified in the following way. Suppose at

@—E)}

2 nm, & = 1 eV, we have
The integral in expression (9)

the beginning of refrigeration when the entire junc-
tion is in equilibrium at temperature 4 K, all the
states in the normal metal within an energy interval
of kT, above the Fermi level are occupied and all
the states above the energy gap of the superconduc-
tor are empty. Each tunnelling electron carries the
same thermal energy kgT,,. Then no electron counter
flow exists and Eq.(9) gives the heat transfer is about
P ~2x10°D =~ 2 mW/cm The cooling power in-
creases to about 4 W/cm? if the work function can be

reduced to, say, 0.4 eV.

Since the average kinetic energy carried by an
electron is about kg7},, and the input energy is about
A, the cooling efficiency is in the order of kpT,/A.
Taking Ty, = Ts = 4 K, and A = 2 meV, we have the
efficiency n ~ 17%.

Now let us look at the influences of different pa-
rameters on the cooling effect of the NVS tunnelling
device. Figure 2 shows how the cooling power and ef-
ficiency change with the ratio A/kgTs. We see that
with the increase of the ratio, the cooling power P in-
The results
are what expected, because, as we mentioned above,

creases, while the efficiency n decreases.

the tunnelling electrons increase with bias eV, = A,
but 7 scales with kgTy,/A, and is weakly dependent
on the number of tunnelling electrons.

Figure 3 shows how the cooling power changes
in the process of refrigeration for different gaps. P
decreases with T,, /T, as expected. The apparent de-
crease of P with A is caused by the fact that we always
assume A = eVjias, and the decrease of bias reduces
the tunnelling current. However, for A = 0.1 meV,
the superconducting energy gap is already substan-
tially lower than kg7Ts. The term Ps_, can no longer
be neglected in this case, and the tunnelling of ‘cold’
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electrons may contribute a backflow of heat, and hence
decreases the cooling effect.
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Fig.2. Cooling power P and cooling efficiency n vs
A/(kpTs) with T, = 1.0 K, Ts = 4.2 K, eVpias = A4,
d=4nm, &, = &= & =0.8 V.
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Fig.3. Cooling power P vs Ty /Ts for Ts = 4.2 K,

6Vbias = A: d=4nm, Py = P =P =0.8¢eV.

The exponential decrease of tunnelling current
with barrier width is well known. Figure 4 gives an
example of how the cooling power changes with d for
two ratios of T,,/Ts.
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Fig.4. Cooling power vs the width of the vacuum bar-
rier for Tn/Ts = 1/2, 5/21, eVpjas = A = 1.55 meV,
& =0.8¢€V.

The work function @ is equally important. Fig-
ure 5 shows the cooling power as a function of d for
different work functions. We see that for practical pur-
pose, finding materials with very low work function is
of great importance.
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Fig.5. Cooling power P vs d for & = 0.4, 0.6, 0.8, 1.0 eV
and Ts = 4.2 K, eVpias = A = 1.55 meV at different tem-
peratures of cold end of the junction.

From the above calculations we see that with a
single stage of NVS device it is possible to cool a
system down to milliKelvin. It can be shown that
even the temperature well below 1 mK can be reached.
However, several technical difficulties should be over-
come before a useful device is realized.

1) Large area homogeneous vacuum gap with the
gap width of only a few nm can be obtained.

2) Materials with very low work function can be
found, which may ease the difficulty mentioned in 1).
It would be interesting to note a recently work in
which a method is suggested to arbitrarily adjust the
work function of a metal.['3]

3) An intrinsic difficulty in the NVS device is the
low bias across the junction. This means that if we
expect a useful cooling power, say 200 mW at 4.2 K,
we need an input current as large as 500 A! One way
to solve the problem is by using a large amount of de-
vices connected in series. In such case how to ensure
the bias in each device equal to its superconducting
gap is again a challenging problem. However, since
the currents in all the junctions should be equal, we
expect that this confinement will automatically adjust
the bias across each junction not far from its A.

4. Conclusion

We have analysed the possibility of using a normal
metal-vacuum—superconductor junction for electronic
refrigeration. Calculations show that the device can
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be used to reach a wide temperature range from 4 K
down to well below 1 mK. An additional advantage of
the method over the traditional methods is that the
electron subsystem is directly cooled in the method,
which is very important when the electronic proper-
ties are interested. However, several serious difficulties
must be overcome before the method can be used in

low temperature laboratories.
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