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Abstract

We discuss the temperature dependence of a common low temperature local ther-
mometer, a tunnel junction between a superconductor and a normal metal (NIS junc-
tion). Towards the lowest temperatures its characteristics tend to saturate, which
is usually attributed to selfheating effects. In this technical note, we reanalyze this
saturation and show that the temperature independent subgap current of the junction
alone explains in some cases the low temperature behavior quantitatively.

Keywords Local thermometry - NIS junction - Dynes parameter - Low-T saturation

1 Introduction

Tunnel junctions provide local thermometry on a chip in mesoscopic physics
experiments [1-5]. A common example is the junction between a normal metal
(N) and superconductor (S) with an insulating barrier (I) in between, the so-called
NIS-junction. The favourable features of this sensor are as follows: (i) It probes
the temperature, more precisely the energy distribution of electrons, in the normal
metal, but is almost fully insensitive to the temperature of the superconductor.
This way it is a truly local probe. (ii) When operated in a simple dc configuration
with constant current bias, it yields a voltage output that depends practically lin-
early on temperature over a wide range, this way providing a simple calibration.
Yet, the researchers are often puzzled about the strong deviation from such linear
dependence towards the lowest temperatures. This departure from the expected
behavior is often attributed to selfheating effects due to finite biasing voltage of
the junction, although in reality the N electrode is, on the contrary, self-cooled
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under these bias conditions [1]. Another obvious origin of this deviation, the sub-
gap leakage of the junction arising from various physical mechanisms is often
overlooked in this context. In this technical note we find, based on experimen-
tal data and known tunneling formulae, that this temperature-independent subgap
contribution, when sufficiently large, accounts alone for the observed nonlinear
dependence quantitatively.

2 Tunneling Current of a NIS Junction Including Subgap Leakage

We start by reviewing some central results on tunneling in a NIS junction. The
golden rule based charge current in a tunneling process reads

1= [ deng(e)lfy(e - ev) — fy(@. M)
eR;

Here f;(x) = 1/(1 + ¢#*) denotes the Fermi distribution function for lead i =N, S
with inverse temperature §; = (kg T;)~!, ng(€) is the normalized density of states of
the superconductor, and R, determines the resistance of the tunnel junction. For an
ideal junction, we use the normalized density of states of Bardeen—Cooper—Schrief-
fer (BCS) superconductor [6], given by nlsgcs(e) =|e| /Ve2 - AZ, where A is the
gap of the superconductor. Due to electron-hole symmetry, I(—V) = —I(V), we
obtain a symmetric form for the charge current as

1

I=——
2eR;

de ng(e)[fy(e — eV) — fule + eV)]. )

This equation has an important message: the /—V curve depends on the distribution,
i.e. temperature in N, but not at all on that in the superconductor as long as ng(¢) is
temperature independent, i.e. for Tg < T, where T is the critical temperature of
the superconductor (7 ~ 1.4K for aluminum film). At 7y = 0, the current reads
I= RLT 1/ V2 — (A/e)?, which means that in the subgap regime, | ¢V |< A, there is no

charge current, / = 0, and far above the gap | eV [> A, we have ohmic dependence
I=V/R;. For eZ1, using the approximation for BCS DOS,
e/Ver—1x~ (\/5 e — 1)7!, where € = ¢/A with Fermi energy Ep, one can solve
Eq. (2) analytically and we have

I~ Ioe_(A_ev)/kBTN’ 3)

where I, = \/2xAkgTy/(2eR;) [1, 3]. Equation (3) demonstrates that such a tem-
perature dependence is universal in view of the fact that dIn(//1,)/dV = e/(kgTy),
[2] therefore making NIS a primary thermometer in principle. Note that this is true
only for an ideal junction, i.e. for BCS superconductor with DOS, n¢(¢). Experi-
mentally, it is hard to have such an ideal junction. Due to subgap states, external
radiation, and higher order tunneling the DOS for the junction is effectively smeared
beyond that of ideal BCS typically into the form of Dynes density of states
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where y is known as the Dynes parameter [7, 8]. This expression modifies the -V
characteristic of the NIS junction. In the range eV < A, we can use the Taylor expan-
sion in Eq. 4) for small 7, and we then have
(e+1)/\V(E+1)?—1~¢e/\er—1+1y/(e> — 1)>/%. Substituting this expansion
for DOS in Eq. (2), we have two additive terms: the first one which leads to the same
result as for an ideal junction at low T given in Eq. (3) and the second term which is
the low temperature leakage current of a NIS junction, given by

_ A eV/A y . ~
Lo = R /—eV /A dem. Here for the correction term we use f(e) ~ 1 — 6(¢)

with 0(¢) the Heaviside step function. This form is applicable for the corrections at
low T' <« A/kg. The tunneling current is then given by [2]

ng(e) =| Re

yV

Rp\/1—(eV/A2 ©)

[ = [yem@eV/ksTx 4

3 Experimental Verification of the Model

A scanning electron micrograph (SEM) of the measured thermometer is shown on the
left in Fig. 1. Here we have two back-to-back NIS junctions connected in series, where
superconductor (aluminum) leads are presented in blue and normal metal one (cop-
per) in red. The /—V characteristic of this SINIS structure is measured as presented

dldv

Fig.1 A typical SINIS structure (two NIS junctions in series). (Left panel) The SEM of SINIS with
a scheme of the experimental setup. Here Cu is used as a normal metal (N), Al as a superconductor
(S) and AlO, as an insulating barrier (I). By applying a voltage bias V to the junctions, the current /
through them can be measured. (Right panel) The /—V characteristic of the SINIS presented shown on
the left with black symbols measured at cryostat temperature 7 = 50 mK. The resistance of the two junc-
tions in series, Ry = 34 kQ, and superconducting gap, A/e = 230 pV, can be extracted from the data,
with the help of the theory fit from Eq. (2) indicated by the red line. (Insets) The conductance G = d//dV
demonstrating how to estimate the leakage parameter y = G(0)/G(o0) from the experimental data. For
this sample we then obtain y =~ 1.6 x 10~3 (Colour figure online)
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on the right in Fig. 1. Based on the measured /—V, one can extract the value of the
Dynes parameter y directly. In this case, y is the ratio of the zero-bias conductance of
the junction G(0) to the conductance at voltages | eV |> A, y = G(0)/G(oc0). This
principle is shown in the two insets of Fig. 1. The conductance of the junctions can be
measured either directly from the /—V curve or using the derivative of it. In this figure
we used the latter option. In general, one can extract three parameters for the SINIS
structure (two NIS junctions in series) from the /—V characteristic presented in Fig. 1:
7, A/e, and R;. For junctions that are influenced by weak superconducting proximity
effect, one predicts that the Dynes parameter y obeys the relation y ~ Ry /(nR;) where
Ry = h/e* ~ 25.8 kQ, the von Klitzing constant, denotes the resistance quantum and
n refers to the effective number of conduction channels in the junction, n = A/A [9].
Here A, stands for the effective area of one conduction channel. According to pre-
vious experiments A, ~ 30 nm?, and the junction area A ~ 150 x 150 nm? which is
estimated roughly from the scanning electron micrograph. We have then y ~ 1 x 1073
which is of the same order of magnitude as from our experimental estimate,
y = 1.6 X 1073, In junctions not affected by Andreev effects, the microwave radiation
yields the dominant contribution of y [10]. Next, we use the parameters y, Ry, and A/e
and simulate the /—V curves at various temperatures based on Eq. (2) with the help of
Eq. (4) for describing the DOS of the actual sample. This set of curves is presented in
Fig. 2a. It is clear that by increasing temperature, the /—V curves become increasingly
smeared. The zoom-out of this panel shows the /—V’s in a narrow current range. Basic
temperature measurement is done by applying a fixed current /,, to the SINIS (or NIS)
structure. This way the voltage across the junction is changing as a function of tem-
perature and thus this measurement works as a calibration for our system. Figure 2b
displays such calibrations for different values of y. The leakage y plays an important
role in determining the sensitivity of the thermometer. It is vivid that for small ys the
thermometer is sensitive down to low temperatures while by increasing it the curves
saturate at low T at the voltage V,, given by

ImRT

B ’ 6
,/y2+(%)2 (6)

obtained by setting 7y = O and / = I, in Eq. (5). The experimental data is shown as
symbols in the same panel and matches quantitatively with the predicted depend-
ence using the independently determined parameters y, Ry and A/e (no extra fit
parameters).

Responsivity R is an important figure of merit of a sensor which is defined as the
change of the measured quantity (here voltage) with respect to temperature, meaning
R = dV/dT. Using Eq. (5), one can compare R of the SINIS thermometer in the pres-
ence, R(y), and absence, R(y = 0), of the leakage as

V():

RG) __avjar T
= =11 R | !
R(y = O) (dv/dT)ideal i yeRT(I - :?_V) ( )

m
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Fig.2 The role of leakage parameter y in calibration of the thermometer. a Calculated /—V character-
istics of the SINIS structure presented in the left panel of Fig. 1 from Eq. (2) at different temperatures,
with parameters R, = 34 kQ and A /e = 230 pV. The zoom of the light blue rectangle is presented in the
inset. The presence of the leakage, y, induces a slope in the subgap region which leads to sensitivity loss
at low temperatures. Applying a fixed current /,, (dashed black line), one can extract voltages at different
temperatures which gives a thermometer. Calibrations of such a thermometer for different values of y
are presented in panel b with a few values of y. When increasing y the calibration saturates at low tem-
perature. The experimental data shown with black symbols catches the curve presenting y = 1.6 x 1073,
which is obtained as in Fig. 1. /,, = 15pA for all the data in (b) (Colour figure online)

Equation (7) indicates that responsivity of the thermometer decreases with increas-
ing leakage current, as one might expect.

4 Discussion

Although a NIS junction serves as a convenient local thermometer especially at sub-
kelvin temperatures, it suffers from various non-idealities. Here we showed that for
junctions where temperature-independent leakage is relatively strong, which is the
case in many experiments, this effect fully determines the low temperature charac-
teristics of the thermometer, and it leads to the loss of sensitivity. Yet we want to
underline that it is possible to achieve much lower leakage, y < 107, in setups with
high-quality junctions if the superconducting proximity effect and external noise are
effectively suppressed; then other factors, e.g. nonequilibrium effects, may play the
dominant role in determining the low-temperature transport. In this note we focused
on dc measurement of the junction but similar considerations apply also for rf detec-
tion of junction conductance [11].
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