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Conventional Josephson metal-insulator-metal devices are inherently underdamped and exhibit hysteretic cur-
rent-voltage response due to a very high subgap resistance compared to that in the normal state. At the same 
time, overdamped junctions with single-valued characteristics are needed for most superconducting digital appli-
cations. The usual way to overcome the hysteretic behavior is to place an external low-resistance normal-metal 
shunt in parallel with each junction. Unfortunately, such solution results in a considerable complication of the 
circuitry design and introduces parasitic inductance through the junction. This paper provides a concise overview 
of some generic approaches that have been proposed in order to realize internal shunting in Josephson 
heterostructures with a barrier that itself contains the desired resistive component. The main attention is paid to 
self-shunted devices with local weak-link transmission probabilities that are so strongly disordered in the inter-
face plane that transmission probabilities are tiny for the main part of the transition region between two super-
conducting electrodes, while a small part of the interface is well transparent. We discuss the possibility of realiz-
ing a universal bimodal distribution function and emphasize advantages of such junctions that can be considered 
as a new class of self-shunted Josephson devices promising for practical applications in superconducting elec-
tronics operating at 4.2 K. 

PACS: 85.25.Cp Josephson devices; 
73.23.–b Electronic transport in mesoscopic systems; 
68.55.aj Thin film structure and morphology. 

Keywords: Josephson junctions, charge transport, internal shunting, disordered interfaces, superconducting elec-
tronics. 

 
1. Introduction 

Modern integrated circuits are based on a silicon com-
plementary metal-oxide-semiconductor (CMOS) technique 
that uses a combination of p- and n-type metal-oxide-semi-
conductor field-effect transistors to implement logic gates 
and other digital circuits. Shrinking the size of the field-
effect transistors has improved the functionality, speed, 
and the cost of microprocessors over the last four decades. 
However, the advantages of scaling are quickly going down 
and, in particular, the operational frequency of central pro-
cessing units has stopped its improving since 2003 due to 
power consumption of the circuitry reaching their cooling 

limit (≈100 W/cm2) [1,2]. With the end of the Moore’s law 
in sight, various technologies and computing models are 
actively proposed as potential alternative to CMOS cir-
cuits. 

Superconducting digital electronics may be an attractive 
candidate for the replacement of the semiconductor tech-
nology with many potential benefits [3–5]. Its most popu-
lar version known as single-flux quantum (SFQ) logic [6] 
is using Josephson junctions as ultrafast switches and mag-
netic-flux encoding of information. It offers a combination 
of high speed and very low energy consumption and thus 
allows to develop small-scale computational circuits that 
dissipate more than one thousand times less power than 
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state-of-the-art silicon CMOS circuits [5]. Certainly, from 
a future perspective, we should also include in the estima-
tions the energy required for the refrigeration needs. But 
modern, closed-cycle cryocoolers can already provide cool-
ing up to 4 K without need of liquid helium. Even taking 
into account their energy consumption the effective SFQ 
switching energy remains to be an order of magnitude lower 
than state-of-the-art CMOS [5]. That is why this technolo-
gy which requires cryogenic refrigeration can be energy 
efficient compared to existing room-temperature semicon-
ductor circuits. 

In 2014, “The Next Wave”, the USA National Security 
Agency’s review on emerging technologies published a 
foresight report on the actual state and prospective devel-
opment of superconductive electronics [5]. As was empha-
sized in Ref. 5, two promising research directions are ur-
gent for a further progress of Josephson-junction circuitry. 
The first one relates self-shunted devices able to eliminate 
the need for external-shunt resistors and the second one 
concerns hybrid structures with ferromagnetic interlayers 
which could realize junctions with a built-in π phase shift 
of the superconductive wave function as well as create a 
SFQ-compatible memory element [7]. 

Our review is devoted just to the first problem, namely, 
possible ways towards creating internally shunted Josephson 
multilayered structures. In the second section of the paper, 
we discuss what characteristics of individual Josephson 
junctions are required by superconductive applications. 
The third section highlights some previously proposed so-
lutions for internally shunted devices without need of an 
external resistor. Theoretical background and experimental 
verification of the self-shunting effect in Josephson devices 
with strongly disordered barriers is the subject of the fourth 
section where it is related to specific features of a multi-
channel inhomogeneous weak link between superconduc-
tive electrodes. We present a summary of our results for two 
types of intrinsically shunted Josephson junctions with a 
self-averaging distribution of weak-link transparencies. 
The Conclusions provide some comments relating applica-
tions of the intrinsically shunted junctions in superconduc-
tive circuitries and offer few concluding remarks. 

2. Required characteristics of Josephson junctions 
for superconductive circuit technology 

We start with the discussion how planar superconduc-
tor-weak link-superconductor junctions with lateral dimen-
sions smaller than the Josephson penetration depth [8] can 
be characterized and what parameters are needed for super-
conducting circuits. The most stable technological process 
used now in different analog and digital low-temperature 
superconductor applications, including very-large-scale SFQ 
circuits, is based on the all-refractory Nb–AlOx–Nb planar 
thin-film technology [9,10]. It allows the fabrication of cir-
cuits with up to tens of thousands of Josephson junctions 
and consists of the deposition of three films, superconduct-

ing (S) niobium base and counter electrodes and an ultra-
thin aluminum interlayer, oxidized to create an aluminum-
oxide insulating (I) interlayer. The I interlayer plays the role 
of a tunnel barrier whose thickness, about 1 nm, determines 
the critical current density Jc of the device. In such SIS 
samples the current-vs-Josephson phase relation is known 
to be sinusoidal [8]. The main part of our discussion below 
remains within the Nb-based technology and will be focused 
mostly on the electronics operation at the helium tempera-
ture that makes possible to achieve ultralow switching ener-
gy in the SFQ devices [5]. 

Current-voltage curves. SFQ logic requires Josephson 
junctions with nonhysteretic current-voltage (I–V) charac-
teristics while conventional SIS devices are inherently un-
derdamped and exhibit hysteretic I–V response, see Fig. 1(a). 
The usual way to overcome the hysteretic behavior is to 
place an external low-resistance normal-metal shunt in pa-
rallel with each junction [5]. It permits to achieve the re-
quired damping and well-behaved SFQ pulse generation 
but, at once, results in a considerable complication of the 
circuitry design due to additional wiring and introduces 
significant parasitic inductance through the device which 
limits its high frequency operation. Moreover, the parasitic 
inductance in shunted Josephson SIS trilayers can lead 
to stable negative-resistance regions in the I–V curves and 
a strongly increased low-frequency voltage noise arising 
from chaotic transients between subharmonic modes [11]. 
Thus, the elimination of the majority of external shunt re-
sistors by using self-shunted superconducting junctions can 
be regarded as an important task for further progress of the 
superconductive Josephson circuitry. 

Properties of an individual Josephson junction can be 
simulated by a RCSJ (resistively and capacitively shunted 
junction) model [8] with the quasiparticle resistance R in 
the operating voltage range that can strongly depend on V 
in many cases, the capacitance C, and the critical super-
current Ic in parallel (Fig. 1(b)). In ideal SIS trilayers with 
infinitely small barrier transparencies D << 1 quasiparticle 
transport at voltages V < 2∆/e (the subgap regime), where 
∆ is the superconducting energy gap, is possible only due 
to thermally activated processes and, hence, rather high 
subgap resistances Rsg are realized. For voltages above the 
gap value, however, direct tunneling of quasiparticles from 

Fig. 1. Hysteretic, typical for an SIS trilayer (a) and single-
valued, realized in an SNS sample, (c) current-voltage character-
istics at T = 0 as well as the basic RCSJ equivalent circuit (b) for 
a current-biased Josephson junction. 

Low Temperature Physics/Fizika Nizkikh Temperatur, 2017, v. 43, No. 7 951 



M. Belogolovskii, E. Zhitlukhina, V. Lacquaniti, N. De Leo, M. Fretto, and A. Sosso 

one superconducting electrode to unoccupied states on the 
other side of the barrier is allowed and with increasing V, 
the device resistance is quickly approaching the normal-
state value RN. 

Within the RCSJ model (Fig. 1(b)), the Josephson-junc-
tion operation regime (if it is hysteretic or not) is character-
ized by the McCumber–Stewart damping parameter βc, a pro-
duct of the characteristic Josephson frequency 2 /c ceVω = , 
where Vc = IcR, and the decay time τRC = RC: 

 
2 c

c
eV RC

β =


. (1) 

Nonhysteretic I–V behavior is achieved when βc is less 
than unity. When the practically used voltage range in a 
nonshunted SIS junction is limited by the gap value, R being 
a very high subgap resistance Rsg (its value can be found 
experimentally by applying magnetic fields and reducing 
the critical current to zero) and 22 / 1c c sgeI R Cβ = >> . In 
the next section, we discuss how the latter parameter can 
be suppressed below unity and, as a result, the current-
voltage curve will be single-valued (Fig. 1(c)). 

Superconducting critical current. In different Joseph-
son-junction configurations, the critical current Ic scales as 
the inverse of the normal-state resistance RN [12] and thus, 
the IcRN product should not depend on the device dimen-
sions and can be considered an important figure of merit 
for SFQ circuitry components that determines the strength 
of Cooper pair tunneling and therefore should be as large 
as possible. There is also another argument for increasing 
the IcRN value. It is inversely proportional to the SFQ-pulse 
width [5] and, hence, junctions with high IcRN products 
will potentially increase circuit speeds. From the other 
hand, the energy dissipated for each basic SFQ switching 
event is proportional to Ic. Thus, decreasing Ic could result 
in exceptionally low switching energy. In order to avoid 
high error rates, it is important to operate with switching 
energies several orders of magnitude higher than the ther-
mal energy at 4.2 K [5]. So, the optimal choice of the criti-
cal supercurrent value should be found as a compromise 
between different requirements. Note that the critical cur-
rent density Jc of the Josephson junction based on conven-
tional superconductors with a comparatively low critical 
temperature Tc, a major issue for both fabrication and ap-
plication, is set during the fabrication process by the oxy-
gen exposure dose, the product of the oxygen partial pres-
sure and the oxidation time [13, p. 285]. 

Zero-temperature value of the product Ic(0)RN = 
= π∆(0)/(2e) for an SIS trilayer [8] with ∆(0), the super-
conducting gap energy at T = 0 is an important figure of 
merit for device applications. It characterizes the strength 
of the Cooper pair tunneling since the gap magnitude ∆(0) 
is strongly influenced by proximity effects at the barrier–
electrode interface. First Josephson junctions with refracto-
ry superconductors like Nb and NbN used their natural 

oxides as an insulator and the sample quality was not high 
due to the oxygen diffusion into the electrodes and, as a re-
sult, appearance of a degraded near-interface region with 
lower Tc. The transition from native oxide barriers to artifi-
cial ones preventing the oxygen diffusion [9,10] was a great 
success towards fabrication of all-refractory Josephson 
junctions. The bulk ∆Nb(0) magnitude in ideal Nb samples 
is near 1.4 meV and hence, theoretically expected Ic(0)RN 
product in Nb–AlOx–Nb planar trilayers should be about 
2.1 mV. Experimentally, values above Ic(0)RN = 1.5 mV 
already indicate a good tunneling barrier [14, p. 21]. At the 
moment, they typically range between 1.7 and 1.8 mV [13, 
Table 3.3.1.2]. In NbN-based junctions with MgO artificial 
barriers, Ic(0)RN products of 3.2 mV achieved now well 
agree with the assumed theoretically value of 3.55 mV [13, 
Table 3.3.1.2]. 

Such good agreement has been achieved only for con-
ventional low-Tc superconductors. In high-Tc superconduc-
tors, the discrepancy between measured and calculated 
characteristics is much stronger. For example, at 4.2 K IcRN 
products of [001]- and [100]-tilt YBCO bicrystal junctions 
were found to be only 1–2 mV and several to 10 mV, respect-
ively, those for step-edge and ramp-edge junctions are of 
several millivolts as well [15]. Most probably, it is due to 
the peculiar physical properties of cuprates, quasi-two-di-
mensional materials with electrons moving within copper-
oxide (CuO2) layers and d-wave symmetry of the supercon-
ducting order parameter [16]. Even in MgB2, less aniso-
tropic high-Tc superconductor with an s-wave symmetry of 
the order parameter, reported I–V curves are still far from 
the ideal one, suggesting degradation of the order parame-
ter near the superconductor–barrier interface [15]. As for 
the recently discovered novel class of high-Tc materials, 
iron pnictides, the best up-to-date characteristics voltages 
IcRN are of the order of 1 mV [17]. It is not clear if it is a 
technological problem or its origin is of a fundamental 
cause which can be related, for example, to the specific s± 
symmetry of the order parameter. 

In the following, we are discussing only low-Tc super-
conducting devices which are expected to follow a simple 
relation (2) between Ic(T)RN and ∆(T). Notice that even in 
these samples the statement concerning the Ic(0)RN product 
as an indicator of the junction quality is valid only when 
the barrier transmission probability D is much less than 
unity. Otherwise, significant contribution to the near-zero 
voltage bias can arise from the quasiparticle transport. Its 
presence reveals itself as an excess current Iexc given by the 
intersection of the I–V curve slope at high voltage biases 
with the current axis. 

Temperature stability. The need of the temperature stabi-
lity means that small temperature variations should cause 
only small supercurrent changes [18]. Related temperature 
dependence of the product Ic(T)RN for a symmetric SIS tri-
layer was derived by Ambegaokar and Baratoff [8] who ap-
plied the microscopic theory to a tunnel junction geometry: 
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 ( ) ( )( ) tanh
2 2c N

B

T TI T R
e k T

 π∆ ∆
=  

 
. (2) 

Temperature dependence of the Ic(T)RN product in Joseph-
son devices based on conventional superconductors well 
agrees with this formula [19] whereas it does not apply to 
high-Tc superconductor junctions, see, for example, the 
recent overview of experimental data for iron pnictides [17]. 

From Eq. (2) it follows that conventional refractory-
metal SIS junctions exhibit an excellently stable tempera-
ture range from 0 to 0.6Tc with a huge Ic-vs-T dependence 
above it. Since we are discussing Nb-based junctions at 
and above 4.2 K, we need the temperature stability at 
T ≥ 0.5Tc. As was suggested by us earlier [20], this proper-
ty can be characterized by an absolute value of the normal-
ized temperature derivative ( ( ) / (0)) / ( / )c c cd I T I d T T  — 
as smaller it is, as less the critical current changes are for a 
fixed temperature perturbation. We shall return to this issue 
later by discussing the optimal solution for a self-shunted 
Josephson junction. 

3. Self-shunted Josephson junctions with homogeneous 
weak-link interlayers 

SNS junctions. The previous discussion shows that the 
subgap resistance Rsg should be suppressed in order to get 
rid of the double-valued I–V curves shown in Fig. 1(a). 
The simplest way to realize it consists in the replacement 
of an insulating weak link in the conventional SIS geome-
try with a normal-metal (N) one whose resistance RN is 
much lower than Rsg in the tunnel-junction case. Zero-tem-
perature Josephson current through a planar SNS junction 
in the thick-barrier limit was studied within a stepwise off-
diagonal potential approximation by Ishii [21]. It was found 
that the supercurrent magnitude Ic is inversely proportional 
to dN and, in contrast to the sinusoidal supercurrent-phase 
relation in SIS trilayers [8], its dependence on the differ-
ence of two macroscopic wave-function’s phases ϕ in su-
perconducting electrodes forming an SNS Josephson de-
vice is a piecewise linear function with the 2π periodicity. 
The latter finding is nothing more than the well-known 
quantum-mechanical statement about the proportionality of 
the superfluid velocity to the phase gradient of the conden-
sate wave function. This result was confirmed by Svidzin-
sky [22] who showed inter alia that at T << Tc, the for-
ward-skewed Ic-vs-ϕ relation is transformed into the sinu-
soidal one with decreasing the transmission probability D 
of the weak link. 

Two seminal papers by Kulik and Omelyanchouk [23,24] 
proved to be an important impetus for the development of 
SNS devices. In their first paper [23] the authors consid-
ered a short diffusive quasi-one-dimensional wire connect-
ing two S electrodes when the supercurrent can be calcu-
lated using Usadel equations. After that, in the framework 
of Eilenberger equations, they studied a short clean weak 
link, a constriction with a size in normal and transverse 

directions less than the electronic mean free path [24] that 
was found to generate a forward-skewed supercurrent-vs-
phase relation at low temperatures. In both cases, the Ic(0)RN 
product turned to be larger than that for SIS devices (2) 
with the factors 1.32 and 2 in dirty [23] and clean [24] limits, 
respectively. The temperature Ic(0)RN dependence was also 
quite different from that for SIS devices predicted by Am-
begaokar and Baratoff (2). Similar to the SIS case, it falls 
quickly with increasing T in the temperature range T ≥ 0.5Tc, 
see, for example, Fig. 6.2 in [8]. 

After the theoretical works cited above, superconduc-
tive trilayers with a 10–20 nm thick normal film, where 
superconducting correlations were mediated by phase-co-
herent Andreev reflections at the NS interfaces, started to 
be considered as prospective candidates for Josephson-junc-
tion circuitry. Due to the suppressed McCumber–Stewart 
damping parameter, the SNS junctions revealed inherently 
nonhysteretic current-voltage characteristics. Moreover, they 
also exhibited a capacitance intrinsic to the geometry (in 
the most cases, extremely small) as well as a frequency-
dependent reactive component of the material’s dielectric 
response and thus could be incorporated into the RCSJ-like 
model [25]. The authors of Ref. 26 suggested to name he-
terostructures with a weak link that contains itself the de-
sired low-resistance component self-shunted (or internally 
shunted) junctions. 

Unfortunately, the Cooper pair leakage into the normal 
metal in SNS devices affects the superconductor as well 
(the latter phenomenon is known as inverse proximity ef-
fect). Due to the inverse proximity effect depending on the 
degree of the mismatch between electronic parameters in S 
and N metals and in contrast to SIS devices, quasiparticle 
excitations from a normal interlayer penetrate into the junc-
tion electrodes, causing suppression of superconductivity 
near SN interfaces. When normal metals like Au, Ag, Cu 
are used, then the suppression in the dirty case can exceed 
two orders of magnitude at 0.5 cT T≈  [12]. In the clean case 
and at low temperatures cT T  the value of the super-
conducting order parameter near the NS interface is equal 
to nearly half of its value far from the NS interface [27]. 
Suppression of the Ic(0)RN value leads to the reduction in 
the high-frequency cutoff by orders of magnitude compar-
ed to a classical SNS junction [12]. As a result, “most im-
plementations of SNS junctions failed to show an advent-
age over shunted Nb/Al2O3/Nb tunnel junctions, mainly due 
to their low IcRN product” [26]. One of the ways to get 
higher Ic(0)RN values for SNS samples is evidently to use 
highly resistive weak-link materials. 

Double-barrier SINIS junctions. Above we have assum-
ed an infinitely small interfacial resistance, i.e., electronic 
characteristics of N and S films were assumed to be not 
very different from each other. But it is not the case of 
a highly resistive weak link. For example, when a metal 
comes in close contact with a semiconductor, a Schottky 
barrier can arise at their interface [28]. Another possibility 
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discussed below is an artificial barrier between N and S 
films, for example, an extremely thin oxide interlayer. 

When a clean weak link between superconducting elec-
trodes consists of two insulating ultra-thin films and a 
normal interlayer, the transparency is strongly influenced 
by interference between normally reflected electrons inside 
the double-barrier INI region (Breit–Wigner resonances). It 
means that an appropriate choice of the barrier heights and 
the normal-metal thickness can provide a weak-link trans-
parency comparable with that of a single N interlayer in 
SNS samples while superconducting properties in S elec-
trodes will be protected (at least, partly) from the proximi-
ty-effect degradation due to the presence of I barriers [29]. 
As was shown by various theoretical approaches, the phys-
ics of a supercurrent via a single Breit–Wigner resonance 
is similar to that of resonant tunneling via a localized state 
in SIS tunnel junctions, see Ref. 12 and related references 
therein. In the latter case, the maximum of the transmission 
probability is achieved when two barriers are identical and 
the resonance state is located near the central point of the 
distance between the two S electrodes [30,31]. 

The dirty limit of the superconducting transport across 
the double-barrier weak link was analyzed in detail by Kupri-
yanov et al. in their paper [29]. The authors showed that in 
the case of a short INI weak link the IcRN product is deter-
mined by two terms. The first one describes direct coupl-
ing of the superconducting electrodes, while the second 
term characterizes the contribution of a sequential tunnel-
ing effect in two single-barrier junctions in series. The in-
terplay between the two channels depends on the barrier 
parameters, temperature, and other factors [29]. It defines 
also the temperature dependence of the critical current 
which in some cases can be less sloping, see Fig. 20 in 
Ref. 12. 

In principle, SINIS devices could provide solution of the 
self-shunting problem [32,33]. Unfortunately, due to dif-
ferent starting conditions for the first and the second insu-
lating layers in SINIS samples, the formation of the second 
barrier is not well controllable in the case of high critical 
current densities and it leads to increasing barrier asym-
metry and the loss of SINIS benefits [34]. 

Weak links tuned near the metal-insulator transition. 
As was stressed above, highly resistive weak-link materials 
in SNS junctions could diminish the influence of an N in-
terlayer on S electrodes. In particular, it could be a material 
near the metal-insulator transition whose resistivity is tuned 
by adjusting the stoichiometry. Following the paper [26], 
we can estimate resistivity of such barrier needed to sup-
press the inverse proximity effect. To avoid the noise im-
pact in 4 K operation, the critical current of the junction 
should be at least 100 μA. Since the IcRN product is in-
versely proportional to the width of the SFQ pulse, its value 
is required to be larger than 320 μV in order to attain cir-
cuit speeds of 50 GHz operation [35]. Hence, the barrier 
resistance should be, at least, of the order of several Ohms. 

For μm-sized SNS junctions we need the resistivity of the 
order of tens mOhm⋅cm (compare with 10–5 mOhm⋅cm for 
silver at 4.2 K [36]). 

Epitaxial NbN–TaxN–NbN sandwiches deposited on the 
lattice-matched MgO substrate were proposed for this pur-
pose in Ref. 37. The weak-link resistivity was tuned to a 
value near the metal–insulator transition and carefully con-
trolled. For a 13-nm thick barrier the samples exhibited an 
IcRN product greater than 1 mV at 4.2 K. Unfortunately, 
next investigations [26] showed large variations in Ic and 
RN values across a wafer, presumably as a result of varia-
tions in the TaxN stoichiometry and the resulting changes 
in the barrier resistivity requiring significant improvements 
in the fabrication process became evident. Another poor 
conductor near the metal-insulator transition, niobium sili-
cide, has been successfully applied in Josephson circuitry 
at NIST [38]. It was found that Nb–NbxSi1–x–Nb hetero-
structures have a wide range of tunability of electrical pa-
rameters through control of both the barrier composition 
and thickness [39,40]. 

4. Self-shunted Josephson junctions with strongly 
disordered weak-link interlayers 

Theoretical background. Versions of self-shunted Jo-
sephson junctions discussed in the previous section were 
based on the use of homogeneous (or nearly homogeneous) 
weak-link interlayers. Now we shall consider completely 
opposite situation when transmission characteristics of a 
weak link are strongly disordered in the interface plane. 
The reason for such statement is that a standard Al-oxide 
tunnel barrier is formed through in situ oxygen diffusion 
into an Al wetting layer and thus includes a lot of internal 
defects and pinholes as was argued in recent papers [41,42]. 
The charge flow across such an interlayer is rather a trans-
port through a large number of separate, actually one-dimen-
sional paths than a uniform current across a device cross-
section [43]. 

Following this hypothesis, we suppose that the main part 
of the transition region between two superconducting elec-
trodes has very low transmission coefficient D << 1 while 
a very small portion of the interface is well transparent 
with D ≤ 1. Moreover, the “open” channels are distributed 
more or less uniformly in the form of filaments having a 
diameter much less than the superconducting coherence 
length Sξ  in the junction electrodes whereas the distance 
between them exceeds Sξ . In this case, the inverse proxim-
ity effect on the S layers should be very small and the su-
perconducting order parameter (even near the NS interface) 
remains almost the same as in the bulk. The supercurrent 
that flows through the low-transparent (and thus tunnel-
like) part of the weak link will follow the Ambegaokar–
Baratoff theory [8] whereas the transport of Cooper pairs 
across high-transparent filaments will realize internal shunt-
ing following the SNS scenario developed by Kulik and 
Omelyanchouk [23,24]. 
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Mathematically, the distribution of a random variable 
with two distinct peaks (local maxima) is known as a bi-
modal distribution. In practical Josephson devices, there is 
a huge number of transmission channels N >> 1 with dif-
ferent individual transparencies Di where i = 1, …, N. In-
homogeneous distribution of the channel transmission 
probabilities can be proven by experiments on few-mode 
junctions that were fabricated in very similar conditions 
and thus should be identical from the first sight. Here we 
refer to a recent work [44] where supercurrent-phase rela-
tions in mesoscopic Josephson junctions made of gate-tun-
able semiconductor InAs nanowires with superconducting 
Al leads were measured at ultra-low temperatures. Unex-
pectedly, a vast majority of forward-skewed supercurrent-
vs-phase relations agreed with the Kulik–Omelyanchouk 
prediction [24] for SNS junctions. Such behavior consistent 
with a resonant-tunneling effect [44] could be attributed to 
the charge transport via an isolated localized state with an 
energy resε  and level widths ( )L RΓ

 
which arise due to the 

decay into the left (right) lead and
 
exponentially depend on 

the distance δ of the impurity from the middle of the barri-
er. The elastic-transmission probability D in this case is 
given by the Lorentzian-like formula [45,46] 

 
( )22

res

4

( )
L R

L R
D Γ Γ
=

ε − ε + Γ + Γ
 , (3) 

where ε is the energy of an incident electron. Frequent re-
alization of a middle-located state with L RΓ = Γ  and hence 
D ≤ 1 is not clear but more likely is of an intrinsic origin 
nature. From Eq. (3) it follows that the resonant transmis-
sion regime can be destroyed not only by the asymmetry in 
the tunnel rates ( )L RΓ

 
but also by the shift δ of a resonance 

state from the middle of the weak link. In the latter case, 
we get 2

0cosh ( / )D a−= δ  for ε ≈ εres, where a0 is the lo-
calization radius. 

Now we shall discuss another physical realization, a pla-
nar symmetric SIS trilayer with the wave-function decay 
length 1−κ  in the barrier and show that on some cases we 
can also expect a significant (although not a dominant) part 
of the high-transparent eigenchannels in a strongly dis-
ordered multi-mode weak link. The transparency D of such 
junction is given by the well-known relation [47] 

 
2 2

2 2 2 2 2 2 2
4

( ) sinh ( ) 4 cosh ( )
x

x x

k
D

k d k d
κ

=
− κ κ + κ κ

, (4) 

where xk  is the wave-vector component in the metallic elec-
trodes normal to metal-insulator interfaces, d is the barrier 
thickness. Let us simplify the relation (4) starting with the 
case of an ultrathin potential barrier with a constant height 
that is extending from x = 0 to 1x d −= << κ  and consider 
two limits, a high barrier with xkκ >>  and a low one with 

xkκ << . In both cases, we get a Lorentzian 21/ (1 )D Z= +  
with the governing parameter Z equal to 2 / (2 )xd kκ  and 

/2xk d , respectively [48]. We can expect that the Lorentzian 

approximation for the transmission coefficient Z is appro-
priate in the intermediate instances as well. Now we as-
sume a slowly varying potential barrier when a semiclas-
sical Whentzel–Kramers–Brillouin (WKB) approximation 
is applicable to the transition region between two metallic 
electrodes. Then, at classically turning points xL and xR 

( ) ( )x L Rk x x= κ = κ  and Eq. (4) reduces to the relation 

2cosh ( )
R

L

x

x

D x dx−
 
 = κ
 
 
∫ . 

Let us transfer from transparencies of individual trans-
mission channels to a Josephson junction with a compara-
tively large area where the total transmission coefficient 
across a weak link is defined by a sum of independent local 
transparencies Di for concerned eigenchannels. It has been 
shown above that under certain conditions we can expect 
one of two simple dependences of the single channel con-
ductance G on dimensionless quantities Z and Y, 

2 1
0( ) (1 )G Z G Z −= +  and 2

0( ) cosh ( )G Y G Y−=  with the 

conductance quantum 2
0 2 /G e h= . Assume that Z and Y 

are random variables uniformly distributed from zero to 

infinity. Then 2( ) 2 / constZ G eρ = =  in the first case and 
2( ) / constY G eρ = π =  in the second case (the disorder-

averaged macroscopic conductance G  was introduced to 

normalize ( )Zρ  and ( )Yρ  so that 
0

( ) ( )G Z G Z dZ
∞

= ρ∫  and 

0

( ) ( )G Y G Y dY
∞

= ρ∫ ). With the parametrization 2 1(1 )D Z −= +  

we can transfer from ( )Zρ  to the distribution of local 
transparencies D  ( ) ( )( / )D Z dZ dDρ = ρ . For resonant tun-
neling via middle-localized isolated states and a rectangu-
lar-like ultrathin barrier, two cases discussed above, it 
reads 

 SB 2 3/2 1/2
1( )

(1 )
GD

e D D
ρ =

−

 . (5) 

Similar analytical formula can be obtained following ( )Yρ  
dependence valid for resonance states spatially shifted 
within the barrier and slowly varying potential barriers 

 
2 1/2

1( )
2 (1 )

D
GD

e D D
π

ρ =
−

  . (6) 

Analytical relations (5) and (6) were earlier obtained by 
Schep and Bauer [49] for extremely high and infinitely thin 
barriers between metallic electrodes and by Dorokhov [50] 
for diffusive conductors, respectively. It follows from above 
that applicability of these relations is much broader than 
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assumptions under which they were first derived and, hence, 
they may be universal. In this context, the notion of uni-
versality means that quantitative features of the charge 
transport across a heterostructure with a locally inhomoge-
neous barrier are not sample specific and can be deduced 
from a single global parameter, without requiring know-
ledge of the system details. 

We should emphasize that both distribution functions 
are just bimodal with a significant amount of “open” chan-
nels for which D ≤ 1 and that the difference between them 
is comparatively small [46]. Note also that in both cases 
transport characteristics of the metal-weak link-metal 
trilayers are controlled by the only macroscopic quantity 

1

0

( ) ( )G D G D dD= ρ∫ , the disorder-averaged macroscopic 

conductance, where 2( ) (2 / )G D e h D=  [51]. From the pre-
vious discussion, it follows that preconditions for the reali-
zation of the universal distribution functions are (i) a rela-
tively complex structure of the weak link between two 
metallic electrodes, (ii) the same functional dependence of 
a transmission coefficient on a single random variable for 
all eigenchannels, and (iii) an evenly spread of the variable 
over all admissible values. 

It is noticeable that before the work [49], the same bi-
modal distribution (5) was derived for a quasi-ballistic 
double-barrier INI interspace with two identical uniform 
insulating I layers [52], a system that physically is very 
different from a thin disordered dielectric film. As was ex-
plained in [53], coincidence between the two systems oc-
curs due to the fact that, for a finite thickness of the N in-
terlayer and symmetrical NIN structure the transmission 
coefficient D is also of a Lorentzian-like form with an in-
jection angle between the wave vector of an incident 
charge and the interface normal as a controlling parameter. 

Experimental verification. The bimodal distribution func-
tion is able to provide a solution of the self-shunted prob-
lem. The main question is how to implement the three pre-
conditions formulated above without fundamental changes 
to the existing technology. Before to answer this question, 
we should propose the way for the experimental verifica-
tion of the reliability of universal distribution functions. 
We shall show that the adequate normalization of experi-
mental curves measured in the superconducting state per-
mits to eliminate the only adjustable parameter G  and to 
test the feasibility of a bimodal transparency distribution in 
Josephson junctions without any fitting parameters. 

The first class of intrinsically shunted Josephson junc-
tions proposed by us [54] are Nb/Al–AlOx–Nb Josephson 
junctions fabricated using a standard Nb-technology but 
with an insulating barrier thinner than that in conventional 
tunnel Nb–AlOx–Nb trilayers [9,10], see the inset in Fig. 2. 
Such a junction may be regarded either as a modification 
of a high-current-density Nb–AlOx–Nb junction [55] with 

an additional Al interlayer between one of Nb electrodes 
and the Al oxide, or as a strongly asymmetrical S–I1–N–I2–S 
junction [34] where I2 is the Al-oxide tunnel barrier and I1 
represents the Nb/Al interface of a finite transparency. The 
aim of introducing the Al interlayer with the finite thick-
ness dAl has been two-fold, first, to protect the junction 
against the impact of pinholes in the ultra-thin AlOx barrier 
and, second, to improve the temperature stability of the su-
percurrent at the operating temperatures at and above 4.2 K, 
see below. 

As was emphasized in Refs. 53 and 56, superconduct-
ing properties of our S/N–I–S structures with dAl ranging 
from 40 to 150 nm are governed by the only controlling 

parameter Nb Al
eff Nb/Al Al Al/ /c cd T Tγ ≈ γ ξ  where Nb/Alγ  

is the reduced S/N interface resistance that follows a 
phenomenological relation for Nb/Al bilayers 

Nb/Al Al Al( ) 0.111d dγ = , dAl being in nm, Nb
cT  and Al

cT  are 
related critical temperatures, Alξ  is the superconducting 
coherence length in Al that changes from 110 nm in our 
thinnest Al films to 150 nm in the thickest ones [57]. Thus, 
for fixed fabrication conditions the ratio of dAl to 

*
Al Al ,Al ,Nb/ 50–60c cT Tξ = ξ =  nm determines the spatial 

dependence of the superconducting order parameter in our 
Nb/Al–AlOx–Nb samples. 

When dAl is much less than *
Alξ , the system studied can 

be interpreted as an asymmetric S1IS junction where S1 is 

Fig. 2. Quasiparticle (dissipative) current–voltage characteristic 
(squares) of a representative Nb/Al–AlOx–Nb junction shown 
schematically in the left inset, dAl = 140 nm, T = 1.7 K. Solid and 
dotted straight lines correspond to Ohm’s laws with Rsg and RN 
resistances, respectively. The right inset shows Rsg/RN ratios for 
Al films with different thicknesses dAl; solid, dotted, and dashed 
lines correspond to theoretical Rsg/RN values for N–I–S, S/N–I–S 
(quasi-clean limit [56]), and S/N–I–S (dirty limit with proximity-
effect account [53]), respectively. 
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the S/N bilayer. Proximized S = Nb layer induces super-
conducting correlations in a very thin N = Al film which 
can be considered spatially independent. For a known dis-
tribution function SB ( )Dρ  applicable to disordered ultra-
thin barriers, the quasiparticle current-vs-voltage curve of 
the S1IS device can be written as a sum of independent 
contributions from eigenchannels 

1

0

( ) ( ) ( , )qp qpI V dD D I D V= ρ∫ . 

Since a part of the modes belong to “open” channels, their 
individual ( 1, )qpI D V≤  characteristics should be calculat-
ed taking into account multiple Andreev electron-into-hole 
(and inverse) reflections in the near-barrier interspace 
[58,59]. The energy of an electron-like quasiparticle trans-
ferring the barrier is increased by eV each time when it 
crosses the barrier, for example, from left to right (and 
from right to left for a hole-like excitation). These scatter-
ing events will continue back and forth and with each 
round-trip the energy of an electron-like quasiparticle will 
increase by the 2eV value. If so, the transport across the 
S/N–I–S device can be described in terms of Andreev-
reflection amplitudes 

 2 2
1 Al Al( ) ( ) / ( )a i  ω = ω− ω +Φ ω Φ ω 

 
  

from the Al interlayer where ( ) ( ) / ( )F GΦ ω = ω ω ω  is the 
ratio of modified and normal Green’s functions F and G and 

2 2
Nb Nb( ) /a i  ω = ω− ω + ∆ ∆ 

 
, Nb∆  is the energy gap 

of Nb. The simplest approximation for the function Al ( )Φ ω  
in the Nb/Al bilayer looks as [60] 

2 2
Al Nb Nb Nb( ) / (1 / )Φ ω = ∆ + γ ω + ∆ ∆  

with a fitting parameter γ that can be found by using the gap 
magnitude in the Al interlayer from the experiment [54]. 
When dAl is much more than *

Alξ , the Al film can be con-
sidered nonsuperconducting since the two layers become 
more detached by the increased effγ  value. Then the main 
proximity-induced changes are originated from the Andreev 
reflections at the S/N interface accompanied by phase 
shifts arisen from electron (a hole) passages across the 
N layer. A final mean free path in the Al film caused by 
impurity scatterings can be introduced into this scheme, as 
explained in Ref. 56. 

Now, using the distribution function (5) for ideally dis-
ordered insulating barrier, we can calculate dissipative 
current-voltage characteristics for the four-layered S/N–I–S 
devices in both cases. At very low voltages V << ∆Nb/e the 
I–V dependence is linear ( ) ( ) /S

qp sgI V V R=  as well as in the 
normal state ( ) ( ) /N

NI V V R=  (Fig. 2). The ratio of the 
two resistances does not depend on any parameter and thus 
can serve for the experimental verification of the assump-
tions relating the self-shunted nature of the junctions. 

Subgap ohmic resistance Rsg was extracted from experi-
mental data as the slope of a best-fit linear regression line 
for ( ) ( )S

qpI V  curves in the interval from 0 to 0.2 mV (the 
main panel in Fig. 2). The normal-state resistance RN was 
determined from a linear fit to dissipative current–voltage 
curves at ∼ 1 mV (see Fig. 2) or after suppressing super-
conductivity by external magnetic fields. Numerical and 
experimental results for the /sg NR R  ratio at 1.7 K are 
compared in the inset in Fig. 2. The agreement is good 
(most probably, superconducting correlations induced in 
the Al interlayer due to the proximity to a Nb electrode are 
weaker than those predicted in the dirty limit). 

The second class of intrinsically shunted Josephson 
junctions are those with low-height and, hence, compara-
tively thick interlayers of strongly disordered semiconduc-
tors with metallic droplets inside them. Transport across 
such heterostructures can be dominated whether by tunnel-
ing via those configurations of localized states in the semi-
conductor layer that permit resonant transmission of elec-
trons, see Eq. (3) [61], schematically shown in the left inset 
in Fig. 3 as extremely thin filaments connecting two sides 
of the Josephson junctions. In this case, some kind of a bi-
modal distribution may be realized as well. A large number 
of “open” eigenchannels with the transparency D ≤ 1 would 
reveal themselves, in particular, in the emergence of an 
excess current Iexc, a constant shift of the superconducting 
I–V curve towards that measured in the normal state at V 
exceeding /S e∆ , see the main panel in Fig. 3. In the right 
inset in Fig. 3 we compare calculated and measured values 

Fig. 3. Current–voltage characteristic (solid line) of a representa-
tive MoRe–Si:W–MoRe junction shown schematically in the left 
inset, the dopant concentration cW = 7.5 at.%, dSi = 38 nm, 
T = 4.2 K, a high-voltage asymptote (dashed line) exhibits the 
presence of an excess current Iexc [62]. The right inset shows 

exc/cI I  ratios for different dopant concentrations cW, thick solid 
and dotted lines correspond to theoretical exc/cI I  values for a 
strongly inhomogeneous barrier with a universal distribution 
function (5) and without it, respectively, calculated at 4.2 K, 
whereas related thin lines are for 0 K. 
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of the ratio exc/cI I  at 4.2 K [62] and show that it provides 
a second way to verify the validity of a universal distribu-
tion function. Note that for a superconducting junction with-
out a barrier (D = 1) exc/cI I  ≈ 1.2 and 1.3 at 0 and 4.2 K 
whereas in the tunneling limit (D << 1) exc 0I →  and, 
hence, exc/cI I →∞ . Averaging the formula for Iexc with 
the distribution function (5) we get exc/cI I  ≈ 1.7 and 2.4 
at 0 and 4.2 K [56]. 

In the right inset in Fig. 3 we present theoretical expec-
tations [56] and related experimental data for five super-
conductive junctions formed by superconducting MoRe-
alloy electrodes and a several tens nm thick Si interlayer 
doped by tungsten [62]. From the comparison in Fig. 3 it 
follows that the ratio exc/cI I  increases with the dopant 
concentrations cW due to the enhancement of the number 
of transport channels. 

Sinusoidal current-phase relation and temperature 
stability at 4.2 K. Operation of superconducting devices at 
and above 4.2 K allows the usage of cheaper and more 
compact refrigeration systems. The main three aspects of 
the proposed SNIS devices that are important at tempera-
tures above 0.5Tc are as follows: (i) hysteretic at very low 
temperatures dc current–voltage characteristics are convert-
ed into single-valued ones [54], (ii) complicated current-
phase relation at T << Tc is transformed into the standard 
sinusoidal form, leaving only harmonic current–voltage steps 
under microwave irradiation [18], and (iii) the temperature 
stability strongly increases just above 0.5Tc [20]. 

In the Nb/Al–AlOx–Nb junctions, at T << 0.5Tc , we 
have a set of transport eigenchannels with different Ic-vs-ϕ 
relations from forward-skewed ones inherent for open 
eigenchannels [24] till standard sinusoidal dependences for 
nearly closed channels. The presence of the additional 
normal Al interlayer complicates the situation since in this 
case the Ic-vs-ϕ dependence contains more than one sinus-
oidal term with different periods (see the related discussion 
in [20]). Fortunately, the current-phase relation in the SNIS 
structures with a relatively thick normal layer exhibits a 
pure harmonic behavior when the operating temperature 
exceeds 0.5Tc [18]. 

Temperature dependence of the critical supercurrent in 
the discussed SNIS devices essentially depends on the in-
terrelation between the N-interlayer thickness dN and its 
coherence length ξN. In Ref. 53 we discussed two related 
models. The first one, valid for dN << ξN [54], is based on 
the dirty-limit approach [29] that describes stationary pro-
perties of double-barrier S–I1–S′–I2–S junctions with arbi-
trary resistances of I1 and I2 interlayers (in our case Nb/Al 
interface and the insulating AlOx layer, respectively). The 
simulated Ic-vs-T curves shown in Fig. 4 are governed by a 
single fitting parameter γeff introduced above. The second 
theoretical model valid for dN >> ξN [63] assumes specular 
scatterings at the S/N and N–I interfaces and is controlled 
by a parameter ( )2 /N S Nd vα = ∆  , where vN is the Fermi 
velocity in the N interlayer. The α value determines posi-

tions of Andreev bound states formed within the energy 
gap in the N interlayer. 

It follows from Ref. 64 that the shape of a measured 
Ic-vs-T dependence for an SNIS device can provide signif-
icant information concerning the N-film conducting state 
as well as that of the Nb/Al interface — whether it is dirty 
and the scatterings at the interface are diffusive or compar-
atively clean and the scatterings are specular. In the first 
case, the Ic-vs-T curves are concave upward due to the in-
duced energy gap in the dirty normal side of the S/N bi-
layer while in the second case, they are concave downward 
and the charge transport occurs via Andreev bound states 
in the clean N interlayer. Our experiments on overdamped 
Nb/Al–Al oxide–Nb devices have revealed mainly the first 
type of the superconducting characteristics and thus indi-
cate the presence of a minigap in the samples, see Fig. 4. 
Due to the latter circumstance, Ic-vs-T dependences be-
come flatter above 0.5Tc with increasing dN. It means that 
the temperature stability will increase, see Fig. 4, and a com-
promise between suppression of the critical supercurrent 
and enhanced temperature stability will allow to realize a 
superconductive heterostructure with optimal characteris-
tics required in each particular case. 

5. Conclusions 

The energy dissipation of CMOS transistors is reaching 
physical limits and has become an important barrier to 
building more powerful supercomputers [1,2]. Digital inte-

Fig. 4. Ic-vs-T curve simulations for standard SIS [8] and 
SNS [24] Nb-based trilayers (solid and dashed curves, respectively) 
compared with the related data for Nb/Al–AlOx–Nb junctions 
where the distribution function of local barrier transparencies is 
described by Eq. (5), the dotted curve is for dAl = 0 and the dash-
ed-dotted curves are for finite dAl. The curves 1, 2, and 3 were 
calculated for γeff = 2, 8 (dAl ≈ 56 nm), and 22 (dAl ≈ 113 nm), 
respectively. One-to-one correspondence between the controlling 
parameter γeff and dAl follows from the empirical relationship 
given in the inset. Experimental data in the main panel and the 
inset are shown by symbols. 
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grated circuits based on superconductive SFQ logic offers 
a combination of high-speed and ultralow power dissipation 
unmatched by any other device [3]. Hence, superconduct-
ing computing can be considered as a potential solution for 
further progress in this field. The most common devices re-
main to be Nb–AlOx–Nb underdamped SIS junctions [9,10] 
with good uniform and reproducible properties [64]. On 
this way, one of the main problems is the need for self-
shunted Josephson junctions [5]. There is significant pro-
gress with nonhysteretic SNS Josephson junctions of the 
NbN-TaxN–NbN type [65] and the Nb–NbxSi1–x–Nb type 
[40] where the barriers are tuned at the metal-insulator 
transition. Internally shunted SNIS junctions based on the 
Nb/Al–AlOx–Nb technology can be used for a large-scale 
integration in superconductive circuitry as well [66]. 

Another research area which requires self-shunted de-
vices is a quantum voltage standard, a complex system that 
applies a superconductive integrated circuit chip to gener-
ate stable voltages that depend only on fundamental con-
stants and an applied frequency. These features known as 
Shapiro steps appear due to the synchronization between 
the external driving frequency f and the Josephson-junction 
intrinsic frequency [8]. The accuracy and universality of 
the relation between their voltage positions and f has made 
the Shapiro steps the basis of the international voltage stan-
dard with an accuracy at least of one part per billion [67]. 
However, the extension of this accuracy to ac voltage stan-
dards is not able with hysteretic devices since strongly 
overlapping voltage steps make it difficult to adjust rapidly 
a certain voltage for the synthesis of a waveform with the 
needed accuracy. To overcome this limit, series arrays of 
overdamped Josephson junctions with nonhysteretic dc cha-
racteristics should be used. The main prevalent tendency at 
the moment is to replace the metallic interlayer with a bar-
rier near the metal-to-insulator/semiconductor transition. It 
permits to tune the barrier resistivity and the characteristic 
voltage of the junctions [68]. The most successful example 
is an SNS-like Josephson trilayer based on a NbxSi1–x bar-
rier first proposed at NIST [69] and then developed at PTB 
[70,71]. SNIS junctions have also proved to be suitable for 
the realization of a programmable voltage standard. Even 
moreover, they have showed the possibility of operation at 
4.2 K being biased on a higher order step and therefore can 
potentially reduce the number of junctions on the chip as 
well as an operation at higher temperatures, up to 6–7 K 
employing energy efficient cryocoolers [72]. 

Let us stress again the advantages of Nb/Al–AlOx–Nb 
multilayers for their usage at 4.2 K and above: (i) well-
established Nb/Al technology [9,10] slightly modified for 
SNIS junctions, (ii) simple self-averaging mechanism due 
to an ultra-thin strongly disordered Al-oxide interlayer and 
decreased at 4.2 K supercurrent [54], (iii) prevention of a 
direct current through a pinhole in a barrier using an addi-
tional Al interlayer in the weak link, (iv) averaging of spa-
tial variations of Al superconducting parameters due to the 

large coherence length in the Al interlayer, (v) reasonably 
high values of the critical current density and characteristic 
voltages at 4.2 K [54], (vi) nearly sinusoidal Ic-vs-ϕ rela-
tion and temperature stability at operating temperatures 
exceeding 0.5Tc [18,63]. It makes the SNIS junctions ap-
pealing for superconductive electronics. Advanced studies, 
including reliability and reproducibility of such samples, 
are likely to lead to further progress in this field. 

Very new way for the controllable creation of internal 
shunting in a nanometer-thick interlayer in Josephson junc-
tions may be implemented with binary [73] and complex 
[74,75] transition-metal-oxide weak links through the for-
mation of self-aligned conductive filaments using an elec-
trical resistive-switching process. In our opinion, such ma-
nipulation of inhomogenities in weak links between 
superconducting electrodes has potential to create novel 
types of self-shunted Josephson junctions and could be a 
verdant area for future work. 

At last, we would like to emphasize once more that the 
ideas proposed for realizing intrinsically shunted Joseph-
son devices were generated by two papers [23,24] pub-
lished by I.O. Kulik and A.N. Omelyanchouk in 70s. It is 
our great pleasure to salute Prof. Alexander Omelyanchouk 
for his upcoming 70th birthday, to congratulate with all se-
minal works done up to now, and to express our hopes for 
new significant scientific results in future. 

The study was carried out within the Fundamental Re-
search Programme funded by the MES of Ukraine (Project 
No. 0117U002360). 
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