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We analyze electric transport and noise properties at 4.2 K of self-shunted superconductor-normal
metal-superconductor (SNS) sandwich-type Josephson junctions, comprising Nb as the superconductor
and Hf-Ti as the normal conducting material, with lateral dimensions down to approximately 80 nm.
The junctions are fabricated with an optimized multilayer Nb technology based on nanopatterning by
electron-beam lithography and chemical-mechanical polishing. The dependence of transport properties on
the junction geometry (lateral size and barrier thickness dyr.1i) is studied, yielding a characteristic volt-
age V. up to approximately 100 uV for the smallest dyr.ri = 17 nm. The observed small hysteresis in
the current-voltage curves of devices with high V. and large size can be attributed to self-heating of the
junctions and fitted with an extended version of the resistively shunted junction model. Measurements of
voltage noise of single junctions are consistent with the model including self-heating effects. The potential
of our technology for further miniaturization of nanoscale superconducting quantum interference devices
and for the improvement of their performance is discussed.
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I. INTRODUCTION

Superconducting  quantum interference  devices
(SQUIDs) are an important application of overdamped
Josephson junctions (JJs) [1,2]. Recently, there has been a
clear trend towards miniaturization of these very sensitive
magnetic flux detectors, with the goal to make them suit-
able for investigations of nanomagnetism [3—11], possibly
up to strong magnetic fields in the tesla range [12—15]. The
fields produced by magnetic nanoparticles (MNPs) are of
magnetic dipole type and, therefore, decay rather quickly
(cubically) with distance. To ensure maximum coupling
of such a dipole to a submicrometer-sized SQUID (nano-
SQUID) the latter should be positioned as close as possible
to the dipole and have small component sizes (JJ size, loop
area, width and thickness of the leads) [4]. Another impor-
tant reason for shrinking the dimensions of the SQUID is
the need to avoid penetration of Abrikosov vortices into
the superconducting thin film structures [16—18] and of
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Josephson vortices into the junction barriers, which may
occur when a strong external magnetic field is applied for
manipulation of the magnetic moment of a MNP. There-
fore, suitable JJs should be sufficiently small, but still
exhibit practical electrical characteristics.

The characteristic voltage

Vc :IcRn (1)

of a JJI, with critical current /. and normal resistance
R,, determines basic dynamic and noise properties of
the JJ [19]. Self-shunted superconductor-normal metal-
superconductor (SNS) junctions usually have rather low
values of V. due to their small R,. The latter fea-
ture is in contrast to other conventional overdamped
junctions, like Dayem bridges (see, e.g., Ref. [19]),
small superconductor-insulator-superconductor (SIS) [20]
or intrinsically shunted SNIS JJs [21], which typically
have V. of the order of 100 uV. However, SNS junc-
tions combine a number of crucial advantages, making
them suitable for the realization of nano-SQUIDs. Unlike
SIS JJs with practically limited critical current density,
Jo=1,/4 < 20 kA/cm? (4 is the area of the junction) stem-
ming from the formation of unwanted pinholes in very
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thin barriers [22], SNS JJs with barriers made of Pd-Au or
Hf-Ti can reach very high j, of several 100 kA/cm? [23].
This is an important feature, which allows one to keep
1. sufficiently high, while reducing the lateral JJ size to
sub-100-nm dimensions. From a practical point of view, a
miniaturized SNS junction still may have a widely tunable
Je by adjusting the normal conducting layer thickness.
Moreover, because of a relatively large barrier thickness
(approximately 15-30 nm), small-area SNS JJs have neg-
ligible intrinsic capacitance C (even if we assume a rather
large value of permittivity ¢ that may occur in SNS JJs
with a Nb-Si barrier [24,25]), i.e., the Stewart-McCumber
parameter [26,27] Bc = nI.R2C)/ Dy <K 1, where @ is
the magnetic flux quantum. Parasitic capacitance, originat-
ing from overlapping parts of superconducting electrodes
is usually small, too. Therefore, the current / versus volt-
age V curves (/-V curves) should be free of hysteresis
related to capacitance. The nonhysteretic /-V curve is
then well described by the simple square root expression
derived within the framework of the resistively shunted
junction (RSJ) model (for negligible thermal noise) [28]

V=R,I*—I)"* forl>I. )

The use of electron-beam lithography (EBL) for nanopat-
terning provides high spatial resolution, even in the deep-
submicron regime. Hence, good reproducibility of device
geometry can be achieved even for sub-100-nm SNS JJs.
Even some deviations from the nominal shape and size,
which can occur during the fabrication of very small JJs,
do not change the transport parameters substantially. In
contrast, the properties of superconducting weak links
of Dayem bridge type undergo a significant departure
from the target parameters, if a tiny deviation from the
designed shape or size of the constriction appears [7].
Moreover, these weak links (especially those having a two-
dimensional architecture) suffer from appreciable thermal
instability due to large power dissipation and inefficient
heat drain from the small constriction. This leads to the
undesirable, so-called thermal hysteresis in the /-V curve
[29,30].

There have been several earlier realizations of nano-
SQUIDs based on self-shunted SNS JJs with Hf-Ti barrier
and linear sizes appreciably larger than 100 nm. Because
of their low-noise performance and relatively compact
design, nano-SQUIDs based on these junctions promise
great potential as stand-alone devices [31,32] and as build-
ing blocks of complex circuits [33,34]. However, there
is still a need for further improvements regarding size
reduction of the SQUIDs and tuning of their electrical
parameters, including /., R,,, and, therefore, V..

In this paper, we introduce a Nb planar technology
optimized for fabrication of ultra-small JJs with Hf-Ti bar-
rier thicknesses from 17-26 nm. We study the transport
properties of these sandwich-type junctions with lateral

dimensions down to approximately 80 nm and different
values of j. and V.. Their transport and noise proper-
ties are compared to JJs with larger size of up to 1 um.
We discuss the potential for improving the performance
of nano-SQUIDs containing such junctions. This includes
possible minimization of the sensor size and improving the
flux noise properties.

II. FABRICATION TECHNOLOGY AND
GEOMETRY OF SMALL JUNCTIONS

Our planar fabrication technology based on EBL and
chemical-mechanical polishing (CMP), utilizing Nb as
the superconductor and Hf50%Tiy:50% as the normal
conducting compound barrier [23], has successfully been
employed for the fabrication of pulse-driven ac voltage
standard circuits [35]. The composition Hf,,;50%Tiy,:50%
is chosen to maximize the resistivity pper; of the nor-
mal conducting layer [23]. Typical junction size in these
circuits is in the range between 0.5 um x 0.5 um and
I um x 1 pum, and the characteristic voltage at temper-
ature 7= 4.2 K is at moderate values of V. ~ 50 uV.
Recently, we optimized this technology for the fabrica-
tion of sub-100-nm SNS JJs with possibly well-defined
shapes and reproducible parameters, including as high as
possible V..

For this purpose, fabrication parameters including etch-
ing, polishing, EBL exposure and developing throughout
the wafer processing have been optimized. Moreover, CF,4
normally used in the original process for reactive ion etch-
ing (RIE) of the Nb top electrode is replaced by inductively
coupled plasma (ICP) RIE with SFg¢, providing higher etch-
ing rates and better anisotropy. This method substantially
improves the steepness of sidewalls and allows for better
control of the electrode cross-section dimensions. Another
peculiarity of the optimized process is the application of
the high-resolution negative resist ARN 7520.18 to shape
the bottom Nb wiring. This allows us to put approximately
100-nm narrow Nb current lines as close as 70—100 nm to
each other. Altogether, the increased steepness of sidewalls
(approaching 90°) and closer arrangement of structures
leads to a more compact geometry of the circuit, allowing
for a potentially higher density of elements on a chip.

The fabrication process is sketched in Fig. 1 in a simpli-
fied form. A thermally oxidized Si wafer with a native 300-
nm-thick SiO; layer is utilized as the substrate. The pro-
cess starts with a precleaning step and the magnetron sput-
ter deposition (MSD) of a 30-nm-thick Al,O3 layer (etch
stop layer), followed by the MSD of a Nb/Hf-Ti/Nb tri-
layer (with thicknesses 160-250 nm/17-26 nm/150-200
nm, respectively) in situ in a high-vacuum chamber at
room temperature [Fig. 1(a)]. Next, the JJs are formed
using an approximately 30-nm-thick Al hard mask pat-
terned by EBL and following lift-off. Uncovered Nb is
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FIG. 1. Simplified layer scheme showing key steps of the SNS
JJ fabrication technology: (a) Al,Os etching stop layer and initial
trilayer on a Si wafer; (b) ICP RIE of the Nb top layer covered by
a prepatterned Al hard mask; (c) simultaneous Ar-ion milling of
the barrier material and Al hard mask; (d) ICP RIE of the bottom
Nb wiring patterned by high-resolution resist; (e) polishing of a
Si0O, layer preliminary created by PECVD; (f) ICP-RIE pattern-
ing of the Nb top wiring using an Al hard mask; (g) final device;
numbers indicate thickness of the Nb layers.

removed by ICP RIE [Fig. 1(b)] and, afterwards, the Hf-
Ti barrier and the Al hard mask are simultaneously etched
via Ar-ion beam milling [Fig. 1(c)]. Then, the bottom Nb
wiring layer is patterned by a high-resolution negative
resist mask prepared by EBL and ICP RIE [Fig. 1(d)]. The
plasma enhanced chemical vapor deposition (PECVD) of
an approximately 600-nm-thick SiO; layer and subsequent
CMP are performed both to planarize the surface and to
uncover the top electrode for an electric contact to the fol-
lowing Nb layer [Fig. 1(e)]. This layer, which is deposited

via the MSD and subsequently patterned using an Al hard
mask formed by EBL and ICP RIE, serves as the top Nb
wiring [Fig. 1(f)]. In Fig. 1(g) we show the final structure
of the device.

Small departures from the nominal feature sizes can
occasionally occur during EBL and etching. In the case
of JJs with relatively large lateral sizes (typically greater
than 500 nm), this results in a negligible spread of JJ sizes.
In contrast, the smaller JJs are much more sensitive to
uncertainties in the definition of the junction area. Thus,
a systematic study of JJ parameters on a variety of junc-
tions differing in size is necessary. We fabricated JJs with
lateral size down to about 80 nm. The departure of the JJ
size and shape from nominal dimensions is investigated in
detail for square-shaped JJs with nominal width w, rang-
ing from 50 nm to 1 um and with seven different values
for the barrier thickness dyr1i between 17 nm and 26 nm
(fabricated from seven different wafers).

A systematic enlargement (up to an extra 50 nm) with
respect to the designed JJ width is caused by the prox-
imity effect occurring during the electron-beam exposure.
A statistical deviation in the JJ width of maximum 420
nm is estimated from scanning electron microscopy (SEM)
images. Additionally, due to the above-mentioned proxim-
ity effect, the resulting JJ area takes a shape with notably
rounded corners.

JJs designed with w,, = 50 nm are converted into almost
circular-shaped JJs with diameter approximately (80 £ 10)
nm [see Figs. 2(a)}-2(c)]. For larger JJs, we observe round-
ing of the corners with a curvature radius R ~ 40 nm [Fig.

FIG. 2. SEM images of fabricated device structures. Panels
(a)(c) show top electrodes and base wiring [after step (d) in
Fig. 1]: (a) JJ with w = 50 nm (designed as a square-shaped
junction) has a circular shape with diameter (80 £ 10) nm; (b)
JJ with w = 200 nm has an actual width (230 &+ 10) nm and
rounded corners with radius R ~ 40 nm; (c) 45° tilted view of
a JJ with w = 50 nm, showing steep sidewalls; inset shows top
view of the Al mask after lift-off [step (b) in Fig. 1] with 80 nm
diameter (green circle). (d) Test structure with variable spac-
ing between top electrodes [after step (c) in Fig. 1] showing the
shortest distance between adjacent JJs of approximately 30 nm.

054072-3



V. MOROSH et al.

PHYS. REV. APPLIED 14, 054072 (2020)

2(b)]. Therefore, the effect of rounding of the corners and
some increase of the junction area (as compared to the
nominal JJ size) has to be considered for a precise design
of circuits that contain such ultra-small JJs.

For creating nano-SQUIDs with ultra-small size of the
out-of-plane loop [33], two JJs have to be placed as close
as possible to each other. To explore this limit, we fab-
ricated test structures that contain arrays of free-standing
unwired JJs with variable spacing between them. As shown
in Fig. 2(d), we achieved the shortest distance of about
30 nm between two JJs that still ensures electric isolation
of the JJs. More dense arrangements of elements and their
ultimate dimensions will require appropriate tuning of the
lithographic steps (i.e., resist thickness, developing param-
eters, etc.), hard mask lift-off, and etching and deposition
times.

III. CURRENT-VOLTAGE CHARACTERISTICS

A set of representative /-V characteristics of w, = 50
and 200 nm JJs, with different barrier thicknesses and,
therefore, different j. is shown in Figs. 3(a) and 3(b),
respectively. The /-V curves are measured at 7= 4.2 K
in a current bias mode.

The RSJ model with zero junction capacitance (8¢ = 0)
and zero noise (7 = 0) is applied for fitting [with Eq. (2)]
those experimental /-V curves that reveal a linear behav-
ior in the voltage state not too far above /., and that do
not show any trace of hysteresis (Fig. 3 dashed lines). The
fits at low currents are in good agreement with the mea-
surement. At high currents (I 2 2141, depending on the
sample) the experimental /-} curves deviate from the lin-
ear dependence given by Eq. (2), showing a behavior with
continuously rising differential resistance [in Fig. 3(a) the
I-V curves of JJs with dygrr; = 19.5 and 21.7 nm]. We
attribute this to a change in the JJ resistance that is likely
caused by appreciable self-heating [37].

Measurements of pperi(7) on bare Hf-Ti thin film
stripes reveal pgeri = const at low 7, and a continuous
increase only above 7'~ 25 K, which is much higher than
the Nb critical temperature 7,.(Nb) = 9.2 K as determined
from test structures on our wafers. Still, heating of the
barrier material only slightly above 7.(Nb) might already
impact the adjacent superconductor by making a thin Nb
interface layer normal conductive and, therefore, adding to
the total JJ resistance. Anyway, the described increase in
differential resistance of some of the JJs is observed far
from the optimal working point of dc SQUIDs located typ-
ically at bias currents per JJ close to /.. [1] and hence should
not dramatically impact electric properties of SQUIDs for
practical applications.

As can be seen from Fig. 3, the /-V curves of the samples
with the smallest dys.; exhibit either pronounced hystere-
sis (w, = 200 nm JJ with dyer; = 17 nm) or some traces
of hysteresis (w, =50 nm JJ with dygr; = 17 nm and
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FIG. 3. [I-V curves measured at 4.2 K (symbols) of (a) w, =

50 nm and (b) w, = 200 nm JJs with different barrier thicknesses
dygti. Dashed lines show fits based on the RSJ model Eq. (2).
Solid lines show fits based on the extended RSJ model Eq. (7)
after Gubankov et al. [36].

w, = 200 nm JJ with dyer; = 19.5 nm). In the literature,
there are two leading models that explain hysteresis in SNS
junctions. According to the first model, power dissipation
can cause a significant rise in the temperature inside the
JJ once it switches to the voltage state. Such a self-heating
effect of the junction [36—38] leads to the so-called thermal
hysteresis. The second model is based on the assumption of
a high effective junction capacitance Ceg (and, thus, Sc =
27rICR,21 Cesi/ o 2 1), which may originate from the limited
speed of the fundamental energy relaxation mechanism in
the normal region [39—41]. However, this mechanism is
expected to be relevant for SNS JJs with relatively thick
barrier layers, i.e., dyr.1i > &5 [41], which is not the case
in our JJs (&5 is the superconductor coherence length of the
superconductor layers).

Moreover, we argue that the parasitic capacitance in
our samples, which might originate from peripheral com-
ponents like current lines, is also not responsible for the
formation of the hysteresis. Calculations of the capacitance
contribution from overlapping Nb layers give relatively
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small values, i.e., C < 100 fF. However, to explain the
observed behavior applying the RCSJ model with finite
capacitance, one should put the junction capacitance in the
range from 0.4 pF to an enormously large value of 12 pF.

We assume that self-heating is the dominant mecha-
nism responsible for hysteresis in our SNS JJs. In the
nonzero voltage state the power dissipated in the bar-
rier leads to an elevated temperature 7* and, therefore, to
reduced values of the critical current (as, e.g., observed in
thin-film Al/Cuw/Al SNS JJs [38]). Taking into account the
balance of currents in the RSJ model, i.e., I = I.sind +
(®Py/27R,)(35/01), the average value of the oscillating
Josephson current (/.sind) =1 — V/R, reduces (§ is the
gauge-invariant phase difference across the junction). This
effect gives rise to lower currents / for given values of V'
and, hence, to a negative slope region in the /-V curve close
to 1., which for the bias current sweep in both directions is
observed as hysteresis. Such behavior has been modeled
by Gubankov et al. [36].

The Gubankov model (see also Sec. V.D.5. of Ref. [19])
makes two simplifying assumptions. Firstly, the power
P =1V dissipated in the junction is assumed to cause a
linear increase in temperature

AT=T" —T=«kP =«lV, 3)

where T is the bath temperature, 7* is an elevated temper-
ature of the junction, and the constant k = AT/P is the
thermal resistance of the system. Secondly, a simple linear
dependence

Ve(l) = a(T, —T) (4)
is assumed, which then yields
V(T = Vo(T) — a(T* = T) = V() = IV/I7. (5

The term —IV/Iy, with the constant Iy = (ax)~', quan-
tifies the self-heating effect and leads, with Eq. (4)
inserted into Eq. (3), to a bias-current-dependent elevated
temperature

T.—T
ITVC(T)
The larger I the better is the heat transfer from the junc-

tion. By inserting Eq. (5) into Eq. (2) from the RSJ model,
we obtain [19]

T =T+ V. (6)

7
0 at T > T.. @)

PR {[VC(T) —WV/LP atT <T,
We used Eq. (7) for fitting our data. Despite the strong sim-
plifications of the model, our hysteretic /-¥ curves [JJ with
dugti = 17 nm in Fig. 3(a) and JJs with dyei = 17 and

19.5 nm in Fig. 3(b)] are reasonably well described by the
corresponding fits.

We note that a more precise quantitative description
requires a detailed analysis of the junction dynamics in the
presence of Joule heating, as, e.g., presented in Ref. [42].
This should include the modeling of the heat balance, as,
e.g., given in Ref. [38], for the specific geometry of our
junctions and should also take into account the correct T
dependence of V.(T) [43].

IV. NORMAL CONDUCTANCE BARRIER
PROPERTIES

The determination of the real barrier dimensions is
essential for an accurate extraction of the JJ parameters
like j., from which the coherence length &y in the nor-
mal conducting barrier can be estimated. We compare the
experimentally determined specific JJ resistance

ry = RnA, (8)
with
¥ = PHETI AHETI, ©)

calculated from the resistivity pyer; of Hf-Ti and the JJ
barrier thickness dyrti. Here, R, is obtained from the /-V
curves as the fitting parameter in the (modified) RSJ model
(see Sec. III) and 4 is the JJ area. Both quantities 7, and 7/,
should match within the experimental uncertainty if the JJ
resistance is given by pugridurti/A. This has been verified
by measurements of R,, of comparably large JJs with lateral
dimensions greater than 400 nm, for which one can neglect
uncertainties in the JJ size. The value of pyrr; ~ (105 &+
3) u€2 cm [44] has been extracted from measurements on a
variety of Hf-Ti thin film stripes at 7 = 4.2 K.

Some strict assumptions, however, should be valid for
the correctness of this method. First, the thickness of the
barrier material should be assumed dys1; = const over the
whole JJ area. Additionally, the thin interface regions of
Nb contacting the normal conducting layer and, there-
fore, experiencing penetration of quasiparticles due to the
inverse proximity effect, should not contribute substan-
tially to 7,,. This effect is negligible, if the boundary con-
dition oy/éy <K os/&s or, equivalently, 1/(pnrtifn) K
1/(psé&s) is satisfied [19]. Here, on = 1/pugTi 18 the con-
ductivity of the normal conducting layer and ps = 1/05 is
the normal state resistivity of the superconducting layers.
With a typical value pg ~ 3.8 © €2 cm for the resistivity of
our Nb films at T slightly above their transition temper-
ature T,, we estimate £ ~ 22 nm [45,46]. Hence, with a
sufficiently large &y ~ 4.9 nm (for the determination of &y,
see Sec. V) at T = 4.2 K, the inverse proximity effect can
be neglected to significantly affect »,, of our JJs.

Second, on the linear branch of the /-V curve the gen-
erated power should be insufficient to heat up the barrier
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FIG. 4. Specific JJ resistance r, at 4.2 K versus the bar-

rier thickness dygt; for JJs of different size. (a) Raw r, data,
calculated with Ageom. (b) Values of 7, recalculated with Ay,
considering some inactive region of width Aw along the cir-
cumference of the JJs [indicated by the gray region in the inset
of (a)].

significantly and thus increase r,. Analysis of the shapes
of the experimental /-V curves shows that the resistance R,
is almost independent of / (see Sec. I1I). Hence, we con-
clude that a possible increase of , due to heating is also
negligible.

In Fig. 4 we show r,(dug1i) for JJs of different barrier
thickness and junction size. The raw measurement data
[Fig. 4(a)] are determined via Eq. (8), using 4 = Ageom for
the JJ area evaluated by using SEM. For comparison, the
expected linear behavior of 7, (duy.1i) from Eq. (9) is shown
as the solid line. While the data points for larger JJs are
only slightly above the 7, (dueri) line, smaller JJs tend to
deviate more strongly. This behavior can be attributed to
modifications of the barrier sidewalls, presumably caused
by lateral damage during the fabrication process and oxi-
dation. This results in a reduced effective area A, as
compared to the geometric area 4geom.

To quantify the observed behavior, a crude JJ model
can be introduced, which considers a complete exclusion
of a small peripheral area of the barrier, with width Aw,
from the electrical transport [gray region in the inset of Fig.
4(a)]. Obviously, the impact of this inactive region on the
transport properties of the JJ is expected to become more
pronounced as the nominal junction size becomes smaller.
For all JJs, we take the same curvature radius R = 40 nm.
We then rescale the specific resistance of the JJs calculated
with 4 = Aeg(Ageom, Aw). Ideally, for a perfectly stable
processing technology, one would expect to find the same

value of Aw for all wafer runs (which realize different val-
ues for dyrri). However, our analysis shows that we can
only obtain a good match of R,A4.s with 7, if we assume
different values of Aw for different wafers (different dyg.1i).
We have to attribute this to uncontrolled variations of some
fabrication conditions, which cause a variation of the edge
damage for different wafers.

In Fig. 4(b) we show the rescaled specific resistance of
the JIs, i.e., v, = R, Aeq versus dysti. For JJs with the same
barrier thickness (fabricated on the same wafer), a com-
mon value of Aw is chosen to scale the average value of
their specific resistance to 7/, (dur.ri). For the wafers with
durr = 19, 21, 25, and 26 nm, we obtain Aw = 26, 24,
19, and 26 nm, respectively, i.e., Aw close to 20 nm.
For JJs with dyeti = 21.7 nm, we find a much smaller
Aw = 3nm. And the 7, values of JJs with dye1; = 17 and
19.5 nm have not been rescaled at all (i.e., Aw = 0), as
they are already very close to 7/, (dut.ri). Note also that the
variance of r, for JJs on the same wafer, i.e., with the same
dusTi, as a function of Aw is close to a minimum when
the mean of 7, (dug.1i) approaches 7, (dus.1i), supporting the
rescaling of the data.

V. DEPENDENCE OF THE CRITICAL CURRENT
DENSITY j. AND THE CHARACTERISTIC
VOLTAGE V. ON BARRIER THICKNESS

The dependencies of j. and V. at 4.2 K on dyeti (from
17 to 26 nm) for the junctions that were analyzed in Sec.
IV are shown in Figs. 5(a) and 5(b), respectively. Here,
to obtain the critical current density j. = I./4, we take
A = Aegr from the model introduced in Fig. 4. Under the
assumptions that our JJs satisfy (i) the dirty limit condition
Iy < &y [47], (ii) the boundary condition oy /&y K 05/&s
(see Sec. 1V), and (iii) the long junction limit dys; >
&y = [hD/Q2mkzT)]'/?, with the diffusion coefficient D =
vrly /3 (vr is the Fermi velocity and [y the mean-free path)
and the Boltzmann constant kg, the presented data can be
fitted using the simplified expression [48]

Je = Jeo exp(—dur.ti/EN). (10)

In Fig. 5(b) the data points are calculated from Eq. (1),
where /. and R, are extracted as the fitting parameters
within the framework of the standard [Eq. (2)] or extended
[Eq. (7)] RSJ model applied to nonhysteretic or hysteretic
1-V curves, respectively. As long as the junction resistance
R, « dytti, the behavior of V. is expected to obey the
relation

duti
Vc - VCO e
En

exp(—dueti/EN)- (11)

Despite the clear scatter in the data shown in Fig. 5,
we find reasonably good agreement with theoretical pre-
dictions given by Egs. (10) and (11) over a sufficiently
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FIG. 5. Experimental data (symbols) of (a) the critical current

density j. and (b) the characteristic voltage V., measured at 4.2 K
versus the barrier thickness dygt;. The solid lines are fits to the
data, using Eq. (10) in (a) and Eq. (11) in (b).

wide range of dygr; with fitting parameters j.o = (27 £
13) MA/em?, Voo = (930 + 110) puV, and &y = (4.85 +
0.75) nm. We note that most of the data points for the
smaller JJs in both plots lie below the fitted curve whereas
the data for larger JJs are above the fit. This behav-
ior may be related to some degradation of the barrier
properties close to the inactive peripheral area. We also
note that, from Eqgs. (9)—(11), the relation V.o/(j.oéy) =
eut1i follows. With the obtained fit parameters we calcu-
late V.o/(jeobn) = (71 £37) uQ cm. The independently
determined value for pyrri = (105 £3) uQ2cm is at the
upper limit, but still within the confidence interval for
Veo/ (Jeobn)-

VI. NOISE PROPERTIES

Within the RSJ model, the white noise of a JJ is consid-
ered by thermal Johnson-Nyquist noise of resistance R,,. In
the case of a conventional SIS JJ design, R, is due to a
separate metallic film (shunt resistor) located not in imme-
diate proximity to the JJ and not necessarily extremely

small, which therefore can be reasonably well thermalized.
In SNS 1Js, the barrier itself nicely conducts due to quasi-
particles, and hence serves as the shunt resistor. Because
of the rather small volume of the barrier and poor ther-
mal conductance of the superconducting electrodes, the
heat transfer from the barrier is not optimal and, as illus-
trated in the previous sections, can lead to the rise of the
local electron (quasiparticle) temperature in the barrier.
The consequence of this effect, thus, should not only be
the appearance of hysteresis in the /-V curves, but also
some increase of thermal noise, as will be analyzed in the
following.

In Fig. 6(a) we show four selected spectra of the root-
mean-square (rms) spectral density of the voltage noise
S;,/ ? versus frequency f* at T = 4.2 K, recorded at different
I values along the /-V curve (Fig. 6(c), circles) of a w, =
50 nm JJ with dygr; = 17 nm. The low-frequency part of
those spectra shows the approximate scaling Sy o< 1/f and
will be discussed at the end of this section. Here, we focus
on the white noise in those spectra. In Fig. 6(b) we show
S;,/ (D) (circles), obtained from six voltage noise spectra at
frequency /' = 100 kHz. This frequency is above the 1/f
corner (approximately 1020 kHz) and, therefore, charac-
terizes the white noise level of the JJ. The measurements
are carried out at 7= 4.2 K in a magnetically shielded
environment making use of a two-stage cascade readout
with a SQUID amplifier as described in Ref. [32]. The
noise contribution of our measurement setup is verified
to be negligible through measurements of the Johnson-
Nyquist noise of a stand-alone cold resistor (R =1 Q)
connected instead of a JJ.

For comparison with experimental white noise data, we
calculate the rms voltage noise via

2 2
Syl = 4k37’*(1)1%[1 + 0.5(16([?)) ] (12)

n

(with the differential resistance R; = dV/dI), which takes
into account the contribution of the down-mixed high-
frequency noise [the term proportional to (I./1)?], as
derived from the RSJ model [49,50]. To obtain the rel-
evant quantities that enter into Eq. (12), we fitted the
measured /-7 curve at 4.2 K to the extended model, Eq.
(7), as shown in Fig. 6(c). In Fig. 6(b) we show the accord-
ing fit to the experimental R;(/) curve. This fit yields
R, =3 Q, . =40.6 pnA [ie, V.(42 K) =121.5 pnV],
I =170.3 nA, and the dependence R; (/) that enters into
Eq. (12). From Eq. (5) we obtain I.(T*) = V.(T*)/R,. With
T, = 9.2 K we obtain 7*(/) via Eq. (6), as shown in Fig.
6(c). From Eq. (4) we then obtain o = 24.3 uV/K, which
gives k = (alr) ™! =2.42 x 108 (K/W).

Obviously, the extended RSJ model predicts a signifi-
cant increase of 7% with 7, which reaches up to 7, within
the bias current range shown in Fig. 6. The calculated
Sy(I) from Eq. (12) is shown in Fig. 6(b) as a thick solid
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FIG. 6. Electric transport and noise properties of a w, = 50
nm JJ (dyeri = 17 nm) measured at 7= 4.2 K. (a) rms volt-
age noise spectra S,l// 2(f ) taken at four different values of the
current /. The dashed line indicates 1/f noise. (b) Differential
resistance Ry (small circles plus thin line) and rms voltage noise
S:,/ 2 [labels nos. 1—4 refer to spectra in (a)] in the thermal white
noise (circles) and 1/f" noise (diamonds) regimes versus the cur-
rent I 2 I.. For comparison, solid thick lines show calculations
based on the extended RSJ model Egs. (7) and (12), with 7%(/)
due to self-heating (thick line). The solid thin line shows the cal-
culated S,l,/ 2 (1) if one neglects heating. The dashed line is a fit to
the low-f" data (both scaled by a factor of 0.2). (c) Measured (cir-
cles) and fitted (solid line) /-¥ curves based on the extended RSJ
model and effective temperature 7* (/) calculated from Eq. (6).

line. Despite the simplifying assumptions of the extended
RSJ model, we find reasonably good agreement with the
experimental data, which are systematically slightly above
the calculation; however, the qualitative dependence of S)
on [ is reproduced. For comparison, the thin solid line in
Fig. 6(b) shows the calculated Sy (/) assuming that 7 =
T=42 K, ie., negligible self-heating, which yields an
increasing deviation from the experimental noise data with
increasing /.

We conclude that thermal imbalance induced by large
dissipation inside the small volume of the Hf-Ti bar-
rier leads to an elevated effective temperature 7%, which
increases with bias current /, and which primarily causes
the discrepancy between the experiment and the theory if
self-heating is neglected.

Finally, we address the 1/f noise, which is visible in
the voltage noise spectra shown in Fig. 6(a) and clearly
depends on the applied current /. To illustrate this, we
include in Fig. 6(b) the measured S,l,/ 2(100 Hz) versus /
(diamonds). Noise measurements on nano-SQUIDs based
on our SNS JJs revealed 1/f noise in the flux noise spec-
tra, which could be suppressed by applying a bias reversal
scheme. This indicates that the 1/f noise is due to criti-
cal current and resistance fluctuations in our JJs [32,34].
To quantify the strength of those fluctuations in the sin-
gle JJ discussed here, we follow the analysis described in
Refs. [51,52], which yields, for the spectral density of the
voltage noise of a single JJ in the 1/f -noise regime,

Sy(f) = (V = Ral)*Si(f) + V2S,(f) + k(V — Ra) VS (f).
(13)

Here, S; = S;,/I? and S, = Sg,/R> are normalized spec-
tral densities of critical current and resistance fluctuations,
respectively, S;, = /Si.Sr, /(I.R,) is the normalized cross-
spectral density of the fluctuations, and % is a correla-
tion factor, which can take values from —2 to +2 for
fully antiphase and in-phase correlated /. and R, fluc-
tuations, respectively [52]. The dashed line in Fig. 6(b)
shows a fit of the S,l/ 2(100 Hz) data to Eq. (13). From
the fit, we obtain the parameters S;(100 Hz) = (5.2 +
1.4) x 10712/Hz, S, = (2.0 £0.7) x 107'2/Hz, and k =
(—=0.1 £ 1.1). The values obtained for S; and S, have the
same order of magnitude, which means that /. and R, fluc-
tuations have similar strength. The correlation factor & is
close to zero; however, due to the large error (95% con-
fidence interval), we cannot draw the conclusion that the
fluctuations are uncorrelated.

For SIS Josephson junctions, the major source of 1/f
noise is attributed to /. and R,, fluctuations that are caused
by trapping and detrapping of charge carriers in a suffi-
ciently large number of defects (localized electronic states)
in the tunnel barrier [53]. For Nb- and Al-based SIS JJs
with AlO, barriers, empirical relations for S; and S,
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T? /(Af) [54] or o« T/(Af) [55] have been found. Inserting
numbers for our SNS JT (T=42K, 4 =5 x 1073 um?,
f =100 Hz) into the relation given in Ref. [55] predicts
S; =S, ~ 0.8 x 10712 /Hz, which is not too far from our
fit parameters obtained above and about 2 orders of mag-
nitude lower than obtained with the relation given in Ref.
[54]. However, the 1/f noise data used in Refs. [54] and
[55] refer to much larger JJs from several square microme-
tres to 0.1 wm?. For SIS JJs with smaller area, the low-
frequency noise is described by the superposition of only
one or a few Lorentzians, which indicates that only one or
a few traps are dominating the noise. This is in strong con-
trast to the almost featureless 1/ noise that we observe
for our SNS JJ. Hence, although the strength of /. and R,
fluctuations seems to be comparable to SIS JJs with tunnel
barriers, the mechanism that causes those low-frequency
fluctuations in our SNS JJs is unknown. Here, we note
that a model for /. fluctuations based on a large density of
Kondo states at subgap energies located at the SI interfaces
in tunnel junctions has been proposed, which could explain
a featureless 1/f noise even in very small JJs [56]. It has
also been argued that the spin of a Kondo trap may couple
to both superconducting electrodes, altering the phase dif-
ference across the JJ, and hence leading to /. fluctuations
[57]. However, it is unclear at the moment whether such a
mechanism may also be relevant for SNS JJs.

VII. IMPLICATIONS FOR NANO-SQUID
PERFORMANCE

For the application of nano-SQUIDs to the detection of
the magnetization reversal of individual MNPs, the spin
sensitivity S)/* = Sy/* /¢, (with units 15/~/Hz; pup is the
Bohr magneton) is a figure of merit, as this quantifies the
minimum number of spin flips that can be detected in a
bandwidth of 1 Hz. Obviously, to optimize S,l/ 2, one has
to realize nano-SQUIDs with as low as possible spectral
density of flux noise S¢ and achieve as strong as possible
coupling between the nano-SQUID and a MNP, quantified
by the coupling factor ¢,, (magnetic flux ® per moment p
coupled to a SQUID by a MNP with magnetic moment ().

Regarding minimization of SQUID noise, we first con-
sider the energy resolution ¢ = S¢/2L in the thermal
white noise limit for symmetric dc SQUIDs with induc-
tance L of the SQUID loop and dimensionless screening
parameter S = 2L1./®q (I. is the critical current per JJ).
From numerical simulations based on the RCSJ model
(with most practical flux bias close to ®(/4), a mini-
mum in £(B;) has been predicted at B opt ~ 0.5 as eyin =
&(Bropt) = 3PokpT/V, [58-60]. A similar result can be
obtained by extrapolation of the analytical formula Eq.
(7.45a) of Ref. [61], derived in the framework of the RSJ
model for small values of §; (less than or similar to 0.3).
Clearly, &min can be reduced by making V.. as large as pos-
sible and setting the flux bias point closer to ®¢/2 [61,62].

For our JJ technology, a larger V. is achieved by choos-
ing an as small as possible Hf-Ti barrier thickness. For the
smallest dyeri = 17 nm (i.e., V.~ 0.1 mV) used in this
work, we estimate ey, & 5.44 (4 is the Planck constant) at
T = 4.2 K, with &, taken from numerical simulations.

The flux noise S¢ = 2Le can then be minimized
by choosing B; = Bropt (i-€., € = &min) and choosing L
as small as possible. With dyeri = 17 nm (and jo =
27 MA/cm? and &y = 4.85 nm) inserted into Eq. (10), the
condition B; = 0.5 yields the condition for the optimum
effective lateral JJ size wer = /Ao &~ 250 nm/\/L/pH.

The microstriplike geometry of our nano-SQUIDs [33]
(two Nb lines on top of each other, vertically connected
by two JJs) allows for the realization of small SQUID
inductance, which can be adjusted by the distance dj;
between the JJs. So far, a typical djy = 600 nm yields
L~ 1 pH [33]. For fixed L = 1 pH (and dug1; = 17 nm,
Wer = 250 nm, i.e., B, = 0.5), we find an optimum S(II,/2 ~
41 ndy/ VHz, predicted from numerical simulation. This
is in the range of lowest values achieved so far for nano-
SQUIDs at 4.2 K [9,14,21].

With the improved nanopatterning technology, demon-
strated in this work, the realization of Nb lines with
100 nm x 100 nm cross section is feasible. For a MNP
placed at a 10 nm distance to the loop, our simula-
tions of the coupling factor [63] yield ¢, ~ 13 n®y/ 3.

With Scll,/ 2 x 41 n®y/+/Hz, predicted from numerical sim-
ulations for optimum By and L =1 pH, this results in
an estimated optimum spin sensitivity of approximately
3us/~/Hz. Obviously, biasing the nano-SQUID in the
voltage state, slightly above the critical current, will
slightly increase the values for optimum rms flux noise and
spin sensitivity due to self-heating.

The predicted optimum flux noise at L = 1 pH, how-
ever, requires a fairly large JJ size, which in turn favors
hysteresis in the /-V curves [cf. Fig. 3(b)]. In principle,
L can be reduced even further by reducing djj; however,
this will require even larger JJ sizes to achieve optimum
noise performance. Moreover, smaller dyy will also reduce
the mutual inductance between one of the Nb lines and the
SQUID, which will make flux feedback more difficult.

VIII. CONCLUSIONS

We present here an optimized fabrication technology for
downscaling the lateral size of self-shunted Nb-based tri-
layer sandwich-type SNS Josephson junctions to below
100 nm. The use of the high-resistivity material Hf-Ti as
a normal conducting layer provides characteristic voltages
V. up to above 100 1V and high critical current densities
Jj. approaching 10°® A/ecm? at 7= 4.2 K for the thinnest
barrier with thickness dygri = 17 nm, used in this study.
There is certainly room for further increases in ¥, and j.
with a further decrease in dygT;.
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Because of the much higher j., as compared to trilayer
SIS Josephson junctions with an insulating barrier, this
SNS junction technology offers the opportunity to develop
ultrasensitive strongly miniaturized nano-SQUIDs, which
can be used for high-resolution SQUID microscopy and
for the investigation of individual magnetic nanoparti-
cles. For such nano-SQUID applications, constriction-
type junctions (Dayem bridges) in single-layer devices
are commonly used. So far, sandwich-type junctions
for nano-SQUID applications have suffered from their
stronger sensitivity to external magnetic fields, simply
related to the larger junction size, as compared to Dayem
bridges. This problem can be solved by decreasing the
SNS junction size and Nb linewidth with the technology
presented here.

In comparison to Dayem bridges, trilayer SNS junctions
offer the advantage of better tunability of their electric
transport characteristics via proper choice of barrier thick-
ness. Moreover, the electric transport and thermal white
noise properties of these SNS junctions, and SQUIDs
based on them, can be well described within the RSJ
model, which allows one to optimize the SQUID perfor-
mance based on numerical simulation studies. In contrast,
the proper modeling of Dayem bridges is not well devel-
oped, and also their strong sensitivity to small variations in
size significantly hamper SQUID optimization.

The increases in j. and V. upon decreasing dyg1i cause
self-heating of the junctions biased in the voltage state.
This leads to hysteresis in the /-V curves, which is detri-
mental to SQUID readout in the voltage state, and which is
an issue for many nanoscale Josephson junctions, includ-
ing Dayem bridges. The choice of a smaller JJ area, and
concomitant reduction in /., results in reduced heating; this
should also enable us to operate the nano-SQUIDs down to
lower T (which comes with an increase in j.) before hys-
teresis sets in. In this paper, we have analyzed self-heating
effects within a relatively simple extended RSJ model.
Certainly, more efforts are required to efficiently improve
heat removal from the junctions. A more detailed anal-
ysis of heating effects, including the proper temperature
dependence of JJ properties, will be treated in a separate
publication [43].

A so far unexplored issue has been 1/f noise in SNS
JJs and SQUIDs based on them. We have shown for one
of our smallest SNS JJs that an almost featureless 1/f
noise due to critical current and resistance fluctuations is
present, and that its magnitude is comparable to SIS JJs
with AlO, tunnel barriers. However, the microscopic ori-
gin of this 1/f noise in our SNS JJ is unknown. With the JJ
technology introduced here, one now can perform detailed
studies on the level of 1/f noise as a function of lateral
1] size, barrier thickness, and temperature, which may pro-
vide important information on the basic mechanism of 1/
noise in SNS JJs.

Finally, we note that the advances in deep submi-
cron SNS junction technology presented here offer the
opportunity to make full use of the further advantages
of SNS sandwich-type junctions for nano-SQUID appli-
cations. In particular, this multilayer technology provides
the possibility to create much more complex and advanced
nano-SQUID architectures, as, e.g., the three-dimensional
vector nano-SQUID [33] or nano-SQUID susceptometers
[34], including serial gradiometers and auxiliary compo-
nents, such as gradiometric feedback loops gradiometric
transformers and rf filters. This may significantly widen
the application potential of nano-SQUIDs in the field of
nanomagnetism and high-resolution magnetic imaging.
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