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Josephson junctions

Very thin YBa,Cu,0., step-edge
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Abstract: Step-edge Josephson junctions were fabricated from 20 and 10 nm thick
epitaxial YBa,Gu;0, films on SrTiO; substrates. The junction cross sections were
in the 10~% cm? range, similar to those in standard 200-300 nm thick junctions. The
current=voltage characteristics, with and without microwave irradiation, were of
resistively-shunted-junction (RsJ) type. The junction resistivities were in the range

10~-8-10-7  em? range, up to two orders of magnitude higher than in standard
junctions, while the / A, s were comparable. This behaviour was explained by a
strong decrease In the number of parallel point-contact-type connections with the
junction thickness. The junctions deteriorated quickly upon thermal cycling.

1. Intreduction

In the last couple of years, the YBa,Cu,0, (YBCO)
step-edge junctions (SgI), first proposed by Simon et al
[17, have been a widely investigated version of high-
temperature superconducting (HTS) grain-boundary
devices. Indeed, it has been shown that in epitaxial
YBCO films grown on sufficiently steep steps in well-
matched single-crystalline substrates, such as SiTiO,
and LaAlQ;, two 90° grain boundaries are present
[2,3]. The current-voltage (I-V) characteristics and
. Josephson radiation spectra of these junctions indicate
that they usually consist of two weak links in series
[4, 3]. Hence, it is believed that each of the two 90°
grain boundaries can exhibit a weak link behaviour.
The junctions characterized thus far, used mainly in
superconducting quantum interference devices (SQUIDs),
have typically been fabricated from YBCO films 100-
300 nm thick.

The purpose of our present work was to character-
ize sers fabricated from films which were an order of
magnitude thinner, down to 10 nm. The motivation was
to obtain junctions which could be used to extend the
study of mr1$ superconducting field-effect transistor
{sureT) devices [6, 7] to Josephson FETs (yoreTs). As the
carrier-density in a weak link region is much lower than
in the film itself, the electric field screening should be
reduced there and the field effect correspondingly
enhanced. Indeed, the effectiveness of incorporating
polycrystalline weak links into a JoFET structure fabri-
cated from thin epitaxial YBCO film has been most
recently demonstrated by Mannhart et al [8].
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2. Fabrication and measurements

The steps in SrTi0; substrates were fabricated either by
Ar*-ion milling through photolithographically fabri-
cated Nb masks [9] or the homoepitaxial step-edge
junction (HESE)) step fabrication techmique [10]. The
step heights were h = 30-90 nm. The very thin YBCO
films were deposited by pulsed laser deposition. Down
to the film thickness of d = 20 nm, no degradation of
film properties was observed: the critical temperature
(of zero resistance) was T, = 88 K and the critical cur-
rent density J, >4 x 108 Acm™2 (T = 77K). At the
thickness of 7 nm, T, = 70 K. The average film thick-
ness was deduced from the number of laser pulses. The
thickness per pulse was calibrated by Rutherford back-
scattering and profilometer measurements on much
thicker films.

We initially patterned the junction microbridges in
the very thin YBCO films by the standard photolitho-
graphic and Ar™*-milling process used to fabricate sers
[9]. However, thin microbridges fabricated in this way
remained resistive down to 4.2 K. Apparently, film
heating in vacuum during ion-milling produced exces-
sive damage in the weak link(s). Subsequently, we used
an improved inhibit-patterning technique in which any
exposure to heat and vacuum after the film deposition is
avoided [11]. When using this method, 20 nm thick
microbridges without steps remained undegraded down
to a bridge width of | um. In the present case, micro-
bridges patterned across steps were 10 to 50 pm wide.
This width range was chosen to maintain the standard
junction cross section, of the order of 10~® cm?, and



maximize the chances that the, usually non-uniform [4],
weak links remain superconducting. Our standard sgr
width range is 2-5 ym. For protection, 20 nm thick
microbridges on HESEI-type steps were coated in situ
with a 200-300 nm thick amorphous «-8:TiO; layer, to
alleviate the effect of the homoepitaxial SrTiO, rough-
ness which was responsible for a high number of defects
in the thin YBCO film. The 10 nm microbridges were
fabricated only on ion-milled steps 2nd had no protec-
tive coating. The gold contact pads were deposited ex
situ. Several microbridges fabricated in this way were
characterized as follows. Transport measurements of the
I-V characteristics were performed using the conven-
tional four-point method. Measurements of all 10 nm
and some 20 nm thick samples were performed in a
mumetal-shielded sample holder. In the absence of
shielding flux trapping was the cause of the observed
I-V curve assymetry and of a somewhat reduced I_.
The junction normal resistance, R,, has been deter-
mined from the slope of the I~V characteristic obtained
upon the complete suppression of the junction critical
current, [, by microwave irradiation.

3. Resulis

We characterized microbridge sers fabricated from
YBCO films 20 and 10 nm thick. Figure 1 shows an
I-V characteristic measured at T =42K with and
without 4.5 GHz irradiation in a 20nm thick and
20 pm wide HESEI microbridge with a step height of
90 nm (d/h = 0.22). Without irradiation, the character-
istic is of a resistively-shunted-junction (rsy) type and
exhibits a hysteretic behaviour, also seen in standard
SEFs having high J, values and I R, products 2 2mV
[4, 97. However, the junction of figure 1 has a much
lower average J, (42 K) = 8.8 x 10° A em~? (measured
in the magnetic shield) and an I, R, * 0.6 mV at 42 K.
The hysteresis was seen in this and other 20 nm thick
junctions up to about 40 K while in standard devices on
S:TiO,, which operate up to 85K, it is typically
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Figure 1. Current-voltage characteristics of a 20 nm thick
and 20 pm wide seJ (d/h = 0.22) measured {(a) without and
{b) with microwave radiation at a frequency of 4.5 GHz and
a power of 13 dB m. The junction was coated with «-SrTiO5.
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observed below about 20 K, i.e. at low normalized tem-
peratures t << 0.25. The 20 nm thick junctions were
superconducting only up to T < 65 K, approximately,
so that the hysteretic behaviour persisted up to ¢ = 0.6.
Figure 2 shows a comparisont of I-V curves of another
20 nm thick HESEJ junction (w =20 pm, d/h = 0.66)
measured at 4.2 and 53 K. The remarkably sharp -V
characteristic measured at 53 K is not hysteretic, in con-
trast to that recorded at 4.2 K.

Returning to figure 1, the -V characteristic mea-
sured in the presence of irradiation shows two slopes
corresponding to R, values of, approximately, 13 and
23 Q). The R, change occurs at a voltage bias (indicated
by an arrow) where the current through the second
weak link in this SET exceeds its J .

The 10 nm thick, uncoated junctions had I, values
below 10 A at 4.2 K and were not hysteretic, These
junctions were not coated with «-SrTiO;. Figure 3
shows an example of I-V curves recorded at 18 K, with
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Figure 2. Current-voltage characteristic of 2 20 nm thick
and 20 pm wide seJ (d/h =~ 0.66) at 4.2 K. The inset shows

the current-voltage characteristic of the same junction at
53 K. The junction was coated with «-8rTiQ;.
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Figure 3. Current-voltage characteristics of an uncoated
10 nm thick and 10 ym wide seJ (&) without and (&) with
microwave radiation. The microwave frequency was
2.47 GHz.
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and without 2.47 GHz irradiation. The measured junc-
tion was 16 um wide and had a d/h = 0.3. It remained
superconducting up to T > 31 K. The I-V curve mea-
sured with irradiation again shows the change in slope
when the second weak link becomes resistive.

The normalized temperature dependence of the I_ R,
produet in the junction of figure 1 is shown in figure 4
{data recorded with shielding). The data points fit
reasonably well Kupriyanov’s sns model with the
barrier transparency parameter yg = 30 [12] and, in
this respect, do not differ from those of a typical 200 nm
thick junction for which the I R, data points are also
shown. The superconductor/barrier boundary resist-
ances should thus have been comparable. Indeed, the
I R, products at 4.2 K. were not much iower: 0.2 to
>13mV at 20 nm and up to 0.5 mV at 10 nm thick-
ness. However, all thin junction resistances were in all
cases one to two orders of magnitude higher and the I,
values lower than in 200 nm junctions. In 20 nm thick
junctions, R, = 13—40 £} and in junctions 10 nm thick
R, = 100-200 Q. Thus far, the highest value of IR, >
1.3 mV at 4.2 X was measured in a 20 nm thick sEy with
d/h = 0.66, typical of standard sess.

Figure 5 shows Shapiro steps induced in the I-V
characteristic of the junction of figure 2 exposed to f= 5
GHz radiation at various microwave power levels. The
voltages of the very sharp current steps correspond to
the Josephson relation V = nfl/2e, where h is Planck’s
constant, e the electron chargeandn=1,2,3,.... Such
sharpness of steps, not seen in standard $ess, is remi-
niscent of those in low-temperature point-contacts.
QOver the limited range of microwave power used, the
data of figure 3 could be well fitted to the RSy model of 2
single junction. However, data of another such junction
could only be fitted when assuming a parallel connec-
tion of at least two junctions. In the case, the I depen-
dence on the magnetic field intensity I (H) exhibited a
sQuiD-like behaviour.

All measured junctions degraded quickly with time,
The uncoated 10 nm thick junctions, measured imme-
diately after the last fabrication step, were no longer
superconducting after 24 h or so, when subject to a

lg(elRy/2rkpTe)

0 0:2‘0:‘4ID:6I0.8I 1
T/Te

Figure 4. Normalized termperature dependences of the/ A,

product in a 20 nm () thick and a 200 nm {QO) thick s&J

junction. The full curve represents the theoretical curve for
vg =30 [12].
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Figure 5. Shapiro steps induced in the current-voltage
characteristic of the junction shown in figure 2 at different
power levels and a frequency of 5 GHz.

second thermal cycle. The 20 nm junctions could be rel-
iably measured over a period of several days when kept
at low temperatures. Each thermal cycle, however,
resulted in a measurable degradation of I,. The «-
SrTi0; coating proved insufficient to prevent a quick
degradation of defect-rich HESEJ-type junctions.

4. Discussion

The preliminary results presented here show clearly that
ultra-thin step-edge junctions, potentially suitable for
JoFETs, can be fabricated with useful characteristics. The
main problem, clearly not solved at present, is the quick
degradation of uncoated and coated but defect-rich
junctions. We hope that a solution to this problem can
be found, at least for nearly defect-free films.

Independent of the practical usefulness of very thin
SE7s, the results shown above raise an interesting ques-
tion of importance for the understanding of this type of
HTS junctions. While the thin junction cross sections are
comparable to those of standard junctions, the average
junction resistivities p, = R, A, where A is the cross-
sectional area, differ considerably. The standard p,
values lic between 1 x 107% and 1 x 107° Q cm? [9].
At d=20nm, we measured p,= 3-8 x 1078 Q cm?
and at d=10nm p,~2x 1077 Qcm® Hence, the
average p, increases strongly with the decreasing film
thickness, The scaling of I_ R, with 1/R, usually
observed in HTs grain-broundary junctions does not
occur. A plausible explanation of this dependence
assumes that sEJs are random parallel arrays of point
contacts [4]. The number density of these point con-
tacts appears to decrease with d, so that only a few or
even one such point contact remains in very thin films
(see the description of figure 3). The number of parallel
connections across the 90° grain boundaries is thus
increasing with the film thickness, ie. the distance from
the substrate.

The strongly hysteretic behaviour seen in figure 1
may possibly be caused by the enhanced stray capac-
itance in a-SrTiO;-coated HESE junctions. An uncoated
20 nm thick junction did not exhibit a measurable hys-
teresis down to 4.2 K. Shunt capacitors with StTiQ;/Ag
deposited across SEls were shown to increase the



Stewart-McCumber parameter to §, ~ 4 at 42 K [13].
Apparently, even in the absence of the capacitor Ag-
counterelectrode, the stray capacitance enhancement by
a dielectric coating may increase f, to well above one.

In the future, 2 more systematic work should
address the issues raised here.
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