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We have developed a method for eliminating the excess conductance in YBCO/Au/YBCO step edge junctions. This
fabrication procedure results in I;R, products of 7.8 mV at 4.2 K and 0.18 mV at 77 K. Using these junctions, we have
fabricated SQUIDs with a flux noise of 3x 10 &,/JAz at 77 K, with a 1/f noise knee at 1 Hz. Noise measurements
were performed on SQUIDs in an open loop mode. Underdamped junctions can also be made with this fabrication
technique. This may allow for the fabrication of relaxation oscillation SQUIDs operating at 77 K.

1. Introduction

One type of high T, Josephson junctions that has
exhibited low noise in SQUIDs are the SNS
(YBCO/Aw/YBCO) step edge junctions.! One undesir-
able feature of the standard fabrication procedure for
these junctions is that the gold covers large areas of the
YBCO electrodes. This creates an unnecessarily large
shunt conductance that reduces the IR, product in
these junctions. The excess conductance can be reduced
without affecting the critical current by etching the
excess gold away.2 We have developed an alternative
method for eliminating this excess conductance. An
insulating layer is deposited between the YBCO and the
Au. This fabrication procedure results in a dramatic
improvement in the I R, product (7.8 mV at 4.2 K and
0.18 mV at 77 K). The high IR, product translates
into improved device performance. Using these junc-
tions, we have fabricated SQUIDs with a flux noise of
3x10- @ /VHz at 77 K, with a 1/f noise knee at 1 Hz.

In this paper two types of junctions will be described.
One is the standard YBCO/Au/YBCO step edge
junctions (type A), and the other is the YBCO/Au/
YBCO junctions with the insulating layer to reduce the
shunt conductance (type B). Schematic drawings of
these two junction types are shown in Fig. 1. In
addition to higher I R, products, it is possible to make
the type B junctions underdamped. This means that the
junctions have a hysteretic current-voltage charac-
teristic. Underdamped junctions are essential for certain
applications such as high-T, relaxation oscillation
SQUIDs (ROS).

2. Fabrication

The YBCO/Au/YBCO step edge junctions and dc-
SQUIDs were fabricated by pulsed laser ablation using
an entirely in-situ process.’ To fabricate the type A
junctions, steps 300 - 400 nm deep were etched in an
[001] LaAlO; or [001] MgO substrate by Ar ion

milling using a metal mask. In order to get a clean
surface, we continued to etch with a low ion energy 10
minutes after the metal mask has been etched through.
This process results in a step with about a 55° angle.
The YBCO was then ablated at an angle of +30° so that
a shadow gap was formed at the step. The thickness of
the YBCO layer was typically half that of the step. The
film is c-axis oriented, with a zero resistance transition
temperature of 88 - 92 K and a critical current density
at 77K above 10® A/cm2. The cross-sectional TEM,
EDAX and the electrical R-T measurements showed
that there was no YBCO film connection over the
steps.? Finally, a 200-300 nm thick Au film was ablated
at another angle -30° on top of YBCO without
breaking vacuum. A similar fabrication procedure is
followed to make the type B junctions. The only
difference is that a 50 - 100 nm thick SrTiO; layer is
deposited on the YBCO at an angle of +30° before the
Au is deposited.

Six dc-SQUIDs and fourteen junctions with widths of
3pum, 5 pm, 10 um, 15 pm, 20 pm, 30 pwm, and 50 pm
are fabricated on each chip using standard photo-
lithography and ion-beam etching. The total time to
fabricate these high-T, devices using the in-situ
technique was several hours and the yield of working
devices was above 90 %.

3. Junction Characterization

The junctions could be well described by the RSJ model
with thermal noise. The current-voltage characteristic
at 77K and 80 K for the type A and type B junctions
are shown in Fig. 2. For the type A junctions, there is
no hysteresis. At high temperature a thermal noise
rounding occurs in the low voltage regime. The noise
parameter, y = il /(ekgT), is in the range 10 - 120 at
77 K for a 3-, 5-, 10-um-wide junctions. For both types
of junctions, the critical current was about the same
(20-345pA at 77K for w=3~50um, J, ~5x103
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Fig. 1. Schematic drawings of two types of YBCO/Au/YBCO step-edge SNS junctions (a) nonhysteretic type A

junction (b) hysteretic type B junction.
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Fig. 2. (a) The current-voltage characteristics of type A junctions at 77 K. There is a thermal noise rounding in the
small voltage regime. The points are the experimental data of junctions with w=35, 10 um, and the curves are the
simulations based on RSJ model with different thermal barrier height. (b) The hysteretic I-V curves from one of the
type B junctions (w = 10 um) at 77 K and 80 K. The solid curve is without applying magnetic field and the dash curve

is with applying a small magnetic field. From simulations based on the RSCJ model we estimate 8, to be 20.

A/cm?) and the R, was nearly temperature indepen-
dent. The resistance of the type B junctions was about
15 times greater than that of the type A junctions. If we
assume that the effective area of the junction is the film
thickness times the patterned width of the junction then
the contact resistance for the type B junctions is 2 - 12
Q-um?2, This value is close to the values reported by
Ekin et al? for clean (or in situ deposited) SN
interfaces. The resistance of the junctions is dominated
by this contact resistance.

Besides increasing the resistance of the junctions, the
StTiO; layer increases the capacitance of the junctions.
Hysteretic I-V characteristics were observed from 4.2 K
up to 80K in the type B junctions. From the curve
shown in Fig. 2(b), we can estimate the McCumber
parameter, B, = 2eI R,2C/h, to be about 20. For this
junction, this corresponds to a capacitance of 40 pF.
This is the value of capacitance we expect for the
parallel plate capacitor formed by the 100 nm SrTiO;
layer between the YBCO and Au layers. The SrTiO;
has a resistivity above 10* Q-cm and a relative dielec-
tric constant of about 50.
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Fig. 3. Clear Shapiro steps are observed at temperatures
from 4.2 K to 85 K. These curves are measured on a
type A junction at 4.2 K. The different curves are
different power levels.
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Fig. 4. The I R, product as a function of temperature
for different kinds of junctions. All the open data are
for type B devices with different widths w. The solid
data is the average value for the type A devices.

Figure 3 shows a typical I-V characteristic of the
junctions in the presence of about 4 GHz microwave
irradiation with different power levels. Clear Shapiro
steps were observed at temperatures up to 85 K. In
Fig. 4, the I R, values for several kinds of junctions are
plotted as a function of temperature. Our type A
junctions have a I R, product of 0.01 mV at 77 K and
0.4 mV at 4.2 K while the type B junctions have I R,
products of 0.18 mV at 77 K and 7.8 mV at 4.2 K. For
comparison the temperature dependence of the 1R,
product the step edge grain boundary junctions,’ biepi-
taxial junctions,® and bicrystal substrate junctions”"? are
included in the figure.

Figure 5 shows the conductance of type B junctions and
SQUIDs at 77K versus junction width (and hence
area). This demonstrates that the conductance scales
with area. The conductance plotted here is the
asymptotic value taken at high voltage from the I-V
characteristics. For both type A and type B junctions the
conductance is temperature independent. The typical
magnetic diffraction pattern shown in Fig. 6. The nodes
in the critical current occur every 4.3 G. This agrees
with the calculated value of H, = ®Ju A,z where the
effective area is A~ (20 +h)w. Here h is the step
height, w is the width of the junction, and A, is the
London penetration depth, A; ~ 250 nm at 77 K.

4. dc-SQUIDs

The dc-SQUIDs were made using both type A or
nonhysteretic type B junctions. The SQUIDs are
composed of two 5-, 10-, 15- or 20-um-wide junctions
with SQUID loop areas of either 100 or 300 um2. The
voltage modulation peak to peak (Vpp) with applied
magnetic field at 77 K was about 1-2 pV for an type A
SQUIDs and about 3-10 uV for an type B SQUIDs.
Figure 7 shows flux noise spectra taken at 77 K for
both types of SQUIDs. The noise measurements are
performed in an open loop mode and the SQUIDs are
coupled to a low noise FET amplifier by means of a
room-temperature matching transformer. The total gain
we used was 5x10% and the resolution of measuring
system was 0.04 nV/JHz. The voltage noise spectral
density S,!72 is about 0.6 nV/JAz at 77 K for both type
A and type B SQUIDs. The flux noise spectral density,
o7, is given by S,12 = S 122/(5V/6®). For the type B
SQUIDs the flux noise is lower than that of type A
SQUIDs because of large flux-voltage conversion.
The minimum flux noise spectral density, is about
80 u® /VH: for a type A SQUIDs, and 30 n®@ /VHz
for a type B SQUIDs. The knee of 1/f noise
is between one and a few Hz. This is one of
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Fig. 5. Conductance (G) vs junction width for type B
devices on a single chip at 77 K. There is a nearly
linear scaling relationship between the G and area.
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Fig. 6. A typical magnetic diffraction pattern measured
in liquid nitrogen for one of type B junctions. The
magnetic field normal to the substrate plane was
applied by a solenoid above the sample.

the lowest noise figures reported at 1 Hz for a 77K
SQUIDs and is comparable to the results obtained from
a commercial niobium dc-SQUIDs at 4.2 K. Better
results at higher frequencies have been obtained by
Ramos et al.8 on step-edge grain boundary junctions (~
3ud/VHz at 100 Hz) and by Kawasaki et al.® on
nanobridge bicrystal junctions (-3 u®/VAz at 71
kHz). Finally, we estimate the energy resolution for our
SQUIDs. Theoretically, one expects the energy resolu-

tion to be &=9kpTL/R,=4x103!J/Hz, where the
inductance of SQUIDs, L, was estimated to be about
80 pH.Z? The experimental energy resolution for the
type B SQUIDs was S /2L = 2.4x10"% J/Hz. For this

SQUID, §, = 2L1/®, = 1.5.

5. Hysteretic Junctions for High-T, ROS

Relaxation oscillation SQUIDs (ROS) utilize a flux to
frequency readout rather than the flux to voltage
readout used in conventional dc-SQUIDs.!! This
readout scheme greatly simplifies the readout elec-
tronics. Although ROS devices are being developed
using low-T, superconductors, the fabrication of ROS
using high-T, materials has been prevented by the lack
of underdamped high-T, junctions.

In addition to the reduced the shunt conductance, the
type B junctions have an increased shunt capacitance.
Both of these factors increase the McCumber
parameter, 3., and allow for the fabrication of under-
damped junctions. The gate area and the thickness of
the dielectric SrTiO; can be modified to control the
hysteretic behavior. Thermal noise can suppress the
hysteresis in underdamped junctions. Simulations based
on the RSCJ model indicate for a noise parameter of
y = 100, the hysteresis is greatest for 8. in the range
10 - 80. This is consistent with the experiments where
the best hysteretic behavior occurs at 8, = 20.
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Fig. 7. Equivalent flux noise spectrum as a function of
frequency for a nonhysteretic type B dc-SQUID. The
SQUID is operated in an open loop mode in liquid
nitrogen. One of the best voltage-flux modulations is
shown in the inset which indicates Vop =71V and

8V/6® ~ 21 pv/@,



6. Conclusions

We have fabricated and measured YBCO/Au/YBCO
step-edge SNS junctions and dc-SQUIDs using an all in
situ laser ablation deposition. The I R, products of the
junctions were 0.18 mV at 77 K and 7.83 mV at 4.2 K.
These large I R, products were made possibly by depo-
siting an insulating layer between YBCO and Au elec-
trodes. This extra process minimizes the shunt conduc-
tance without reducing the Josephson supercurrent. The
best dc-SQUID made from these junctions had a flux
noise spectral density in the range of 30 p® /VAz and
the knee of 1/f noise was at about 1 Hz.
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