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Realization and properties of YBa 2Cu3O7Àd Josephson junctions
by metal masked ion damage technique
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We have developed a simple process to fabricate high-TC Josephson junctions by a combination of
focused ion beam milling and 100 keV H2

1 ion implantation. The resistively shunted junction-like
current–voltage characteristics were observed in the temperature range of 48 to 4.2 K. The devices
showed clear dc and ac Josephson effects. This technique is very promising in terms of simplicity
and flexibility of fabrication and has potential for high-density integration. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1446998#
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Josephson junctions play a key role in numerous su
conducting electronic devices. In order to develop devi
using high temperature superconductors~HTS!, the fabrica-
tion of reliable and reproducible Josephson junctions is n
essary. A number of different approaches have been de
oped to fabricate HTS Josephson junctions such as bicry
grain boundary junctions, step-edge junctions, and ra
junctions.1 Due to the inherent microstructural nonuniformi
of the interfaces and barrier layers formed during the grow
the desired properties of the junctions have yet to be fu
realized. The focused electron beam irradiation~FEBI! junc-
tions developed in Cambridge and elsewhere2,3 show good
superconductor/normal/superconductor~SNS! junction
behavior;4 using electron irradiation, Josephson coupling c
be realized via a damaged region by taking advantage of
extremely small spot size of the highly focused electr
beam. However, the FEBI technique is limited to circu
consisting of fewer than 100 junctions due to the serial
ture of the irradiation process and the long processing t
and so alternative techniques will be required for large-sc
circuit fabrication. Ion implantation, a well-established sem
conductor process technology, can also be used to ach
chemical and structural alternations enabling local modifi
tion of the electrical properties of HTS thin films in a co
trollable manner.5,6 HTS Josephson junction devices ha
been made using YBa2Cu3O72d ~YBCO! by direct focused
ion beam~FIB! writing, or by ion implantation using mask
ing techniques, although with limited success due to the
ficulties in preparing viable mask structures.7,8

In this letter, we report a technique for fabricatin
YBCO Josephson junctions with a nanometer scale ba
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formed by H2
1 ion implantation through a 40 nm wide sl

defined by direct milling with an FIB in a metal mask. The
junctions show strong modulation of the critical current (I c)
with applied magnetic field, and Shapiro steps in t
current–voltage (I –V) characteristics are seen under micr
wave irradiation at the expected biases. Junctions on
same chip show nearly identical properties.

The films for this study were high qualityc-axis oriented
100 nm thick epitaxial YBCO grown on~100! SrTiO3 sub-
strates by pulsed laser ablation. 450 nm of Au wasex situ
deposited on the YBCO by dc magnetron sputtering. Tra
with a width of 2mm were then patterned by optical lithog
raphy and Ar ion milling at 500 eV on a water-cooled rota
ing stage. TheTC of these tracks was measured before a
after processing and found to be unchanged at around 8
The Au masking layer was chosen to be sufficiently thick
absorb the implanted protons, but also thin enough that
slit which defines the junction barrier could be cut with su
ficient accuracy. Simulations show that scattering in the
cinity of the mask aperture leads to an effective ion range
the sidewall of the aperture which is considerably larger th
for the mask away from the aperture; this effect can be
duced by using a mask with a greater effective thickne9

Therefore, we used a 450 nm thick single Au layer mask10

To prepare these mask apertures, the patterned chip
mounted on a carrier to which electrical connection w
made by Al wire bonds. This carrier was transferred to
FIB system ~Philips Electron Optics/FEI Corporation 20
xP® FIB workstation! with a Ga source. Using 30 keV G
ions, slots of single-scan linewidth were milled at 4 pA in t
Au. Accurate control of the milling depth was achieved byin
situ measurements of the track resistance during milling11

since the room temperature conductance of the YBCO
© 2002 American Institute of Physics
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negligible compared with that of the Au, the resistance
crease during the milling is easily measured. Earlier trans
measurements showed that Ga implantation of the YB
caused severe suppression and time-dependent degrad
of the superconducting properties and therefore should
avoided.12

As shown in Fig. 1, transmission electron microsco
indicates that the aspect ratio that can be achieved u
direct milling was limited to less than 5 due to redepositi
effects, which result in a very sharp cusp-like edge pro
when the aspect ratio is larger than 5. It is postulated
such a slit shape could lead to increased sidewall scatte
and therefore widening of the junction barrier. Furthermo
deep FIB milling results in Ga ion contamination below t
bottom of the slit, resulting in disruption to the top surface
the YBCO, leading to further degradation in the superc
ducting properties. Thus, to minimize the sidewall scatter
while maintaining rectangular shaped slit profiles and avo
ing Ga contamination of the YBCO, we cut only the top 2
nm of the 450 nm Au mask layer.

Chips with completed mask structures were then tra
ferred on sample mounts to an ion implanter equipped wi
custom cryogenic stage and shielded to allow ion implan
tion of the device through a 2 mmaperture. While monitor-
ing the barrier resistancein situ, the chips were then expose
to a 100 keV H2

1 ion beam with a nominal dose of up to
31016 ions/cm2 at 50 K, which is just above the intende
maximum operating temperature of the completed devic
Most of the low energy defects appear to anneal out
bringing the sample up to room temperature asTC between
during the implantation andTC after room temperature an
nealing was found to be different by more than 15 K. T
samples were tilted at an angle of 15° along the slit len
between the incident beam and the sample normal to el
nate ion channeling effects.12 After the removal from the
implanter and a storage period of 48 h at room temperat
the I –V characteristics of the junctions were measured o

FIG. 1. Transmission electron microscope image of the cut made
the slots; Pt was deposited to prevent top-surface damage during sa
preparation.
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a range of temperatures in a dip probe. Microwaves a
magnetic field were applied to assess the quality of the ju
tions. Figure 2 shows theI –V characteristic of a junction a
temperatures between 48 and 4.2 K. The junction exhibi
typical resistively shunted junction~RSJ!-type I –V curve
with a maximumI c of 400mA at 4.2 K. TheI cRn product of
the junction at 4.2 K is estimated to be'0.2 mV. In Fig. 3,
temperature dependence ofI c and Rn of the junctions is
shown. TheRn was nearly temperature independent betwe
48 and 4.2 K and was about 0.47V at 45 K. The temperature
dependency of theI c andRn gives evidence for SNS natur
of the junctions. These characteristics resemble those
junctions created by FEBI with heavy doses.13 No significant
change in the junction properties was observed ove
months and a number of thermal cycles. Figure 4 shows
magnetic modulation of theI c of a junction at 43 K. Devia-
tion from the ideal Fraunhofer diffraction at a higher ma
netic field in the experimental data implies that some inh
mogeneities exist in local areas of the junction. Howev
Fig. 4 clearly indicates that our barrier shows a good Jose
son junction behavior. The incomplete suppression of theI c

is largely an artifact arising from the use of a fixed fini
voltage criterion used to assess theI c . The asymmetry and
hysteresis of theI c modulation upon magnetic field curv
might be explained by asymmetrical current distribution14,15

possibly due to expected unevenness in the cut made in

in
ple

FIG. 2. I –V characteristic of a 2mm wide metal masked ion damage junc
tion between 48 and 4.2 K.

FIG. 3. Temperature dependence ofI c andRn of a junction.
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slot or frozen flux motion during the long measureme
times. Shapiro steps were also observed at the expecte
ases despite the low normal resistance of the junction du
screening by the thick Au mask layer. It is also likely th
such a thick Au mask layer~450 nm! on the top of the junc-
tion barrier will attenuate the interaction between the ju
tion and microwave radiation. At the frequency~'12 GHz!,
the skin depth of Au is only around 680 nm, which is just 1
times thicker than the mask.

Compared to our previous results,10,12 a significant im-
provement in the junction performance has been obtai
and these junctions resemble the behavior of high qua
FEBI junctions. Firstly, RSJ-like behavior over a much wid
temperature range~between 48 and 4.2 K! was observed;
secondly, we show a greater stability of junction parame
over a longer period of time after the junction was first me
sured; thirdly, a temperature-independent resistance beha
over the whole temperature range was seen. All these ob
vations suggest that we have a narrower barrier than ot
have reported8 and we have totally suppressed the superc
ductivity in the barrier. The latter is consistent with the hi
dose we used, although the thick Au layer must have atte
ated the actual dose. The improved performance of th
junction characteristics compared to our previous results m
be attributed to the optimized cut shape of the slots in

FIG. 4. Magnetic field dependence of the critical current of a junction;~a!
increasing field~b! decreasing field.
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metal mask to avoid Ga poisoning into the YBCO. We ha
demonstrated the fabrication of high quality SNS HTS J
sephson junctions working in the temperature range of 48
4.2 K by FIB milling and ion implantation. Given the resul
presented here, there is still scope for improvement with
ther development of the mask preparation and greater con
of the annealing protocol. For instance, the introduction o
Ga diffusion barrier such as Si3N4 , or polymer in the lower
portion of the mask would allow us to reduce the thickne
of the residual Au in the slit. We believe that this will resu
in less scattering, thus improving the definition of the barr
and the performance of the junctions.
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