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Masked ion damage and implantation for device fabrication$

M.G. Blamirea,*, D.-J. Kanga, G. Burnella, N.H. Pengb, R. Webbb, C. Jeynesb,
J.H. Yunc, S.H. Moonc, B. Ohc

a Department of Materials Science, University of Cambridge, Pembroke Street, Cambridge CB2 3QZ, UK
b SCRIBA, University of Surrey, Guildford GU2 5XH, UK

c LG Electronics Institute of Technology, Seoul 137-724, South Korea

Received 15 March 2002; received in revised form 2 April 2002

Abstract

Several groups have recently demonstrated junction formation by masked ion damage in which ions from a broad

beam ion source locally damage regions of superconductor to form the junction barriers. However, the difficulties of

preparing successful mask structures have meant the progress to date has been relatively slow. Using masks of high

electron density metals such as Au and protons as the irradiating species, we have shown in a series of studies that

irradiation of YBa2Cu3O7�d (YBCO) with ions of energy in the range of 30–350 keV can be used to create highly

localised damage regions in the films. This technique has been successfully employed to create high quality Josephson

junctions in YBCO. The fabricated devices show 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.

r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Josephson junctions play a key role in numerous
high temperature superconducting electronic de-
vices. A substantial effort has been expended in
developing a suitable high temperature super-
conductor (HTS) junction fabrication technology
[1]. One of the best candidate technologies, at least
in terms of junction quality and reproducibility, is
the focused electron beam irradiation (FEBI)

technique developed in Cambridge and elsewhere
[2–4] in which the superconducting transition
temperature (Tc) is locally suppressed by electron
irradiation damage. In such devices a short non-
superconducting barrier (length LBxnd; the dirty
limit coherence length) is created in the super-
conducting film, proximity coupling occurs be-
tween the superconducting electrodes on either
side and a superconductor–normal–superconduc-
tor (SNS) Josephson junction is created. Key
advantages of the technique are that only a single
high quality superconducting layer is required and
the film remains unbroken, avoiding many of the
complications encountered at interfaces in other
Josephson junction types. The mechanism by
which Josephson coupling arises in FEBI junctions
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is well understood [3]. One limitation of the
technique is the serial nature of the irradiation
process and the long processing time.

A natural extension of the FEBI process is the
masked ion damage process (MID) in which ion
implantation is used to achieve local chemical and
structural alterations. The MID implantation
process is a consequence of damage induced by
the irradiation rather than by direct implantation
since the mean projected range of the implanted
species is substantially greater than the super-
conductor thickness. Unlike FEBI, MID can be
easily scaled up to produce large numbers of
junctions using existing technology. A number of
studies have provided conclusive evidence that
SNS type Josephson junctions can be created by
MID processing [5–9].

In this paper we report a novel approach to
fabricating Josephson junctions with nanometer
scale barriers formed by Hþ

2 ion implantation

through a 40 nm wide slit defined by direct milling
with a focused ion beam (FIB) in a metal mask.
Because of the sensitivity of the superconducting
system to localised structural modification, these
systems provide a valuable model for highly
localised implantation of other systems such as
semiconductors.

2. Device fabrication

The films for this study were high quality c-axis
oriented 100 nm thick epitaxial YBCO grown on
(1 0 0) SrTiO3 substrates by pulsed laser ablation.
450 nm of Au was ex situ deposited on the YBCO
by dc magnetron sputtering. As shown schemati-
cally in Fig. 1, tracks with a nominal width of 3 mm
were then patterned by optical lithography and Ar
ion milling at 500 V and 10 mA on a water-cooled
rotating stage. The critical temperature (Tc) of

Fig. 1. Schematic diagram of the fabrication process to create highly localised irradiation damage barriers in superconductors.
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these tracks was measured before and after
processing and found to be unchanged at around
89 K. The thickness of the Au masking layer was
chosen to be sufficient to absorb the implanted
protons, but also small enough that the slit, which
defines the junction barrier, could be cut with
sufficient accuracy using the FIB. The contribu-
tion of mask structures during implantation
becomes more important as the size of mask
structure goes down to the nanometer scale due to
side-wall interaction for high aspect ratio mask
structure. Simulations show that scattering in the
vicinity of the mask aperture leads to an effective
ion range in the side-wall of the aperture that is
considerably larger than for the mask away from
the aperture; this effect can be reduced by using a
mask with a greater effective thickness [10].

To prepare these mask apertures, the patterned
chip was mounted on a carrier to which electrical
connection was made by Al wire bonds. This
carrier was transferred to the FIB system (FEI
200xP FIB workstation) with a Ga source. Using
30 keV Ga ions, slots of single scan-line width were
milled at 4 pA in the Au. Accurate control of the
milling depth was achieved by in situ measure-
ments of the track resistance during milling [11];
since the room temperature conductance of the
YBCO is small compared with that of the Au, the
resistance increase during the milling is easily
measured (see Fig. 2). Earlier transport measure-
ments showed that Ga implantation of the YBCO
causes severe suppression and time-dependent
degradation of the superconducting properties
and therefore should be avoided [9]. For this
reason, the milling depth was chosen so as to leave
as much as 200 nm of Au at the base of the trench,
which is sufficient to absorb the implanted Ga.

3. In situ measurements of devices within the ion

implanter

The in situ electrical measurement system in the
implanter allows the measurement of the device
characteristic during implantation using a sample
holder attached to a closed cycle refrigeration unit.
The sample stage temperature can be controlled at
any temperature between 14 and 400 K to within

500 mK; the beam heating effect is o100 mK even
at low temperature. The dosage can also be
controlled accurately by monitoring the resistance
of the region at a given temperature and using the
resistive transition as an endpoint (see Fig. 3).

Chips with completed mask structures were
transferred on sample mounts to the ion implanter
and shielded to allow ion implantation of the
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Fig. 3. Resistance variation of a track as a function of time

during the ion implantation. The inset shows a critical

temperature versus implantation dose for YBCO junctions.
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Fig. 2. Resistance increase of the track as a function of time

during the FIB slit etching process. The point at which the

different interfaces are reached can be easily identified. This

particular trace shows a calibration run where the etching went

beyond the depth normally used for slits in the junction

fabrication experiments.
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devices through a 2 mm aperture. The samples
were tilted at an angle of 151 along the slit length
between the incident beam and the sample normal
to eliminate ion channelling effects [12]. The chips
were then exposed to a 100 keV Hþ

2 ion beam with
a nominal dose of up to 1� 1016 ions/cm2 at 50 K,
which is just above the intended maximum
operating temperature of the completed devices.
Most of the low energy defects appear to anneal
out by bringing the sample up to room tempera-
ture as Tc measured immediately after implanta-
tion and after room temperature annealing
differed by more than 15 K. Fig. 3 shows how
the resistance of a particular junction measured in
the implanter varies with implantation dose
successively increased with time. It is evident that,
as expected, the critical temperature of the
junction is decreased by ion irradiation and that
the resistance of the barrier rises correspondingly.

4. YBCO junction properties

After removal from the implanter and a storage
period of 48 h at room temperature, the I2V

characteristics of the junctions were measured over
a range of temperatures in a dip probe. Micro-
waves and magnetic field were applied to assess the
quality of the junctions.

Fig. 4 shows the I2V characteristic of a
junction at temperatures between 48 and 4.2 K.

The junction exhibits a typical resistively shunted
junction (RSJ)-type I–V curve with a maximum Ic

of 400 mA at 4.2 K. The IcRn product of the
junction at 4.2 K is estimated to be 0.2 mV. In
Fig. 5, the temperature dependence of Ic and Rn

(normal resistance) of the junctions is shown. The
Rn was nearly temperature independent between
48 and 4.2 K and was about 0.47O at 45 K.
The temperature dependence of Ic and Rn

demonstrates the SNS nature of the junctions [9].
These characteristics resemble those of junctions
created by FEBI with heavy doses [3]. No
significant change in the junction properties was
observed over 2 months and a number of thermal
cycles.

Fig. 6 shows the magnetic modulation of the Ic

of a junction at 43 K. Deviation at higher magnetic
field from the ideal Fraunhofer diffraction pattern
expected for a Josephson junction implies that
some barrier inhomogeneity is present in the
junction. However, this data clearly indicate that
our barriers show good Josephson junction
behaviour. The incomplete suppression of the Ic

is largely an artefact arising from the use of a fixed
finite voltage criterion. Constant voltage (Shapiro)
steps were also observed at the expected biases
under microwave irradiation despite the low
normal resistance of the junction due to shunting
by the thick Au mask layer.
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Fig. 4. I2V characteristics of a YBCO junction at tempera-

tures between 48 and 4.2 K.
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Fig. 5. Temperature dependence of Ic and Rn of a typical

YBCO junction.
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5. Simulations

Based on simulation results, Kahlmann et al. [7]
suggested that the ion lateral straggle width could
exceed the mask slit width by a factor of 5 with
200 keV O+ irradiation; Katz et al. [5] claimed
that the junction length is identical to the width of
the mask slit with 250 keV Ne+ irradiation. In fact
direct observation of radiation damage profiles in
masked superconductors is not easy and cannot be
unambiguously assessed from the electrical prop-
erties. In a recent Monte Carlo simulation study
on the proton beam irradiation damage build-up
in masked crystalline YBCO thin films we
discovered a significant side-wall scattering effect
in a series of modelled high resolution and high
aspect ratio Nb mask structures [13]. This leads to
an extended damage build-up in the masked areas
adjacent to the mask aperture and has enabled us
to optimise our mask design.

6. Summary

We have fabricated high quality SNS
YBa2Cu3O7�d Josephson junctions working in
the temperature range of 48 to 4.2 K. We have
developed the necessary masking technology for
ion implantation to define high resolution slits in
the mask. Given the results presented here, there is
still room for improvement with further develop-
ment of the masking technology and greater
control of the annealing protocol. This irradiation
damage technology for making Josephson junc-
tions holds great promise in terms of simplicity
and flexibility of fabrication and has potential for
high density integration. However, it is clear from
our simulations that improved masking structures
are required to eliminate the side-wall and base
scattering in the mask.
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Fig. 6. Magnetic field dependence of the critical current of a

YBCO junction: (a) increasing field; (b) decreasing field.
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