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Abstract

Recent experimental progress in high Tc Josephson junction fabrication using masked ion beam irradiation damage

technique demands a further study on the irradiation damage defect accumulation and distribution inside YBCO thin

films under different Au mask structures. Both primary energy depositions and irradiation produced vacancy con-

centrations have been estimated using Monte Carlo simulation codes CRYSTAL and TRIM-CASCADE, respectively.

The properties of the irradiation damaged barrier layer are very closely associated with the effective production and

distribution of lattice vacancies on different sublattice sites. With a 50 keV proton beam irradiation, a uniform and

effective production of vacancies is expected with 100 nm YBCO thin film on LaAlO3 substrate covered with 150 nm Au

mask. A similar vacancy distribution is expected with a thinner Au mask and a lower energy proton beam irradia-

tion. � 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Masked ion irradiation damage for high tem-
perature superconducting Josephson junction fab-
rications has been studied in a number of leading
laboratories for its potential of low production cost
and high yield [1–3]. Recently we have explored the

application of Au and Nb masked 50 keV proton
beam irradiation damage process for Josephson
junction fabrication using high temperature su-
perconducting YBa2Cu3O7�d (YBCO) thin films
[4,5]. In order to create a nanometer scale barrier
layer in between two superconducting electrodes by
confining the irradiation damage accumulation, a
50 nm wide opening trench was etched using a fo-
cused 30 keV Ga beam on 400 nm metal masks.

The preliminary experimental results are prom-
ising, but there are some outstanding problems.
Firstly, the width of irradiation damage created
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barrier layer is wider than 50 nm from IV char-
acterisations. This unexpected broadening effect is
largely due to the extra mask sidewall scattering
process of energetic projectiles, as revealed from
our previous Monte Carlo simulation results [6].
The sidewall scattering process is intrinsic to the
nanometer scale high aspect ratio masked irradi-
ation damage process, but its effect can be reduced
substantially by optimising the beam and mask
properties [7,8].

Another challenging problem associated with
the focused Ga beam fabricated mask structure is
the potential Ga contamination. Under proton
beam irradiation, the diffusion of Ga contami-
nants inside YBCO lead to a significant suppres-
sion of superconductivity over a rather wide range,
possibly much wider than the 50 nm width defined

by the mask structure. The suppression of super-
conductivity is more effective by Ga contamina-
tion, compared to that by the accumulation of
irradiation damage. Consequently the establish-
ment of weak link coupling between the super-
conducting electrodes is impossible, since this
requires a well defined narrow barrier layer for the
tunnelling of superconducting electrons. An effec-
tive and straightforward approach to avoid this
Ga contamination problem is the introduction of a
thin metal buffer layer to stop the Ga diffusion into
the YBCO, whilst allowing ion irradiation to cre-
ate the desired damage profile in YBCO target.
Considering the short range of 30 keV Ga ions in
the Au mask (7:6� 7:0 nm), it was anticipated that
a thin Au mask layer, say about 30 nm, should be
effective in eliminating the Ga contamination

Fig. 1. Simulated 50 keV proton beam irradiation induced energy depositions (eV/cm3 in logarithmic scale) in model structures with a

50 nm mask opening and three different Au buffer layers: (a) 300 nm Au and a fluence of 3� 1016 protons/cm2, (b) 200 nm Au and a

fluence of 2� 1016 protons/cm2 and (c) 100 nm Au and a fluence of 2� 1016 protons/cm2. Only energy depositions which are greater

than 1021 eV/cm3 are presented here.
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problem. A further increase in Ga stopping buffer
layer thickness may destroy the high definition of
the masked damage barrier layers, leading to a
poor device performance. However, we have found
recently that a Ga contaminant free masked
structure requires a substantial Au buffer layer in
between the YBCO and the Au mask possibly due
to irradiation enhanced diffusion effects. More-
over, a quite good Josephson junction formed in a
masked structure with about 200 nm Au buffer
layer [9]. The experimental observation also re-
vealed that the geometric shape of the mask
structure opening deviates from the ideal. The ef-
fect of this extra Ga contaminant stopping layer
thickness and geometry on the irradiation damage
profile formation is of interest for a systematic
study using Monte Carlo simulation techniques.

2. Simulation results from CRYSTAL

The energy depositions of the 50 keV proton
beam irradiation damage process in Au masked

YBCO on LaAlO3 substrate have been simulated
using the Monte Carlo simulation code CRYS-
TAL. The simulation details have been described
elsewhere before [6,7,10]. To investigate the effect
of an extra Au buffer layer thickness on the for-
mation of irradiation damage profiles inside the
YBCO thin film target, various buffer layer thick-
ness have been selected for a systematic Monte
Carlo simulation study. The two dimensional plots
of simulated energy depositions in YBCO are
shown in Fig. 1, with three typical Au buffer layer
thicknesses of 100, 200 and 300 nm, respectively.
The damage profile is nearly uniform with depth
for buffer layers less than 100 nm and incident
beam energy of 50 keV. This implies a uniform
superconducting transition temperature across the
section between two superconducting electrodes.
In contrast to this, a very non-uniform damage
profile is evident for buffer layer thickness above
200 nm. The energy depositions along the middle
of YBCO thin film are plotted in Fig. 2 to illustrate
the effect of the buffer layer thickness on the dis-
tribution of irradiation damage across the mask

Fig. 2. Simulated irradiation energy depositions along the ab plane in the middle of the YBCO layer for model structures with 50, 100

and 150 nm Au buffer layers, respectively, with an identical fluence of 2� 1016 protons/cm2.
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structure. The result is consistent with what we
expected beforehand: the thinner the buffer layer,
the better the irradiation damage profile.

A cross-section TEM study revealed that the
etched structure does not have a flat bottom [9]. A
series of Monte Carlo simulations have also been
carried out for a group of artificial mask structures
with identical stopping mass to the irradiation
proton beam but with different geometric shapes,
as shown in Fig. 3. The energy depositions along
the middle of YBCO thin film target are plotted
out in Fig. 4. It is clear that the more Au the beam
has to pass through before reaching the YBCO,
the more broadening there is, but otherwise the
details of the mask shape does not greatly affect
the damage profile. It is worth mentioning here

that a regular roughening of straight mask sidewall
surface could reduce the damage spreading, but
the effect is related to the details of the roughness
of surface structures [6].

The Au stopping layer can reduce the incident
beam energy to the YBCO layer and as well as
damage the high definition of damage profiles de-
fined by the mask structure. As illustrated by the
Monte Carlo simulation results in Figs. 1 and 2, a
thin sheet, say about 100 nm Au or less, has a
limited effect on the broadening of damage profiles
but should be thick enough to stop the unwanted
Ga diffusion. Using the SUSPRE code [11], the es-
timated total energy losses of 50 keV proton beam
irradiation in various Au foils are included in Table
1. It is clear that 50 keV proton beam irradiation on

Fig. 3. Simulated 50 keV proton beam irradiation energy depositions (eV/cm3 in logarithmic scale) in model structures with identical

stopping mass but different geometric shapes. The fluences are (a) 1� 1016 protons/cm2, (b) 1:5� 1016 protons/cm2, (c) 1:5� 1016

protons/cm2 and (d) 1:5� 1016 protons/cm2. Only energy depositions which are greater than 1021 eV/cm3 are presented here.
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a YBCO sample masked with a 150 nm Au foil is
roughly equivalent to 25 keV proton beam irradi-
ation directly into the YBCO sample without any
Au mask. We discussed before the important role
that beam energy plays in the formation of irradi-
ation damage profiles [6,8]. A proton beam energy
less than 50 keV seems able to create less sidewall
scattering effect. However, our simulation results
above show that the effect of Ga buffer layer scat-
tering dominates the irradiation damage accumu-
lation process. It is possible that defects formed by
projectiles with different energies may differ from
each other upon room temperature annealing
process. Therefore it is interesting to investigate

further the distribution of irradiation induced va-
cancies on different lattice sites.

3. TRIM-CASCADE simulation results

To simplify the question, the simulation mask
structure model here is composed of a 100 nm
YBCO thin film target on LaAlO3 substrate cov-
ered by Au masks with various thickness. Irradi-
ation induced vacancy distributions in Au masked
YBCO have been simulated by the TRIM-CAS-
CADE Monte Carlo simulation code [12].

For a 50 keV irradiation of 1016 proton/cm2,
distributions of Y, Ba, Cu and O site vacancies are
plotted out in Fig. 5 with three different Au mask
thicknesses. It is evident that an effective and
uniform vacancy production can be achieved in
the 100 nm YBCO sample masked by 150 nm Au.
More importantly, the relative ratios of Y, Ba and
Cu site vacancies against oxygen site vacancies are
dependent on mask thickness as well. The thicker
the Au mask, the higher the relative number of
oxygen site vacancies created, as shown in Fig. 6.

Fig. 4. Simulated irradiation energy depositions along the ab plane in the middle of YBCO layer for model structures and fluences as

for Fig. 3.

Table 1

Total energy loss of 50 keV proton beam in Au foils

Thin foil thickness

in nm

Thin foil thickness

in 1015 ions/cm2

Total energy

loss in keV

50 295 8.72

100 590 16.84

150 885 24.29

200 1180 30.95
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Taking all these factors into consideration, we
conclude that a 150 nm Au mask is the best one for
irradiation damage production in 100 nm YBCO
with a 50 keV proton beam.

The above conclusion can be further supported
by the following simulation results obtained from
a mask free 100 nm YBCO thin films by changing
the incident beam energy from 20 to 50 keV. A
comparable vacancy distribution can be obtained
in 25 keV irradiated sample, compared to 50 keV
irradiated YBCO sample with 150 nm Au mask.
This is consistent with our CRYSTAL simulation
results as well.

From results shown in Figs. 5 and 6, it is clear
that the relative concentration of vacancies is dif-
ferent from the chemical stoichiometry. The rela-
tive concentration of oxygen sublattice vacancies is
lower than expected. In fact, this discrepancy can
be explained by the combined effects of scattering
cross-sections and momentum transfers between
projectiles and target ions. In the case of electron
beam irradiation, the mass disparity between

electron and target ions makes it possible that the
oxygen site vacancy dominates. Such an oxygen
site dominated vacancy creation process is not
easy with ion beam irradiation damage. With
heavy ion irradiation, the relative oxygen site va-
cancy should be even lower compared to the result
obtained with proton beam.

Nearly 50% of the vacancies created by proton
beam irradiation in YBCO are estimated to be
susceptible for the recombination with a small
activation energy. This is consistent with our
in situ resistance measurement too. If we can
overcome the Ga contamination problem, it is very
likely that a better damage profile could be formed
with 25–30 keV proton beam with Au buffer layer
thinner than 50 nm.

4. Conclusions

In summary, we conclude that the best perfor-
mance for the device made by 50 keV proton beam

Fig. 5. Simulated vacancy distributions on the various YBCO sublattice sites for 50 keV 1016 protons/cm2 irradiation and various Au

mask thicknesses.
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irradiation damage with about 200 nm stopping
sheet [9] is due to the preferential production of
oxygen sublattice vacancies. Better devices are
expected using a lower energy proton beam, say 30
keV, with a thinner stopping sheet, say 30–50 nm
Au.
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Fig. 6. Simulated vacancy distributions on the various YBCO sublattice sites, as Fig. 5, but plotted relative to the O sublattice dis-

tribution.
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