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Abstract

Perturbation of proton beam damage pro®le due to sidewall interactions in very high aspect ratio implant masks has

been studied using Monte Carlo simulations. The model structure is composed of amorphous Nb metal mask, crys-

talline high temperature superconducting YBa2Cu3O7ÿd (YBCO) thin ®lm, and amorphous LaAlO3 substrate. The

simulation results reveal the existence of enhanced proton beam penetration in target materials due to sidewall inter-

actions. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

The discovery of cuprate superconductors in
the late 1980s [1,2] stimulated worldwide studies
on high temperature superconductivity. With the
superconducting transition temperature Tc well
above liquid nitrogen temperature in many new
superconductors, it is possible that applications of
superconductivity based on high temperature su-
perconductors can work at a more feasible tem-
perature and cost for wider applications.
Fabrication of superconducting/normal/supercon-

ducting (SNS) sandwiched Josephson junction
devices with high Tc superconductor thin ®lms, as
the core of any superconducting electronics ap-
plications, has been demonstrated successfully in
many laboratories [3±6], though the manufactur-
ing yield has poor throughput. The di�culty in
making high quality high Tc Josephson junction
devices is closely related to the intrinsic short co-
herence length, at about nanometer scale for
YBa2Cu3O7ÿd (YBCO), and large penetration
depth of all high Tc superconductors. Conse-
quently, workable SNS Josephson junctions have
to be made with a thin normal state region on a
nanometer scale. This is in sharp contrast to the
size of conventional Nb based Josephson junctions
[7].
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It is well known that high temperature super-
conductivity in cuprates is sensitive to crystal de-
fects and chemical non-stoichiometries. For
example, creation of oxygen vacancies in YBCO
can lead to superconducting±non-superconduct-
ing±insulating phase transitions. Elemental sub-
stitutions, such as 3d transition metal elements for
Cu, depress the superconducting phase transition
temperature Tc in general, though the solubility of
such elemental substitutions is limited [8]. This
opens a new approach for the fabrication of su-
perconducting devices, such as Josephson junc-
tions, if the suppression of superconductivity can
be controlled up to a scale comparable with the
dimension of the coherence length. Appropriate
implantation of superconductors causes suppres-
sion of the superconducting transition temperature
Tc through radiation damage e�ects, so a SNS
junction can be made by implantation using a
suitable mask structure or using focused electron
and ion beams. Further investigations are under-
way in many laboratories worldwide using masked
ion implantation damage processes, allowing
faster manufacturing of device batches, due to the
recent developments of lithography technology for
the fabrication of implantation masks in the na-
nometer range [9±16].

It is very clear that the radiation damage dis-
tribution of high temperature superconductors,
such as YBCO, is important for the performance
of devices fabricated under energetic ion beam
bombardment. Considering the small physical size
of the mask structure (down to nanometer range)
involved here, the damage behavior is very inter-
esting but not fully understood. To con®ne the
lateral distribution of the damaged area within a
small area, and with high homogeneity, a high
energy proton beam, and thin (�50 nm) super-
conducting YBCO ®lms are proposed for the
Josephson junction fabrication to avoid the lat-
eral spreading of ion beam scattering and to
maintain high spatial de®nition of the damaged
region. The purpose of this paper is to report on
the development of a simulation program to in-
vestigate the e�ects of implantation on Nb
masked YBCO thin ®lms, and to report on a
problem found by the simulator of a mechanism
for ion to penetrate the mask, and consequently

the need to make the mask much thicker than
expected.

2. The Monte Carlo simulator: CRYSTAL

The Monte Carlo simulation program CRYS-
TAL was written to meet the requirements for
modelling of damage accumulation and channel-
ling implantation in crystal silicon. The program is
highly parallelized and vectorized, which results a
signi®cant reduction in computation times. It has
been adapted in order to take account of the
complex crystal structure of YBCO. The detailed
description of CRYSTAL has been reported else-
where [17]. The schematic structure model is il-
lustrated in Fig. 1. To simplify the calculation, the
LaAlO3 substrate is approximated by an amor-
phous structure in®nitely thick. The assumption of
an amorphous substrate is arbitrary, but its e�ect
on the damage distribution in YBCO thin ®lm is
expected to be small. On top of the LaAlO3 sub-
strate is 50 nm YBCO with orthorhombic crystal
structure. The ion beam can be tilted by an angle h
relative to the sample normal. Then the normal
and the beam direction lie in the ``implantation
plane''. The ac plane of the YBCO is also normal
to the surface, and the angle between the implan-
tation plane and projection plane is /. The ac

Fig. 1. A model structure for Monte Carlo simulation. The

layered structure is composed of 400 nm Nb mask with 50 nm

opening slot in the middle, 50 nm YBCO thin ®lm and LaAlO3

substrate.
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plane is chosen in this work as the projection
plane, with h� 15° and /� 90°. No divergence of
the incident ion beam is assumed.

All simulations are carried out at room tem-
perature with 105 trajectories recorded for each
simulation normalized to 1016 ions/cm2 implant
dose, except those speci®ed otherwise. Self-an-
nealing e�ect of damage created by irradiation is
excluded.

3. Simulation results

It is well established that the defect concentra-
tion created by a radiation damage process is
proportional to its energy deposition, particularly
in the low dose range [18]. For superconducting
phase transition temperature Tc, to a good ap-
proximation, it is this damage level that a�ects Tc

rather than the speci®c ion beam energy or implant
dose. A series of YBCO thin ®lms have been
subjected to 50 keV proton irradiation with doses
from 1015 up to 4� 1016 ions/cm2, and the super-
conducting phase transition temperature Tc has
been determined by standard 4 terminal AC elec-
trical resistance measurements. Energy depositions
have been derived from Monte Carlo simulations.
A plot of energy deposition against Tc is shown in
Fig. 2. It is clear that for an energy deposition less

than 1021 eV/cm3 the superconducting transition
temperature Tc will be greater than 80 K, but Tc is
sharply suppressed for energy depositions greater
than 1021 eV/cm3. An excellent linear correlation
of implant dose and Tc suggests that the variation
of self-annealing e�ect upon the implant dose can
be ignored for the doses concerned here.

Range calculations using SUSPRE 1 reveal that
about 350 nm thick Nb ®lm should be enough to
stop a 50 keV proton beam completely. Simulation
results from CRYSTAL are consistent with this
conclusion. For a 400 nm Nb mask on a 50 nm
YBCO layer, all the proton beam has been stopped
by Nb mask, Fig. 3(a), and no implant damage can
be observed inside the YBCO layer, Fig. 4(a). This
has also been con®rmed experimentally.

However, gradual opening of a central slot on
the Nb mask leads to a signi®cant ``leakage'' of
incident beam into the YBCO thin ®lm and
LaAlO3 substrate. A striking general feature is
that a 400 nm Nb mask seems unable to stop the
beam completely, with an extended damaged
pro®le underneath the Nb mask being developed,
as shown in Figs. 3 and 4. For a central opening
width of 5 nm, Figs. 3(b) and 4(b), the lateral
distribution of energy deposition greater than
1019 eV/cm3 extends up to 250 nm, the variation in
energy deposition along the forward direction of
ion beam is also obvious, though the badly dam-
aged central area with signi®cant Tc suppression,
that is, with energy deposition greater than
1021 eV/cm3, as shown in Fig. 4(b), is still con®ned
to a small area. Similar features have also been
obtained for a model with a 2 nm slot width. A
reasonably well de®ned central damaged region
can be observed with a central opening width
wider than 20 nm, as shown in Fig. 4(c), the di-
mension of the central region with energy deposi-
tion greater than 1021 eV/cm3 is con®ned to a 200
nm region. In contrast to the extended damage
underneath the Nb masks in Fig. 4(b) and (c),
the extension of damage range into the area

Fig. 2. Correlation between superconducting phase transition

temperature Tc and simulated energy deposition by 50 keV

proton beam irradiation with various implant doses, for a 50 nm

YBCO thin ®lm on LaAlO3 substrate without Nb mask.

1 SUSPRE is a program based on energy deposition in the

surface and is available from R.P. Webb, SCRIBA, SEEITM,

University of Surrey, UK.
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Fig. 4. Simulated implant damage distributions (in log scale) with various mask structures: (a) without central opening; (b) 5 nm central

opening; (c) 20 nm central opening; (d) semi-in®nite Nb mask. Only energy depositions which are greater than 1021 eV/cm3 are

presented here.

Fig. 3. Simulated net doping distributions (in log scale) in YBCO thin ®lms with various 400 nm Nb mask structures: (a) without

central opening; (b) 5 nm central opening; (c) 20 nm central opening; (d) semi-in®nite Nb mask.
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underneath a semi-in®nite Nb mask is still there,
but is much weaker (<1021 eV/cm3) compared to
other structures with a central opening slot, indi-
cating an enhanced penetration of proton beam
due to the sidewall interactions.

In fact, a slot width of 5 nm or even 2 nm is
di�cult to make in practice with a 400 nm thick
Nb mask. The simulation results described above
also show that such a narrow slot has no ad-
vantage in achieving a well de®ned narrow and
homogeneous damaged region. We now consider
at a simple but di�erent approach to reduce the
extended damage by increasing the Nb mask
thickness with a standard 50 nm central open-
ing slot. The simulation results are shown in
Fig. 5.

As expected, the lateral beam damaged area
decreases as the Nb mask thickness increases. As
far as the proton beam implant e�ect is concerned,
a minimum 1200 nm Nb mask layer seems neces-
sary to stop nearly all the proton implant inside
the Nb mask layers, Fig. 5(b). It is interesting to
point out here that roughening of the Nb mask
slot sides helps to stop the implant ions a little bit
more e�ectively, obviously due to the e�ective

damping of sidewall interaction cascade. So the
simulation with smooth surfaces gives an upper
limit to the implant damage spreading process. It
is also easy to understand that the damage level is
lower in the YBCO target with a thick Nb mask,
as more proton ions have been stopped by the
mask. Ignoring the self-annealing process, the re-
duction in damage level can be easily compensated
by increasing the implant dose. In fact the nominal
dose used for Fig. 5(b) is 7.5 times higher than that
for the structure with only 400 nm Nb mask,
Fig. 5(a), in order to give a comparable damage
level in the central area con®ned by the mask
opening width.

Reduction in beam energy can also help to stop
the beam penetration, and also to reduce the range
of damage spreading. The results for a standard
400 nm Nb mask with 50 nm opening are shown
in Fig. 5 with incident beam energies of 30 keV
(Fig. 5(c)) and 50 keV (Fig. 5(a)). To compensate
the small reduction in damage level just inside the
central slot de®ned area with decrease in incident
beam energy, the normalized implant dose has
been increased by a factor of 1.75 for the 30 keV
case compared to 50 keV implant. It is clear that

Fig. 5. Variations of implant damage distribution upon mask thickness and incident beam energy with 50 nm central slot: (a) 400 nm

Nb mask, 50 keV proton beam, and 1016 ions/cm2 proton implant; (b) 1200 nm Nb mask, 50 keV proton beam, and 7:5� 1016 ions/cm2

proton implant; (c) 400 nm Nb mask, 30 keV proton beam, and 1:75� 1016 ions/cm2 proton implant.
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the dimension of the central region with energy
deposition higher than 1021 eV/cm3 has been
decreased signi®cantly from about 250 nm for 50
keV down to about 200 nm for 30 keV beam
irradiation.

4. Discussion and conclusions

The damage pro®les of energetic ion irradiation
under varied mask structures have been studied
before both experimentally and theoretically for
semiconducting materials [19±21]. It is obvious
that the contribution of mask structure is getting
more important as the size of mask structure goes
down to the nanometre scale. We carried out
Monte Carlo simulation study on the sidewall in-
teraction process, using superconducting YBCO
thin ®lm covered with varied Nb masks as an ex-
ample, but the physics clearly applies to other
material systems.

Simulation results described above establish
clearly that sidewall interaction for high aspect
ratio mask structure is signi®cant. This interaction
is intrinsic for the structure model discussed here,
and its contribution towards the damage and do-
pant distributions can be modi®ed with changing
initial incident beam energy, aspect ratio and sur-
face ®nishing of the mask structure. Previous
studies on the e�ect of mask edges is more or less
similar to the semi-in®nite mask structure de-
scribed above. It is natural to anticipate that such
a e�ect will be less important as the width of
opening goes up, i.e., the aspect ratio goes down.
Similar interaction should be expected for other
systems, as the e�ect is basically dominated by the
geometrical factor of the mask structure.

The main consequence of this sidewall e�ect is
that the lateral damage range in the target material
underneath the mask structure is far larger than
the masked area. Provided the beam energy is high
and target ®lm thickness is not very thick, the most
prominent e�ect of sidewall interaction will be the
inhomogeneous distribution of both damage level
and net doping concentration along the lateral
direction. This may be a serious problem for na-
nometer scale electronics device fabrication where
homogeneous distribution of doping is important.

However, for YBCO sample considered here, the
entire damaged YBCO track can be better de-
scribed as a series of stripes with varied super-
conducting transition temperatures; it is still likely
to form a well de®ned central damaged area with
suppressed superconducting transition tempera-
tures or non-superconducting at all, and thus leave
a narrow working temperature and normal state
resistance window for the formation of Josephson
weak links. This has been con®rmed by our in-situ
implant experiments, which with the detailed de-
scription of Josephson junction fabrication and
characterization, have been reported elsewhere
[22]. Simulations of the optimal combinations of
beam energy and mask structures are still under-
way, as well as the incorporation of self-annealing
processes at high implant dose ranges.
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