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ABSTRACT: Irradiation of YBa2Cu3O7-δ with H2
+ ions with an energy in the range of 10-50 

keV can be used to fully suppress superconductivity. Simulations suggest that such an 
irradiation process in combination with a high resolution mask can be used to create highly 
localised damage regions in thin YBCO films (50-200 nm). This technique has been 
experimentally verified using an ion beam implantation set-up where low temperature 
Junction measurements can be made in-situ during implantation. The high resolution metal 
mask (~40 nm) was made with a focused ion beam, using a newly developed in-situ resistance 
monitoring technique for endpoint detection. The fabricated devices, which can be 
characterised during the irradiation process, show Josephson coupling over a limited 
temperature region. This is a consequence of the relatively long superconducting barriers 
(~100 nm) that result from the current combination of ion energy and masking. 

 
1. INTRODUCTION 
 

Focused Electron Beam Irradiation (FEBI) of YBa2Cu3O7-δ (YBCO) thin films and related 
compounds under the right conditions can be used to create high quality Josephson junctions (Pauza et 
al. (1997), Booij et al. (1997)). 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 in multilayer HTS Josephson junction types.  

The mechanism by which Josephson coupling arises in FEBI junctions is well understood and 
is rooted in the sensitivity of the superconducting state in high temperature superconductors to oxygen 
ordering. Point defects created by various means (e.g. electron and ion irradiation) can result in strong 
and even complete suppression of the superconducting state. If a sufficiently short barrier (length 
L~ξnd, the dirty limit coherence length) of such material is created in a HTS film, proximity coupling 
can occur and a Josephson junction is formed (Pauza et al. (1997), Booij et al. (1997), Davidson et al. 
(1996)). The process by which these defects are created is largely irrelevant (as long the defects are 
sufficiently uniformly distributed and the barrier is short enough), and a natural extension of the FEBI  
(Kahlmann et al. (1998), Katz et al. (1998), Tinchev (1990)) process is masked ion irradiation. 
Contrary to FEBI, the masked ion damage process (MID) can easily be scaled up to produce large 
numbers of junctions using existing technology. A number of studies have provided conclusive 
evidence that Josephson junctions can be created through masked ion irradiation, although the 
obtained IcRn values are still limited by the minimum barrier length that can be obtained (~100 nm) 
(Kahlmann et al. (1998)). Consequently such junctions only show Josephson behaviour over a small 
temperature interval above the Tc of the irradiated barrier (S’ barrier). 



To study whether the barrier length can be reduced we have developed a new in-situ 
resistance monitoring technique for prototyping high-resolution masks using a focused ion beam. The 
advantage of this technique is that the process is more flexible and far simpler than electron beam 
lithography based processing. Furthermore we use metallic masks, which have far greater ion 
stopping power than the resist masks used until now. By performing low temperature measurement 
during the implantation process, alignment can be verified. New simulations have been performed 
which take into account the interaction of ions with the masking layer prior to entering the 
superconductor. 
 
2. FABRICATION PROCESS AND MEASUREMENTS 

2.1 Combined track and mask definition 

For the experiments we used high quality YBCO films (200 nm) grown by laser ablation on 
LaAlO3. To open windows for access to YBCO contact pads, a resist lift off mask was applied prior to 
deposition of the ion stopping mask, consisting of 30 nm Au followed by 400 nm Nb. The Au layer is 
necessary to avoid de-oxygenation of the YBCO layer by direct contact with Nb. To ensure good 
adhesion of the metal making layer the Au layer was deposited using DC sputtering at low pressure, 
whereas the DC sputtering conditions for the Nb layer was optimised for low stress. After lift-off a 
new photo-resist layer was applied to define tracks in both the mask and the YBCO layer. The pattern 
was first transferred to the Nb mask by CF4 plasma etching in a RIE. Undercutting of the resist mask 
occurred due to the isotropic nature of the plasma process used. Using the same resist mask, the 
exposed Au and YBCO material was removed by Ar ion beam milling at 500 eV on a rotating water-
cooled sampleholder. Since Argon ion milling is a highly directional process, the result is that the 
YBCO tracks are only partially covered by the Nb mask, with as much as 0.4 µm at either edge 
exposed. However, the exposed part of the tracks will be damaged during the ion implantation process 
and will simply result in additional shunting. As a final step Au contact pads are deposited on the 
exposed YBCO pads while making sure that the is no direct electrical contact between Au pads and 
the Nb mask other than through the YBCO layer. A schematic representation of the processing is 
shown in Fig. 1. 
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 Fig. 1 Schematic representation of the fabrication process to create highly localised barriers 

 



2.2 FIB high resolution slit definition 

To define the slit in the Nb mask through which the barrier region is formed, we a used a 
focused ion beam system (Philips Electron Optics/FEI FIB 200 workstation) which uses a Ga source. 
This system has a milling spotsize of 8 nm for the 4 pA beam current we employed. However, the 
aspect ratio that can be achieved using direct milling is severely limited (<3) by re-deposition effects. 
Using iodine gas injection during the Ga ion mill, which will carry the sputtered Nb out of the milled 
slit, can significantly increase the attainable aspect ratio. One disadvantage of using a FIB for this 
process is that there is no natural endpoint, and detection techniques such as stage current and emitted 
secondary electron monitoring are simply to inaccurate. We therefor developed a new technique 
which uses in-situ resistance monitoring of the track whilst etching to monitor the slit formation 
progress (Latif et al. )). In the case of our Nb/Au/YBCO tri-layer, the thin Au layer with its high 
conductivity means that the endpoint for slits as narrow as 40 nm can be found accurately (see Fig. 2) 

2.3 H2
+ irradiation with in-situ low temperature characterisation 

For H2
+ irradiation the sample is transferred to a sample holder with electrical contacts, which 

is mounted on a closed cycle refrigeration unit. This allows us to measure the electrical characteristics 
of the device at any temperature between 25K and 400 K whilst irradiating. Through careful shielding 
and filtering of the signal lines we can accurately measure Josephson characteristics (see inset Fig.3a). 
By cooling the sample below the Tc we can probe the electrical characteristics of the YBCO region , 
exposed by the slit, during implantation. Dosing can be done accurately by monitoring the resistance 
of the region at a given temperature and using the resistive transition as an endpoint. An example of a 
resistance measurement as a function of temperature for a barrier thus formed is shown in Fig. 3a. The 
difference between the up and down R(T) curve is caused by annealing of defects. 

 
3. JUNCTION PROPERTIES 

 
After implantation the samples were stored for a couple of days at room temperature and re-

measured. As anticipated the characteristics had changed dramatically. The barrier for which the R(T) 
is shown in Fig. 3b has a low current resistive transition around 25 K directly after implantation 
whereas as a consequence of defect annealing this has increased to 70 K. The steep R(T) curve is 
typical for a long barrier whose effective resistive length changes rapidly as a function of temperature. 
There are two mechanisms to this process: a) An intrinsic effect due to quasi-particle reflection which 
even occurs in perfectly uniform barriers with a finite Tc (Booij et al. (1999)). b) Scattering of ions 

1  mµ 0 5 10 15 20 25
0

0.5

1

1.5

2

2.5

∆
R

 (Ω
)

t (s)

Au

Nb

stop
YBCO

 
a)      b) 
Fig. 2 a) Image obtained in the FIB of a slit approximately 50 nm wide cut into the Nb mask. b) Resistance 
increase of the track as a funtion of time during the FIB slit etching process. The points at which the 
different interfaces are reached can be easily identified. 



causes the barrier to have a graded distribution of Tc’s both along the length and thickness of the track 
(Kahlmann et al. (1998), (Pauza et al. (1997)). To get an estimate of the extent of the barrier we can 
consider the RnA value just below the Tc of the track; 4.4 Ωµm2. From measurements on long tracks 
implanted with 50 keV H2

+  ions, we know that the resistivity of YBCO with a Tc around 60 K is 
4 µΩm (Booij et al. (1999)). The electrical length of the barrier is therefor approximately 110 nm, 
which is more than twice as wide as the slit in the mask. As a consequence the Jc of the MID junction 
rises very rapidly as temperature is reduced and 5-10 K below the resistive transition all RSJ-like 
features disappear. For comparison the much better Jc and RnA properties of a low quality FEBI 
junction, with a known barrier length of 20 nm, are shown.  

The reason why this occurs becomes apparent from ion scattering calculations that take 
proper account of the presence of the slit in the mask. Simple calculations on a continuos masking 
layer suggest that 400 nm Nb is more than sufficient to stop H2

+ ions with an energy of 50 keV. 
However, the presence of the slit means that ions scattered high up in the mask can travel through 
vacuum and re-enter the mask or YBCO track with sufficient energy and abundance to cause 
significant widening of the damage profile. To obtain better reproduction of the slit dimensions either 
the mask has to be increased in thickness (50 %) or the ion energy lowered. The width of the barrier is 
then limited by the lateral straggle of the ions that scatter in the YBCO layer itself.  
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Fig. 3 a) The continuous lines show a up/down R(T), which was measured in-situ, of the same barrier after 
irradiation with 5 1015 ions/cm2. The discontinuous line was obtained after further irradiation up to 7.5 
1015 ions/cm2 and storage at room temperature. The inset shows an IV characteristic measured during 
implantation. b) Jc and RnA as a function of temperature for a junction produced by MID and a low 
quality FEBI junction. The inset shows a MID junction under microwave irradiation. 


