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Abstract 

YB~,CLI,O,-~ thin films deposited by pulsed laser deposition were patterned by ion implantation. The pa~terning 
technique is based on the local disordering of the crystal structure due to elastic collisions of the imp1,mted 0'"-ions and thus . 
on a strong breakdown of superconductivity in the irradiated areas. With tkis patterning method circular and meandering 
structures with a size of 1 rnm were prepared for invesuga~ions regarding high current applications. Oi-ions with an energy 
of 180 keV were used to avoid a contamination of the film. The achieved structures were investigated concerning a 
dependence on the dose by means of RBS, XRD, A M  and magneto-optical characterization. Using a fluence of 5 x 1 0 ' ~  
O+/cm2 a fully planar and stable s~ructure can be obtained. The patterning depth can be adjusted by varying the 
implantation energy. So thjs technique was also used successfully on YBCO thin films covered already wi tll a 300 ntn Au 
lop layer. O 1998 Elsevier Science 8.V. 

PACS: 74.60.Mj; 74.75. + t: 85.70.Sq 

Kcp!,ords: Applica~ions of high-Tc superconduc~ors: ' h i 1 1  film; hadiation effects; Ion implanta~ion: Magneto-optical 

I. Introduction ' ' and are very sensitive to the oxygen content in rhe 
copper-oxide chains. Thus (i) a reduction of ths 

There are di fferenr methods of patterning high-? 
oxygen conren t , (ii) a disordering of the copper-oxide 

Superconductors for device fabrication where .the 
planes or (iii) a total damage of the YBCO lattice 

most common ones are based on chemical etching 
leads to a vanishing of superconductivity. By means 

techniques. A more unconventional technique is the 
of the ion lmplanMtion process such a of 

Patterning with ion beam implantation. This.method 
the superconducting properties is achieved because 

is  based on a local deterioration of the superconduct- 
of elastic nuclear scanenng of the projectile at 

ing Properties depending on the copper-oxide planes target atoms of the HTS film. Therefore i 
process itself causes just a physical damage. Funher- - 
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[I]. In our case we use oxygen ions for implantation 
to avoid such a chemical contamination of [he YBCO 
thin films. Depending on the grade of destruction 
((i)-(iii)) a subsequent annealing srep in an oxygen 
atmosphere can reorder the disordered regions and 
reload the oxygen content. Concerning the long time 
stabjlity of the pattern a reload with oxygen i n  the 
irradiated areas and thus a recovery of the supercon- 
ductivity should be a\~oided. The aims of the de- 
scribed experiments are the realization of a stable 
pattern of the YBCO thin film wjthout producing 
steps on the surface allowing a further epitaxial 
growth on top as well as the structuring through an 
already deposited top layer. In the case of hj.gh 
cu~sent. applications of large area HTS films a struc- 
ture size in the range of mm to cm is demanded [2]. 

2. Experimental 

The epitaxial YBCO thin films used for patterning 
were prepared by pulsed laser deposition (PLD) 131. 
The film hickness is typically about 250 nm and the 
crystalline structure is fully c-axis-oriented on SrTiO, 
substrates with a FWHM of the roclung curves of 
A ~(00.5) 1 0.40". The critical temperarure T, of the 
different Fhms ranges from 88.0 to 9 1.9 K and [he 
critical currenc .density j, js about (1 .O-3.0) X lo6 
~ / c m '  at 77 K and zero field. 

Some of the YBCO films were covered in situ by 
PLD with a 200 nrn thick gold layer resulting in a 
Au/YBCO bilayer. The deposition of the gold layer 
does not affect the superconducting propenies of the 
Y BCO film. This follows from inductive measure- 
ments of d ~ e  critical current density j, and .critical 
temperature T,. 

These two different kinds of samples were pat- 
terned by ion. implantation at room temperature with 
a Ta niask. Concerning high current appljcations the 
dimensions of the pattern were chosen to be - 1 
mm. In the case of the single layer sample oxygen 
ions with an energy of 180 keV were used for 
patrerning. The fluences range from 1 X 1013 to 
1 x 1016 O+/cm2. At this energy the projected Ion 
range? longitudinal straggling and lateral straggling 
were calculated by TRIM [4] to be 1951, 663 and 
330 A. TIUM is a computer program simulating the 
ion implantation process by means of the Monte- 

Fig. I .  TRlM calculation of the ion profile afier a 360 keV 0' 
implantation into the layer s)lslern 200 nm Au/300 nrn YBCO. 
The oxygen ions penelrate the whole d e p ~ h  of the YBCO layer. 

Carlo simulation. The Au/YBCO multilayers were 
irralated with 360 keV 0'-ions and a constar 
fluence of 5 x 1015 0+/cm2. In this case the-TRIh 
calculations (Fig. 1) result i n  2825, 1226 and 542 
respectively. The energy is sufficient for the ions to 
penetrate the whole depth of the YBCO layer. Be- 
cause of jon implantation being a strong directional 
process the lateral spreading for this energy range is 
only 30-60 nm. This induces sharp strucrure edges 
just affected by the mask. In other cases, this tech- 
nique has been used for Frn- [1,5] and sub-pm-pat- 
terning . 

The obtained, structured YBCO films were stud- 
ied by Rutherford backscattering spectroscopy (RBS), 
atomic force tnicroscopy (AFM), optical reflectiori 
microscopy, X-ray diffractomeuy (XRD) as well as 
magneto-optically (MO). The magneto-optical mea- 
surements were can-ied out with an iron garnet film 
as. magneto-optical indicator in  a homogeneous mag- 
netic field at a temperarure of 4.2 K. Wjth this 
technique the flux penetration into tlne superconduc- 
tor can be visualized by dne magneto-optical indica- 
tor illuminated with polarized light perpendicular to 
the film surface. The flux pattern results in a 
greyscale picmre recorded by a CCD camera on a 
video tape. Moreover, the superconducting properties 
of the YBCO fil~ns were also investigated by induc- 
tive j, and T,  measurements before and after the 
irradiation. 
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3. Results and discussion 

To study the influence of the implantation on h e  

crysrallirie structure the irradiated sample areas were 
investigated by RBS (channeling). The YBCO layers 
were analysed with a 1.5 MeV He '-beam in random 
and aligned crystal orientation before and after irra- 
diation with oxygen ions. The RBS spectra of a 
YBCO sample which was implanted with a dose of 
5 x 10'" O'/cm2 is shown in Fig. 2. The minimum 
yield x,, of the untreated YBCO layer, which 
describes the proportion of backscattered particles in 
the case of an aligned crystal to a random oriented 
irysral, amounts to 3.6% near [he surface (Fig. 2(a)). 
This value indicates the perfect crystaI11ni ty of the as 
deposited YBCO thin film. After the 180 keV Oi 
irnplantatiol~ with a fluence of 5.X 1014 0 + / c m 2  the 
value for x,,, has risen up to 92% (Fig. 2(b)). Thus 
this fluence is sufficient to destroy the crystal scruc- 
ture almost completely. Channeling measurements 
show that a fluence of I x 10'' 0'/cm2 causes a 
x,,,, of 100%. By contrast a fluence of 1 X 1013 
0- /cm2 leads only to a disorderirlg of the crystal 
lattice (,ymi, = 60-70%). To check if the irradiated 
YBCO is still polycrystal line or already amorphous 

le samples were srudied by X'RD. The LYRD analy- 
2s show a vanishing of the YBCO reflexes already 

after an irradiation with a fluence of 5 X 1014 
0'/cm2. Thus r l u s  irradiation leads ro a complete 
arnorphization of the YBCO chin films. This seems 
LO be remarkable because the calculated enersy loss 
(calculated by TRIM) for this system is only 22 
eV/(ion A) in maximum. In conrrart to this no 
indications of an arnorphizarion could be observed 
for Si [6] or Al [7 ]  ~rnplantatiol~ into YBCO desplte 
of a higher calculated energy loss in that case (65 
eV/(i,on A) and 60 eV/(ion A).), respectively). The 
reason for the different results in the two experi- 
ments is not clear at the moment. The fact that the 
pattern is caused by an amorphization of the YBCO 
crystal gukmtees  the long time stabili~y of the pat- 
terning at room temperature. 

Fig. 3 shows two atomic force micrographs of the 
YBCO film surface in the area of the pattern edge. 
The micrographs are shaded by the software to make 
the edge more evidently. In Fig. 3(a) the YBCO 
surface is shown after an 1'X 1016 O+/cmZ implan- 
tation. The irradiated area is located in the left pm 
of tl-~e picturc, the structure edge runs vertically. A 
pattercling with this flu6nce results in a structure 
edge with a step height of 20-25 nm. This is caused 
by a sputtering of the YBCO surface by the incident 
oxygen ions Orherwise the surface rou~hness is less 
than 10 m except for some panicles on the surface 

(a) Enerpy ( M ~ V )  b.1. Energy (UeV) 

Channel  Chanrel 

; spectra of a YBCO thin film in random and aligned orientation (a) before and (b) after a 180 keV of implantalion with a 
uence of 5 X 10'' 0+/crn2. This fluencc is sufficient to destroy the crystal structure almost completely. which is indicated by x,,, 
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Fig. 3. Two atomc force micrographs of the YBCO surface In the area of the pattern edge. (a) The surface after an irradiation with 1 X 1016 
0+/crn2 10 the left p a  of rhe m~crograph. By this fluence an edge step of about 20 nm was generated. (b) After an madiat~on w ~ t h  
5 x 10'* oi/crn', here no step could be observed. 

with diameters of up to a few microns. Decreasing 
the fluence to 1 X 1015 0 + / c m 2  a step wirh a height 
of only about 15 nm .is obtained. A further reduction 
of the fluence to 5 X 10'' O'/cm2 leads,to a fully 
planar structure withour any steps (Fig. 3(b)). 

 magneto-opt-ical analyses were used to investigate 
the suitability of the structuring method. In Fig. 4 a 

magrreto-optical image is presented showing the flux 
disuibution i n  the YBCO thin film meandered with a 
flucnce of 5 X 10 l5 0 '/cm2. The image was taken 
at 4.2 K and a magnetic field of 33 mT. Bright 
regions indicate areas with high magnetic f lux  den- 
siry, the regions remaining in the Meissner pl~ase 
stay dark. Applying a small homogeneous magnetic 
field (5- 10 mT) perpendicular to rile sample surface 
after zero field cooling (ZFC) flux penetrates irnme- 
diarely and completely into the whole irradialed area. 
This indicates that there is no magnetic screening 
due to superconducting shielding currents any more, 
This could be confirmed by means of inductive j, 
measurement, where no critical culrent density could 
be determined in the irradiated area. Thus patterning 
with this fluence is working well. By increasjng the 
~nagnetic field the flux starts to enter also the super- 
conducting paths from the pattern edges. This pene- 
tration happens in most parts of the paths in a verqr 
symmetrical manner, except a region at the upper 
image edse (arrow in Fig. 4). In this area there is a 
faster penet.ration of the flux front from the right 
path edge than from the left one. This is probably 
caused by a lower critical current density of the 
YBCO thin film jn the described area. 

The sequence of magneto-optical images in Fig. 5 
Fig. 4. Magneto-optical image of a meandered YBCO thin film. shows a YBCO thin fiIm ~at temed circularly with a 
The pattern (see inserted graphic: white lines correspond 10 imadi- fluence of 5 x 1014 0 +/cm2. Even at this low flu- 
ated areas) was generated by a fluence of 5 X  loL5 0 + / c m 2 .  The ence the flux enters i~nmediatel y and homogeneously 
image was recorded at a temperature of 4 2 K and a magnerlc field 
of 33 mT. An jron garnet film was used as magtleto-oprical in'0 regions when a magnetic 
indicator. field is applied ( ~ j g .  5(a)). A sickle-like defect can 



be observed, where flux can even enter the supercon- 
ducting path at a magnetic field of 14 mT (arrow 1). 
Increasing the magnetic field results in (Fig. S(b) is 
taken at 35 mT) a flux penetration simuItaneously 
from all edges into the conducting paths. Along the 
small defect the flux plume opens up and the flux 
front can already enter the center of the supercon- 
ducting path. A second defect can also be observed 
In the path (arrow 2) .  This is more evident in Fig. 
5(c), which shows h e  film at the saturation magneti- 
zation of 70 mT. The dark line, a so-called df-line 
(discontinuity line of the current [8]), following the 
conducting path points rather exactly to the center of 

l i l ~ - l l - r .  

area 

it. In most parts of the path the flux distribution is 
highly symmetrically oriented around the d'-line 
indicating a good homogeneity of the superconduc- 
tor. Except for the two small line defects and for a 
region on the right side, where the df-line has a 
parabolic course (Fis. S(c): dotted line at arrow 3), 
because the flux front from the left pattern edge 
could enter the superconductor at even lower mag- 
netic fields. T h s  seems again to be caused by a 
lower critical current density in h i s  region. The 
circular course of the d+-line with the three defective 
areas can also clearly be seen in Fig. 5(d) (bright 
line) showing the remanent state of the film with 

Fig. 5 .  Sequence of mafific!o-optisal irnaers of a circular s [ r u c t u ~ d  YBCO thin film. Thc tlucncc ot rhc i r rad ia~ ion  was 5 k 10'' 0+/crn2. 
(a) B = 14 mT. (b) B = 35 mT, (c)  saluration field B = 70 mT and (d)  rernanent state. 
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trapped flux. The investigation of the sample in the 
area of the LWO line defects by optical microscopy 
shows that these reductions of the screening currents 
are caused by two small scratches in the substrate 
influencing the groetth of the YBCO layer. 

In contrast to a fluence of 5 X 10'' 0+ /cm2  
leading to an amorphization of the irradiated areas 
and thus to a complete breakdown of superconduc- 
tivity a lower fluence of 1 X 1013 OA/cm2 only 
redurc. T, from 9 1.3 to 80.0 K and j, by two orders 
of magnitude. 

A part of the YBCO thin films was in situ cov- 
ered with a 200 nm gold layer. T l~e  irradiation of 
these double layer systems was performed with 380 
keV O+-ions with a fluence of 5 X 10" 0+ /cm2 .  At 
this energy and fluence rhe enlarged sputter yield of 
the gold top layer leads ro a step height of 50 nm. 
which is higher than that of the YBCO surface in the 
first experiments. 

The RBS analysis of rhe Au/YBCO system shows 
no intermixing of the two layers at the interface. The 
performance of the YBCO suzlcturing through the 
gold top layer could be proved magneto-opt icall y . 
The same flux penetration behaviour as in the single 
YBCO film was observed. 

4. Conclusion 

We have presented a method of patterning YBCO 
thin films with and without an Au top layer by ion 
implantation of oxygen. For the single Y BCO layer a 
180 ke.V oxygen irradiation with a fluence of 5 X 10Id 
O'/cm2 is enough to amorphize the YBCO film 
forming an effective and stable pattern without any 
steps on the surface. A Iower fluence of 1 X loi3 
0-/cm2 leads only to a decrease of the supercon- 
ducting properties. but not to an effective patterning, 
whereas the irradiation with a higher fluence of 

1 X l0I5 0"/cm2 already causes a 15 nm step at th, 
surface. 

Using 360 keV oxygen with a fluence of 5 X 10': 
O'/cm2 a patterning of the YBCO film through i 

200 nm gold film could also be realized. 
The quality of the YBCO patterns could be anal. 

ysed magneto-optically. Moreover, with this methoc 
small defects in the remaining superconducting patk 
and their influence on the penetration of magnetic 
flux could be observed. This indicates that magneto- 
oplical analyses are one of the most suitable tech. 
nlclues for a complete investigation of the q u a l j ~  01 
HTS thir~ films as well as for a testing of HTS 
patterns for device fabrication. 
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