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We have analyzed the electromagnetic properties of small and longCYBa;_, grain-boundary Joseph-
son junctions. The Swihart velocity increases with junction wigéhwhile the ratio of the relative dielectric
constant to the barrier thickness/{) decreases. We found that the prodwct /t is approximately constant.
These results have been explained in the framework of the filamentary model, where the barrier can be
regarded as a disordered dielectric medium with a high density of superconducting filaments. Experiments
demonstrate that a controllable variation of these parameters can be achieved by helium irradiation at 80 keV.
We give examples of an enhancement of weak-link properties of junctions for doses in the ranffeof 0
Raising the dose we can sweep the modification of the weak-link properties from an increase of the junction
critical current of about 10% to a severe degradation of the coupling energy of the barrier, although the
superconducting properties of the electrodes always worsen gradually.

I. INTRODUCTION not be described by this model since dislocation cores may
overlap; however, strongly coupled paths have also been
Josephson junctions play a key role in electronic devices.demonstrated in this case, so that the filamentary model has
Control and reproducibility of the properties of high- been generalizetf
temperature superconductor Josephson junctions is essential An important tool for understanding the microstructure
for the development of new electronics. In this recent techand nature of the grain boundary is the study of critical cur-
nological area, a widely used technique for the fabrication ofent (I ) spatial distribution in GBJ's. Some studies in small
high-temperature junctions is the epitaxial growth ofjunctions using the inverse Fourier transform on critical cur-
YBa,Cuz0,_, (YBCO) on bicrystalline substrates with one rent versus magnetic field dependeriggB), give clear evi-
tilt grain boundary. The nature of the weak link at the grain-dence thal - has spatial inhomogeneities on a length scale
boundary junctiongGBJ's) generated in the YBCO layer down to 1 nmt>!* Analytical and numerical studies have
grown on top is still controversidl®> Moreover, it is well been developed in long Josephson junctions, solving the
known that the grain boundaries are extremely sensitive tgtatic sine-Gordon equation, in the presence of different
the growth parametets provided that film growth takes types of structural disordéP.In any case the literature pre-
place in conditions far from equilibrium. Among the differ- sents an excessive variation of critical parameters su¢h as
ent models proposed to explain the properties of YBCQOand junction resistanceR() for all junction types, even in
GBJ's the filamentary modis frequently referred. Com- the same chip. Only a few empirical conclusions and rela-
parative electromigration studies between grain-aligned mitions are frequently reported for GBJ's: for instance, a stron-
crobridges and microbridges containing high-angle tiltger coupling behavior for lower-tilt angle boundariéS,and
boundaries suggest that the initial effect of a grain boundara scaling behavior for the characteristic voltage= 1Ry,
is to exacerbate the disorder in the adjacent regions. On thehich is proportional to Jc) %91 with q~1.5, wherelc is
basis of these observations, this phenomenological modéhe critical current density, when bicrystalline SrtiGub-
analyzes the grain boundaries bridged by an array of supestrates are used.In this framework, several experiments
conductive connections and by another array of normal pathisave been developed to study the possibility of adjusting the
that do not carry supercurrent. This model is consistent wittbarrier parametera posteriori In junctions made on bicrys-
a wide set of experimental results. The model explains satidals, the critical current¢ increases and the normal resis-
factorily the half-integral constant voltage steps observed itanceRy decreases after an annealing treatment in oZbne.
many grain-boundary Josephson junctibrizhotoexcitation ~Recently, Ca-doping of YBCO films has also provided a way
experiments give evidence of the existence of regions witho increasd ¢ and to reduce significantliRy of GBJ's1819
substantial oxygen deficiency and/or disorder near the grai@n the contrary, a controlled worsening of these parameters
boundary® High-resolutiori® microscopy images show that is observed when the barrier is modified by electron F8am
low-angle grain boundaries are composed of arrays of disloand proton irradiatioA’ However, none of these last studies
cations. The strain fields of dislocations perturb the locahave been done on GBJ’'s made on bicrystals.
electronic structure leading to a nonsuperconducting zone at In this paper we present a detailed revision of the most
the grain boundary. Therefore the supercurrent flows preimportant parameters that can be deduced from transport
dominantly through channels of good crystalline lattice ordemeasurements(B) and current-voltagel V) characteris-
between dislocation®:** High-angle grain boundaries can- tics, on YBCO Josephson junctions grown on bicrystalline
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substrates. We present a separated analysis of the transport 125{" T
(I¢,Ry) and electromagneti¢Swihart velocity and dielec- % @)
tric constank parameters of the barrier, and in both cases the 100 It

results can be explained in the context of the filamentary ~ 75! 3
model. We also demonstrate for the first time to our knowl- <5L § $
edge that ion bombardment of the junctions can enhbgce — 8 %
in particular, we have studied the effect of low-energy he- 3
lium irradiation with variable doses.

Il. EXPERIMENT P
Josephson junctions were generated using bicrystalline 301 ,;% £
substrates of SrTiQwith a symmetrical tilt angle of 24°. §° 3%
YBCO films having 500 A thickness ardaxis orientation 20 Beo

were epitaxially grown in a high pressu(d.4 mbay pure
oxygen dc sputtering systefhin the deposition process the
substrate temperature is 900 °C. Electrodes had transition 101 ﬂ p

| (uA)
g
'::\@9

et

temperaturesT) in the range 89.5-91 K, transition widths
smaller than 0.2 K and critical currents densities higher than
10° A/lcm? at 77 K. Films were patterned by wet etching in
H;PO,, obtaining junctions widths ranging between 2 and 50
um. Patterned microbridge@arriers and electrodgsvere
irradiated at room temperature with 80 keVHéns inci-
dent 7° from the surface normal to avoid channelling effect.
Doses ranged betweenxg.0'® and 5x 10'*cm 2. For this
energy a projected range of 3500 A was estimated from the
SRIM 96 software, such that ions are assumed to pass through
the film into the substrate where they are implanted causing
the biggest damage. lon current was kept small, in the order
of 500 nA, to avoid heating of the sample during irradiation.
All electrical measurements were made in a double Co- 0O 20 40 60 80
Netic cylinder surrounding the samples for correct magnetic
shielding. Curves of temperature dependence of the resis- T(K)

tf’ince,R(T), were mez_isyred using "." four-pomt configura- FIG. 1. Fraunhofer patterfa), magnetic field dependence of the
tion. Thel -V characteristics were registered using an ac OXTirst Fiske stepb), and temperature dependence of critical current

ford Instruments electronic systerfdc-superconducting () pefore (black dots and after irradiationwhite dots. Dose is
quantum interference device system adapted to work withyx 1013cm2 and junction width is 2um. Data in(a) and (b) are

single Josephson junctiohsThe magnetic field was applied measured at 15 K.

parallel to the grain boundary plane. The critical current is

identifieo! as the current at Whiph the dynamic resistancehe oscillations in thé(B) patternw the width of the junc-
(dV/dl) increases sharply. Defining the critical current by ation, andd the effective magnetic thickness of the junction
voltage criterion gives similar results. When thermally acti-q—t4 2\ =2\ (t is the barrier thicknegs In our case\
vated phase slippage makes the/ curves roundedic is =) coth(s/),) wheresis the thickness of the films, sind
determined by the intersection of the tangedt/dV)min s smaller than the London penetration depih.?® In the
with the current axis as explained in Ref. 23. Similar results,5|culations we usk, =140 nm at the lowest temperatife.
are obtained fof ¢ using the Ambegaokar-Halperin analyti-  \ye have observed Fiske st our small GBJ's, and
cal expression for the noise-rounded resistively shunted jungsoih Fiske and flux-flow resonanééén the long junctions

. 4 X ,
tion (RSJ modell-V curves?* The foot structure in the re- sunnorting the idea of the junctions as long parallel resona-
S|st|v9 transition of the junctions can al_so pe accounted fofgrs for electromagnetic wavé&where the junction barrier
by this model, so that a correct determinationRf can be  forms the effective dielectric medium. Figurébl shows the

| R
e}
'C;oo.o o

%99900. e
B

o
£

i 25 . . . .
deduced from proper fittings @¥(T). magnetic field dependence of the first Fiske resonance,
which intensity is obtained substracting the RSJ model cal-
Ill. RESULTS AND DISCUSSION culated current to the-V measured characteristics. From the

position of the resonance steps it is possible to determine the
Swihart velocityc of the resonator. In the case of Fiske steps
Figure ¥a) shows the curve(B) of a junction 2um  V,=(nc¢o/2w),>° wheren is the resonance number and the
wide with Ry of 17.5 Q. The pattern fits very well a resonant frequency if,=V,/¢q. For flux-flow resonances
Fraunhofer-like|sin w®/7®| function where flux focusing the step voltagd/,, is related to the applied magnetic flux
effect$® associated to our planar geometry are taken intalensityB by V,,= ($oc/WAB)B,%” whereAB in large junc-
account by factorF in the flux density expressions, tions can only be estimated from two nearby dips in the
=FwdAB,?" being ¢ the flux quantumAB the width of  1(B) curves at each temperature. For small Josephson junc-

A. Electromagnetic and transport properties
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TABLE I. Summary of transport parameters of YBCO GBJ's on resonance number=1, although the second resonance can
SrTiO; bicrystalline substrates. Critical currents are quoted at 20 Kalso be seen in some of our large junctions. From the value
Data are arranged according Ry, .

w Ry le =N
(um) (%) (uA) (mV)
50 0.94 1900 1.8
6 2.8 862 2.4
30 3 880 2.6
10 3.8 776 2.9
10 4 761 3
30 43 550 2.3
10 45 530 2.4
8 45 545 2.4
20 4.6 500 2.3
10 4.9 400 2
10 5 445 2.2
10 5.2 475 2.4
4 7 272 1.9
4 8.5 305 2.5
2 9.5 240 2.3
2 14 151 2.1
2 15.6 127 2
2 17.5 98 1.8

of cit is possible to determine the ratio of the relative dielec-
tric constante to the barrier thickness using the expression
c=[co(t/ed)¥?] wherec, is the velocity of light in vacuum.
All the parameters obtained from our fittings are listed in
Tables | and Il. We have included data from other authors for
comparison as will be discussed lateg(T) dependence is
plotted in Fig. 1c).

It is well known that YBCO film growth occurs through
the nucleation of three-dimensional islands and appears to be
a mainly random process. This is consistent with TEM
observations? which show the grain-boundary plane to me-
ander or facet around the boundary direction defined by the
bicrystalline substrate, avoiding any possible prediction of
the exact boundary structure. Data are presented in Table |
according to the values dRy, a parameter closely related
with the growth process of the film and the barrier. We have
checked that the value of the critical current is mainly de-
pendent on the value d?y. The product Ry is basically
constant in our samples rather than fitted to a scaling law. In
fact although Table | only showlg at 20 K, similar values
of Ry give raise to similad<(T) curves. The filamentary
model could account for these results. No clear correlation
exists between these parameters and the width of the micro-
bridge; junctions with different widths may have similar val-
ues ofRy . The distribution and quality of the channels in the
grain boundary that carry supercurrent fix bdiy and

tions, we obtairc from V,, and in the case of long junctions |(T). The distribution of these filaments is basically ran-
from both V, and V,, since both resonances appear in thedom and exclusively dependent on the growth process of the
[-V curves. In the case of Fiske steps we always analyze thigarrier.

TABLE Il. Summary of electromagnetic parameters of YBCO GBJ's on SgTiorystalline substrates.
Data of resonant frequendy, Swihart velocityc, and ratioe/t are quoted at 20 K and arranged according

to w.
w 6 Ry fq c elt wXeglt
(um) (nm) Q) (x10%s™h (X 10° m/s) (nm™) (x10%
50 50 0.94 0.82 8.2 1.6 8
30 50 4.3 1.06 6.4 2.6 7.8
30 50 3 1.12 6.7 2.4 7.2
307 2007 1.62 9.7 3.4 10.2
20 50 4.6 1.25 5 4.4 8.8
10 50 5 1.7 3.4 9.5 9.5
10 50 4.9 1.75 35 8.9 8.9
10 50 4.5 1.75 35 8.8 8.8
10 50 5.2 1.8 3.6 8.5 8.5
10 50 4 1.9 3.8 7.5 7.5
10 50 3.8 2 4 6.8 6.8
8 50 4.5 2 3.2 10.7 8.6
6 50 2.8 2.33 2.8 14 8.4
5P ~200-300 6° 4p 4 20 10°
4 50 9.5 3.1 2.5 17.3 7
4 50 8.5 3.25 2.6 16.1 6.5
2 50 9.5 4 1.6 43 8.6
2 50 17.5 4.5 1.8 33.6 6.7
2 50 15.6 5 2 27.5 55
2 50 14 5.75 2.3 20.7 4.2

%Reference 27.
bReference 8.
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On the other hand, the presence of resonances supports B. He™ irradiation effects
the picture of the barrier as a dielectric medium. In Table II As a possible attempt to modify the microstructure and

we have now quotedl, ¢, ande/t according to the junction  he transport properties of the barrier, we have undertaken a
width, which has shown to be the main parameter in theyy,qy of the effect of light ion irradiation at low energies on
following discussion. The value aincreases with junction samples. The results obtained on a@-wide junction
width While elt decreases. If we compare junctions of the 3.6 shown in Fig. 1, wherb(B), first Fiske step intensity
same width we observe that these parameters are only,q| (T) can be compared before and after irradiation. For
slightly dependent oRy ._Su_rprlsmgly_s/t increases with _the small junctions, the dose was fixed ax&03cm 2. After
resonant frequency, which is essentially fixed by the width 0fhe implantation process a decrease in the critical tempera-

the resonant cavity. Thus the model for this resonator as g,re from 89 to 78 K can be observed. Bare GBJ-free pat-
perfect dielectric medium is inadequate to explain th.is deterned YBCO microbridges with the same width and irradi-
pe_ndence. We have extended this modeR_l@: parallel Cir- ated with the same dose show very similar decreaggein

cuit. R accounts for the transport of quasiparticlé<(Ry)  confirming that damaging of the electrodes is responsible for
and C for the dielectric response of the barrieC (  changes ifTc. In contrast, the reduction @y from 17.5 to
=dWeoe, /t). Because of the large magnetic penetration) 4 5() along with the increase df.(T) reveals the surpris-
depth of YBCO the kinetic inductance should also be takenng conclusion of a stronger coupling behavior of the irradi-
'ntf accourt’ and may be expressed ad =Ly ated boundary. Moreover, critical currents always decrease
~3 ok [coth@2x) + SI2\ sFP(8/2) ) ]. Assuming for  after irradiation in epitaxial GBJ-free films, so riseslegfin

the relative dielectric constant, the value estimated for the picrystalline films should be interpreted in terms of alter-
oxygen deficient YBCOg,~5,** andt~3 nm in accordance ations in the barrier structure, at least qualitatively. We can
with microscopy studie we deduce that, whew is in the 4150 observe in Fig.(b) an enhancement in the amplitude of
order of 10um, the characteristic frequency of our circuit the first Fiske step after irradiation, in good agreement with
modelfg, c=1/(LC)*?>~10"s™%, which is close to the val- the increase of. lon irradiation also induces a shift in the
ues off, reported in the literaturésee Table )l. Moreover,  position of these resonances that corresponds to an increase
elt appears to scale wit. Considering the dependence on in the Swihart velocity from 1.8 1¢° to 2.0x10° m/s and a

5 and w of the elementsR, L and C we obtain fg,c  decrease in the/t value from 33.6 to 23 nim'. The results
~G(w)Y? whereG is a function exclusively dependent on are in agreement with photoexcitation experim@mibere a

8. On the other hand, combining the expressiong péndc, decrease in the ratie/t is a consequence of a reduction in
f,=K/w(e/t)*? whereK is again a function exclusively de- the normal resistance. In our experiments the shape of the
pendent ons. Comparing these expressions, both resonantc(B) pattern is not modified by irradiation at any tempera-
frequencies present similar values if the prodwet e/t de-  ture |nd|cat|_ng no S|gn|f|car_1t c_hanges in the current d|str|b.u—
pends only ons. In our experiments where the thickness of tion. The width of the oscillations decreases due to the in-
the samples was always fixed to 500 A, we effectively verifyCréase in the value o, of the electroded.e., a decrease of
this scaling law, as can be seen in Table Il. We have alsd c): Comparing the flux density expression before and after
quoted data reported by other authors who have followed thgnplantatlon, and considering thitis unchanged, the rela-

same procedure to deduc@nde/t from Fiske and flux flow Uon A apier= (ABpefore/ ABatted Mperore allows o determine the
resonances. According to our discussion a comparison iﬁhange in\, and thus , and so the relatios/t after irra-
) g b iation: N zre=479nm at 15 K. This means a value »f

terms ofe/t is only strictly possible for junctions of the same _ 152 nm. Interestingly, the modified values of the penetra-

width and thickness, Wh'.Ch 'S n<_)t th_e case. _ tion depth of epitaxial YBCO in the electrodes damaged by
We conclude that a simple circuit model can explain thee jmplantation process can be assigned for each dose fol-
dependencies of the electromagnetic parameters on the 9@ ing this procedure. The enhancement observed in the
ometry of the junction. Each element of the circuit has &yansparency of the barrier can be interpreted assuming that
clear physical meaning: the dielectric response of the mat@mpjantation promotes a partial structural rearrangement
rial reveals a peculiar barrier microstructure that can be depreferentially in the more disordered region that is concen-
scribed in the context of the filamentary model, i.e., a disortrated in the barrier. This idea is in the same line as earlier
dered dielectric medium with a high density of electromigration experiments in YBCO microbridges con-
superconducting filaments taken into account in an inductiveaining grain boundaries where weak-link properties can be
behavior. Strictly, the kinetic inductance of the junction improved® The critical current can also be enhanced when
should depend on the number of superconducting filamentsamples are annealed in ozone, diffusion and oxygen dop-
so on the junction width. However, data in Table Il revealsping is favored into the grain boundatryExperiments per-
that the electromagnetic parametarsand e/t are only formed on grain boundaries in other materials show that dif-
slightly dependent on properties directly related with the fila-fusion processes can also be activated by electron
ment distribution such aRy andl ¢ as discussed previously. irradiation®®
For instance, junctions with simild®y (4.5€) and widths of From our studies we conclude that at the higher doses
30 um and 10um show values foe/t of 2.6 and 8.8 nmt, (5x 10" cm™?) we always observe a degradation of the su-
respectively. Junctions with differeRy and samev present  perconductivity of the electrodes and the coupling of the
very similar values ot/t. In this sense we believe that con- barrier. However, the shape b§(B) is always maintained,
sideringL similar for all our junction widths is a good ap- indicating again that the current distribution is not remark-
proach, and depends mainly éh ably altered. Only changes in the behavior of the junction
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The improvement of weak-link properties only occurs

150 when theT. of the electrode is not severely degraded by

100/ ‘:\ @ | irradiation. In any cas.daclRN product always qecreases as a
~ A consequence of irradiation, in agreement with the degrada-

501w Y S ‘J“;‘s' tion of T¢ of the electrodes. 65% of our irradiated micro-

bridges(small and large junctionshowed an increase b
for the lowest doses. This percentage indicates the degree of

501 VWY ¥ N o reproducibility of our experiments, but we believe that it
-1001 L ; | may be ameliorated by finely tuning the correct dose for each
v junction. A systematic study of the dose influence on the
-150 B 4 20 2 4 6 Ic(B,T) curves,| cRy product, excess current, Fiske and flux
flow resonances will be published later.
B(G)
300+ IV. SUMMARY
250 Summarizing, despite the structural complexity of GBJ's
we have shown that some important conclusions can be ex-
%_: 200, tracted from the analysis of the transport and electromagnetic
=, 150/ parameters. We found that the valuel gfis mainly depen-
- dent onRy and not on the width of the junction. This result
100 has been explained assuming a random distribution of super-
501 conducting filaments in the grain boundary. Considering
similar in all the junctionsg deduced from Fiske resonances
0 1020 30 40 50 60 70 80 90 is found to depend mainly ow. Varyingw we obtaine (f;)

T(K) relations that can be explained as a resonant behavior in the
dielectric response of the barrier: a simple circuit model ac-
FIG. 2. Magnetic field dependence at 50 and temperature ~ counts for this mechanism if the kinetic inductance is taken
dependencéb) of the critical current beforéblack dot$ and after into account.

irradiation (white dot3. The dose is & 10 cn? and the junction We have demonstrated the potential of light ion implan-
width is 4 um. The symmetry relatioi(+B)=—1c(—B) is  tation as a tool to controllably modify these parameters,
obeyed. without remarkable alteration of critical current spatial dis-

tribution in the junction. The most interesting result is the
possibility to increase the critical current of GBJ's although
the T of the electrodes is degraded. This result suggests that
an atomic rearrangement in the barrier induced by ion tracks
can take place, and may give complementary information
about the nature of the microstructure of the junctions. This
opens new possibilities to tail@ posteriori barrier perfor-
mances and hence devices based on Josephson junctions.

from long to small regime can drastically modify the modu-
lation of thel o(B) curve to a Fraunhofer diffractionlike pat-
tern. As an example, we show in Fig(@? the modification
of the diffraction pattern at 50 K of a &m-wide junction
after an irradiation process with dosex80cm 2. The
critical current decreases as shown in Fih)ZandRy rises
from 7 to 13.5(Q, corresponding to a Swihart velocity
change from 2.8 10° to 2.2x< 10° m/s and an increase of the
va_lye of the ratice/t from 16.1 to 18.6 nm! at 20 K. The ACKNOWLEDGMENTS
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