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Capacitance of Josephson junctions made on bicrystalline substrates of different geometries
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The electromagnetic parameters of %BazO,_, (YBCO) grain boundary Josephson junctio@dgdy fabri-
cated on four different tilt bicrystal geometries: 1201 asymmetric, 24{001] symmetric, 247001] asym-
metric, and 45{100] asymmetric, have been studied. While the Swihart veldaitys slightly affected by the
nature of the barrier and mainly fixed by the junction width, a notable influence of the barrier structure, of the
geometry of the bicrystal substrate, on the relative dielectric constant to the barrier thicknegs/tatialues
has been found. Interesting barrier information can be deduced from the study of the dependence of the
junction capacitance on the junction resistance. We have observed that the capacitance values deduced by
means of Fiske steps in YBCO 24001 symmetric and 457100] asymmetric JJs scales with junction
resistance in the opposite direction. This result could reveal the presence of a tunnel barrier in the YBCO 45°
[100] asymmetric JJs. On the other hand, different capacitance values have been obtained by means of Fiske
steps and hysteresis observed in the current-voltage characteristics [h0@basymmetric JJs. An interpre-
tation of this result can be made taking into account the contribution of the depleted YBCO layers close to the
crystallographic grain boundary.
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I. INTRODUCTION long parallel resonators for electromagnetic waves, and from
the amplitude of the hysteresis observed in the current—
A widely used technique for the fabrication of high criti- voltage(l-V) curves of the junctions, it is possible to deter-
cal temperature Josephson junctions is the epitaxial growttine the values of the electromagnetic parameters: the Swi-
of YBa,Cu;07_, (YBCO) thin films on bicrystalline sub- hart velocity (c) and the relative dielectric constant to the
strates. The first studies carried out on this kind of grainbarrier thickness rati¢e/t),*>1® and, as a consequence, the
boundary Josephson junctioakly were mainly focused on value of the barrier capacitan¢€). Electromagnetic param-
electrical and structural properties of YBCO thin films de- eters can reveal new insight into the nature of the barrier and
posited on001] symmetric tilt bicrystals with different mis-  are a very useful tool to corroborate the information deduced
orientation angle$=2In the following years, because of their from transport parameters.
critical impact on research and applications of high critical ~ Previously:”1® we presented a study of the electromag-
temperature superconductivity, bicrystalline substrates havgetic parameters of 24f001] tilt symmetric JJs. For this
also been investigated with other kinds of geomettiést  geometry, we found a new scaling law that sets a constant
this stage, few studies on the structural and transport propeproducte/t X w (w is the width of the junctiopfor samples
ties of JJs generated on substrates tilted araasbdplanes  with the same thickness. A barrier envisaged as a disordered
have been presentéd.The properties of these geometries dielectric medium with a high density of superconducting
have been more extensively studied in JJs fabricated by flaments taken into account in an inductive behavior can
biepitaxial technique which has shown to be a good optiorexplain such a resulf. Also we studied the evolution of the
for the implementation of a reliable technology based on theslectromagnetic parameters when the barrier is modified by
Joshepson effedf 12 irradiation with helium at 80 keV and by annealing treat-
The structure of the barrier depends on many factors likenents in oxygen atmosphete.
the misorientation angle between the two electrodes, the ori- In this paper we present a comparative analysis, in terms
entation of the interface plane with respect to crystallo-of electromagnetic parameters, of JJs fabricated using
graphic axes, and the meandering at the barrier, so no pr&rTiO; (STO) bicrystalline substrates of four different tilt
diction of the exact boundary structure is possible. Althoughgeometries. We show that the value®is mainly fixed by
some structural analyses on JJs using techniques like trangre width of the junction and no big quantitative differences
mission electron microscopy have been performed, the are observed between the four geometries. However, the ra-
structural and electrical information about the barrier hasio ¢/t is more dependent on the particular structure of the
been mainly derived from the transport parameters: normaarrier, and so on the kind of bicrystalline substrate used for
resistanceRy) and critical currentlc). the fabrication of the JJs. The scaling law previously
On the other hand, from the position of resonance $teps reported” for YBCO 24° [001] symmetric JJs are not fully
(Fiske and flux-flow, supporting the idea of the junctions as verified for 45°[100] asymmetric JJs, pointing to a different
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kind of barrier. In this sense, in the final part of the paper we
have focused on the comparative analysis of these two ge
ometries to show that interesting information about the par-
ticular nature of the barrier can be deduced from the study of

the evolution of the junction capacitance with junction resis-
tance.

Il. EXPERIMENTAL PROCEDURE

A. Fabrication of the samples

Josephson junctions were fabricated using bicrystalline
substrates of STO with different symmetrical and asymmetri-

cal tilt angles around-axis anda-axis: 12°[001] asymmet-
ric, 24° [001] symmetric, 24°[001] asymmetric, and 45°
[100] asymmetric JJs. YBCO films 50 nm thick were epitaxi-
ally grown in a high pressuré3.4 mbaj pure oxygen dc

temperature was 900 °C. Electrodes showed critical tem
peratures(T¢) in the range 89.5-91 K, transition widths

smaller than 0.2 K, and critical current densities higher tharg

10° A/cm? at 77 K. The accurate control of the film growth
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FIG. 1. (a) 1-V characteristic of §100] tilt 45° asymmetric
20 um wide junction with an applied magnetic field of 0.56 G. The

sputtering system. In the deposition process the substraffows indicate the Fiske steps correspondingi#d. and 2. The

|-V curve shows hysteresis in the negative current ghaytl -V

characteristic 0f001] tilt 24° symmetric 10um wide junction with

process with our sputtering system has been previously ] . .
demonstrated® Films were patterned obtaining junction — 1, and single valued foBc<1. B¢ can be obtained with
Zappe’s approximatiof Bc=[2-(m—2)a]/a? in terms of

onw is important since it will become a key parameter in ourthe ratioa=Ig/l¢ of the return currentg to Ic.

widths (w) ranging between 2 and 5@m. A correct control

discussion. In this sense, we have estimated that nonunifo

mity in w associated to the technological etching procedure

r_

and depletion effects in the electrode edges introduce an er-

ror in w less than 5% fow>2 um and in the order of 8%
for w=2 um.

magnetically shielded and the external magnetic field wa
applied parallel to the grain boundary plane. Th&/ curves
for different values of applied magnetic field have been me
sured using low-noise electronics.

B. Calculus of electromagnetic parameterst and e/t

forms the effective dielectric medium. In Fig. 1 we have
plotted thel -V curves corresponding to two different geom-

etries where Fiske steps are present. The Fiske steps have
been identified because of the dependence of their intensity
on the magnetic field applied parallel to the grain boundary
plane'* From the position of the Fiske resonance steps it is

possible to determine the velocityof the resonator using
the expressiolV,=n¢.c/ 2w, wheren is the resonance num-
ber and¢, the magnetic flux quantuf?. Although the two
first steps are observed in someV curves, we always ana-
lyze the resonance=1. From the value of it is possible to
determine the /t ratio, and theC value, using the expression
c=[cy(t/ed)¥?], wherec, is the vacuum light velocity and
the effective magnetic junction length=t+2\=2\. In our
case\=\, coth(8/\), whered is the thickness of the films,
sinced is smaller than the London penetration deptht*

eter Bc=27lcRAC/ ¢o.1* 1=V curves are hysteretic foBc

Ill. RESULTS AND DISCUSSION

A. Electromagnetic parameters

n applied magnetic field of 0.36 G. The Fiske steps witil and
are observed in the negative part of the curve.

For the electrical h les h b In this section we analyze the electromagnetic parameters
or the electrical measurements the samples have ben . ,jated for our four different bicrystal configurations. In

%ig. 2 we have plotted versusw for each kind of JJs fab-

ricated. For all the geometries the valueaihcreases with

&, in the same way as in 24001] symmetric JJ&718 For a
fixed w and bicrystalline tilt geometry, even in the presence

of different Ry values associated to the barrier, only a small
dispersion in the calculatedvalues can be observed in Fig.

We have observed Fiske stép# our samples, support- 2. Similar dispersion is found if we compare JJs fabricated
ing the idea of the junctions as resonators where the barrigtn different kinds of substrates but with the sameThis
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; ~ FIG. 2. Swihart velocity vsv for YBCO JJs fabricated on bi-
TheC value can also be determined from the hysteresis iRrystalline substrates of different geometries: I(B1] asymmetric
thel -V curves, quantified by the Stewart McCumber param-A), 24° [001] symmetric(C]), 24° [001] asymmetrio®), and 45°

[100] asymmetrig(V).
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3.0 more notable influence of the nature of the barrier, of the
1 Pparticular bicrystal geometry, on theét parameter. Although
2.54 ¢ has a small dependence on the particular(Bdsand kind
. of substratg as shown in Fig. 2g/t undergoes a larger
"?‘c_> 'O'Vv influence because of its dependencecdnTo confirm this
' o aspect, in Table | we present a brief summary of the electro-
1.5-9v @ : RO ;
i v magnetic parameters of junctions of differemicorrespond-
<10/l @ V 2 ing to 45°[100] asymmetric and 24f001] symmetric JJs,
] g - B which gives us a valuable reference because of our previous
o514 a v . analysis'’*®2!As it can be seen in Table k/t can show
scaling law (e/t x w) more significant variations thaa for the samew. In this
0.0 —_— sense, an analysis ef't, of the barrier capacitance, focused
0 10 20 30 40 50 60

to bring information about the microstructure of the barrier
w (um) and the transport mechanisms, is needed. In the next para-
graph we study this point keeping as representative examples

FIG. 3. e/tXw product vsw for YBCO JJs fabricated on bi- o bicrystalline geometries of Table |.

crystalline substrates of different geometries: 1] asymmetric
(A), 24°(001) symmetric(C), 24° [001] asymmetriq®), and 45°

[100] asymmetri(V). B. £/t ratio: Comparison between 24° [001] symmetric and

—. . 45° [100] asymmetric JJs
allows us to corroborate thatis only slightly dependent on [100] asy

the particular properties of the barrighen on the geometry ~ In previous works?#3a correlation between the capaci-
of the bicrystalline substratew being the main parameter tance per unit areéA) associated to the barri¢C/A) and
fixing its value. the productRyA was observed. Most data fell close to a
In a previous published wotkwe have deduced that the power law (C/A)a(RyA)™ . This behavior is common to
e/t X w product is approximately constant for a fixed thick- many high temperature superconducting grain boundary ex-
ness of 247001] tilt symmetric JJs. In Fig. 3 we have plot- periments. Indeed, such a correlation was first observed by
ted this product for the same junctions that we have preMoeckly et al?? for 90° basal plane faced tilt grain bound-
sented in Fig. 2. Fow>20 um, I becomes very large at aries in YBCO and then confirmed in YBCO 2{501] sym-
low temperature and may exceed our current limited lowmetric JJs on different substrates, and YBCO step-edge
noise electronics. In such a case we have to work Wwithi  junctions?® This scaling behavior is presented as consistent
curves at higher temperatures, which unfortunately implies &vith the phenomenological filamentary modéf® The ca-
decrease of the Fiske steps inten&ttynaking the correct pacitance is dominated by the contributions from the super-
assignment ofVv,, difficult. We believe that any conclusion conducting regions near the interface which are separated by
for w>20 um may be uncertain. In this sense we will carry a short distance of oxygen deficient material. Then, if the
on our study for JJs witlwv<20 um. The scaling law previ- number of superconducting filaments increasgsfecreases
ously reported, verified for the 24001] tilt symmetric JJs, andC increases.
is not clearly satisfied for the junctions corresponding to the The C/A ratio (i.e., the productge/t) can be determined
other three substrate geometries. As noted before, the syBeoth from Fiske steps resonances and hysteresis df-tkie
tematic error affectingv and originated during the techno- curves. However, in the case of 2f001] symmetrical JJs,
logical procedure is small and affects in the same way all outhe C/A values have been determined only from the Fiske
bicrystal geometries. Thus its influence on the deviation fronsteps, because in general no hysteresis has been observed
the scaling law is discarded. In particular, the 4300] even at low temperature. For these junctions, valuegof
asymmetric JJs show the biggest dispersion, revealing ganging between 0.75 and 1.3 have been estimated. Varia-

TABLE |. Electromagnetic paramete(s and e/t) for YBCO JJs of different values off fabricated on
24° [001] symmetric and 457100] asymmetric bicrsytalline substrates.

24°[001] symmetric 45°7100] asymmetric
w Ry T(x10°) elt Ry T(x10°) elt
(um) (€9)) (m/s) (nmh) (€9) (mls) (nmt)
20 4.6 5 4.4 6.8 4 6.8
20 3.2 5.5 3.6 6.5 5.8 3.3
10 5.2 3.6 8.5 13.5 2.8 14.1
10 3.8 4 6.8 11 3.1 11.5
4 9.5 2.5 17.3 37.1 1.5 48
4 8.5 2.6 16.1 27 2 27
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1x10™ Very interestingly, for the same samples, B€A ratios
obtained from thel-V curve hysteresis scale in opposite
directions withRyA. How can theC/A ratio obtained from
hysteresis in thé—V curves scale in opposite direction with
¥ R\A than theC/A ratio deduced from Fiske steps? In general
v V. the |-V characteristics of the 49°L.00] asymmetric JJs are

" affected by the presence of current steps. Then, only in a

1107+ V. v
=
: v

-3 | O A a
110 limited number of cases the-V curves are well described

V
n.Vv b4 by the resistively shunted junction mod&SJ model® Nev-
- DVVV ertheless, because of the presence of hysteresis in most of
1x10™ V"‘ y them, we consider that a calculus of {8£A ratio in terms of
. ; =X the B¢ parameter could be also appropriated. Tattal 2327
10* 10" 10° found that the capacitance calculated from the Fiske reso-
RA (nQ x cm’) nance correlates well with that determined from the hyster-
esis measurements, but the analysis has mainly been per-
FIG. 4. Variation of junction capacitance per unit ai€ A) formed on YBCO 24° and 36001] symmetrical JJs. In our
with junction resistancéRyA). In YBCO 24°[001] symmetric JJs, case, we believe that the observed discrepancy is related to
C/Ais calculated from Fiske steg&l), and in YBCO 45°[100]  the fact that different regions of the grain boundary contrib-
asymmetric JJE/A is calculated from Fiske steff¥’) and hyster-  ute to theC values estimated in the two different methods.
esis of| -V curves(V). The current steps observed in theV curves are a con-
sequence of an interaction of the Josephson current with
tions of C/A ratio with RyA for these two kinds of JJs are resonant modes of the barrier, regarded as a transmission
shown in Fig. 4. Data relative to 24001] symmetric JJs line. The propagation direction of the resonant modes is
follow the scaling behavior between capacitance and resiszlong the longitudinal direction of the barrier and normal to
tance described before, with an experimental data dispersidhe Josephson current. It is reasonable to assume that only
comparable to that reported in the literaté#é® This would  the most oxygen deficient regions of the barrier, very close to
address a junction constituted by an array of superconductiviée crystallographic grain boundary, would form the effective
connections separated by nonsuperconducting paths. Suctdilectric medium supporting the wave propagation. Then,
description of the barrier makes possible the interpretation ofve believe that from Fiske steps, the calculaiéd ratio is
transport parameters of JJs with this geom&tif.For in-  only related to the region acting as a transmission line. This
stance, we found that transport parameters of [@7] tilt region would be associated to the crystallographic grain
symmetric YBCO JJs are not clearly fixed by junctions  boundary, although it is known that the disorder induced by
with different values ofv presented comparable valuesRyf  the grain boundary may also affect the adjacent regions,
andl.Y” Following the filamentary modéf:25these param- mainly in the oxygen sublattice. The good agreement be-
eters would be mainly fixed by the distribution and quality of tween theC values deduced from current steps and hysteresis
the superconducting channels inside the barrier. The distribun 24° [001] symmetrical JJs might be explained by assum-
tion of these filaments is basically random and exclusivelying tha?32’in symmetrica[001] tilt bicrystal junctions, with
dependent on the growth process of the barrier. misorientation angles ranging between 10° and 24°, there is a
In 45°[100] asymmetric JJs th&/A data calculated from rather sharp structural transition from good superconducting
Fiske steps present the opposite behavior:GiA ratio in-  regions in the grains to the barrier. However, the smaller
creases wheR\A increases. This tendency indicates that thevalues derived from hysteresis in YBCO 4(E0Q] asym-
enlargement of the dielectric constgimhplicit in C) may be  metrical JJs point to a serial contribution of the adjacent
related to an increase of the concentration of defects in theegions to the grain boundary, thus to a more gradual struc-
barrier (implicit in Ry).2® Variation of the concentrations of tural transition between good superconducting regigumsc-
cations and defects mainly concerning the oxygen sublattiction electrodesand the crystallographic grain boundary. In
are the most commonly observed structural defects in JJthe framework of the band-bending thed?y° the effective
However, the particular structure of the grain boundary, theelectronic width of the barrier is=t’+2ly, wheret’ is the
interruption of the periodic lattice, may certainly depend onstructural width of the boundary arlg=(2g.Vyi/en? is
the particular bicrystalline substrate geometry. If 4500  the width of the depletion layer, whend,; is the built-in
asymmetric JJs have effectively different structural alter{potential,n the electrode carrier density, aedhe elemen-
ations at the grain boundary than 2@01] symmetric JJs, tary charge. It has been shown that the critical current den-
transport measurements must reveal different features. Isity across the grain boundaries is a function of the misori-
fact, we have found that theRy product is practically con- entation anglé,then because of the misorientation angle and
stant in the 457100] asymmetric JJs. This phenomenologi- asymmetric geometry, we expeotto be smaller, sdy is
cal result, together with a linear relationship between thdarger in the 45°[100] asymmetric JJs. In fact, the band-
critical current density and the specific resistance valuesyending theory has been used to explain such a relation be-
make it reasonable to describe these junctions in a tunnéiveenlc and the misorientation angf.The total capaci-
regime rather than in the filamentary framew8iKeverthe- tance C calculated from hysteresis can be estimated by
less, more structural and chemical studies for this substratessuming that it is the serial contribution of these three re-
geometry are necessary to corroborate such results. gions, i.e., 1Chysteresi& 1/Cy +2/C; (1), where we associate

C/A (F/um?)

iy
L.
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TABLE II. Capacitance per unit area calculated from hysteresisnonsuperconducting zones adjacent to the interface increase
(ChysteresiéA) and Fiske stepgCy//A) observed in thé—V curves.  from 0.2 to 0.9 nm(approximately for an increase of the
Cia/A is deduced from 1Cpsreresis 1/Cyr +2/C - All data corre-  mjsorientation angle from 11° to 45°. Then, changes in the

spond to 457100 asymmetric JJs. geometry of the bicrystal boundary affect the microstructure
of the barrier, so that the depletion layers induced in the
ChysteresidA Cu/A Cia/A adjacent regions of the barrier have to be taken into account
(F/um?) (F/pm?) (F/pm?) for a correct interpretation of the transport and electromag-
9.73x 10715 2.32x 10713 2.03x 10714 netic parameters.
7.87x10°% 1.25x 1078 1.68x 107
6.98x 10715 3.66x 10713 1.42x 10714 IV. SUMMARY
5.68x 10°1° 5.91x 107 1.26x 107 In this paper we have presented a detailed study of elec-
5.38x10°1° 8.78x 10713 1.08x 10714 tromagnetic parameters of JJs fabricated on bicrystalline sub-
2.05% 10715 4.28X 10713 4.32X 10714 strates with different geometries. Whiteis mainly fixed by

w of the junctions, the/t ratio can gain new insight into the
nature of the junction barrier. We have previously reported a
Cv to the value determined from the Fiske resonances, angcaling law(e/t X w= cons} for symmetrical 249001] bi-

the valueC,  to each depletion layer situated at both sides of¢rystalline substrates. However, other geometries like asym-
the crystallographic grain boundary, respectively. In Table limetric 45°[100] do not follow this law. In this sense, a more
we have reported the experimental valu@§seresidA and  detailed comparative study in terms of the junction capaci-
Ci/A. Cg/A is deduced from Eqcl). Following the band-  tance reveals that the nature of the barrier may change from
bending theory®2° a theoretical estimation of such a ratio a filamentary model description to a tunnel context. On the
can be made by means & /A=geo/lg=(se0€MW2Vp)"%  other hand, we suggest that current-step resonances are
The result forCi4/A is 5.6xX 10 F/um? with e~10,eV,;  mainly affected by the capacitance of regions very close to
~0.1 eV, andn=4.5x 107 cm™3, values used by Mannhart the crystallographic grain bounda¢thicknesst), while the

et al?® for an estimation of the effective electronic width of hysteresis in thé—V curve may be also affected by the ca-
YBCO 30° [00]] tilt symmetric JJs. The parameter values pacitance of the adjacent depleted lay@hickness 4>t).

are very conservative because, for example, no data is avail-

able forV,,. In this sense, the fact that our calculated data ACKNOWLEDGMENTS
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