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This letter describes the scaling behavior and Josephson properties of improved YBCO/PBCO/ 
YBCO edge-type junctions. The critical current, normal-state resistance, and I& 
product scale with barrier thickness and junction area. The coherence length of the PBCO 
barrier is estimated to be between 5 and 8 nm. As unambiguous evidence of the 
Josephson behavior, the microwave response as a function of microwave power, as well as the 
current modulation with applied magnetic field, have been studied: well-developed 
Shapiro steps at 10 GHz have been observed, and the modulation of I,(H) shows Fraunhofer- 
like behavior with 95% Ic suppression. 

We have previously reported the fabrication of high- 
quality epitaxial, all high-l’, edge-type YBa&!usO, 
(YBCO)/PrBa&!u~O,(PBCO)/YBCO Josephson junc- 
tions,“’ prepared with our modified off-axis sputtering 
technique.3s4 These junctions have shown Josephson behav- 
ior up to rather high temperatures, and dc SQUIDS with 
such junctions are promising for practical applications. 
However, the physical properties of these junctions are far 
from clear. For fabrication of really controllable and uni- 
form junctions, these properties must be studied. The scal- 
ing behavior, intrinsic parameters, and magnetic field mod- 
ulation, as well as the microwave response of our edge 
junctions, are presented here. 

the intrinsic nature of the PBCO might play a role. 

Our junctions show good uniformity in the scaling of 
the critical current and the inverse normal resistance with 
the junction area, defined as A = wXd/sin i) (w is the 
junction width, d is the thickness of the base electrode, and 
6 is the angle of the junction edge). This is shown in Fig. 
1 for junctions with the same barrier thickness. The values 
for the smallest junctions may be somewhat too low due to 
the larger influence of the damaged edge by ion etching. At 
any rate, Fig. 1 demonstrates uniform behavior with dif- 
ferent junction areas. 

The dependence of J, on the-R;Rk product has -been 
investigated as well. The data shown in Fig. 3 are distrib- 
uted along the line J,- (R&) -m, with m = 1.2. For SNS 
structures with L&, one would expect J,- (Rd) -2, 
whereas for superconductor/insulator/normal-metal/ 
superconductor (SINS) structures J,- (R&) - ’ (Refs. 5 
and 6). The observed dependence differs from the predjc- 
tion for SNS structures and more closely resembles that for 
SINS structures. On the other hand, the temperature de- 
pendence of the critical-current density, J,(T) 
.- ( 1 - T/T,)‘, is in good agreement with the SNS type 
model, as we reported earlier.’ This discrepancy may ‘be 
attributed to the interface resistance between the base elcc- 
trode and PBCO barrier, and the influence of the speci:iic 
resistance of PBCO, which may be different for Lscn or 
Lci5r 

In addition, the I,$, products have been found to scale 
nearly linearly with L, ranging from 0.8 to 5 mV. TG 
highest values obtained were 8 mV. The damage of the 
edge surface due to our ex situ process could also detri- 

A strong dependence of the critical current density J, 
on the PBCO barrier thickness L has been observed. A plot 
of ln J, as a function of L at 4.2 K is shown in Fig. 2. It 
indicates that, to a good approximation, J, decreases expo- 
nentially as L increases. Such exponential scaling is also 
predicted, by theory, for large superconductor/normal- 
metal/superco+uctor (SNS) junctions.5 From the equa- 
tion In J,xln J, - L/& (J& is the critical current density 
of the electrodes) we have estimated the effective normal 
metal-coherence length cE of the PBCO layer at 4.2 K to be 
5 to 8 nm. For L<6 nm, J, is found to be higher than 
predicted by the exponential dependence. There are several 
possible reasons. First, when L<cn, the Cooper coupling 
between base and counter electrode is stronger and de- 
scribed by another J,(L) dependence.5 Second, a junction 
with a very thin barrier is more sensitive to nonuniformi- 
ties, or the existence of small pinholes in the barrier. Third, 
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FIG. 1. Scaling of the critical current 1, and resistance R, with ihe 
junction area A for junctions with the same barrier thickness. 

2754 Appl. Phys. Left. 59 (21), 18 November 1991 0003-6951/91/462754-03$02.00 @ 1991 American Institute of Physics 2754 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

130.89.45.231 On: Wed, 25 Nov 2015 15:09:56



10" 0 ” 

A, 1=42K 
x. 

‘\ 
. . 101 -..,8 

"E 
-- 0 

\ 

i" 0 0 '\ 
x. 0 

+a 0 __ '1 
0 \ 0 
> \ 

10' 0 \ 
'-. 

0 

l, 

\ 

loo 7----’ . ..” -. .- 

0 10 PO 30 40 

LPeco( "In ) 

IOJA) 

15 

10 

5 ----- / 
1” 

, -1 
05 1 15 2~-vhlv) 

/ 

$c- -- / 

,,,/;p 

&;~gfy 

FIG. 2. Dependence of the critical-current density J, on the PBCO barrier 
thickness, L. 

FIG. 4. The I-V characteristics at various temperatures for a 20-pm-wide 
junction with a SrTiO, insulating layer. At low temperature the hysteresis 
can be observed. 

mentally affect the I$, product.6 However, the presented 
results demonstrate good uniformity of the critical param- 
eters of the YBCO/PBCO/YBCO edge junctions. The  fab- 
rication process is indeed controllable and welI reproduc- 
ible. Therefore, these junctions are favorable for 
applications. 

PBCO layer can effectively insulate the YBCO base and 
counter layer. The normal state resistance and the shape of 
the I-V curves are almost the same as for those junctions 
which used PBCO as an  insulator. From this, we conclude 
that a  250 nm PBCO layer is sufficient to separate the two 
electrodes. 

A rough estimate of the resistivity at low temperatures 
of c-axis PBCO in our structures yields a  lower lim it of lo4 
Sz cm. Normally, we use a  thick ( > 250 nm) PBCO layer 
to insulate the base electrode from the counter electrode. 
Recent results reported by the Bellcore group on all a-axis 
oriented junctions demonstrated that a-axis PBCO layers 
as thick as 150 nm can be used as a barrier.’ Although 
PBCO is an  anisotropic material and its resistivity, like 
other ReBa$&O, compounds (Re: rare-earth element), 
is supposed to differ in c and a-b directions by some orders 
of magnitude, we have fabricated some junctions with a 
layer of SrTi03 instead of PBCO to ensure that our c-axis 
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Most of our junctions showed nonhysteretical current- 
voltage (1-v) curves. However, at low J,( - 10’ A/cm’) 
hysteresis has been observed in some junctions, as shown in 
Fig. 4. We  have estimated the capacitance C of the YBCO/ 
PBCO/YBCO junctions using the resistively shunted junc- 
tion (RSJ) model. At 4.2 K, I, was equal to 11 PA, and 
the value of hysteresis a  = I/I, was found to be  0.9. For 
this a, the dimensionless parameter flJ pj = l/wJR,C 
= (&/27rI$‘R2,) 1’2] is equal to 0.84, according to the 

a(J) dependence shown in Ref. 8. Using R, = 130 81, C is 
estimated to be 2.5 x 10 - t5 F. The capacitance per unit 
area C/A is then 5 X 10 - * F/cm2. This is a very low value 
in comparison with typical capacitances for tunnel junc- 
tions (C/A=5 X 10 - 6 F/cm2) (Ref. 6). Because of the 
large permittivity E of SrTiO,, C is mainly determined by 
the overlap area with the SrTi03 insulating layer. For junc- 
tions with PBCO as an insulator and the same L, C would 
be significantly lower. Thus, the YBCO/PBCO/YBCO 
edge junctions combining low capacitance and sufficiently 
large R,, are promising for applications in high-frequency 
circuits. 
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FIG; 3. Critical current density J, as a function of the product R,J at 
T = 4.2 K. 

Our first junctions had a large overlap area,’ which 
caused difficulties in the microwave measurement. Having 
reduced this area and the shunting capacitance of the junc- 
tions, clear Shapiro steps have been observed in the pres- 
ence of 10 GHz microwave irradiation, between 4.2 and 60 
K. The magnitude of the current steps as a function of the 
normalized microwave current is plotted in Fig. 5. At 
higher temperatures, the Shapiro steps become rounded, 
but the critical current i, still exhibits an oscillatory de- 
pendence clearly revealing Josephson behavior. To exam- 
ine the applicability of the RSJ model, we simulated the 
I-V curves for different microwave currents by solving the 
appropriate differential equation using a  standard fourth- 
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FIG. 5. Magnitude of the current steps vs the normalized microwave 
current. 

order Runge-Kutta method. The measured data are in 
good agreement with the calculated values (Fig. 5). 

The critical current depends very strongly on the mag- 
netic field. Many junctions showed diffraction patterns ap- 
proximating the expected Fraunhofer behavior, with a 
strong central peak and periodic 1, modulation with a 
depth of more than 95% up to 80 K. Figure 6 shows the 
I,(H) modulation at 60 K for one of these junctions. The 
field was applied parallel to the film and the junction, as 
shown in the inset. For J, = 5~ IO* A/cm2 at 60 K, the 
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FIG. 6. Modulation of the critical current vs parallel magnetic field as 
seen in the inset. 

Josephson penetration depth 5 = 15 pm is larger than the 
width of the junction (w = 10 pm), which means that the 
junction can be treated as “small.” For the “in-plane” di- 
rection of the magnetic field, the period Ho of the I,(H) 
dependence is between 90 and 100 Oe, which is of the same 
order of the value calculated with Ho = &(2d&in 6). A 
characteristic feature of many of our junctions is the pres- 
ence of an additional periodical structure for all directio.ns 
of the applied field. For the junction presented in Fig. 6, 
the small period @c is 7 Oe at 60 K, increasing gradually to 
Hs, = 8 Oe at 4.2 K. It is of the same order of what is 
expected if the field is applied perpendicular to the junc- 
tion: HA = 5 Oe. The increase of go at lower temperatures 
correlates with the change of Ht( 7’) due to the London 
penetration depth /2,(T) =/2,(0)/l-l - ( T/Tc)4]1’2. A 
possible explanation of the observed “interference” picture 
may be the complex distribution of both the induced 
Meissner current and Josephson current over the junction 
area. It would lead to an induced magnetic field at the 
surface of the superconducting electrodes, and a compliea- 
tion of the I,(H) dependence.91’0 

In summary, we have demonstrated that YBCD,’ 
PBCO/YBCO edge junctions are very uniform and con- 
trollable for different barrier thicknesses and junction ar- 
eas. Periodical modulation of the critical current in applied 
magnetic field and microwave power, as well as our earlier 
results in SQIJID application, are clear evidences of the 
Josephson behavior. Because of the low capacitance and 
the good uniformity, our edge junctions are promising for 
practical application in high-speed electronics. 
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