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We analyzed the transport of charge carriers across PrBa2Cu32xGaxO72d ~PBCGO! barriers as a
function of barrier thickness, Ga-doping level, temperature, and bias voltage. It was found that by
Ga doping, the normal state resistance (Rn) of the junctions was systematically increased, while the
critical current (I c) remained constant. We argue that pair transport takes place by direct tunneling,
whereas the quasiparticles have access to channels formed by one or more localized states inside the
barrier. By Ga doping theI cRn products were increased, up to 8 mV at 4.2 K for junctions with 8
nm thick PrBa2Cu2.6Ga0.4O72d barriers. ©1996 American Institute of Physics.
@S0003-6951~96!03932-0#

To date, all high-Tc weak links show reducedI cRn val-
ues compared to the expected gap voltage of about 20 mV
for YBa2Cu3O72d ~YBCO!.1–6 Deutscheret al.7 argued that
highly resistive junction barriers are most feasible for obtain-
ing high I cRn values.

For the use of highly resistive barriers, PrBa2Cu3O72d

~PBCO! is an obvious choice as it is the only pure 123-
compound that is not superconducting nor metallic at any
temperature.8 It was shown however9 that the metallic state
and also superconductivity can be induced into PBCO by
small Ca doping, illustrating how close the material is to the
insulator-metal transition. Bulk PBCO is reported to behave
like a variable-range hopping~VRH! conductor, caused by
the relatively high density of localized states~LS! in the
material.10 The nature of LS is likely to be connected with
some kind of structural disorder.11–13 It has been shown that
the resistivity of PBCO can be increased tremendously by
substituting copper by gallium into the chain layers.14 The
higher valence of Ga compared to that of Cu then causes a
reduction of the density of LS.

In the case of superconductor/insulator/superconductor
~SIS! structures, with a high density of LS in the I layer,
apart from direct tunneling also indirect~resonant! tunneling
via these statesinside the barrier may take place.15 Espe-
cially at high barrier thickness these resonant contributions
may become nonnegligible or even dominant.16 The total
conductivity (Gtot) consists of different conduction ‘‘chan-
nels’’ in parallel. The direct tunnel process and the one via 1
LS are largely independent of temperature and bias voltage
and can be taken together into the linear part of the conduc-
tance (Glin), yielding

Gtot5Glin1G2~T,V!1G3~T,V!1... . ~1!

Glazman and Matveev17 derived expressions for the con-
ductivity of a channel formed byn LS, where two important
limits of activation can be distinguished:

Gn~T,V!}T~n22/n11!/e22ad/n11 ~eV!kBT!

~2!

Gn~T,V!}V~n22/n11!e22ad/n11 ~eV@kBT!

,

where a21 is the radius of a LS, andkB is Boltzmann’s
constant.

Ramp-type junctions allow for the use of the well-
establishedc-axis high-Tc thin-film technology while allow-
ing the main current to flow in theab-plane. A more detailed
description of the fabrication procedure has been published
elsewhere.18 Starting from a sputtered YBCO/PBCO bilayer,
a ramp with an angle of about 20° with respect to the sub-
strate surface is etched using an Ar-ion beam then the pho-
toresist is removed using acetone. The ramp surface is sub-
sequently ion-beam cleaned at low energy to remove damage
from the interface.19 Next, the ramp is covered by a PBCGO
barrier layer and a YBCO counterelectrode. Final junction
definition, wiring, and metallization are performed by a con-
ventional photolithographic process. The value for the bar-
rier thicknessd used, and is the nominal thickness in the
direction perpendicular to the substrate surface, as inferred
from the calibrated growth rate. We avoid the need to as-
sume which is the actual direction of charge transport
through the barrier.

We used both undoped and doped PBCGO (x
50, 0.10, and 0.40) as barrier layers in ramp-type junc-
tions to study the effect of doping on the electric transport
properties of these barriers.

Figure 1 shows a set of current–voltage characteristics
(I –VCs) at different temperatures for a 10 nm thick PBCO
barrier. There is little or no excess current and a clear
Fraunhofer-likeI c(B) dependence can be observed~see in-
set!. Junctions showing the described features~about 40%!,
were selected for the presented study. Therefore, this study is
based upon measurements performed on 60 chips fabricated
within about three years, each containing 5–10 junctions.
The on-chip reproducibility was very good with a 10%
spread in junction parameters.

We found by atomic-force microscopy~AFM! analysis20

that PBCO barriers of up to 6 nm thickness will have pin-a!Electronic mail: w.a.m.aarnink@tn.utwente.nl
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holes. This results from the island growth of PBCO and the
anistropy in growth speeds. Therefore, junctions withd up to
6 nm show large excess currents and a very small depen-
dence ofI c on the magnetic field.

Figure 2 shows the linear conductanceGlin ~formula 1!
as a function of the barrier thickness at 4.2 K for PBCGO
barriers as determined from theI –VCs by interpolation.
Clearly, the decay parameter can be fitted by a single value
(a53.560.5 nm) up to a PBCO barrier thickness of 50 nm.
For 40% Ga doping, the conductivity is reduced by more
than one order of magnitude for the whole thickness range
studied. Note that the decay parameter is unchanged upon
doping.

The constant value ofa suggests that only the density of
LS in the barrier is changed by Ga doping, and the effective
barrier height remained unaffected. The values of the decay
parametera and the radius of a localized state~or: localiza-
tion length! are equivalent, so:a5a21.15 From the radius of
LS: a215\/(2meffU) follows ~taking formeff the free elec-
tron mass 9310231 kg! for a2153.5 nm: U53 meV.
Although a low band gap value is to be expected for a ma-
terial which is close to the M–I transition, it seems to be
rather low to account for the tunnel data observed up to 10
mV bias and up to some 50 K~Fig. 2!.

For thick barriers and high bias voltages,I –VCs show a
positive curvature, indicating an enhancement of the conduc-

tivity. The dependence of this activated conductivity on tem-
perature and bias voltage is shown in Figs. 3 and 4. Because
of the limited amount of data available at present on Ga-
doped PBCO, this analysis has been restricted to the un-
doped case. In Fig. 3, the thermal activation is shown by a
double-log plot ofGtot2Glin versus temperature for a range
of barrier thickness. Also shown isGlin for each thickness,
which is the extrapolation to zero temperature of the linear
conductance~horizontal solid lines!. The solid lines follow-
ing the data points are fits to theT4/3 dependence, corre-
sponding to indirect passage via 2 LS.

Figure 4 shows a similar analysis for the voltage activa-
tion. Although at low voltage the data appear to follow the
predictedV4/3 reasonably well, for thicker barriers~30 and
50 nm! a clear deviation to higher conductivity is visible.
Note however, that the voltage bias activation range is much
larger. If equivalent energy scales for temperature and volt-
age activation are taken (100–102 K ;1021–101 mV),

FIG. 1. Typical set ofI –V–C’s of a junction with PBCO barrier ofd
510 nm at different temperatures. The inset shows the dependence of the
critical current at 56 K on the magnetic field applied parallel to the ramp.

FIG. 2. Low-bias conductanceGlin at 4.2 K as a function of the
PrBa2Cu32xGaxO72d barrier thicknessd, for x50; 0.1 and 0.4. The solid
lines are guides to the eye.

FIG. 3. Plot of the PBCO barrier conductance for different barrier thick-
nesses as a function of temperature. Horizontal lines depictGlin . Markers
show the activated conductance after subtraction ofGlin . Solid lines through
the markers show the best fit to aT4/3 behavior.

FIG. 4. Plot of the PBCO barrier conductance at 4.2 K as a function of the
voltage bias ford520 nm, 30 nm, and 50 nm. Low-biasGlin are depicted,
as well as the best fit to aV4/3 behavior.
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the fit to dominant conduction via 2 LS holds quite well in
both cases. The deviation shows no evidence for a crossover
to theV5/2 power law, which is much steeper than the mea-
sured voltage dependence. Possibly, the high-voltage branch
for the thick barriers already reflects a crossover from the
mesoscopic to the macroscopic regime. This would be con-
sistent with the absolute value for the barrier zero-bias resis-
tivity (;103 V cm), as it is already not far from reported
values for PBCO thin films at 4.2 K,
rab'103–104 V cm.21,22

Figure 5 shows the exponential decay of the critical cur-
rent density versus PBCGO barrier thicknessd, at 4.2 and 40
K. Note that up to 45 K the decay parameter (j51.7
60.3 nm) remains unchanged. This makes a proximity-
effect type of coupling improbable at least up to 0.5Tc . Sec-
ond, there is no change inj for Ga-doped barriers, having
smaller density of LS. This is evidence that the supercurrent
is transported by a tunnel process~direct or resonant!. Also
the supercurrent may be transported via LS.17,23 However,
Coulomb repulsion might block the resonant passage of
pairs, depending on the strength of the pairing interaction
and the depth of the LS.23,24Glazman and Matveev23 showed
that the Coulomb repulsion is sufficient to suppress a reso-
nant contribution to the supercurrent, if the resonant line
width G0 is very small compared tokBTc , where G0

5U exp(2da). Since we receiveG0<0.3 meV, this is ob-

viously the case. The observation is that the absolute magni-
tude of Jc remains constant upon Ga doping, and indepen-
dent on the density of LS, therefore gives strong evidence
that the supercurrent is transported bydirect tunneling.

The observation thata is about twice the value found for
j is predicted by formula~2! if the quasiparticle current is
transported by 1 LS and the supercurrent by direct tunneling.
This is apparently the case here, for low activation.

The systematic increase of barrier resistivity by Ga dop-
ing, independent from the junction critical current thus re-
sults in an effective enhancement of theI cRn products, up to
8 mV at 4.2 K for 8 nm thick PrBa2Cu2.6Ga0.4O72d .
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FIG. 5. Critical current density Jc as a function of the
PrBa2Cu32xGaxO72d barrier thicknessd for x50; 0.1 and 0.4 atT54.2
and 40 K. The solid lines are guides to the eye.
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