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INTRODUCTION

Superconducting three terminal devices [1] of sufficient current and voltage gain and integrability are not yet
available, so Josephson junctions are still the basic active elements in superconducting electronics. In recent years a
lot of effort has been put into the development of reproducible high-T. Josephson junctions - with mixed success.
Even though Josephson behaviour can easily be demonstrated in very simple configurations, the fabrication of
reproducible junctions is still quite a problem and is not yet sufficient for medium or large scale levels of
integration. Apart from a lack of the understanding of the basic mechanisms of high-T, superconductivity, also the
charge transport properties in high-T, Josephson junctions are not yet fully understood. This, together with the
extremely short coherence length of the order of the chemical binding length and the difficulties in preparing these
materials, resulted in junction realisations that were quite often intrinsically complicated and not well understood in
their physical behaviour but showed reasonably good current-voltage characteristics, e.g. the different types of grain
boundary junctions [2]. In contrast, junctions with simple artificial barriers like normal conductor barriers made of
Ag between YBa;CuzO7.5 show a quite reproducible behaviour if the interface between YBa;Cuz07.5 and the barrier
is reasonably clean [3]. Due to the SNS characteristics and the low normal resistance of these junctions they are

only useful for a very limited number of applications.

In other junctions with artificial barriers, like ramp-type junctions or planar junctions using a-axis [4] or 103-
oriented electrodes and barriers [S], the barriers are grown epitaxially onto the YBayCus0q.5 electrodes and vice
versa, The charge transport through such barrier materials (e.g., PrBa;Cus.xGaxOs.5 , STRuOy4 and CaRuQ,) has not
been studied sufficiently in the past to reasonably well explain and predict the electrical properties of such junctions.
This article will deal with preparation issues of YBa;Cu3O7.5 ramp-type junctions with Ga-doped PrBa;Cu301.5
barriers and the charge transport in such junctions.

RAMP-TYPE JUNCTION PREPARATION
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using Kaufman source elsewhere [6]. In short (see figure 1); In the first
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step an epitaxial bilayer of the superconductor
PBCO (5-20 nm) and (e.g. YBa;CuzO7.5) and a semiconductor or
YBCO (100 nm) insulator (e.g. PrBa;Cu;0q.s) are deposited. Next
a photoresist mask is brought on and the ramp is
structured into the film by an Ar ion-beam under
Etching ( Kaufman source) of 45° incident angle. After removalA of the mask
contact.ares on bottom clectrode  and cleaning of the ramp by an Ar ion-beam, the
barrier layer (e.g. PrBa;Cu301.5) and the counter
electrode (e.g. YBayCu307.5) are deposited. In
the following etching step the overlap in the
junction area is largely removed. Finally gold
contacts are deposited using lift-off structuring.

Figure 1: Steps in the fabrication of ramp-type junctions
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A very critical step in this process is the formation of the ramp and the necessary cleaning of its surface prior to the
deposition of the barrier and counter electrode if these steps are petformed ex-situ. The cleaning process and the
growth of a PrBa;Cu301.5 barrier were studied in more detail in [7,8]. The damage of the ramp interface caused by
the Ar ion-beam cleaning procedure was found to be very dependent on the acceleration voltage. Test junctions
(ramp junctions without barrier) showed clear weak-link behaviour for high cleaning energies (500eV and 200eV
ions). Their critical current density was reduced by one order of magnitude compared to the undisturbed film values.
If cleaned with 50eV Ar ions, no weak link behaviour was observed and the critical current density was found to be
very close to one of the thin film. In figure 2 the critical current density of ramp junctions with different
PrBa;CuyOr.5 barrier thickness are plotted as function of the temperature .
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Figure 2: J(T) of junctions with different PrBa,Cu;O75 barrier

thickness, of a 50eV cleaned test junction and of a bare film.
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Figure 3: Cross-sections of a bare ramp covered with (a) 6nm PBCO and (b) 10nm PBCO,
as obtained by AFM measurements.

The measurements presented in this section show that the barrier cleaning is essential in obtaining high quality
ramp-type junctions. Good sample cooling and low Ar ion-energies are key ingredients. Nevertheless, a barrier
thickness of at least 6nm..10nm has to be applied due to the island growth of the PrBa;Cu307.5 barrier on the ramps.
For a thickness of less than 6nm, the PrBa;Cu3Oy. barriers are surely leaking.

ELECTRONIC TRANSPORT IN PrBa,Cu307.4

In order to understand the transport properties of PrBa,Cu;O7.5 in more detail we studied its temperature dependent
electric conductance in thin films of high-quality PrBa;Cu30+.5 with and without magnetic field and for low and
high electric fields. Details of these measurements have been described elsewhere [9,10]. Here we include a short
summary of the results which could be of relevance for the charge transport characteristics of ramp-type junctions
with PrBa,Cu3O;.5 barriers.
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Thin films of fully c-axis oriented PrBa;Cu;07.5 with a typical thickness of 60nm were prepared on S1TiO3 single
crystal substrates by sputtering or laser ablation. The specific resistance of these films typically ranges from about
10*Qcm at room temperature to 10'Qcm at 8K, For the films under investigation this means that resistance values
of up to some 10GQ have to be measured at low temperatures (down to 3.5K in the current measurement set-up).
Reliable contacts to the films are essential and also the knowledge of their temperature dependent contact resistance.
Therefor we applied the Transmission Line Model (TLM) method [11] which allows to determine the contact
resistivity and film resistivity independently from each other. The lowest and least temperature dependant contact
resistivity for ex-situ contact deposition was found for gold contacts with a value of about 10°Qm at room
temperature and 103Qm at 11X, The TLM structure with a length of 2685um and a width of 300um was etched
into the film using wet chemical etching instead of Ar-plasma or ion-beam etching in order to minimise damage to
the film and to avoid contamination of the SrTiO4 substrate which could lead to a resistivity of the substrate

comparable to that of the film under investigation.
The tempetature dependence of the resistivity

. (Qm
Pa (1) of laser ablated as well as the sputtered

2
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Figure 4: Semi-logarithmic plot of the PrBa;Cu3Or.5 resistivity

Ppbeo as function of T, PLD indicates films deposited by laser

ablation, SP films deposited by sputtering.

A further important signature for the 2D VRH is the dependence of the film’s resistivity on the applied magnetic
field H for fixed temperature (or equivalently its magnetoresistance p(H)/p(0) for fixed T) [13]. One can distinguish
two characteristic regions for the magnetoresistance,
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Figure 5: Magnetoresistance at 4.2K of a thin PrBa;CusO+. film. The lines represent weak-
and strong-field dependencies, as indicated.
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Measurements of the magnetoresistance on thin c-axis otiented PrBa;Cu307.5 films were performed at different
temperatures and fields, with fields applied along the c-axis. For a typical film the magnetoresistance at 4.2K is
plotted up to a field of 12T in figure 5. Clearly a weak and strong filed regime can be distinguished, with a transition
between these regimes at a field of about 4.5T.

The measurements of the temperature dependence and magnetic field dependence of the resistivity of thin c-axis
oriented PrBa;,Cu;O7.5 films described above are very strong evidence that these films are 2-D Mott variable-range
hopping conductors. Whereas the temperature activation in general acts isotropically, fields (e.g. an electrical field)
can activate VRH in specific directions. Activation by an electrical field is especially very pronounced at low
temperatures when the thermal activation energy kT is small compared to the electrical activation energy e ¢, E
1(T,E), where e is the electron charge, ¢, the relative dielectric constant, E the applied electrical field and 1(T,E) the
energy and temperature dependent hopping distance in direction of E. This can be clearly seen in figure 6 where the
resistivity of a PrBayCuzO7.5 film is plotted as function of the applied electrical Field for different temperatures.
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Figure 6: Resistivity ppeo as function of the applied electrical field E at various
temperatures T

If the electrical field is applied by the voltage source for measuring the resistivity of the film, the film resistivity in
direction of the applied field can be written as [9,14] where the subscript x denotes the direction of the applied field:

k T 173
_ . B ¢
Prseos TE)=p, epr kBT+egrExrx(T,E)] J

Since all quantities apart from the hopping distance ry can be measured this equation yields a tool to determine the
mean hopping distance in the direction of the charge transport:

k T
r(T,E)=—2 g

TesE [ln(p(T,E)/ po)r )

Evaluating the data from figure 6 for the mean hopping distance, the dependence of the hopping distance on T and E
is plotted in figure 7. It should be noted that the increase of the field activated hopping distance only takes place in
the direction of the applied field. In the y- and z-direction the average hopping distance is essentially equal to the
zero-field value in the x-direction. For E<200V/m the values for r, are less accurate because of the dominance of the
thermal activation in this regime.
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In figure 7 it can be seen that the average

T=1k hopping distance in the direction of the applied

T 6K field tends towards a constant minimum of

25K about 14nm. For other films values of the same

—— w0k order of magnitude were found. This minimum

hopping distance can be interpreted as nearest

6K neighbour hopping between localised states.

e — g0K. The obtained value of 14nm is comparable to
S ey - the estimate in literature of a nearest-neighbour
SHEEEEREER distance of 10nm [15]. If we assume intrinsic

0 400 800 1200 1600 2000 localised states, only an estimated 3% of the Pr
E (V/m) atoms provide a localised state. This argument

agrees with a mixed valence state of the Pr
atoms, where most Pr atoms are trivalent and
only a minority is tetravalent with a localised

Figure 7: Resistivity ppheo as function of the applied electrical field | J1e in their vicinity

E at various temperatures T

CHARGE TRANSPORT IN PrBa;Cus.x GaxO7.s RAMP-TYPE JUNCTIONS

As already lined out above, the ramp structuring and cleaning are essential steps in the fabrication of high-quality
ramp type junctions. These enhancements are also visible in the charge transport characteristics of ramp-type
junctions. Details will be published elsewhere [16], here a short summary of recent findings,

In contrast to earlier measurements improved ramp-type junctions show a much steeper dependence of the critical
current density J. as function of the barrier thickness t, leading to a decay length £=dIn J /dt ~ 1.7nm (see figure
8). This value is much more what one expected it to be, in contrast to earlier measurements, where values of Snm to

8nm were found, probably due to insufficiently cleaned ramp surfaces and rough barriers. As can be seen from
figure 8, the value of J; is not dependent on the temperature between 42K and 45K.
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Figure 8: Critical current density as a function of the Figure 9: Critical current density as a function of the
PrBa,Cu;0+.5 thickness at T=4.2K, 30K and 45K. PrBa;Cus.x Ga,Or.5 barrier thickness for x=0.1 and 0.4
at 4.2K and 40K.

Besides an adjustment of the critical current density of the junctions by changing the barrier thickness, also the
resistance of the barrier can be changed. Doping with Y reduces the resistance [17] while doping with Ga increases
its resistance [18]. It is known that Ga substitutes for copper in PrBa;CusO75 on the chain sites [19]. This'is
chemically equivalent to oxygen depletion and leads to strong increases of the resistivity. Ramp-type junctions with
a doping level of x=0.1 and x=0.4 of the PrBa;Cus GayOr.s barrier and different barrier thickness have been
prepared. The dependence of their critical current density on the barrier thickness is shown in figure 9 for two

temperatures.
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Figure 10: Zero-bias conductance at 4.2K as a function Figure 11: Plot of Jc as function of RnxA. Lines of
of the PrBa,Cus.x Ga,Oy.5 barrier thickness, for x=0, constant IcxRn-product are included.
0.1and 0.4 .

Again a temperature independent decay length of 1.7nm is found. Additionally it can be seen that Jc is independent
of the doping level and thus also the decay length. With this small value of € and its temperature independence, a
direct tunnelling process for the superconducting charge carriers through the barrier becomes very likely.

In contrast to the independence of J, on the doping level, the normal state conductance G, is strongly dependent on
the doping (see figure 10). Doping with x=0.4 decreases G, by nearly two orders of magnitude. The normal decay
length & is independent of the doping and about twice as large as & @ = 3.5nm . This means that there are two
distinct tunnelling channels for superconducting charges and normal condueting charges. Superconducting charges
tunnel through the barrier directly while normal conducting charges seem to tunnel via one intermediate state.

As a consequence, J. and the normal conducting resistance can be adjusted independently. The first one by the
barrier thickness, the second one by Ga-doping. Also the I-Ry-product can strongly be influenced by the doping. In
figure 11 the critical current density J; is plotted as function of R,-A and lines of constant IeRy-product are added.
Obviously doping with Ga shifts the curves towards higher L-Ry-products while keeping J. constant. Further
enhancing the resistance of the normal conducting transport channel would decrease the shunting of the
superconducting channel and thus would further increase the IeRp-product and could make real tunnelling
characteristics possible.
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