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We analyzed the transport of charge carriers across PiBa,GaO;_s (PBCGQO barriers as a
function of barrier thickness, Ga-doping level, temperature, and bias voltage. It was found that by
Ga doping, the normal state resistanBg)(of the junctions was systematically increased, while the
critical current () 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 thé.R,, products were increased, up to 8 mV at 4.2 K for junctions with 8

nm thick PrBaCu, (Ga, 40, barriers. ©1996 American Institute of Physics.
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To date, all high¥,; weak links show reducetlR, val- G(T,V)ocT(N—2N+D/e=2adintl  (a\/<k, T)
ues compared to the expected gap voltage of about 20 mV )
for YBa,Cu,0,_ 5 (YBCO).1~® Deutscheret al” argued that ot Do 2adins 1
highly resistive junction barriers are most feasible for obtain- ~ Gn(T,V)ecV(N~2Fhem2adntd (e vk, T)
ing highI R, values.

For the use of highly resistive barriers, PsBagO;_s

. . . L constant.
(PBCO is an obvious choice as it is the only pure 123- . .
) . . Ramp-type junctions allow for the use of the well-

compound that is not superconducting nor metallic at any

temperaturé.lt was shown howevérthat the metallic state established-axis high ¢ thin-film technology while allow-
ing the main current to flow in theb-plane. A more detailed

and also superconductivity can be induced into PBCO by - C i
T ! L description of the fabrication procedure has been published

small Ca doping, illustrating how close the material is to theelsewherég Starting from a souttered YBCO/PBCO bilaver

insulator-metal transition. Bulk PBCO is reported to behave X 9 P yer,

like a variable-range hoppin@/RH) conductor, caused by a ramp with an angle of about 20° with respect to the sub-
the relatively high density of localized statésS) in the strate surface is etched using an Ar-ion beam then the pho-

material’® The nature of LS is likely to be connected with toresist Is .removed using acetone. The ramp surface is sub
. . _13 sequently ion-beam cleaned at low energy to remove damage
some kind of structural disordét=*3It has been shown that . 9 .
o . from the interfacé® Next, the ramp is covered by a PBCGO
the resistivity of PBCO can be increased tremendously b . g . .
o . . : arrier layer and a YBCO counterelectrode. Final junction
substituting copper by gallium into the chain lay&tsThe o ., S
) definition, wiring, and metallization are performed by a con-
higher valence of Ga compared to that of Cu then causes a__,. ; .
. . ventional photolithographic process. The value for the bar-
reduction of the density of LS.

: rier thicknessd used, and is the nominal thickness in the
In the case of superconductor/insulator/superconductor.” . . ;
. ; . : direction perpendicular to the substrate surface, as inferred
(SIS structures, with a high density of LS in the | layer, . :
. : L . from the calibrated growth rate. We avoid the need to as-
apart from direct tunneling also indiregesonanttunneling

via these stateinside the barrier may take pladg.Espe- sume which |s.the actual direction of charge transport
cially at high barrier thickness these resonant contributionéhrough the barrier.
y 9 We used both undoped and doped PBCG® (

may become nonnegligible or even domin¥hiThe total ~0, 0.10, and 0.40) as barrier layers in ramp-type junc-

COI’I(?,U.CIIVIty Gro CO”S'StS of different conduction Cha'?' tions to study the effect of doping on the electric transport
nels” in parallel. The direct tunnel process and the one via 1

LS are largely independent of temperature and bias voItag%rOpertIes of these barriers.

; . Figure 1 shows a set of current—voltage characteristics
and can be taken together into the linear part of the conduc(—I _VCs) at different temperatures for a 10 nm thick PBCO
tance Gy,), vielding

barrier. There is little or no excess current and a clear
Fraunhofer-likel .(B) dependence can be observsée in-
Gior=Gjin+ Go(T,V)+G45(T,V) +.... (1) sed. Junctions showing the described featufaisout 40%,

were selected for the presented study. Therefore, this study is

Hder . based upon measurements performed on 60 chips fabricated
Glazman and Matveevderived expressions for the con- ithin ahout three years, each containing 510 junctions.

ductivity of a channel formed by LS, where two important 1o on-chip reproducibility was very good with a 10%

where o~ ! is the radius of a LS, an#tg is Boltzmann’s

limits of activation can be distinguished: spread in junction parameters.
We found by atomic-force microscogA\FM) analysig°
dElectronic mail: w.a.m.aarnink@tn.utwente.nl that PBCO barriers of up to 6 nm thickness will have pin-
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FIG. 1. Typical set ofl—=V-C's of a junction with PBCO barrier ofl , 50 nm
=10 nm at different temperatures. The inset shows the dependence of the 10 = 1
critical current at 56 K on the magnetic field applied parallel to the ramp. 10 10 10
T[K]

holes. This results from the island growth of PBCO and the

anistropy in grovvth speeds. Therefore, junctions \dihl]p to FIG. 3. Plot of th(_e PBCO barrier conductance fqr dlﬁereht barrier thick-
nesses as a function of temperature. Horizontal lines dé€hict Markers

6 nm show |arge excess.cu_rrents and a very small depegﬁow the activated conductance after subtractioB,gf. Solid lines through
dence ofl . on the magnetic field. the markers show the best fit toT4’® behavior.

Figure 2 shows the linear conductan@g, (formula 1)
as a function of the barrier thickness at 4.2 K for PBCGO

barriers as determined from tHe-VCs by interpolation. tivity. The dependence of this activated conductivity on tem-

Clearly, the decay parameter can be fitted by a single Valugeratun_e qnd bias voltage is shown'ln Figs. 3 and 4. Because
of the limited amount of data available at present on Ga-

(a=3.5£0.5 nm) up to a PBCO barrier thickness of 50 nm. . . .
For 40% Ga doping, the conductivity is reduced by moredoped PBCO, this analysis has been restricted to the un-

than one order of magnitude for the whole thickness rangglopeo| case. In Fig. 3, the thermal activation is shown by a

studied. Note that the decay parameter is unchanged up uble-log plot 0fG— Gyin Versus temperature for a range
doping of barrier thickness. Also shown iS5, for each thickness,

The constant value a suggests that only the density of which is the extrapolation to zero temperature of the linear

LS in the barrier is changed by Ga doping, and the eﬁectiveconductancéhorizontal so!id linek I,Qe solid lines follow-
barrier height remained unaffected. The values of the decal'¥ the data points are fits to tHE™ dependence, corre-

parameterm and the radius of a localized stai@: localiza- p°”‘?"”9 to indirect pa;sgge via 2 I.‘S' .
tion length are equivalent, s@= .15 From the radius of Figure 4 shows a similar analysis for the voltage activa-

LS: o~ L=#/(2m.4U) follows (taking for m.; the free elec- tion. Although at low voltage the data appear to follow the
tron mass & 10 3L kg) for o 1=3.5 nm: U=3 mey.  Predictedv*® reasonably well, for thicker barrie80 and

Although a low band gap value is to be expected for a mail0 tnT‘) a cleartge;/ﬁtlon Itto hlgt?_er co?dutgtwny IS V'.S'ble‘ h
terial which is close to the M—I transition, it seems to be, oL NOWEVEr, that the voltage bias activation range 1S muc

rather low to account for the tunnel data observed up to léarger. If equivalent energy scales for temperature and volt-
mV bias and up to some 50 KEig. 2) age activation are taken (4010 K ~10 '-10' mV),

For thick barriers and high bias voltagés,VCs show a
positive curvature, indicating an enhancement of the conduc-
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FIG. 2. Low-bias conductanc&s;,, at 4.2 K as a function of the FIG. 4. Plot of the PBCO barrier conductance at 4.2 K as a function of the
PrBaCu;_,Ga0;_ 5 barrier thicknessl, for x=0; 0.1 and 0.4. The solid voltage bias ford=20 nm, 30 nm, and 50 nm. Low-bi&3;;, are depicted,
lines are guides to the eye. as well as the best fit to ¥*2 behavior.
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viously the case. The observation is that the absolute magni-
tude of J. remains constant upon Ga doping, and indepen-
dent on the density of LS, therefore gives strong evidence
that the supercurrent is transported diyect tunneling

The observation that is about twice the value found for
¢ is predicted by formulg2) 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-
&=1.7(0.3) nm 40K ing, independent from the junction critical current thus re-
0 5 10 15 20 sults in an effective enhancement of th&,, products, up to
8 mV at 4.2 K for 8 nm thick PrBgLu, (Ga, 4O07_s.

oce x=0

J, [Afem?]

d [nm]
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FIG. 5. Critical current density J. as a function of the
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