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Variation of the Josephson current with carrier concentration in the barrier
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A phenomenological investigation of the dc Josephson current in superconductor– (S-) normal-metal–
(N) @semiconductor–~Sm-!# superconductor junctions is carried out as a function of the carrier concentration
in the barrier. The occurrence of a nonmonotonic dependence of the Josephson current on the carrier concen-
tration is predicted within some limits. This study suggests that inS-N- ~Sm-! S structures there is an optimum
carrier concentration range which gives the maximum value of the Josephson currentI C and the junction
parameterI CRN . @S0163-1829~97!01226-5#
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I. INTRODUCTION

Junctions based on the Josephson effect1 are of great in-
terest for a wide range of electronic applications and for
study of fundamental properties of superconductors.2 Of cru-
cial importance for the realization of these structures is
nature of the barrier and its interfaces with superconduc
electrodes. Metallic barriers have advantages over insula
for some applications. Moreover, the boundary betwee
superconductor (S) and a normal metal (N) @semiconductor
~Sm!# ~Refs. 2 and 3! also has particular interest for funda
mental physics. In these interfaces basic phenomena su
the proximity effect4 and Andreev reflection occur.5 Several
investigations have been performed on junctions, which e
ploy both low-critical-temperature superconductors2,3,6–9

~LTCS’s! and high-critical-temperature superconductors10–13

~HTCS’s!. In some structures, the presence ofS/N interfaces
seems to be unavoidable. For instance, this can occu
HTCS grain boundaries~GB’s!, where GB’s do not seem to
act as simple insulating barriers.14 It can also take place in
LTCS nominalS-insulator- ~I -! S junctions because of th
existence of high-transparency transmission for a small f
tion of electrons.

In this paper a phenomenological analysis of the Jose
son properties ofS-N- ~Sm-! S structures is carried out. Th
carrier concentrationNS in the barrier can be varied over
wide range (NS51017–1022 cm23) ~the semiconductor is
usually heavily doped and can be regarded as a low-car
density metal!. In multilayered structures, for instance, th
barrier layers are usually produced by sputtering or by la
ablation from targets in whichNS is controllably adjusted.

12

The first motivation of this analysis originates from the e
perimental problem of determining a suitable carrier conc
tration to optimize the Josephson currentI C and the junction
parameterVC5I CRN ~RN is the normal resistance!. As far as
applications are concerned, the tuning of the parameter
individual junctions to optimum operation values is very
tractive. This problem also exists in the context of HTC
Josephson trilayers, where various doping levels of the
rier material are commonly explored.12 Moreover, helpful
information can be obtained on gated Josephson dev
where an electric field in opportune conditions can prod
variations of the carrier concentration and the properties
560163-1829/97/56~1!/91~4!/$10.00
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the junction. This could also be applied to structures ba
on HTCS grain-boundary junctions, if one assumes a co
spondence between some properties of the grain bound
and the carrier densities15 in the GB barrier.

We study the Josephson currentI C as a function of the
carrier concentrationNS and temperatureT within the frame-
work of the proximity effect. Our analysis can be applied
S-N- ~Sm-! S junctions, provided that the system is in th
dirty limit and theS/N ~Sm! interfaces are characterized by
low transparency, common in many types of junctions.7,8,14

Once the correlation between the properties of the bar
and the carrier concentration is established,3 a crucial point is
to study the effect of the modifications of theS/N interfaces
on the Josephson currentI C when the carrier concentratio
NS in the barrier is changed. This is the main aim of t
present paper. If we change the number of carriers by
ploying, for example, barriers that have been doped to
ferent percentages, the Josephson current will vary. This
havior can be quantitatively described through the variat
of some parameters typical of the proximity effect,4,6,7 such
as the coherence length in the barrierjN5(hD/2pkBT)

1/2

and the boundary resistance~D being the diffusion
constant!.4 These depend on the Fermi velocities and, a
consequence, onNS . Variations ofNS influence both the
mismatch of electronic properties between the electrodes
the barrier16 and the boundary conditions for the order p
rameter at theS/N ~Sm! interface.

Depending on the nature of the barrier and theS/N inter-
face, two different situations can occur. The Josephson
rent I C dependence onNS can be either monotonic or non
monotonic. In the latter case, we found the existence of
optimal doping of the barrier, which gives the maximu
values ofI C andVC . In the next section, the main formalism
will be presented, while the results and conditions that de
mine the two different behaviors will be discussed in S
III.

II. MAIN FORMALISM AND LIMITS OF VALIDITY

We use the model developed by Kupryanov a
co-workers7 to investigate the properties ofS/N bilayers on
the basis of the Usadel equations in the ‘‘dirty’’ limit. Thi
approach has the advantage of taking into account a var
91 © 1997 The American Physical Society
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92 56BRIEF REPORTS
boundary resistance and describing, in some detail, the
ture of the prefactor of the exponential dependence ofI C on
the ratio L/jN ~L being the barrier thickness!. The order
parameter in aS/N bilayer can be expressed through tw
dimensionless parameters7

g5rSjS /rNjN , gB5RB /rNjN ,

whererN,S and jN,S are the normal-state resistivities of th
junction materials and their coherence lengths inN andS,
respectively, whileRB is the specific resistance of theS/N
boundary.gB is a measure of the coupling between the t
slabs of the bilayer: The higher the value of the resistan
the weaker the coupling betweenN and S is. The tunnel
regime at theS/N interface is obtained forgB@1. Direct
information on the spatial variation of the order paramete
given byg. For g!1 the effects on the superconductor d
to the proximity of the normal metal are small, in contrast
the limit g@1. In this case many quasiparticles diffuse fro
N to S.7 Both the parametersg andgB are related toNS , due
to the dependence ofrS,N andjS,N on the carrier concentra
tion NS .

On the basis of such a general formalism, it is possible
obtain the expression forVC and thereforeI C :

7

egBVC /~2pTC!52~T/TC!1/2(
v.0

@D2/~D21v2!#

3ApT/v sinh21@L/jN*Av/~pTC!#,

~1!

wherev5(2n11)pT andjN* is the coherence length inN
at TC . Equation~1! is valid in the limit of low transmission
probability at theS/N interface forgB@max(1,g). It is ap-
plicable to short and long bridges, provided thatgB

21

!L/jN*!gB and gB@(TC /T)
1/2. This situation occurs in

junctions that employ interfaces with a HTCS electrode
more often, of Schottky nature.10,11The limits of the model’s
validity allow an extension of the traditional theories, va
for long bridges, to short bridges.2,3 The above conditions do
not allow the extension of the proposed approach to very
temperatures.

In the present investigation, the effect ofg is neglected, as
a first approximation. For high values of the boundary res
tance (gB@1), the critical currentI C depends very weakly
on g. Nevertheless, the qualitative results we find are
affected if the dependence ofI C on g is taken into account.

III. RESULTS AND DISCUSSION

Equation~1! allows the calculation of the dependence
the critical currentI C on T/TC for SNS sandwiches (gB

@1) for different values of theL/jN* ratio. In this case, the
normal junction resistance is mainly due to the interface
sistance

RN'2gBrNjN* S21'2RBS
21,

whereS is the cross section of the junction.
Therefore I C depends on the carrier concentrationNS

throughrN and jN . Once the temperature is set in Eq.~1!,
I C can be straightforwardly obtained as a function ofNS .
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We assume that the coherence length forNS
1/3'107 cm21 has

the same value as the barrier thicknessL (L/jN*51) in the
calculations below. This choice is arbitrary.

In order to evaluateI C , the dependences ofjN andrN on
NS have to be established within some approximations. T
role of RB has to be pointed out. According to tradition
proximity theories,4,6,7,17 jN}vF}NS

1/3 for a three-
dimensional N barrier and jN}vF}NS

1/2 for a two-
dimensionalN barrier.

For rN the free electron~gas! approximation (rN}1/NS)
can be used.18 The case in which the mobilitym depends on
NS ~Ref. 18! is also considered. Despite the fact that t
microscopic picture is rather complicated, different effects
jN(NS) and rN(NS ,m) can be simply identified and corre
lated to the results. Once the limits are chosen, the calc
tions are straightforward. Results will be presented in
next two subsections. In the latter the possibility that t
specific resistanceRB can be related toNS will be taken into
account.

A. RB independent ofNS

Let us first consider the case ofRB substantially indepen-
dent ofNS in the limit of rN}1/NS . In the case of a three
dimensionalN layer, I C , calculated from Eq.~1!, is plotted
as a function of the carrier concentrationNS in Figs. 1~a! and
1~b! in a low- (0.2,T/TC,0.5) and in a high- (0.9,T/TC
,1) temperature range, respectively~TC being the critical
temperature ofS!. The behavior at intermediate temperatur
is analogous. A nonmonotonic dependence of the Josep
currentI C onNS is evident. In this case, it has been assum
thatNS is almost independent of temperature~for T,TC!, as
occurring, for example, in materials such as Nb-dop
SrTiO3, where no carrier freeze-out is observed. At all te
peratures, the carrier concentration can be tuned in orde
optimize I C andVC of a Josephson junction. The maximu
of I C seems to occur at a carrier concentration of the orde
NS51019 cm23. Such a value weakly depends on T and
almost independent of the barrier material, unless the s
tering time is very different from the typical values.4,18 For
carrier concentrations dependent on temperatureT @NS
}T3/2 exp(2Eg /kBT), whereEg is the energy difference be
tween the conduction and the valence band#,18,19 I C(T)
qualitatively exhibits a nonmonotonic behavior also as
function of T. This result is in agreement with the predi
tions of the microscopic approach by Itskovich a
Shekhter.17 In the case of semiconductinglike behaviorrN
}NS

2b ~with 0,b,2/3!, a monotonic behavior ofI C is sub-
stantially found.2,3 The same situation occurs if we exten
the same proximity approach to the two-dimensional case
this work, effects due to localization and interference21 are
neglected and could be suitably taken into account in a m
general frame.

B. RB dependent onNS

In a more general approach than the one just describ
theRB variation induced byNS through the boundary condi
tions should be taken into account. As is known from cla
sical theories, if we produce a mismatch of the Fermi velo
ties at an interface, an increase of the interface resistance
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occur.16 The experimental variation ofRN as a function of
doping or of a gate voltage (VG) could be a sign of aRB
dependence onNS in the case where other effects can b
ruled out20 and gB@1. This last condition guarantees tha
RN}RB .

We assume thatRB(NS) can be approximated as

RB~NS!5RB@12a1R~a!ukFS~NS8!2kFN~NS!u2/ukFS~NS8!

1kFN~NS!u2#, ~2!

where a is the transmission probability at the interface
R(a) a coefficient depending ona, and kFS (NS8) and
kFN (NS) the Fermi momentum in theS andN layers, re-
spectively. The classical dependence of the Fermi mom
tum on the carrier concentration (kFN}NS

1/3) is assumed.
Equation~2! is a phenomenological extension of the micro
scopic expression in Ref. 16, obtained for a completely tran
missive interface. We notice that fora51, R(a)51 is in
agreement with established theories,16 while R(a) vanishes
for a approaching 0. The term depending onkFS and kFN
takes into account, within certain approximations, the m
match of the electronic properties of the materials formin
the interface.

In Figs. 2~a! and 2~b!, I C(NS) is reported in the two cases
of RB independent ofNS ~a! and of RB dependent onNS

FIG. 1. I C , calculated according to Eq.~1! in the limit for rN

}NS
1, is reported as a function of the carrier concentrationNS in a

low- (0.2,T/TC,0.5) ~a! and in a high- (0.9,T/TC,1) ~b! tem-
perature range, respectively. A nonmonotone behavior of the
sephson currentI C on NS is evident.
,

n-

s-

-
g

according to Eq.~2! ~b!, respectively. This is calculated for
0.2,T/TC,0.3 in the approximation of low values of the
transmission probabilitya and for rN}NS

2/3 ~kFS has been
assumed of the order of 1021 cm23!. Only in the latter case is
a nonmonotonic behavior found. This means that a maxi-
mum I C value can occur also in junctions employing semi-
conductinglike barriers provided that the boundary resistance
depends onNS .

The monotonic or nonmonotonic behavior ofI C vsNS can
be explained by the competition of the various factors,
mainly related to the nature of the barrier. In this context, we
expect that both a decrease of the resistivityrN of the barrier
~asNS increases! and an enhancement of the boundary resis-
tance at theS/N interface can reduceI C @Eqs. ~1! and ~2!#.
These effects tend to counterbalance the influence of the in
crease of the coherence inN (jN). The conditions forI C vs
NS to be nonmonotonic are more favorable in the case of a
weak dependence ofI C on jN(NS) ~i.e., for highNS values!.
Furthermore, whenRB depends onNS , the position of the
maximum I C(NS) can change. This last will approximately
correspond to the value of the carrier concentration inS,
which minimizes the boundary resistance.

For two-dimensional barriers, under the previous hypoth-

o-

FIG. 2. I C dependence onNS for rN}NS
2/3: ~a! for RB inde-

pendent ofNS and~b! for RB according to Eq.~2!. The temperature
range is 0.2,T/TC,0.3 ~kFS has been assumed of the order of
1021 cm23!. A nonmonotone behavior ofI C onNS is evident only in
the latter case.
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eses and in the limitrN}1/NS , a nonmonotonicI C vs NS
relation similar to Fig. 2~b! is also obtained.

The same ideas could be also applied to HTCS gra
boundary junctions, as long as we suppose that change
the microstructure of the GB could modify properties of t
GB interface~such as transmission probability! and the car-
rier concentration in the ‘‘barrier.’’ Within this framework
the variations of theVC value as a function of the morpho
ogy of the GB~which can be correlated to critical curre
densityJC , normal conductance, etc.! would also be related
to changes ofNS .

IV. CONCLUSIONS

The effect of a variable carrier concentration in the barr
on the dc Josephson current in superconductor–norm
metal–superconductor structures is studied within a class
proximity effect framework. TheI C vs NS relation can be
-
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both monotonic and nonmonotonic, depending on the na
of the barrier and its interfaces with the electrodes. Th
results partially enlighten some aspects of the problem
optimizing the critical current by changing the carrier co
centration in the barrier, once the electrode materials
given. A junction employing Nb or YBa2Cu3O7 as electrodes
and Nb- or Ta-doped SrTiO3 as a barrier could turn out to b
an interesting system21,13 to study the dependence ofI C and
VC on NS .
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