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Critical temperature of superconducting bilayers: Theory and experiment
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A generalized model for the critical temperatdrg of superconducting bilayers is presented, which

is valid with no restrictions to film thicknessek; of the layers, and interface resistivity. The model

is verified experimentally on a series of Nb—Al and Ta—Al bilayers with Nb, Ta layer thicknesses of
100 nm and Al layer thicknesses ranging from 5 to 200 nm. Excellent agreement between theory and
experiment was found for the energy gap and Theof bilayers. The results are important for
designing practical superconducting devices. 2@02 American Institute of Physics.
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There is presently a growing interest in the developmenbnly, the additional condition of diffusive scattering at the
of superconducting bilayers; SS, for a number of practical film interfaces. Under these assumptions and in the vicinity
applications, like tunnel junctions for x-ray detectio, of the transition temperaturg., the proximity effect is de-
transition edge sensot$;® and Josephson junctiofidVhen  scribed by the linearized set of Usadel equatdms mate-
designing such devices, it is often necessary to adjust andgal i=1,2:
predict the bilayer transition temperatufe . Although the

proximity effect theory has been extensively developed dur- 4, _ Ds [G DL 1)
ing the last decade, there was certainly a lack of practically S 2 nGs S

oriented studies of ¢ in bilayers. In early work on the prox-

imity effect,~'%the approximate methods for the determina- Tc D (Ag=PsGs)

tion of T were developed. However, the boundary condi- Ag In |+27TTCwn>o wp =0, @

tions used do not follow from the microscopic theory of 2 oap

superconductivity(see also the review in Ref. 11More ~ Ps a@ndGg=w,/(w;+P5)™* are the normal and anoma-
recently, the microscopic theory in the dirty limit based onlous Green’s functionsis IS the order parameter, afitk is

the Usadel equatiohSwas used to calculat€: of bi- and  the diffusion coefficient in the Sand S layers, respectively.
multilayered systems, but only limiting cases were studiedw,=7T(2n+1) is the Matsubara frequency. Equatidis
high transparency of S-S, interface!®*#finite transparency and(2) are supplemented with the boundary conditions at the
of S,—S, interface but thin or thick $layers, and zero free surfaces¢’51=0 atx=dsl, <I>’Sz=0 atx=—d32, and

Tcs,,'>*°or the limit of very thin § and $ layers!’*® at theS,—S, interfacé? (x=0):
In this letter, the generalized model fog of supercon- 1/262 Y AY2G2 @ 3
ducting bilayers is presented without restriction to theaBd 31 S Sz S5 (3)

S, layer thicknesses‘l,’csls2 values, material parameters, and 5
resistivity of the $—S, interface. The model is verified ex- .o ot
perimentally on a series of Nb—Al and Ta—Al bilayers. VBNgsstZCDSz_GSl((DSl_q)Sz)’ (4)

We consider a bilayer structure consisting gféd S . _ . .
layers of thicknessls andds,, respectively. Finite transpar- where 552 ¢s,VTes,/Tes, IS the nornlgllzed cohererllce
1 length in the $ layer, §s=(Ds/2mTcs) ™ Here, the di-

ency of the $—S, boundary can result either from a differ- . 1
ence in Fermi velocities of the materials or from the exis-Mensionless parameteysandygy describe the nature of the

tence of a potential barrier at the interface. In general, the Snterface between the two materials. They are defined by:

material is also superconducting with a transition tempera-
ture Tes, <Tcs,- Our assumption is that the materials are y=

either in the dirty limit or in the clean limit with, in that case

P31551 Rg

—  YBNT (5
Ps,E5, Ps,E5,

whereps1 and ps, are the normal state resistivities aRd is
dElectronic mail: guy.brammertz@esa.int the product of the resistance of the-S5, boundary and its
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(a) Ta—Al bilayers | =1o+13/d} = [Es(d/lg)—Es(d/lg)] — %, ®
0.5 10 2 8
0.4 8
0.3 6 . where the exponential integrals are defined By(x)
& 0.2 4 2 = [Tt "e~*'dt andl, is the mean free path in the bulk ma-
) terial.
0.1 2 2 Analytical solutions forT¢ are possible only under cer-
0 0

tain limitations on layer thicknesses and interface parameters
0 50 100 150 200 y and ygy, as discussed earlier literatufé® In order to
Al film thickness (nm) -
calculateT¢ in the general case, we have solved the set of
Egs.(1) and(2) numerically.T¢ is defined as the maximum

(6)  Nb-Al bilayers temperature for which nontrivial solutions for the pair poten-
1.2 8 tials Ag andAg exist.
1.0} S $
6 The devices studied in this work are symmetrical

08¢

~ 0.6 S,S,1S,S, junctions, where every electrode is made out of a

superconducting bilayer;S,. Two different kinds of de-

S
78N

- —-— %
,Q"O -~

0.4 1o vices are available, Ta—Al and Nb—Al based devices. The
8'3 / L _Tex 0 layers are deposited in an ultrahigh vacuum system. First a

100 nm thick layer of epitaxial Nb or Ta is laid down. With-
out breaking the vacuum, a polycrystalline Al film is then
deposited on which a 10 A Al-oxide barrier is grown. Then
FIG. 1. Interface parameterg (solid line, left-hand side scaleand ygy another polycrystalline Nb—AIl or Ta—Al bilayer having the
(dashed line, right-hand side scaées a function of Al film thickness fa(a) same film thickness as the base electrode is deposited on top
Ta—Al and(b) Nb—Al bilayers. Squaregy, left-scal¢ and diamond$ygy , . . . . .

right-hand side scajendicate the points for which calculations of the en- of this oxide barr_ler. The thickness of the Al film depend_s on
ergy gap andc were made. the sample and is varied between 5 and 200 nm. Details on
material characteristics like bulk mean free path, residual
resistance ratio, and bulk coherence length of the different
ilms can be found in Ref. 21. All values given in the follow-
ing are averages between the values for the top and base

0 20 40 60 80 100
Al film thickness (nm)

area. Replacing the coherence length in the films by the dirt
limit expression = /&l /3, whereé, is the coherence length
in the bulk material andl is the mean free path in the film,

yields electrodes.
. Ta-Al bil
=G\ (a) a-—Al bilayers
s,
with
_Psl|s1 €os Tcs,
CV_ | é: T 1 (6)
Ps,ls, os,!cs, oo 42
= 0 50 100 150 200
7en CYBN\/E, Al film thickness (nm)
with

R 3Tes,
Cron= 1 T (7)
pPs)ls, 5052 Ccs,

Here, the quantitie€C, and C,_  are independent of the
thickness of the Sand S films, becausepl is a material
constant. The consta@, depends only on the nature of the
two materials involved, whereas, also depends on the ; ‘ 8

. . BN ) . 0 20 40 80 80 100
quality of the interface between the two films. For bilayers Al film thickness (nm)
deposited under similar conditions and having only different
film thickness, the same values &f, and C can be _ .

Y 7BN FIG. 2. Energy gap at 300 mK ari¢: as a function of Al film thickness for

a_tssumgd. The dependence of _the interface para_lmeters qn I(Q?Ta—AI and (b) Nb—Al bilayers. The Ta and Nb film thickness has a
film thickness can be determined by substituting the filmconstant value of 100 nm. Squares, , left-hand side scajeand diamonds
thickness dependence of the mean free path into Byand (Tc, right-hand side scaleepresent the calculated values from our model.

(7). For complete electron scattering at the film surfaces, thd"® Solid(&g, left-hand side scajeand dashedTc, right-hand side scale
! ines are a guide for the eye between the calculated points. Crosses with

following equation for the mean free path 1 as a function ofgrror pars represent the corresponding experimental values. The dotted lines

film thicknessd holds?° represent the bulk energy gap of Nb, Ta, Al, and the Aidkof Nb and Ta.
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of the gap at 300 mK and ¢ 2 By applying Eqgs.(6) and P. Verhoeve, D. J. Goldie, and R. Hart, Proc. SB35 74 (1998.

. . 4C. A. Mears, S. E. Labov, M. Frank, M. A. Lindeman, L. J. Hiller, H.
(7), the interface constants, andC,, can be determined. i %4 A" T Barfknecht, Nucl. Instrum. Methods Phys. Re878 53

BN
These were found to be equal t@,=0.4806, CYBN (1996.
=0.6754 nmi Y2 for the Ta—Al bilayers andC7= 1.372, ®K. D. Irwin, G. C. Hilton, D. A. Wollman, and J. M. Martinis, Appl. Phys.

— ~1/2 f . Lett. 83, 3987(1998.
CVBN_O'642 nm for the Nb-Al bllayers. Knowing the 5K. A. Delin and A. W. Kleinsasser, Supercond. Sci. Techr)l.227

values ofC,, and CyBN and using Eq(8), we can now deter-  (1996.

. . . ’P. de Gennes, Rev. Mod. Phy6, 225(1964).
mine the interface parameters for the whole Al thicknesss ] ; Hauser, H. G. Thenerer. and N. R. Werthamer, Phys. F36/.637

range, leaving the Ta and Nb thickness constant at 100 nm. (1964,
The results are shown in Fig. 1. ®W. Silwert and L. N. Cooper, Phys. Rei41, 336 (1966.
. . . . 10 H
With the interface parameters from Fig. 1 as input pa-ll\év-¢-JMCM'gagv ghﬁs-ttReV-175A§37éﬁ;§8&189(1989
Y. JdIinan . b. Ketterson, V. 2 .

rameters to our model, we can calculate the gap at 390 mke,' o Usadel, Phys. Rev. Let25, 507 (1970.
a.nd theTC Of a” dlffel’ent bllayel’s. The results Of our simu- 13A. A. Go|ubov’ M. Y. Kupriyanovy V. F. Lukiche\/’ and A. A. Or|ikovskii’
lations are shown in Fig.(3) for the Ta—Al bilayers and Fig.  Mikroelektronica 12, 355 (1983 [Sov. J. Microelectronicsl2, 191
2(b) for the Nb—Al bilayers. The agreement between theory,,(1984)- } o

K . Z. Radovich, M. Ledvij, and L. Dobrosavljevic-Grujic, Phys. Rev4B
and experiment is very good. 8613(1992).

A model for the determination of th&: of supercon- 15a. A. Golubov, Proc. SPIE362, 353(1994.
ducting bilayers was presented. The model is valid in thele- G. Khusainov, JETP Let63, 579 (1991.
dirty and in the clean limit with the condition of diffusive ;' V- Fominov.and M. V. Feigelman, Phys. Rev.68, 094518(2001.
. . . . - . J. M. Martinis, G. C. Hilton, K. D. Irwin, and D. A. Wollman, Nucl.

scattering at the film boundaries, with no restrictions to film nstrum. Methods Phys. Res.444 23 (2000.
thicknesses, T of the layers and resistivity of the *°m. Y. Kupriyanov and V. F. Lukichev, Sov. Phys. JEBR, 1163(1988.
superconductor—superconductor interface. Taking a layup d;fD- Movshovitz and N. Wiser, Phys. Rev. 4, 10503(1990. _
100 nm of Ta or Nb topped with 30 nm of Al as a starting g' \E;é?,meﬁ;i’é{ g5%°'2“2b7°("2'0A0'DPeac°°k’ P. Verhoeve, D. J. Goldie, and
point in order to determine the interface parameters, we Wereg, grammertz, A. Poelaert, A. A. Golubov, P. Verhoeve, A. Peacock, and

able to predict the energy gap and hegof a whole range of H. Rogalla, J. Appl. Phys90, 1, 355(2001).

Downloaded 27 Feb 2007 to 130.206.1.2. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



