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Long-Range Proximity Eff'ect in Aluminum Thin Films with Spatially Modulated T,
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We report resistive measurements on a thin-film analog of a modulated-transition-temperature super-
lattice. The aluminum film was reactive-ion etched in strips perpendicular to the current path, decreas-
ing T,. of the etched sections by = 2%, thus spatially modulating the transition temperature. At current
densities ~600 A/cm', the resulting structures exhibit a single homogeneous transition for etched
lengths up to 50 pm, substantially longer than expected from the order-parameter decay length of 0.81
pm for the proximity eA'ect in the dirty limit.

PACS numbers: 74.75.+t, 74.50.+r

Superconducting junctions ' and superlattices have

been extensively studied before. For a superconductor-
normal-metal-superconductor (S-N-S) junction, the or-
der parameter in the normal region decays exponentially
over a characteristic length K/v . Providing that the
critical current is not exceeded, the junction should

display a sharp resistive transition. For larger currents,
or longer lengths of the normal material, this homogenei-

ty disappears, giving rise to discrete resistive transitions.
In this Letter, we report results on a thin-film analog

of a modulated-T„superlattice. This system exhibits
strong proximity effects over a length scale quantitatively
incompatible with the standard picture outlined above

(originally formulated by de Gennes and Werthamer ).
Our samples consistently exhibit sharp resistive transi-
tions for normal regions up to 50 pm and for current
densities up to 600 A/cm . This length is substantially
longer than K/v for thin-film aluminum in the dirty lim-

it. Thus, superconductivity in this system persists over
an unexpectedly long length scale.

Our samples are patterned aluminum thin films

(thickness 250 A, width 200 pm, and length 2 mm),
simultaneously vapor deposited onto a silicon-nitride/
silicon substrate. To modulate the T„asample is coated
with photoresist material and openings defined by pho-
tolithography. A reactive-ion etching process (described
elsewhere ) is then performed, in which the undeveloped

photoresist acts as an etch mask. This process changes
the T, of the etched regions by = 2% with respect to the
T, of the unetched region. The mechanism for the
change of T, in the etched films is not understood. In
our previous study, the T, of the etched region was

enhanced by -40 mK relative to the unetched sample.
The etch used in the present study had a higher energy
density than in the previous study and the sample stage
was cooled during processing, resulting in a suppression
of T, by -30 mK. We speculate that surface and sub-

strate conditions are likely to be affected by these
changes in the processing conditions and may be the con-
trolling factors in the absolute T, shifts.

A sample typically has fourteen modulated films,

Current Flow

Unetched Region
(Tc2, length = d2)

Film Width
—200 pm

Etched Region
(Tc1, length=d 1)

Film Thickness —250 A; Length —2 mm

FIG. 1. Schematic of a modulated T, structure, illustrating
etched and unetched regions (d~, etched length; dq, unetched
length).

fabricated simultaneously on the same substrate under
identical conditions. Each modulated film has different
etched and unetched lengths, d~ and d2, respectively,
patterned in series with one another. (One film is shown

schematically in Fig. 1.) For control, uniformly etched
and unetched films are always available on each sample.
The T, 's of these uniform regions are referred to as T, ~

and T, i, respectively. A notable difference between this
work and previous studies of others is that the constitu-
ents of our "superlattice" have nearly identical T, 's.

Our etching process is fairly noninvasive. The
residual-resistance ratios (RRR) of the etched and
unetched regions differ by no more than 0.5% and the
sheet resistance by no more than 10%. The diffusion
constants, as determined by the slope of the upper criti-
cal field as a function of temperature, diA'er by no more
than 20%. The similar resistive transition widths are
further evidence of the consistent quality of the etched
and unetched films.

The nature (whether discrete or homogeneous) of the
resistive transitions was investigated by varying d~ and
12. Since the patterns were defined lithographically,
these dimensions can be conveniently controlled with

great accuracy. We have elected to fabricate the films in

two configurations: (i) d~/d2 was held fixed while the
modulation period, d~+d2 (denoted as A), was varied;
(ii) d~, or di, was held fixed while the ratio d~/d2 was
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varied. As T„'stend to vary from sample to sample, we

have found it convenient to study samples containing
both configurations, thus allowing a systematic examina-
tion of the T, of the modulated structures for particular
values of T, ~

and T,.
Unless otherwise specified, all measurements were car-

ried out at a current density of 6 A/cm, using a stan-
dard four-terminal ac resistance bridge operating at 17
Hz. The resistance was measured by applying a constant
current through a common pair of leads, while pairs of
voltage leads corresponding to particular modulation
periods A were monitored. In this Letter, T, was chosen
as the temperature where the normalized resistance
equals one-half. ' The uncertainty in T, is taken to be
+ 0.5 mK, the resolution of our thermometry and tem-
perature control. Our quoted values of 1i and d2 have a
systematic uncertainty of ~0.2 pm, the typical line-
width control achieved in our lithographic process. Be-
cause of the excellent etch resistance of the photoresist,
the resulting interface "roughness" is less than this
value.

The striking nature of the resistive transitions is clear-
ly seen in samples with a unity ratio of di/dz, while A

was varied from 4 to 400 pm. The resulting transitions
are shown in Figs. 2(a) and 2(b) (data sets" F and D)
in which the normalized resistance of the various films is

plotted against the temperature. In Fig. 2(a), we plot
the transitions of four films with A =4, 10, 20, and 100
pm, along with the normalized resistance of a uniformly
etched film on the left and a uniformly unetched film on
the right. This sample exhibits sharp resistive transitions
for these modulation periods, demonstrating that the
proximity eN'ect extends over a length scale of at least 50
pm (length of the etched section). This length scale is in

quantitative disagreement with the de Gennes-

1.0

Werthamer theory. We will elaborate on this point later
in this Letter. As A is increased, the single transition
should break up into two discrete transitions. This trend
is borne out in our experiment and is illustrated in Fig.
2(b) for another sample with A) 100 pm. A pro-
nounced shoulder develops at the half resistance point,
consistent with the geometry. We note that the system
does not yet display two discrete transitions for A as
large as 400 pm.

There are other noteworthy features in the data shown
in Fig. 2. The shoulder observed at a normalized resis-
tance of =0.9 is likely an artifact of sample geometry,
or possibly associated with S-N interfaces between volt-

age probes and the films under study. It should be em-
phasized that this feature is present even in the uniform-

ly etched film and is unrelated to the onset of the resis-
tive transition in the modulated structures. Figure 2(a)
also shows that an increase in A produces an increase in

T, of the modulated structure. This unexpected charac-
teristic was observed in all samples measured in this
study. Last, the resistive transitions are sensitive to the
T, difference d T„=T, 2

—T„i.—This has the consequence
that the onset of discrete transitions is shifted to larger A

for samples with smaller hT, .
To unambiguously demonstrate that these observa-

tions are not the result of processing artifacts (which
would presumably extend over a fixed length), we have
examined structures in which the unetched length (d2)
was held fixed at 2 or 5 pm, while the etched lengths
were varied so as to span a ratio of di/d2 from 0.5 to 10.
All transitions were sharp, consistent with the picture of
a single homogeneous transition. The results for data set
E1 with d2=5 pm are shown in Fig. 3. Similar experi-
ments were carried out on samples with a fixed d

~
of 5

pm while the ratio di/12 was varied over the same range
of values. Again, the normalized T, decreased smoothly
and monotonically with increasing di/d&, and, in fact,
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FIG. 2. Resistive transitions for data sets (a) F and (b) D
with unity ratio d~/d~. In both (a) and (b), 0 and rj are the
uniformly etched and unetched films. In (a), resistive transi-
tions shown are x, +, &, and 0 for A=4, 10, 20, and 100 pm.
In (b), resistive transitions shown are x, +, &, and o corre-
sponding to A =20, 100, 200, and 400 pm.

0.00
1.380 1.4301.4201.400 1.410

Temperature (K)

FIG. 3. Resistive transitions for data set E1 in which the ra-
tio of etched to unetched lengths (dild2) is varied from 0.5 to
10 while d. is fixed and 5 pm. ~ and a are the uniformly
unetched and uniformly etched films, The symbols 0, &, +,
x, and 0, correspond to etched lengths of 2.5, 5, 10, 25, and
50 pm, respectively.
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d i/d 2.)
Within the theory of de Gennes and Werthamer,

which is applicable ' to systems in the dirty limit
(I((hUF/2trkttT), the order parameter decays exponen-
tially in the normal region with a characteristic length '

r i/2

Ktv
' =(tv(T) 1+ (2)

ln T T,tv

where (tv(T)=(hD/2zkttT) ', T,tv= T, i, a—nd D is the
diA'usion constant of the normal region. The mean free
path I is estimated to be 120 A using t. F =1.3x10 cm/s
and the experimental value of the diA'usion constant
D 50~ 5 cm /s. For the A=100 pm film of Fig. 2(a),
(tv(T) =650 A, and thus K~ ' is estimated to be 0.81
pm for T=1.412 K and T,tv =1.394 K. We note that
the theory of de Gennes and Werthamer explicitly ac-
counts for the possibility that the normal region is a su-

perconductor above its transition temperature.
The critical current density J, of dirty S-N-S junc-

tions has been found to scale' ' as J, Jo(1 —T/T„,)'
xexp( —Kivdiv), where div is the length of the normal
region (di). For parameters of the A=100 pm film

(dtv =50 pm), the exponential factor is of order 10
The constant Jn is typically less than 10' A/cm in thin

films, implying that J, would be vanishingly small. This
is clearly incompatible with our measured current densi-

ty of at least 6 A/cm close to T„.
The de Gennes-Werthamer theory has been successful

in describing experiments in the dirty limit to date. The
theory assumes that the order parameter decays as a sin-

gle exponential with characteristic length given by Eq.
(2). Our system is always in the regime where the calcu-
lated K~ ' is small compared with the length of the nor-
mal (etched) region. This is the requirement for the va-

lidity of the single-exponential description. However, the
superconducting and normal regions of our system have
nearly identical transition temperatures. This regime
has not been explored by any previous experimenters.
Provided the gap parameters are small (always satisfied
near T„),there is no obvious reason to exclude the appli-
cability of the theory in this regime. ' We speculate that
our system, with its similar T, 's, may not be adequately
described by a single-exponential decay of the order pa-
rameter.

To observe the limitations of and departure from exist-
ing theory, it would be useful to systematically increase
h, T, in a controlled fashion without significantly chang-
ing other transport properties. Unfortunately, a large
shift of the T, cannot be easily achieved using the
present technique. Possible alternative approaches might
include varying the thickness of the aluminum films, us-

ing magnetic/paramagnetic overlayers, and stronger
etches to damage or remove the aluminum.

In conclusion, we have carried out a survey of the
properties of a novel 2D analog of a modulated-
transition-temperature superlattice. In the diAerent

samples studied, homogeneous transitions are observed
for samples having 1:1 modulation periods as large as
100 pm. The magnitude of the critical current, as well
as the reasonable agreement with Eq. (1), strongly sug-
gests that the order parameter decays over a length sub-
stantially longer than expected. We believe that a satis-
factory explanation of this eAect should also account for
the observed trends in A and h, T, .
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