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Superconducting Tunneling in Ultrathin Nb Films

Sung I. Park and T. H. Gebailet'i

Department ofApphed Physics, Stanford University, Stanford, California 94305
(Received 14 April 1986)

18 AUcUsT 1986

Good-quality tunnel junctions have been fabricated on ultrathin films of Nb whose thicknesses
ranged from 9 to 900 tc, . As the film thickness is reduced below 50 A, T, decreases, 2ts jkT, in-

creases, and mode softening is observed through d'V/dI' measurements. These results imply that

as the thickness decreases below 50 A the electron-phonon constant, A, becomes larger than ex-
pected from the drop in T, .

PACS numbers: 74.50.+ r, 73.60.K.a

Even though many experiments have been done on
the superconducting properties of ultrathin films
( & 20 atoms thick), it has not been possible to relate
the behavior to the microscopic parameters except in a
few cases. '2 Research until now has depended upon
transport measurements which are possible as soon as
one has an electrically continuous film regardless of
homogeneity.

In this Letter, we report tunneling results on Nb
films which show a mode softening in the phonon
spectrum as the film thickness is reduced. This is the
first direct observation of phonon softening (i.e., an
increase in the weight of low-energy modes) in an ul-
trathin transition-metal film or for any other kind of
ultrathin metal film. This softening, together with an
unusually large value of 2h/kT, to be discussed below,
implies a substantial increase in the electron-phonon
coupling constant A. . As of now, there is no localiza-
tion or interaction theory which predicts the behavior
of X as the film becomes more disordered. On the
other hand, the Coulomb pseudopotential p,

' is expect-
ed to increase as the sample gets more disordered, as a
result of the change in electron screening. 3 Using
McMillan's equation

~D —1.04(1+z)T = exp1.45 A,
—p, '( I +0.62),)

we see, assuming that the preexponential factor, the
Debye temperature Hn, is not changing too drastically,
that p,

' has to increase at a faster rate than A, is increas-
ing in order to account for the observed depression in
Tg

The Nb samples are electron-beam evaporated onto
(1102) orientation single-crystal sapphire substrates at
100'C. The substrates undergo an Ar+-ion beam
cleaning at a beam voltage of 500 eV for 1 min just pri-
or to the Nb deposition. The Nb film is covered with
a thin layer ( —25 A) of Si to prevent Nb from oxidiz-
ing and to be used as an artificial barrier for the tunnel
junctions. The Si-covered samples are oxidized in air
for 3 d after which 2000-A-thick Pb counterelectrodes
are thermally evaporated to complete the tunnel junc-
tions. On one 6 X 6-mm2 sapphire, four identical tun-
nel junctions (200& 200 hatt, m ) are fabricated.
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FIG. 1. Sheet resistance as a function of film thickness.
The solid line has an inverse power of 2 as predicted by the
Fuchs theory.

The films were studied through x-ray photoemission
spectroscopy, reflection high-energy electron diffrac-
tion, LEED, transmission electron microscopy, and x-
ray diffraction techniques to ensure their homogeneity
and uniformity. Detailed results will be published
elsewhere. In summary, the Nb films are highly tex-
tured along the (100) direction, are absent of any
voids, and have not reacted chemically either with the
Si layer or the substrate. It is crucial for the ion-beam
cleaning to be included in the preparation procedure to
obtain high-quality films and good tunnel junctions.

In addition, both T, and R~ behave in a smooth and
consistent manner as shown in Figs. 1 and 2. If at any
thickness the film started to be composed of linked
chains or connected islands instead of a homogeneous
film of relatively uniform thickness, Rri and T, would
not behave as smoothly as observed. Moreover, 90'lo

of the time all four junctions patterned on a given sap-
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FIG. 2. T, as a function of film thickness. The dashed

line is the T, of bulk Nb with the same resistivity as the film
whose thickness is given on the x axis (wlth the exception of
limiting value d 0 which is estimated as described in the
text), Inset: A typical resistive transition for a 22-A film.

phire are good even down to the Nb thickness of 9 A.
These facts, coupled with a low R~ for a given thick-
ness, suggest that Nb grows layer by layer on the sap-
phire substrate.

Most size-effect theories, including the Fuchs
boundary-scattering theory, predict po: 1/d (or Ro
ca 1/d2) when the film thickness d gets smaller than
the mean free path i. With the value of pl=3.72
X10 s

ii, A cm2 for Nb, 6 the mean free path of our
thick films at low temperature equals —120 A. In Fig.
1, we see that indeed starting from around 110 A, our
data fit the solid line which has the inverse power of 2
down to the thickness of 50 A. The gradual deviation
of the data points for the samples thinner than 50 A is
assumed to originate from any or all of the following:
dead layers at the surfaces, the imperfect nature of the
real surface, ~ and/or weak localization.

Figure 2 shows T, as a function of thickness, where
T, 's are measured both resistively and by our noting
when the sheet resistance of the Nb film modifies the
high-bias tunneling conductance. For the 9-A sample,
T, was measured only by the latter method. Both
methods yield mid-transition points that are in good
agreement (within 50 mK) with each other. The inset
shows a typical resistive transition curve for a 22-A-
thick sample.

Lifetime broadening of momentum states can ac-
count for most of the T, depression in our Nb films
& 50 A as discussed previously. ' The hmit of the

reduction in T, through this mechanism should be
given by bulk amorphous Nb. Amorphous Nb has a
T, of 5.2 K and a 2h/kT, of 3.7.s The dashed line in
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FIG. 3. 25/kT, as a function of inverse film thickness.
Inset: The I vs Vdata for 33- and 16-4 films at T=1.7 K.

Fig. 2 is an estimate of the effect of lifetime broaden-
ing in our films. We see that T, starts to deviate
sharply from that dashed line starting at about 50 A.

In Fig. 3, we plot 2h/kT, vs 1/d and see that it also
starts to deviate from the bulk value at about 50 A and
has risen to about 5.2 by 9 A. The quality of the junc-
tions is quite good as indicated by the typical values of
the ratio of the conductances above (at 5 mV) and
below (at 1 mV) the sum gap ANb+hpb which are
30-60 even down to the Nb thickness of 9 A for tem-
peratures such that T/T,"b & 0.3. The inset in Fig. 3
shows typical I vs V curves for 16- ( T, = 2.2) and 33-A
(T, =5.7) films at T 1.7 K. In order to arrive at a
reasonable and consistent estimate of A(0) for Nb, we
subtract )Lib ——1.35 mV from the sum gap determined
from the inflection point in the superconductor-
insulator-superconductor I vs V (and/or from the
maximum in the superconductor-insulator-super-
conductor dl/dV vs V) curves. For measurements
above the gap to study the Nb phonon structures, a
parallel field of 1.35 kG is applied.

2h/kT, of 5.2 is exceptionally large, larger than ob-
served in any other tunneling experiments to our
knowledge. The large magnitude indicates an en-
hanced electron-phonon coupling at low energy. Bulk
Nb has two peaks in n2F(co) at energies 16 and 24 mV
(as evidenced by minima in the second derivatives)
and an additional shoulder for energies between 9 and
12 mV. 'a F(cu) is the phonon density of states and
a2(~) is an effective electron-phonon coupling func-
tion. As shown in Fig. 4, the lo~-energy mode gains
weight relative to the bulk Nb peaks as the film thick-
ness gets smaller. From 900 to 80 A, there is not
much change from the bulk "a2F (~)" inferred from
the second derivative. By 45 A, there is a more defi-
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FIG. 5. P estimated as in the text and the resulting p,
' as

a fitting parameter in Eq. (1) as a function of inverse thick-
ness. The dashed line is from Ref. 14,
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FIG. 4. O'V/dI' for several films. The y scale for each
trace is arbitrary and does not indicate their relative
strengths.

nite peak developing in the low-energy part, and the
peak is fully developed at 30 and 22 A. This is con-
sistent with the data of 2A/kT, vs thickness; 2h/kT,
starts to increase above the bulk value below 45 A.

For films thinner than 22 A, the second-derivative
measurements are dominated by structures that we be-
lieve are due to the quantum size effect since the
structures are periodic and are still observed in the
normal state. That will be addressed in a separate pa-
per.

In addition to the second derivative we have also
measured the tunneling conductances of Nb in its su-
perconducting and normal states, and a full inversion
of the Eliashberg equations is in progress. " It is ap-
parent in the data that down to 30 A there is no major
change in the appearance and the magnitude of the de-
viation from the Bardeen-Cooper-Schrieffer conduc-
tance curve with the exception of the low-energy mode
gaining weight. %e also observe phonon structure out
to —30 mW in all thicknesses indicating that Hn is not
changing significantly. "

We interpret our data as follows. Down to about 50
A the depression of T, shown in Fig. 2 is mostly ac-
counted for by the broadened density of states (DOS).
The little difference in this thickness range was shown
to be in the order of correction predicted by the weak-
localization theory in our previous paper. 5 %e also
noted that for films thinner than 40 A (R~ & 50 0 ),
weak-localization theory overestimates the reduction
in T, . According to the Varrna-Dynes theory'3
should gradually decrease, reflecting the change in

DOS down to about 50 A. The situation is very similar
to the disordered bulk Nb case. '4 In Fig. 5, we plot the
values of A. obtained by our assuming that all T,
depression is due to the reduction in X through the re-
duced DOS down to about 50 A. The dashed line is
the k value for disordered bulk Nb films calculated
from the experimental values of Hn and T, .'4 We see
that they are in good agreement. For the same thick-
ness range, p,

" should be rather constant since weak-
localization contribution to T, reduction is so small.
The expected behavior of p,

' is shown in Fig. 5 as well.
Below 50 A, the mode softening and the rise in

2h/kT, signal the increase in X relative to what would
be expected from the drop in T, ." To estimate the
change in X due to the softening, we assumed a simple
"nzF(cu)" guided from our analog and digital second
derivative measurements. The digital one is obtained
by our taking a numerical derivative of the ratio of the
conductances in superconducting and normal states,
and gives not only the location but the magnitude of
the second derivative minima. An increase in h. by ap-
proximately 10%-15'/o over the value suggested by the
reduced DOS is estimated, which happens to bring P,

back to near its bulk value for the 30-A film. By using
the value of T, and the enhanced X, we obtain p,

' sim-

ply as the fitting parameter assuming Eq. (1) is valid.
The results are shown in Fig. 5.

Since the low-energy peak in the spectrum becomes
more dominant as the film becomes very thin, it likely
derives from surface modes. It is observed at about
the same range of thickness where the normal-state
resistivity becomes affected by surface roughness, i.e.,
where the effective surface area becomes appreciably
larger than the film area.

The increase in p,
' is expected theoretically in both

weak- and strong-localization regimes. ' Our films
clean (kFI » 1) so that the strong-localization theory
is not applicable. On the other hand, the existing weak
localization seems to break down for ultrathin films
(below 40 A in our case and in the Graybeal-Beasley
study' of MoGe). The large increase may have to do
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with a dimensional crossover in the screening proper-
ty

17

In the simplest 20 limit the Coulomb potential is
screened with an inverse-cube dependence on dis-
tance, much slower than the exponential decay ob-
tained in the 3D case. Since the Coulomb pseudopo-
tential is sensitive to screening, we may be observing
the changes brought about by the dimensional change
in the screening properties in addition to the changes
in the screening properties caused by the disorder.

In conclusion, we have prepared a nearly ideal set of
homogenous ultrathin Nb films. Tunnel junctions
have been successfully fabricated down to a thickness
of 9 A. We can account for most of the T, depression
for films down to 50 A by invoking momentum-
broadened DOS brought about by smaller grain size.
In this thickness range ) slowly decreases, with

hatt,

'
remaining relatively constant. In thinner samples, we
observe a sharp decrease in T, as a function of thick-
ness. Detailed tunneling measurements show a
phonon-mode softening accompanied by a rise in
2IJ/kT, which together implies an increase in A. . A
large increase in It,

' is inferred in order to account for
the observed decrease in T, .
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