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High-conductance Nb/A1O,/Al/AlO./Nb tunnel-junction devices with the Al thickness varying from
3 to 20 nm have been fabricated using a whole-wafer processing route. Current-voltage measurements
show a step in the subgap structure corresponding to the difference in the energy gaps ¥V =2(An, — Aal)
of the two superconductors. The measured Aa, is large and persists to temperatures considerably in ex-
cess of the equilibrium critical temperature of the Al This is interpreted as arising from a tunnel-
induced gap enhancement which is an order of magnitude larger than has been seen previously.

PACS numbers: 74.50.+r

The enhancement of superconductivity by both mi-
crowave irradiation'™® and tunnel injection*’7 has been
the subject of considerable attention. Although large
gap enhancements under tunnel injection have been pre-
dicted,?'' existing experimental results have shown
enhancements of less than 5% of the equilibrium value at
any temperature.

In the experiments reported in this paper we have
detected the presence of a strongly superconducting state
under subgap quasiparticle injection at ¥'=2(Any, — Aal)
and T<4.2 K in S-I-S'-I-S devices (S, superconductor;
I, insulator) whose Al S’ layer varies between 3 and 20
nm, and has a maximum equilibrium critical tempera-
ture (T.eq) less than 2.4 K. This effect has been ob-
served in all devices of this type. T.cq is measured by
determining the highest temperature at which the zero-
voltage supercurrent is present. We have shown that the
maximum Ap; in this state corresponds to the value
which would be measured at 7=0 and that it does not
follow the equilibrium BCS temperature dependence. In
contrast, at zero voltage the temperature dependence of
the critical current agrees with the equilibrium descrip-
tion provided by Eq. (1) below. We have further shown
that the temperature dependence of the current at the
step corresponding to ¥V =2(An, —Aap) fits with Eq. (2)
below and thus represents an enhanced gap state. We
are thus observing effective 7. enhancements of approxi-
mately 100%, over an order of magnitude larger than
values previously reported.® In this Letter we will de-
scribe the experimental details and results, discuss the
measurement of T..q, and provide a model for the behav-
ior observed.

For our experiments we have used results obtained
from Nb/Al/A1O,/Al/AlO,/Al/Nb structures deposited
as a sequence without breaking vacuum. Multilayer
films containing the two tunnel barriers were deposited
on R-plane sapphire substrates in a dual-target UHV

sputtering system described elsewhere.!? The tunnel

barriers were formed by thermally oxidizing the lower
two Al layers to a specific resistance of (3-7)x10 !
@ m? with a maximum conductance ratio of 3:1. An an-
gled shield partially screened the 12.5-mm X 3-mm chips
from the Al magnetron, producing a variation of Al
thickness along the substrate length in all three Al lay-
ers. Seven mesas were patterned at equal 1.5-mm spac-
ings along each of the substrates and a CF4 barrel etch
and anodization process was performed to isolate both
tunnel barriers in each device.'> This allowed devices
with different S’ thicknesses to be prepared and tested as
a single operation. For comparison, previous experi-
ments have used soft alloy structures with tunnel conduc-
tances ranging from as low as 1x10 ™% @ m (Refs. 2, 4,
and 7) to 4x10 7' am (Refs. 2 and 6) and typical S’
layer thicknesses have been of the order of 30 nm. In
addition, by using two similar or equal conductance bar-
riers and superconductors with very different equilibrium
gaps we have been able to more closely approach the
symmetrical quasiparticle extraction conditions en-
visaged by Parmenter® in his original concept.

Current-voltage measurements were performed on
each double-barrier device using a 70-Hz ac current bias
circuit. The Al thickness between the barriers was mea-
sured by precision anodization spectroscopy'* on large
areas exposed by CF4 etching close to each device. Mag-
netic fields of up to 10 mT could be applied parallel to
the plane of the tunnel barriers and the devices could be
cycled in liquid He between 2.2 and 4.2 K in a storage
Dewar using a lambda-plate insert.

At 4.2 K and for sufficiently thick (= 10 nm) Al lay-
ers, the devices showed a characteristic resembling two
S-I-N (N, normal metal) junctions of similar, but
nonidentical, conductances in series [see Fig. 1(a)l—no
subgap structure is observed and there is no evidence of a
supercurrent even under high magnification. The simi-
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larity of the conductances allows the two junctions to be
simultaneously biased on the steep current rise at
V =Anv/e. However, even at 4.2 K, for thicknesses < 10
nm, the shape of the I-V plot alters and shows a sharp
gap structure and a pronounced step in the subgap
[shown in Fig. 1(b)]. The voltage at which this step
occurs increases as the Al thickness increases, and is
temperature dependent. As the temperature is reduced
towards 2.2 K, the I-V characteristics of devices with Al
thicknesses between 10 and 20 nm increase in sharpness
and present a similar subgap peak [also shown in Fig.
1(b)]. At still lower temperatures the I-V plot in 3-10-
nm-Al devices resolves into a double S-I-S' characteris-
tic, with a symmetrical Fraunhofer dependence of the
zero-voltage critical current (I.) on magnetic field indi-
cating that complex flux-trapping effects are not respon-
sible for its nonappearance at higher temperature; this is
shown in Fig. 1(c).

Below T.q the double S-I-S' characteristic appears to
be perfectly normal, with a subgap peak (appearing as a
step under current bias) at the difference of the two gaps
V=2(Anp—Aa1). In our devices the barrier conduc-
tances are sufficiently similar for there to be no evidence
of a second peak at ¥ =2Anp —Aa. It is this subgap step
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FIG. 1. Electrical response of 28-um? Nb/AlO./Al/AlO,/
Nb devices. (a) 12-nm Al layer at 4.2 K; (b) curve i, 3-nm Al
layer at 4.2 K; curve ii, 12-nm Al layer at 2.2 K; (c) 7-nm Al
layer at 2.2 K. The tunnel barriers had conductances in the ra-
tio 3:1, resulting in the apparently nonasymptotic normal resis-
tance.

structure which persists to higher temperatures above
T.cq, and which provides the evidence for the persistence
of a tunneling-induced superconducting state. The very
small temperature dependence of this subgap step sug-
gests that in this biased condition the superconducting
state in the Al is very strongly enhanced by quasiparticle
tunneling [up to A ;(0)]. This paper will discuss the ob-
served effect in terms of the existing theory of gap
enhancement, and show that the conditions for large
enhancement are satisfied in our devices.

The correct measurement of the equilibrium supercon-
ducting transition temperature (7..q) of the central Al
layer is of crucial importance to these results. This was
carefully measured by noting the temperature at which a
zero-voltage supercurrent appeared; in this state quasi-
particle 7.-enhancement effects are absent and the tem-
perature dependence of the critical current below T.
should follow the Ambegaokar and Baratoff expression'?

I.=R,AK —AA(T/TH Y AT/ TV (1)

where R, is the normal-state tunneling resistance. A
temperature dependence of this type was observed, im-
plying that this is a valid measure of T,.q and in all
cases T.eq <2.4 K. While proximity effects should be
possible across tunnel barriers and may result in a
modified 7, under zero-voltage current bias, such effects
will (through similarity to a conventional S-N-S junc-
tion) result in the presence of a critical current at a tem-
perature higher than the true equilibrium critical tem-
perature and thus our measurement (if affected in this
way) will be an overestimate of T.cq- Moreover, if prox-
imity effects were important, then above the true T,¢q a
temperature dependence more closely resembling that of
an S-N-S device would be expected; this is not observed.

We are confident therefore that the devices we have
fabricated consist of a low-equilibrium-7, Al layer
sandwiched between two tunnel barriers. The external
electrodes are Nb/Al proximity structures and because
of the geometry of the system the Al thickness of these
layers varies in a similar manner to the central layer; it
was never larger than 7 nm. However, Huggins and
Gurvitch'® report only minor changes in Nb/Al/AlO,/
Nb device characteristics even with Al proximity layers
as large as 50 nm; thus the effects reported in this paper
originate as a result of changes in the middle Al S’ layer,
and the external electrodes may be treated as behaving
as pure Nb.

The presence of the feature Vyep=2(An,—Aal) at
temperatures as high as 4.2 K indicates that these struc-
tures are very far from equilibrium. In Fig. 2 we show
the values of the gap measured by the position of this
step as a function of temperature for the four devices
shown in Table I; the measurement error arises largely
as a result of imprecision in locating the top left edge of
the step. This shows that Aa), although varying from de-
vice to device, is approximately constant at temperatures
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FIG. 2. Plot of the Al energy gap as a function of tempera-
ture for the same devices shown in Table [. Sample error bars
are shown for each data set. For comparison the solid lines
show the BCS equilibrium-temperature dependence of the gap
corresponding to T.cq values of (from left) 2.2, 2.3, and 2.4 K.

up to 3 K and then decreases progressively. That this is
not a manifestation of the equilibrium properties of the
Al is shown by the data in Table I: Here the maximum
value of Aa (taken at 2.2 K) is shown together with T,
for the Al. In addition, we can use the data to calculate
values for 2Aa1/kT.q for the four different devices; these
values are shown in Table I.

In all cases, the values are of order 3.5, in accordance
with the BCS prediction for 2A4(0)/kT.. Thus we can
say that the maximum A, in each case corresponds to
Aa1(0), confirming that we are correctly measuring Tq.
However, the temperature dependence of this gap near
T. is grossly different from the BCS prediction of (1
—T/T.)"? (also shown in Fig. 2), implying that the gap
continues to be enhanced to a value close to Ax(0) at
temperatures well above Teq.

The behavior of the devices is fitted by a model in
which all thermal electronic excitations in the Al are re-
moved by tunnel extraction, thus maintaining the en-
hanced superconducting state. Consider two identical
S-I-N junctions in series. When the tunnel conductance
is high, the distribution of quasiparticles in the Al film
cannot remain thermal or the forward tunnel conduction
of quasiparticles from the Al would greatly exceed the
rate of quasiparticle creation via thermal phonons. The
spontaneous formation of an energy gap and decrease in

TABLE 1. Data for sample devices: T..q Was the tempera-
ture at which the zero-voltage critical current vanished;
Aaimax was the largest measured energy gap for each device.

Al
thickness Teceq Aamax
2A
Device  (nm) (K) (mev) ~— =ATEE
kTceq
2400/6 20 <22 0.18 £0.02
2411/5 7.3 247+0.1 0.42+£0.05 4.0%+0.5
2761/2 7 23+0.1 0.34+0.03 34+03
2761/1 8 22%+0.1 0.31%0.03 33%+0.3
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the effective temperature of the Al quasiparticles greatly
reduces the number of quasiparticles and thereby de-
creases the forward tunnel conduction rate to a point
where it equals the quasiparticle creation rate. The larg-
est gap and lowest Al temperatures are obtained when
the junctions are biased at Anp — Aaj because this voltage
corresponds to the highest rate of extraction of quasipar-
ticles from the Al to the Nb films. The temperature of
the phonons is unchanged or perhaps increases slightly
(see below).

At any value of current therefore, a dynamic equilibri-
um exists between the rate of quasiparticle activation
and recombination in the Al layer and the forward quasi-
particle tunnel current. The maximum possible tunnel
current for any particular value of A, thus occurs when
the activation and tunnel rates are equal, and both occur
at a higher rate than recombination.

In our system an equality of this type is expected to
occur at ¥V =2(Anpb —Aa1) and Aa == Ax(0), since the
forward tunnel current is high and the Al is supercon-
ducting. If we equate the current I, at the top left
corner of the step on the positive curve with the rate of
quasiparticle excitation, then this rate must be propor-
tional to the density of thermal phonons of the appropri-
ate energy lexp(—2Aa/kT ], and thus to a good ap-
proximation

Tep/Toa=Ae ~ /KT )

The analysis assumes the conductance of the two bar-
riers to be equal. In fact, the gap enhancement is ob-
served when the conductances differ by a factor of up to
3. This is not surprising, since quasiparticles will be
efficiently extracted from the Al layer when the lower
conductance barrier is biased at ¥ =Anp, —Aa;. Provided
that the conductance is high enough, this will be
sufficient to maintain and create a finite gap and result in
the formation of a subgap step. The presence of the
vertical edge of the step will allow both barriers of
different conductances to be simultaneously at V' =App;
— Aaj while current biased. Although the unequal con-
ductances will result in temporary charge imbalance,
once the voltages across the two barriers are equalized
the tunnel rate is largely controlled by the quasiparticle
excitation rate rather than by the tunnel conductance
and the imbalance will mostly relax. Clearly, the greater
the ratio of conductances the smaller the range of
current over which this condition can be maintained, but
a factor of 3 does not seem extreme in this context.

A major uncertainty in any experiment of this type is
the possibility of phonon trapping in the S’ layers. The
simpler models assume that thermally excited phonons
escape immediately from S’, whereas previous experi-
ments have detected significant trapping effects in which
the excess of phonons serve to “reheat” the S’ layer.
However, as noted by Gray'’ there is evidence that the
importance of trapping decreases as the Al film thickness
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FIG. 3. The measured current at the top of the subgap step
normalized with respect to the current rise at 2Anp plotted
against the value predicted by Eq. (2) using the measured gap
at each temperature. Device data shown in Table I. The er-
rors bars have been removed for clarity, but are of the order
of the symbol size horizontally, and twice the symbol size ver-
tically.

is reduced. Evidence that the trapping effect must be
small in our devices is provided by the linearity obtained
by the use of the equilibrium temperature in calculating
the data in Fig. 3; trapping would raise the effective tem-
perature above this value.

We have presented clear experimental evidence for
large gap-enhancement effects in our devices. The Nb/
Al system is ideally suited to such studies since Al has
one of the largest values of 7o, and the difference in the
equilibrium gaps is large; it should, however, be possible
to observe it using other materials.
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