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NEW FABRICATION TECHNIQUE AND ELECTRONIC TUNNELING STUDIES OF NbN

L.-J. LIN, E.K. TRACK, G.-J. CUI* and D.E. PROBER
Becton Center, Section of Applied Physics, Yale University, New Haven, CT 06520, USA

We have fabricated NbN films using a new dual ion-beam sputter deposition technique. In this technique, one ion beam
sputters Nb from a target, while the second ion beam directly bombards the growing film. The T, of these NbN films is
typically 11-12 K when deposited on near-room temperature substrates. Preliminary results on tunneling through a native
oxide barrier yield a superconducting energy gap for NbN of 1.9 meV, for which 24/kT_, = 3.9. We have also studied oxidized
overlayers of Al and Ta to produce an artificial oxide tunneling barrier. Conductance data indicate that the native oxide
barrier is broad with a low barrier height (0.2-0.3 €V), whereas the oxidized Al overlayer has a higher (0.5-1.2¢eV) and
narrower barrier. The quality of the /-V curves for native oxide and for artificial oxide barriers is comparable.

1. Introduction

NbN is a refractory superconductor and is an
attractive material for superconducting micro-
electronics [1-10]. It has a high 7, (16-17K
maximum) and is relatively insensitive to stress.
In addition, superconducting NbN films can be
deposited on unheated substrates. However, the
deposition of a NbN counterelectrode to form an
all high-T, NbN~NbN junction has so far yielded
reduced gap values in the counterelectrode [1, 8],
possibly due to unfavorable interaction with the
tunnel barrier during counterelectrode depos-
ition. There are also a number of open scientific
questions for NbN [9], including an understand-
ing of the electron-phonon spectrum, and the
origin of the very high film resistivities often
reported.

The dual ion-beam sputter deposition method
we have developed is intended to provide junc-
tions which can address the issues above. First,
the deposition conditions are potentially gentler
(i.e., lower ion energy and/or lower temperature)
than in past studies [1-10]. Previously, NbN films
were produced with dc, rf or magnetron sputter-
ing, or with high-temperature diffusion methods.
There is also good control of ion energy and flux
with ion-beam deposition. Recent studies have
successfully produced good quality films of the
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materials Si,N, [11] and AIIN [12], using the
dual ion-beam method. Second, our dual ion-
beam system allows deposition of thin metallic
overlayers for producing artificial oxide tunnel
barriers of high quality [13, 14] as required
in tunneling studies. In one previous study
which used a related deposition method, a
growing Nb film (deposited by electron-beam
evaporation) was bombarded with N7 ions [15].
Broad transitions, extending from 9-14.5 K, were
reported.

In this work, we report initial success in fab-
ricating superconducting NbN films with good but
not yet ideal properties. Use of the second ion
beam is found to be essential. We also find that
artificial barriers of reasonable quality can be
produced. We have studied barrier parameters
for various combinations of materials.

2. Film preparation and properties

The sputtering configuration is shown in fig. 1.
The second ion source uses N, or a mixture of N,
with Kr or CH,,. Using this system, we are able to
make NbN films on near-room temperature Si
substrates with T, typically 11-12 K with a trans-
ition width of =150 mK. Without the use of the
second ion source, the films are flaky in appear-
ance with 7, up to 11.5K at high N, partial
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pressure. It is also found so far that high-T,
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Fig. 1. Sputtering configuration. The sputtering parameters
used for the first ion-beam source are V,.,,, =150V, I, =
34 mA, and Py, =1.2X 107* Torr. For the second ion-beam
source, the parameters are V,_, =1500V, I, . =3mA, and

P, ~0.7x10"* Torr.
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single transition NbN films are produced only
with high energy (>500€V) N flux from the
second ion source. The addition of CH, has the
potential for allowing reduced energy of the N,
ions and an increased T.

The NbLN films show non-metallic behavior,
with a residual resistivity ratio =0.9 and resis-
tivities of =150 pQ-cm. For the films fabricated
without the addition of CH,, a Read X-ray
camera identifies the structure of the film to be
single-phase, 6-NbN (B1 structure). For the same
films, TEM studies show polycrystalline NbN,
with a grain size <100 A. Auger (AES) analyses
indicate uniform composition with a N to Nb ratio
of =0.96 and traces of a few atomic percent of C
and O.

3. Tunnel junctions

We have used the NbN films in tunnel junctions
with various barriers and with evaporated
Pb,.,Bi;,, or Ag counterelectrodes. The
Pb, .,,Bi,,, counterelectrode has 7 =8.35K
with AT,=10mK and an extrapolated A(0) =
1.74 meV [16!. The junction area is typically
3.2x107% cm?, as defined by mechanical masks

with Ge as an insulator. For most of the native
oxide junctions studied, the NbN base electrode
is oxidized in air for up to 4 hours at room
temperature. Typical junction resistances (R,)
with native oxide barriers are on the order of a
few ohms. With a Pb, ,,Bi, ,, counterelectrode,
we obtain SIS junctions with reasonable quality
I-V curves (fig. 2), having subgap conductance
(at 2meV) =2% of the conductance above the
gap (at SmeV) for 7 <2 K. The sum-gap at 1.4K
is 3.67meV measured as the midpoint of the
current rise, which extends over about 0.4 meV.
This gives Ay,y = 1.9meV and 24/kT =3.9, in
agreement with previous findings {3, 5, 7-9] that
NbN is a strong coupled superconductor. The
Josephson critical current (I,) at 1.3K is
=4.5mA, which gives a current density of
~15A/cm’ and values of ILR,~1.2mV and
Vo= I.R,(2mV, T <2K) =70 mV. For junctions
fabricated with a higher oxidation temperature (1
minute at 400°C), no gap feature is observed.
Presumably, shorts developed while oxidizing the
NbN metal [17, 18].
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Fig. 2. I-V curves for a NbN/oxide/Pb, ,,Bi, ,, junction at
T=1.4K. The normal state tunneling resistance (R,) is
0.28 . The sum-gap voltage is 3.67 mV and the width of the
current rise is ~0.4 mV. The subgap conductance at 2mV is
=~1.7% of the tunneling conductance at 5 mV.
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Some of the junctions employ overlayers of Al,
Ta or sequentially deposited Nb + Al or Nb + Ta.
These are deposited in situ on the NbN base
electrode and then air-oxidized to form artificial
barriers. The quality of the [-V curves with
overlayers, as determined by subgap leakage and
the width of the tunneling current rise, is almost
comparable to the native oxide junctions. How-
ever, the artificial barriers do have higher normal
tunneling resistance (R, ), and the barrier heights
differ significantly from those of the native oxide
junctions (see below). The fact that the normal-
ized I-V curves of junctions with artificial barriers
are like those of the native oxide junctions may
indicate that the leakage current and the width of
the current rise are caused by intrinsic properties
of the NbN film itself, and not the barrier.

The I-V curve of an overlayer junction of
NbN/Nb (10 A)+ Ta (18 A)/oxide/Pb, ,,Bi, 4,
has its current rise at a reduced bias voltage of
2.78 mV. This reduction is due to the proximity
effect, which also causes some structure above the
current rise. Use of thinner overlayers
(Nb(4 A)+ Ta(9 A), Nb(4A)+ A1(13A) and
A1(13 A)) produces a much smaller or negligible
depression of the voltage at which the current rise
occurs.

Using a WKB analysis of the conductance vs.
voltage data [19], we obtain the effective width
and height of the tunneling barrier for each
junction. Whereas the native NbN oxide gives
low and wide barriers (¢ =0.2-0.3eV, d =

23-30A), use of an Al overlayer yields the
highest and narrowest effective barrier (table I).
These results are similar to those from previous
studies of Al overlayers on Nb [20].
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