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Analysis of the Fabrication Process of
Nb/AI-AIN ./Nb Tunnel Junctions With
Low R, A Values for SIS Mixers

N. N. losad, M. Kroug, T. Zijlstra, A. B. Ermakov, B. D. Jackson, M. Zuiddam, F. E. Meijer, and T. M. Klapwijk

Abstract—We characterize the fabrication process of super- 40 1
conductor-insulator-superconductor junctions (SIS) based on a 35
Nb/AI-AIN ./Nb tri-layer. Utilization of the AIN . tunnel barrier, -
produced by Al nitridation in a nitrogen glow discharge, enables 30
us to produce high quality SIS junctions with low R,, A values (the ]
product of junction resistance and area). Analyzing the correlation o 2 7]
of junction resistance and plasma properties, it is concluded that E 204
the mechanism of tunnel barrier formation is based on nitrogen = .
implantation into the Al layer with subsequent diffusion of S 15
nitrogen, stimulated by plasma heating. The latter process plays  <C_ ]
a dominant role since R,, A values are well correlated with the o 10'_
power dissipated on the substrate surface. An SIS mixer using this 5]
technology and electron-beam lithography has been successfully - £
fabricated. 0

Index Terms—Glow discharges, superconducting devices, L, . ;; ""'"1'6' A 6I4
tunneling. N

Time (min)
I. INTRODUCTION Fig. 1. Specific junction resistance versus nitridation time. The nitrogen

. - . _pressure during Al layer nitridation is kept at 50 mTorr for all data points.
HE growth of AN, tunnel barriers by plasma mt”dat'onApplied power during Al layer nitridation is kept at 30 W for all data points.

was first reported by Lewicki and Mead [1]. Later Sh-

iota(_at al.implemented these tunngl barriersin Nb/AIAJNIb. reviously [9]. The layers of Nb and Al are sputtered by DC
SIS junctions [2]. Furthermore, this process has been studieg{Bgnetrons at 8 mTorr Ar pressure. The deposition rates of Nb
greater detail and compared with the Nb/AI-AIDIb process 4nd Al are 100 nm/min and 20 nm/min, respectively. The thick-
by R. Dolataet al.[3]. However, this process failed to producgesses of the Nb bottom and top electrodes of SIS junctions are
high quality SIS junctions with lowz,, A values [4]. Thisis due 300 nm and 50 nm respectively. The thickness of Al layer is
to the fact that a substrate located on a driven electrode is &Xpm. The voltage-current characteristics (VCC) of the junc-
posed to a very energetic and intense flux of ions during thgns are measured in liquid helium and characterized by a soft-
Al nitridation [5]. Attaching the wafer to the electrode paralle}y5,e program developed by Ermakeval. [10]. The VCC are

to the driven electrode enables us to avoid the damage of tgyracterized on the basis of two key parameters: the specific

growing AIN layer by the energetic ions [5]-[7]. junction resistancel,, A), and the quality factorR.,/R,,, the
ratio of the sub-gap and normal resistances). We uséthé
Il. EXPERIMENTAL DETAILS value rather than critical current density for junction characteri-

Tunnel junctions used for process chracterization, are pARtion because this parameter is much easier and faster to mea-
duced by a selective niobium anodization process on silic§H'e: This fact is of great importance for us, since our research
wafers [8]. The size of all junctions is @m2. SIS junctions is based on the processing of a large number of junctions. Fol-
used for mixer production are made by the selective niobiulVing the concept proposed by Bumigeal. the setup for Al

etching process. The details of this process have been repoftéfidation has been implemented in a Nordiko-2000 sputtering
system [6], [11]. The major difference between our system and
the system developed by Bumle¢ al. is that the substrate is
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RFBR project 00-02-16270, INTAS project 01-0367, and the ESA under Caffoating in our system. The technical details are published else-

tract 11653/95. where [11].
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Fig. 2. Specific junction resistance and power density dissipated in thég. 3. Specific junction resistance and power dissipated in the substrate
substrate sheath versus applied power. The nitrogen pressure is fixecshg@ath versus nitridation pressure. Power is kept at the 30 W for all data points.
50 mTorr for all data points.

into the saturated AIN layer diffuses out. Similar behavior was

sheath (), measured as a difference between the substrate &Rgerved by a number of authors [11]-{15].

plasma potentials, and the ion current density injected into theVariation of the applied power, keeping the other parameters
sheath §;). The power densityl{’) dissipated on the substratdixed (50 mTorr nitrogen pressure, 7 minutes nitridation time)
surface is estimated as a productiaf and.J;. Characteriza- results in an increase iR, A values (Fig. 2). The deposited
tion of the plasma properties by the Langmuir probe revealtickness of AN is negligible in this experiment, due to the
that V., values are very close to the plasma floating potentig@hort duration of the process. The voltage drop across the sub-

indicating that the developed system produces the least possfilate sheath is almost consta¥i(= 18.5+ 1.5 V), while the
plasma potential. dissipated power density increases rapidly with power (Fig. 2).

The discharge voltage gradually increases with an increase in
applied power (from 240 V to 496 V). Itis interesting to mention
that the spread in junction parameters over the wafer increases
with R, A values in both this and in the previously mentioned
An investigation of the dependence of junction propertiesxperiment.
versus nitridation time was carried out under a nitrogen pres-Variation of the nitrogen pressure, keeping the other param-
sure fixed at 50 mTorr and an applied power fixed at 30 Wters fixed (30 W applied power, 7 minutes nitridation time)
These settings result in the following nitrogen ion flux parameloes not result in significant changes in fhgA values (Fig. 3).
ters:.J; = 0.22 A/m? andV,;, = 21 V. The discharge voltage The plasma parameters have very moderate dependence on ni-
is 240 V. Fig. 1 illustrates the dependenceldfA on nitrida- trogen pressurel; = 0.27 + 0.04 A/m?, V,;, = 18.8 £ 2.2 V.
tion time. Every data point represents an average of at leastTte discharge voltage is almost independent of nitrogen pres-
junctions produced in one batch, with the error bars representmge @50+ 10 V), and the power density dissipated in substrate
the standard deviation. Tunnel barrier formation in this expesheath is also almost constant (Fig. 3). The scale in this plot is
iment is a combination of two processes: (a) deposition of tineade deliberately the same as in Fig. 2 to make the compar-
sputtered AIN (the deposition rate is 6 A/h in this experimentjson with the previous experiment more vivid. This comparison
(b) nitridation of the Al layer. This process reaches saturatiatearly indicates that the process of Al nitridation is mainly gov-
as seen from the plateau on the Fig. 1. Extra nitrogen implanteched by the power dissipated in the substrate sheath.

I1l. PARAMETRIC DRPENDENCE ORJUNCTION PROPERIETS
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. . . e . ) Fig. 5. VCC of SIS junction with?, 4 = 3.3 Q - um?. The MAR current
Fig. 4. Junction quality paramet8, / /2., versus specific junction resistance step is illustrated on the insert. A magnetic field has been used to suppress the
R, A. critical current.

IV. ADDITIONAL RESULTS AND ANALYSIS Nb/AI-AIN/ND tri-layer

SNR

The diffusive mechanism also explains why AlNunnel
barriers are superior over AJO the process of oxidation
saturates at a much greater thicknes$(nm) than the process
of nitridation (= 2 nm) [16]. The saturation of AlNgrowth at
a thickness corresponding to lai, A values allows the sinks
that are the source of pin-holes in the tunnel barriers to be . _ o o
saturated (Fig. 1). In contrast, the saturation of oxidation occ(j?d 8- Cross-sectional view of the junction definition process step.
at a tunnel barrier thickness that corresponds to ultra-high
R, A values. In addition the utilization of an Al sub-layer
(10 nm thick) in the middle of the bottom electrode of the
SIS junction results in a substantial increase)fA value
without any degradation of junction quality, as in the case of
Nb/AI-AlO ./Nb SIS junctions [17]. Kohlstedét al. explain
an increase in AIQ tunnel barrier resistance by smoothing
of the Nb bottom electrode when an Al sub-layer is used
[17]. This smoothing of the surface results in better wetting
of the Nb surface by Al. This explanation is very doubtful
because the surface of uncovered Nb islands is very difficult
to oxidize or nitride up to the state of perfect tunnel barrier.
We would like to propose another explanation. Both of these S >
processes (oxidation and nitridation) have diffusive origin. The T —yr
process of diffusion depends strongly on the density of sinks.

Therefore it is rea.sona.ble to assume th.at the (.:han.ge ”:] El‘b 7. SEM photograph of the photoresist pattern for junction definition.
roughness results in a different concentration of diffusion sin g

in the Al layer. As a result, a substantial correction of the Al

nitridation process is required when these junctions have to be V. MIXER FABRICATION

integrated in various structures. In addition, despite differentThe major innovation compared to the previously described
growth conditions there is a unique dependence of sub-gafixer fabrication process [9] is the use of an e-beam pattern
leakage versus tunnel barrier resistance (Fig. 4). Every pog#nerator for better junction definition. A double layer of resist

on this plot corresponds to one junction. The degradation (NR e-beam resist and AZ 5214 conventional photoresist) is
the junction quality at low/z, A values is due to heating andused in this case. The AZ 5214 is etched in oxygen plasma with
Multiple Andreev Reflections (MAR) [18]. Fig. 5 illustratesa mask of e-beam resist by oxygen plasma (Fig. 6). The thick
a characteristic MAR current step and back bending of tiphotoresist layer is needed to ensure the lift-off procedure after
current rise at the gap voltage. In order to evaluate the limits thfe deposition of the dielectric layer. The SEM picture illustrates
this technology, it is necessary to make junctions of sub-micrperfect anisotropy of the etching process (Fig. 7). A typical VCC

area. Dmitrievet al. have shown good quality junctions withof a SIS mixer junction integrated into a Nb strip-line is illus-

R,A~1Q-um? [19]. trated in Fig. 8. The junction characteristics are much better

AZ 5214 quartz

substrate
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Fig. 8. VCC of SIS mixer junction integrated into Nb strip-line.

than that shown in Fig. 5 (with 10 times larger area) due to Iess[g]
heating effects. Preliminary results of AIN tunnel barriers in SIS
mixers reveals good repeatability when the Nb bottom electrodﬁo]
roughness is taken into consideration.

VI. CONCLUSION [11]

The fabrication process of SIS mixers equipped with Nb/Al-
AIN/Nb tunnel junctions has been successfully implemented.
Definition of the SIS junctions by means of e-beam lithography12)
is successfully integrated into the fabrication process. This step
enables better control over the junction size compared to optic?h]
lithography. The AIN tunnel barrier formation is carried out in
a nitrogen RF glow-discharge with the substrate attached to the
electrode parallel to the driven one. Analyzing the experimentdf4]
data it is concluded that nitrogen diffusion into the Al layer fa-
cilitated by plasma heating is the main factor determining the
tunnel barrier formation. The structure of the bottom Nb elec{15]
trode of the SIS junction plays a significant role in the tunnel
barrier formation, as in Nb/AI-AIQ/Nb tunnel junctions. The
reason for the increase of the spread of junction parameters oviéf]
the wafer with an increase iR,, A values is not yet understood.
The typical energy of nitrogen ions bombarding the Al surfacg;7
is in the order of 20 eV in our experiments. However the for-
mation of the AIN layer takes place even if the energy of the
bombarding nitrogen molecular ions is 1 eV. The latter fact in-[18]
dicates that the true potential of this process has not yet been
reached [20]. AIN tunnel barriers produced with this techniqud19]
are promising candidates for utilization in double tunnel barrier
junctions for digital applications, since a very high transmis-
sivity and quality of the tunnel barriers are also required for thig20]
application [21], [22].
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