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High quality Nb/Al,AlO,/Al/Nb Josephson tunnel junctions have been made with the help of a fabrication process based on 
reactive ion etching of Nb in SF,+ The V, value of these junctions is typically 60-70 mV at 4.2 K. At 1.6 K, a V,,, of 4.1 V has been 

measured, which is the highest value that has ever been reported for this type ofjunction. The area of the junctions ranges from 1 

to 25 pm’. By burying the Nb/Al,AlO,/Al/Nb Mayer in the substrate, a planarized junction configuration has been obtained. 
Reactive ion etching of Nb in SFs plasmas has been studied in detail. Anisotropic etch profiles can be obtained because of the 

formation of a resistant layer during etching, which prevents etching of Nb under the photoresist. The etching process has been 

monitored with a spectrometer. The fluorine emission at 703.7 nm is shown to be suitable for end point detection. 

1. Introduction 

Since the introduction of Nb/Al,AlO,/Nb Joseph- 
son tunnel junctions [ 11, the number of groups uti- 
lizing these junctions has vastly increased, because 
they offer long term stability and are stable against 
thermal cycling. Their critical temperature is high 

enough to be operated at liquid helium temperature 
and the quality of the junctions can be very high [ 2- 

61. 
In applications like DC-SQUIDS and X-ray detec- 

tors based on Josephson tunnel junctions the per- 
formance of the device is directly related to the junc- 
tion quality. In DC-SQUIDS it is well known that zero 
voltage current fluctuations in the junctions cause 
excess 1 If noise in the spectral flux noise density of 
the SQUID. This current induced excess noise can 
be reduced by using an appropriate read out scheme 
[7,8], which, however, increases the complexity of 
the read out electronics considerably. The critical 
current fluctuations are related to the quality of the 
insulating barrier. Due to inhomogeneities in the 
barrier, like for instance localized states in which 
electrons can be trapped and released [ 9,10 1, the 
junction resistance and consequently the critical cur- 
rent fluctuates. It is expected that these fluctuations 

will be smaller in junctions of higher quality. An im- 
portant parameter for X-ray detectors is the dynamic 
subgap resistance [ 111. Leakage currents should be 
as low as possible and the aim is to reach the tem- 
perature dependent BCS quasiparticle current value 
at an operation temperature of about 1 K. 

In recent publications [ 3,121 Nb/Al,AlO,( /Al)Nb 
junctions made at the University of Twente have 
been discussed. These junctions were fabricated by 
selective niobium anodization (SNAP). The mini- 
mum junction size was 25 pmZ. It was found that the 
deposition of an extra Al layer on top of the AlO, 
barrier, prior to deposition of the Nb counter elec- 
trode, significantly increased the reproducibility of 
the fabrication of high quality junctions. It was also 
found that the junction quality parameter V,,, de- 
creased with decreasing junction area. This effect was 
related to barrier inhomogeneities introduced during 
the anodization process. 

A new fabrication process has been initiated for 
the production of Nb/Al,AlO,/Al/Nb SNINS Jo- 
sephson tunnel junctions. The fabrication process has 
systematically been optimized in order to obtain 
planarized small area junctions of very high quality. 
Planarization relieves the deposition conditions for 
insulating layers and crossing lines and facilitates the 
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deposition of resistive elements. Since SNAP ap- 
pears to be unsuited for the fabrication of small area, 
high quality junctions, the anodization process has 
been replaced by a selective niobium etching process 
(SNEP). 

Selective niobium etching can be done by reactive 
ion etching (RIE) in fluorine containing plasmas of 
for instance CF4 or SF6 [ 13-151. Because in these 
plasmas the etch rate of Nb is much larger than the 
etch rate of Al, the Al layer can be used as an etch 
stop. We have studied RIE of niobium in SF6. The 
etch rates of Nb and Al were measured under dif- 
ferent plasma conditions. The etching process is 

monitored by a spectrometer in order to detect the 
end point of the RIE process. The results are dis- 

cussed in section 2. 
In section 3 the junction fabrication procedure is 

described. The area of the fabricated junctions var- 
ies from 1 to 25 urn’. Part of these junctions have 
different base electrode dimensions in order to ver- 
ify whether the sputtered Nb films are free of stress. 

The junction Z-V characteristics are discussed in 
section 4. Subgap currents have been measured at 
4.2 and 1.6 K in order to study the quality of the in- 
sulating barrier of the junctions. The characteristics 

are compared to the BCS theory. 

2. Reactive ion etching of Nb with SF6 

Reactive ion etching is done in a turbo pumped 
parallel plate reactor with stainless steel electrodes. 
Samples are glued with vacuum grease to a stainless 
steel substrate holder with a diameter of 10 cm and 
a thickness of 3 mm. The substrate holder can be 
clamped onto the cathode through a load-lock sys- 
tem. The diameter of the water cooled cathode is 15 
cm. The grounded anode has a diameter of 20 cm 
and is positioned at 4.5 cm from the cathode. 

The background pressure is measured by a cold 
cathode gauge, the pressure during sputtering is mea- 
sured by a Pirani gauge, calibrated to-air. The pres- 
sure reading of the Pirani is multiplied by conver- 
sion factors of 1.6 and 0.3 to calculate the actual Ar 
and SF6 pressure, respectively. The background pres- 
sure is about 2x 10e5 Pa. The purity of the SF6 is 
99.99%. 

The progress of the RIE process is monitored with 

a spectrometer. The monochromator can be ad- 
justed from 200 to 800 nm, with a resolution of 2 
nm. The plasma is monitored through a quartz win- 
dow in the etching chamber. The transmission of the 
quartz window is more than 90% at wavelengths 
larger than 280 nm. The transmission decreases to 
about 50% from 280 down to 200 nm. 

The optical spectra of two plasmas are shown in 
fig. 1. One of the spectra is of an SFs plasma without 
sample, the other is the spectrum during etching of 
a Nb foil of 5 x 5 cm2 in an SF6 plasma, taken 5 min 
after ignition of the plasma. The plasma parameters 
are: SF6 pressure 1.5 Pa, flow rate 5 seem, power 
density 0.13 W/cm2 and DC self-bias voltage - 100 
V. The emission at wavelengths larger than 620 nm 
can be assigned to fluorine radicals and F+ ions 
[ 16,171. The 2P”-+2P transition at 703.7 nm shows 
the strongest emission intensity of fluorine radicals. 
The emissions at 316, 337, and 358 nm, clearly vis- 
ible in the SF6 plasma without Nb, are possibly due 
to small N2 contaminations in the reactor [ 181. 

The most pronounced differences in the two spec- 
tra can be observed below 600 nm. The change in 
colour of the plasma as soon as the Nb etching starts 
can also be observed by the eye. In principle, one of 
the emissions in the range from 290 to 600 nm can 
be used to monitor the RIE process. Since we do not 
know which molecule or atom this emission can be 
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Fig. 1. Emission spectra of two SF6 plasmas: one with a Nb foil 
of 25 cm’ stuck to the substrate holder (upper curve) and one 
without a Nb sample. The origin of the upper curve is shifted, the 
intensity scales are identical. 
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assigned to, the suitability of the fluorine emission 
at 703.7 nm for monitoring the etching process has 
been investigated. 

In fig. 2 the emission at 703.7 nm is shown as a 

function of time during etching of 8 Nb samples. The 
samples consisted of 1 x 1 cm* of oxidized Si with 6 
nm Al and 300 nm Nb. The etching time of the sam- 
ples was different. The amounts of Nb and Al etched 
away were measured for all samples and are depicted 
in fig. 2 as well. From the figure it is clear that an 
initiation time of about 30 s is present during which 
the Nb etch rate is very low. After this initiation time 

the Nb etch rate is constant at a level of about 60 
nm/min. The etch rate strongly decreases when the 
Al layer is reached. The emission intensity at 703.7 
nm increases as long as Nb is being etched and de- 
creases when no Nb is left on the sample and the Al 
layer is reached. Figure 2 clearly shows that the flu- 
orine emission at 703.7 nm can be used to detect the 
end point of the Nb etch process. 

The etching experiments of which the results are 
presented in fig. 2 were obtained after cleaning the 
electrodes and substrate holder. In the cleaning pro- 
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Fig. 2. RIE in SF6 of 8 samples consisting of 1 cm’ of oxidized Si 

with 6 nm Al and 300 nm Nb. The solid lines are the intensities 
of the fluorine emission at 703.7 nm (left axis) as a function of 

time. The origins of the 8 different curves are shifted vertically 

for clarity. The plasma was turned on at t = 0 and turned off after 
30, 60, 120, 180, 240, 295, 304, or 460 s. The thickness of the 

removed layer after the RIE is depicted by crosses (right axis). 

cedure an SF6/02 plasma is used to remove remain- 
ing NbF, etch products. Especially Nb sub-fluorides 
(NbF,, x I 4 ) will be present in the reactor since they 
are solid at room temperature [ 19 1. NbFs is also solid 
but it has a vapour pressure of 0.5 Pa at 20°C and 
10 Pa at 40” C and will be pumped away during etch- 
ing. The SF,/O, plasma is followed by a pure 0, 
plasma to remove sulphur and a subsequent Ar 
plasma for physical cleaning of the electrodes. The 
complete cleaning procedure takes about 40 min, but 
is essential for obtaining reproducible results. With- 
out cleaning, the etch rate may increase by a factor 
of two, depending on the history of the reactor. 

The effect of the Nb sample area on the fluorine 
emission during RIE has been investigated as well. 
Five samples consisting of 300 nm Nb on top of 6 
nm Al with areas of 1,2,3,5 and 10 cm* were etched 
while the emission intensity at 703.7 nm was mea- 
sured. Up to a sample area of 3 cm* the fluorine 
emission revealed the RIE end point quite clearly. 
With larger sample areas the large amount of NbF, 
etch products affected the fluorine emission signif- 
icantly and the exact end point was more difftcult to 
determine. We observed that the Nb etch rate in- 
creased by 30% when the sample area was increased 
from 1 to 3 cm*. At a further increase of the sample 
area to 10 cm* the etch rate decreased again. This 
effect needs to be studied further before any conclu- 
sions can be drawn. 

The suitability of the Al layer as an etch stop de- 
pends on the DC self-bias voltage on the cathode 
during the RIE process. This is shown in fig. 3. Three 
samples of 1 cm* consisting of two layers of 150 nm 
Nb separated by 6 nm of Al deposited on oxidized 
Si have been etched in an SF6 plasma at 1.5 Pa. The 
RF powers used were 20, 50 and 85 W, resulting in 
DC self-bias voltages of - 100, - 200, and - 300 V, 
respectively. In this experiment the reactor was not 
pre-cleaned. 

The Nb/Al/Nb trilayers of the samples that were 
etched for 20 min at - 300 and - 200 V were com- 
pletely etched away. At - 100 V, only the top Nb layer 
is etched away. So, at this self-bias voltage the time 
needed to etch away an Al layer of only 6 nm is at 
least 18 min. At self-bias voltages of -200 V or 
higher, 6 nm of Al is no longer a good etch stop for 
RIE of Nb films in SF6. 

In the junction fabrication process, which will be 
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Fig. 3. Fluorine emission intensity vs. time during etching of three 

identical samples, consisting of a trilayer of 150 nm Nb, 6 nm Al, 

and 150 nm Nb on top of 1 cm’ of oxidized Si. The origins of the 

three curves coincide. The samples were etched at three different 

self-bias voltages: - 100, - 200, and - 300 V. 

Fig. 4. SEM picture of a sample of 600 nm Nb on top of 6 nm of 

Al etched in an SF, plasma identical to the SF6 plasma that was 

used for the measurements shown in fig. 2. The plasma was turned 

off 3 min after the exposed Nb was etched away. The rough sur- 

face of the etched parts of the sample is probably due to reaction 
products ((p) 11 pm). 

described in section 3, etching of Nb under the photo 
resist has to be avoided. In fig. 4 a SEM picture is 
shown of an etched Nb film with a photo resist pat- 
tern on top of it. The Nb film has been etched in an 
SF6 plasma at a self-bias voltage of - 100 V. The 

etching was stopped by a thin Al layer. The plasma 
was turned off three minutes after the Al layer was 
reached. It is clear that no underetching has oc- 
curred. In fig. 5 a SEM picture of a Nb film that has 
been etched in an SF6/02 (5 : 1) mixture at a self- 
bias voltage of - 100 V is shown. This time, strong 
etching under the photo resist did occur. The Nb is 
almost isotropically etched. 

Apparently, during Nb etching in a pure SF6 
plasma an etch resistant layer is formed on the sides 
of the part of the Nb film that is covered by photo 
resist. By addition of a small amount of O2 to the SF6 
plasma the resistant layer is not formed. The pro- 
tective layer probably contains carbon, which can be 

supplied by the photo resist. 
A third experiment has been performed which 

nicely demonstrates the presence of an etch resistant 
layer. From a Nb sample identical to the one shown 
in fig. 5, the photo resist pattern was dissolved in 
acetone after the RIE in pure SF6. Then the sample 
was remounted in the reactor and was etched for the 
second time in a pure SF6 plasma with a self-bias 
voltage of - 100 V. Again, the plasma was turned off 
3 min after the Nb film was gone. The SEM picture 
of the resulting structure is shown in fig. 6. The si- 
dewalls of the part of the Nb film that was covered 
by the resist during the first RIE are still present. So, 
during etching of Nb in a pure SF6 plasma, indeed 

Fig. 5. SEM picture of a sample of 600 nm Nb on top of 6 nm of 
Al etched in an SF6/02 plasma of 5 seem of SF, and 1 seem of 

02, at a self-bias voltage of - 100 V. The plasma was turned off 
3 min after the Al layer was reached ( (---) ” 1 pm). 
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Fig. 7. Schematic overview of the fabrication process of planar- 
ized, small area Nb/AI,AlO,/Al/Nb tunnel junctions made by 
SNEP. See text for additional information. 

Fig. 6. SEM picture of the etch resistant layer formed during RIE 
in pure SF6 on the sides of the part of the Nb film that is covered 
by photo resist ( (-_) 11 pm). 

an etch resistant layer with a thickness of about 0.1 

pm is formed on the sides of the Nb film. 

3. The junction fabrication process 

On a 2 inch Si wafer, junctions of 1 X 1,2 X 2, 3 X 3, 

and 5 x 5 pm* have been made. To check whether 
the Nb films are free of stress, the base electrode di- 
mensions of junctions of 2x2 and 3x 3 pm* have 
been varied [20]: 10x 10, 15x15, 30x30, 50x50, 
and 100 x 100 pm*. The junctions are located in the 
center of the base electrodes. Chromium lithography 
masks with a minimum feature size of 1 pm were 
used. 

The fabrication process of the junctions is shown 
schematically in fig. 7. The fabrication starts with the 
spinning of 1.5 pm of photo resist (AZ 15 18 ) onto 
a thermally oxidized Si wafer. The resist is struc- 
tured and post-baked. 

After lithography, 400 nm of SiO, is etched away 
by wet chemical etching in a solution of 6.5 wt.% HF, 
34.8wt.%NH,Fand58.7wt.%H20 (fig. 7(a)).The 
temperature is kept constant at 30°C. The Si02 etch 
rate of about 160 nm/min can be reproduced within 
5%. The etch rate of the photo resist in the HF so- 
lution is very low, provided that the resist has been 
baked at 120’ C for 45 min. Since the Si02 is etched 
isotropically, strong under-etching of the Si02 oc- 

curs. This underetch, or vice versa the photo resist 
overhang, can prevent the formation of so-called 
“ears” after lift-off of a subsequently sputter depos- 

ited Nb/Al trilayer. 
Nb and Al films are deposited in a turbo pumped 

vacuum system by DC magnetron sputtering (fig. 
7 (b) ). The effective target area is 63 cm’. The back- 
ground pressure is typically 2 x 1 0m5 Pa, mainly due 
to water vapor. The background pressure is reduced 
to below 6 x 1 Op6 Pa by Nb gettersputtering. The re- 
sidual gases are monitored by a mass spectrometer. 
The total pressure is measured by an ion gauge. Dur- 
ing sputtering, the pressure is measured by a capac- 
itance manometer. 

In Nb/AlO,/Nb junctions defined by SNEP, stress 
in the Nb electrodes may decrease the junction qual- 
ity [ 201. With the help of flexible glass substrates the 
stress in Nb films deposited under different sputter- 
ing conditions has been investigated. The stress was 
calculated from the deflection of the substrates [ 2 11. 
Since it was expected that the stress would change 
with changing cathode voltage [ 22,231, the Ar pres- 
sure during sputtering was kept constant at 2.0 Pa 
and the sputter voltage was varied from 240 V to 320 
V. Consequently, the power density and the depo- 
sition rate varied from 0.5 to 6.1 W/cm* and from 
9 to 115 nm/min, respectively. The critical temper- 
ature of all the deposited films is higher than 9.1 K. 

The results of the stress experiments are shown in 
fig. 8. At an Ar pressure of 2.0 Pa. zero stress can be 
achieved at a cathode voltage of -265 V. At an Ar 
pressure of 2.5 Pa, Nb films deposited at -265 V 
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Fig. 8. Stress in Nb sputter deposited films as a function of the 
cathode voltage at an Ar sputter pressure of 2.0 Pa. The solid line 
is a guide to the eye. 

showed a pronounced tensile stress. This is in con- 
tradiction with the experiments reported in ref. [ 2 11. 

The dependence of the stress on the sputter condi- 
tions is probably different in differing sputtering sys- 
tems. The “zero stress voltage” also changes with the 
thickness of the Nb target. 

After structuring the oxidized top layer of the Si 
wafer, 150 nm (stress free) Nb and 5 nm of Al is 
deposited. The Al layer is thermally oxidized in the 

sputter chamber at room temperature in pure Oz. 
After oxidation, 4 nm Al is deposited followed by the 
deposition of 250 nm Nb (fig. 7(b) ). This multi- 
layer is structured by lift-off. 

The thickness of the next layer of photo resist 
(thinned with AZ 1500) is 1.35 urn. After structur- 
ing, the resist is baked at 90 o C. A higher post-baking 
temperature does not reduce the etch rate during the 
subsequent RIE process. This resist mask defines the 
junction areas as well as the contact areas with the 
base electrode. The second lithography step is fol- 
lowed by the selective Nb etching process (SNEP) 
in an RF SF6 plasma. The Nb is etched at a DC self- 
bias voltage of - 100 V, under the same conditions 
as described in section 2. The etch rates of SiOz and 
photo resist are 12 and 20 nm/min, respectively. 
During the SNEP, 250 nm of SiOz is etched away. 

After this step the Si02 surface is planarized with re- 
spect to the AlO, barrier. 

The remaining Al,AlO,/Al layer is etched away in 

a solution of photo resist developer (AZ 35 1) in Hz0 
with a volume ratio of 1: 25 (AZ 351: H20) (fig. 
7 (c) ). The reactive component in this developer is 
NaOH (4 wt.%). The Al etch rate is 2 rim/s.. Nb is 
not etched by the developer. The etching time is 30 
s, during which the photo resist is not affected. With 
shorter etching times the number of junctions which 
show leakage currents increases. The Al layers can 
also be removed by plasma etching in Ar, but with 
this technique redeposition of Al will occur, intro- 
ducing metallic shorts over the junctions. Junctions 
in which the Al layers were removed by Ar etching 
often showed small leakage currents. 

After the junctions are defined by SNEP, a self- 
aligned SiOl layer is deposited (fig. 7 (d) ). The SiOz 
film is grown by RF sputtering from a 4 inch target. 
The RF power on the target is 150 W inducing a self 
bias of - 500 V. With the anode connected to ground, 
at first a thin layer ( ? 20 nm) of SiO, is sputtered 
at an Ar pressure of 2.5 Pa, to protect the photo re- 
sist. The sputtering is continued in an Ar/Oz mix- 
ture with a flow ratio of Ar: O2 of 10: 1, at the same 
total pressure. Part of the SiOz layer is grown by SiOz 
bias sputtering with a bias power density of 0.06 W/ 
cm2 on the substrate. The deposition rate is 0.43 nm/ 
min without bias and 0.40 nm/min with bias. The 
total Si02 thickness is 250 nm. 

The final step (after an optional fabrication of Pd 
shunt resistors (fig. 7 (e) ) ) is the deposition of Nb 
contacts. This Nb film is structured by lift-off (fig. 

7(f)). 

4. I-V measurements 

Low noise, battery powered electronics has been 
used to measure the I- I’ characteristics of the junc- 
tions. The input noise of the amplifiers is 5 nV/,/Hz. 
The current is fed through a 1 kR resistor at room 
temperature in order to measure the bias current. The 
amplifiers have a bandwidth of 80 kHz and an input 
impedance of 10 MQ. 

Two junction series will be discussed: mb@ 10 and 
mb@ 11. The oxidation pressure during Al oxidation 
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was 10 mbar in series mb@ 10 and 1 mbar in series 
mb@ll. 

In fig. 9 the Z-V curves of a 5 x 5 pm2 junction of 
series mb@ 10 at 4.2 and 1.6 K are shown. The char- 
acteristics have been measured without suppression 
of the zero voltage current. The V, value at 2 mV of 
this junction is 70 mV. (V, is calculated from 
V,,, = IcJt2, where R2 is the subgap resistance at 2 mV 
and Z,, is the theoretical maximum zero-voltage cur- 
rent. I0 is calculated from the gap voltage VP and the 
normal state resistance at 4 mV R,: Z,, = n If,/ ( 4R,). ) 
During cooling to 1.6 K, V,,, increases to 4.1 V. As 
far as we know, this is the highest value of V, that 
has been reported for Nb/Al,AlO,( /Al) /Nb junc- 
tions. 

Series mb@ 10 also contains junctions of 3 x 3 and 
2x 2 urn2 with V, (4.2 K) values of 69 mV. The 
subgap current at 1.6 K of these junctions is of the 
order of the noise level of our measurement setup. 
Obviously, the AlO, barrier in these junctions is very 
homogeneous. 

As can be seen in fig. 9, the subgap current at 1.6 
K increases at I/= V&2. This temperature-inde- 
pendent excess current can be explained by multi- 
particle tunneling, Josephson self-coupling or mul- 
tiple Andreev reflections [ 24-27 1. The excess cur- 
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Fig. 9. Current-voltage characteristics of a 5 X 5 pm2 junction of 
series mb@ 10 measured at 4.2 and at 1.6 K. The junction was 
current biased. The zero voltage current was not suppressed. The 
dashed lines are the theoretical BCS I-Vcurves at 4.2 and 1.6 K. 

rents determine the minimum subgap current at 2 

mV that can be obtained by cooling. At 4.2 K this 
temperature independent tunneling current is only 
1.8% of the total current at 2 mV. 

Infig. 10theLVcurvesat4.2and1.6Kofa2X2 
urn2 junction of series mb@ 11 are shown. This junc- 

tionhas Vm(4.2K)=69mVand V,,,(1.6K)=2.1 V. 
The highest V,(4.2 K) value of a 1 x 1 urn2 junc- 

tion that has been obtained is 64 mV. The reprod- 
ucibility of the area of these junctions, however, is 

bad. The fabrication of these small structures is lim- 
ited by the optical lithography available in our 

laboratory. 
Theoretical BCS Z-V curves are shown in figs. 9 

and 10 as well. At 4.2 K the subgap current can very 

well be described by the BCS theory. At 1.6 K the 

measured currents at 2 mV are about one order of 
magnitude higher than the values predicted by the 
BCS theory. 

The Z-V characteristics of 60 junctions of 4, 9, and 

25 urn2 of series mb@ 10 and mb@ 11 have been 
measured in total (30 junctions of each series). The 
V,,, value of 43 junctions (72%) was larger than 60 
mV. 5 1 Junctions (85%) showed a V, larger than 50 

0 1 

v &I 

3 4 

Fig. 10. Current-voltage characteristics of a 2 x 2 pm2 junction 
of series mb@ 11 measured at two different temperatures. The 
junction was current biased. The zero voltage current was not 
suppressed. The theoretical BCS curves (dashed lines) are shown 
as well. 
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mV. No relation was found between the average 
quality of the junctions and the junction area. 

As mentioned in section 3, junctions of 2 x 2 and 
3 X 3 pm2 with base Nb electrodes of 10 x 10, 15 x 15, 
30 X 30,50 x 50, and 100 x 100 pm2 have been made. 
At 4.2 K the V, value of all these junctions range 
from 64 to 66 mV in series mb@ 11. This confirms 
that the Nb electrodes of the junctions are free of 
stress. 

The new fabrication process has obviously led to 
a significant improvement of the junction quality. In 
the fabrication process that was based on SNAP,the 
V, value of 5 x 5 pm2 junctions usually was about 50 
mV. With the new process very high quality junc- 
tions with V,,, values of 60-70 mV can be made in 
a reproducible way. The junction quality is the same 
for junctions of 25, 9 and 4 pm’. It is expected that 
with e-beam lithography sub-micrometer junctions 
with comparable quality can be fabricated with this 
process. 

5. Conclusions 

A fabrication process has been developed to make 
very high quality, planar Nb/Al,AlO,/Al/Nb SNINS 
Josephson tunnel junctions with the help of selective 
niobium etching in SF+ Junctions with areas ranging 
from 4 to 25 urn2 have been made with V,(4.2 K) 
values higher than 60 mV in more than 70% of the 
junctions. At 4.2 K the subgap current is almost 
completely determined by quasiparticle tunneling; 
only about 3% of the subgap current at 2 mV is due 
to temperature independent tunneling currents. At 
1.6 K, the highest V,,, value that has been measured 
is 4.1 V. This shows that the AlO, barrier of the junc- 
tions is very homogeneous. It is expected that this 
fabrication process can be easily extended to sub-mi- 
crometer dimensions with the help of an appropriate 
lithography process. 

Reactive ion etching of Nb in an RF SF6 plasma 
has been studied in detail. At low RF power a high 
Nb etch rate (60 nm/min) and anisotropic etch pro- 
files have been obtained. The Nb etch rate is depen- 
dent on the history of the reactor. Therefore, pre- 
cleaning of the etching chamber is essential for re- 
producible results. Etching of Nb under the photo 
resist is prevented by a resistant layer that is formed 

during RIE on the sides of the Nb structure below 
the photo resist pattern. The etching process can be 
monitored very well by measuring the emission in- 
tensity of fluorine radicals at 703.7 nm. Thin Al films 
can be used as an etch stop after Nb etching if the 
self-bias voltage is 100 V or smaller. 
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