Fabrication of mesoscopic superconducting Nb wires using conventional
electron-beam lithographic techniques
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Conventional electron-beam lithography has been used to fabricate mesoscopic Nb wires. Nb was
deposited in an ultrahigh vacuum evaporation chamber using electron gun heating. The typical
linewidth and the thickness were 200 and 50 nm, respectively. The transition temperatures were
above 7 K. They increased with thickness and linewidth. To demonstrate the feasibility of two angle
evaporation techniques, we also fabricated (Nbf)AIO,/Nb tunnel junctions showing
superconducting single-electron transistor characteristics.20@2 American Vacuum Society.
[DOI: 10.1116/1.1445168

A number of nanometer-scale devices such as singlethat high-quality submicron Nb structures can be fabricated
electron transistoréSETS,! superconducting quantum bits, by conventional e-beam lithography.
and other mesoscopic superconducting devitese been Problems with applying the conventional technique have
realized using the self-alignment technique which providesdeen ascribed to the partial decomposition of the PMMA
submicron accuracy/Self-alignment is achieved by shadow co-polymer double layer during the evaporation of the re-
evaporation, commonly used with the polymethylmethacry{ractory metals:® The resulting outgassing from the resfst
late (PMMA) and co-polymefP(MMA-MAA )] resists as a and consequent contamination of the deposited Nb would
double layer stencil mask patterned by electron-bdam then explain the changes in the electronic properties of the
beam lithography. Until now this conventional shadow deposited Nb. The other question raised by the authors of
evaporation technique has been applied successfully for soRef. 5 is that the PMMA resist layer is not strong enough to
metals like Al, Cu, and Pb. For the refractory metals such asvithstand the strain during the evaporation of the Nb film.
Nb, W, or Ta, however, it is known to be difficult to appl§.  Contrary to this common experience, we show here that it is
In particular, Nb is a promising alternative to the soft metalspossible to fabricate mesoscopic Nb wires with zero-field
for superconducting nano devices because of its large supetritical temperature3 . higher than 7.0 K by using the con-
conducting gap and high stability under thermal cycling.  ventional shadow evaporation technique.

Two different methods have been tried to make Nb-based Our results were obtained with a standard e-beam lithog-
submicron devices. One is the self-alignment technique witliaphy process that followed the most common procedures
a stencil mask consisting of resist polymers. The authors ofnd conventional recipes. We deposited a double layer of
Ref. 5 used a four-layer mask composed of PMMA resisPMMA-P(MMA-MAA ) on oxidized Si substrate. The SiO
layers and one Ge layer. The Ge layer was expected to witHayer was about 250 nm thick. The spinning rates for PMMA
stand the mechanical strain due to the Nb layer during iteand RMMA-MAA ) were 3000 and 6000 rpm, respectively,
evaporation. The Nb film made this way was not of goodand the spinning time was 30 s for both. The thickness of the
quality because its transition temperatrgewas far below PMMA and RMMA-MAA ) were measured to be about 270
that of bulk Nb. This degradation of the Nb film was be- and 300 nm, respectively. The resist was baked at 160 °C for
lieved to be due to the contamination of the Nb layer byabout 60 min. We then drew the pattgsee Fig. 1 using a
outgassing from the resists during the Nb evaporation. Tecanning electron microscogdEOL, JSM 840A. The line-
circumvent this problem the authors of Ref. 6 used as a maskidth was about 200 nm for this sample. To develop the
Phenylene-ether-sulfond®ES polymer, which has a glass upper layer of the PMMA resist we immersed the sample in
temperature and a decomposition temperature much highermixed(1:2) solution of methyiso-butyl ketone and isopro-
than those of PMMA resist. With this new process a Nb wirepylic alcohol for 12 s. To develop the lower layer of the
of 0.15um width and 60 nm thickness showed gof 7.1 K. ~ P(MAA-MAA ) resist and to form an undercut, the sample
However, this PES process requires more steps in the fabrivas dipped into a solutioflL:2) of methyl glycol and metha-
cation than the conventional PMMA double layer processnol for 15 s. Nb(99.9%, Goodfellow was then evaporated
The second method is the multilayer technique by whichonto the patterned substrate in an ultrahigh vacyuidV)
Nb/(Al-)AIO, /Nb trilayers are formedn situy, followed by  chamber equipped with a cryo-vacuum purt@ryo-Torr
the fabrication processx situ’~® In spite of the reliability of  high vacuum pump, CTI-Cryogenicand a liquid-nitrogen
the insulating layer and the high-quality superconducting Nirap. The pressure inside the UHV chamber was 2
electrodes, the complicated multilayer process makes it mor& 108 mbar, the evaporation rate was about 0.45 nm/s, and
difficult to reduce the size of junctions and align the elec-the power of the electron gun was 2 kW.
trodes on the submicron scale than the self-alignment tech- Table | summarizes the properties of the investigated
niques. Thus it would be highly welcomed to demonstratesamples. The wires are typically about 200 nm wide and 11
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Fic. 1. Scanning electron micrograph of a Nb wire with thickness 45 nm 4 é é % é é 1'0 11
and width 200 nm. The wire is 1am long. T(K)

Fic. 2. Resistance vs temperature for the various samples. Inset: resistance

um long, while the width of the two-dimensioné2D) film  vs temperature for sample 2D-1 on an expanded scale.
is about 10um. We have measured the resistafit@as a
function of temperaturd in the standard four probe mea-
surement configuration with a lock-in amplifiegee Fig. L substrate and the Nb crucible. This relatively large separation
The constant excitation currents were 10 nA for wires andeduced the heating of the samples when evaporating Nb.
100 nA for 2D films. The temperature was monitored by a Figure 3 shows transition temperatufg vs sheet resis-
calibrated diode sensqDT470, Lake Shore Cryotronigs tanceRg,ee.WhereRgpeeiinCreases as the sample thickness or
Figure 2 shows five representati®T) curves. width decreases.T. decreases at a ratdT./dRgneers

All samples became superconducting, but the transition-311 mK/Q) which is an order of magnitude higher than
temperatureT; depended on the sample dimensidp.was  reported by other groups '3 based on Nb films deposited
defined as the temperature where the sample resistancevisthout any resist stencil mask. To understand the depen-
reduced to one-half of its value at 10 K. One of the samplesdence ofT . on Rgh.etWe Need to cover a wider range of sheet
the 2D Nb film with a thickness of 150 nif2D-1) showed resistance data. The inset of Fig. 3 shows how the resistivity
T.=9.1K, close toT.=9.26 K of bulk Nb(see the inset of at 10 K depends on the sheet resistance. Contrary to amor-
Fig. 2. We have found that the superconducting transitionphous MoGe films, which showed an order of magnitude
temperature decreases with Nb thickness or width as showmigher resistivity p~160—200 . cm),** Nb films have a
in Fig. 2 and Table I. Wire-3 with dimensions typically used strongp(Rgnee) dependence, independent of how they have
in applications had @, of 7.0 K, p1o« of 33 uQdcm, and the  been fabricated: "' There is no satisfactory explanation for
resistivity ratio(RRR) p,gs k/p10k Of 1.5. These characteris- this strongp(Rgnee) dependence of Nb films yet.
tic values are very close to thdSeeported in Ref. 6. The To also demonstrate the feasibility of the conventional
transition widthAT of our wires ranged from 62 to 232 mK, two angle evaporation technique and to take advantage of the
comparable t&A T~200 mK shown by thin Nb films without high critical temperatures reached, we have also fabricated
any contamination due to resistThus, the electrical char- Nb/(Al-)AIO, /Nb junctions with a single-electron transistor
acteristicsp, T., andAT shown by our wire samples indi- geometry(the inset of Fig. & The 20-nm-thick Al layer was
cated that contamination due to the PMMA resist could be asvaporated on the 53-nm-thick Nb layer. The Al layer was
low as that of the PES resist. In addition, we want to stressubsequently oxidized in a static oxygen pressure of 100
that we have not observed any deformation of PMMA doublembar for 5 min. Then the third layer of Nb was deposited at
layers after Nb evaporation contrary to Ref. 5. We believea different angle. We measured the current vs voltdgé/j
that a crucial feature for the success of our experiments icharacteristic at temperatures below 200 mK for the
the evaporation chamber was the 40 cm distance between tinNb/(Al-)AIO, /Nb junctions with a total normal resistance

TasLE |. Results of the various samples. We denote as 2D films the macroscopic samples with width ®0t, L, p, and Ry,crare the sample width,
thickness, length, resistivity, and sheet resistance at 18,4« /p1ok is the resistivity ratidRRR) for the two temperatures, 295 and 10 K. The transition
width AT is defined as the temperature range where the resistance falls between 20%-80% of the normal resistance at 10 K.

Sample w (um) t (nm) L (um) Te (K) p (u2cm) Rsheet(£2) p29sk/ P10k AT (mK)
2D-1 10 150 300 9.1 7.6 0.56 14
2D-2 10 67 160 8.9 15 2.2 2.2 13
2D-3 10 53 145 8.4 15 2.8 2.1 11
2D-4 10 53 160 8.3 16 3.0 2.0 9
2D-5 10 45 160 8.3 7.4 1.7 97

Wire-1 0.23 67 11 8.0 27 4.0 190
Wire-2 0.23 45 11 7.3 23 5.1 1.6 100
Wire-3 0.20 45 11 7.0 33 7.3 1.5 150
Wire-4 0.30 67 11 8.1 19 2.8 1.9 62
Wire-5 0.25 53 11 7.3 31 5.8 1.6 232
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Fic. 5. Currentl through the junctions vs gate voltayfg as a function of
bias voltageVv, at a temperature below 200 m¥j, is displayed in units of
mV on the right-hand side of each curve. Each curve is displacgdaitis

for clarity.

Fic. 3. T, VS Rgheet 2D samples(solid squarg and wire samplegsolid
circle). The dotted line has a slope ofT./dRgee= —311 mK/AQ). Inset
showsp Vs Rgpeerat 10 K.

coupling energy, we either have to increase the junction re-
sistance or decrease the junction area.
_ In conclusion, we have demonstrated that the conven-
Ry of 75 K1 (Fig. 4). Thel -V curve clearly shows a SUPer- {jona) e_heam lithographic technique can be used to fabricate
conducting gapAy,~0.75 meV (see the inset of Fig.)4  aqnscopic 200-nm-wide Nb wires wilh above 7.0 K. We
This is about 66% of the expected value, assumingf 4y syccessfully applied this technique to the fabrication of

both electrodgs and island is 7 K. The sup_pression of th?\lb/(AI—)AIOx/Nb SET whose superconducting gap is about
superconducting gap could be due to the existence of an Agoy of the expected value.

layer. The total film thickness of Nb and a not-fully oxidized
Al could be considered 106 nm and at most 20 nm, respec- This work has been supported by the Academy of Finland
tively. If we apply the proximity model in the Cooper lifit  under the Finnish Center of Excellence Program 2000-2005
for a rough estimate, assuming the dimensionless electroriProject No. 44875, Nuclear and Condensed Matter Program
phonon coupling constant=0.821° the Nb gap could be at JYFL) and the EU(Contract IST-1999-10673 The au-
suppressed to 79% of the one without proximity efféct. thors thank K. Gloos and J. Kim for discussions.
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