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A straightforward method for nanometer-scale patterning of high-T . superconductor thin films is
discussed. The technique combines direct-write electron beam lithography with well-controlled
aqueous etches and is applied to the fabrication of Josephson junction nanobridges in high-quality,
epitaxial thin-film YBa,Cu;0;. We present the results of our studies of the dimensions, yicld,
uniformity, and mechanism of the junctions along with the performance of a rcpresentative digital
circuit based on these junctions. Direct current junction parameter statistics measured at 77 K show
critical currents of 27.5 uA=* 13% for a sample set of 220 junctions. The Josephson behavior of the
nanobridge is believed to arisc from the aggregation of oxygen vacancies in the nanometer-scale

bridge.

I. INTRODUCTION

Since the development of high-quality high-temperature
superconducting (HTS) thin-film materials, much effort has
been expended towards the development of a manufaciurable
Josephson junction technology. In gencral, the process
should have high resolution, be flexible, offer excellent di-
mensional control, and not damage the superconducting
properties of the films. To be applicable to a digital circuit
technology. the fabrication procedure must generate junc-
tions of cxcellent yield and uniformity. We have developed
and studied such a technology based on clectron beam nano-
lithography and well-controlled aqueous etches. This method
allows fabrication of nanobridge Josephson junctions with
sub-100-nm dimensions and reasonable junction parameters.
The inherent flexibility of the technique allows the fabrica-
tion of junctions at arbitrary position and orientation, result-
‘ng in minimal constraints on circuit design and with no
reliance on grain boundary formation.

Several alternate technologies utilizing electron beam li-
thography for the direct fabrication of Josephson junctions in
HTS films have been reported. One of the carliest reported
techniques is that of sclective epitaxy on a substrate with a
patterned silicon mitride mv'erlayer.l In this work, electron
beam lithography is used to pattern the silicon nitride film
rather than the superconductor film itself. Using this tech-
nique, YBa.Cu30; (YBCO) lines down to 0.13 um have
been demonsirated but finer resolution is limited by particu-
late formation during deposition. Additionally, there are con-
cerns about stress in the YBCO films and silicon outdiffusion
from the silicon nitride mask.

Electron beam lithography has been used in combination
with jon milling to pattern a YBCO film directly for the
fabrication of microbridge Josephson junctions.? This tech-
nique is similar to that reported here, the primary differences
being the use of a potentially film-damaging iormilling etch
and no demonstration of bridge dimensions below 0.15 um.
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The resolution of this technique is limited in part by the need
to use relatively thick resist which must withstand the ion
milling. Additionally. poor junction performance was ob-
served in microbridges with widths less than 0.3 pm, attnb-
uted 1o damage to the superconducting propertics of the film
during proccssing.

A third technique uses a very high dose scan of an elec-
tron beam across a previously patterned YBCO microbridge
to deliberately and, to some degree, controllably damage the
superconducting properties in a specified region of the
bridge.™* This technique has the advantage of requiring nei-
ther a resist mask nor any ctching process for the actual
junction formation. Among the disadvantages of this tech-
nique are the long exposure times and instability of the junc-
ton parameters over time when stored at room lemperature.
As reported, the exposure time per micron of microbridge
width was 5-10 min compared to ~ 1 ms for a typical nano-
bridge reported here, a difference of more than five orders of
magnitude.

The technique reported here combines direct-write elec-
tron beam lithography utilizing a thin, positive electron beam
resist having an ultimate resolution smaller than 20 nm with
well-controlled aqueous cichants 1o fabricate sub-100-nm
scale nanobridges on high-quality, epitaxial YBCO. Since
first reporting Josephson junction operation in YBCO
nanobridges,? we have continued to refine the process and to
apply the lechnology to increasingly complex circuits. We
present here the results of our studies of the dimensions,
yield, uniformity, and mechanism of the junctions along with
the performance of an 8-bit analog-to-digital converter con-
taining 34 junctions.

Il. NANOBRIDGE FABRICATION

The as-grown YBCO films arc nominally 25 nm thick and
are epitaxially oriented with the ¢ axis normal to the sub-
strate. The typical T, is 90 K with a critical current density
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FiGi. 1. The four basic process steps used in this work for the fabrication of

P anobridge Josephson junctions in YBCO.

of 1 MA/cm” at 77 K. Details of the BaF, ¢x siru anneal filin
preparation are reported clsewhere.® It is necessary that the
starting film morphology be both smooth and uniform for the
nanometer-scale lithography and etching to be successful.

The basic nanobridge fabrication process involves four
steps depicted in Fig. 1. The four steps are (1) a mesa etch to
delineate the active YBCO arca. (2) deposition of Ag con-
tacts, (3) a second cich to thin the YBCO filim in the regions
where the nanobridges are 1o be formed. and (4) exposure
and etching of the nanobridges. Each of the three etching
steps use ethylene diamine tetraacetc acid- (EDTA-) based
wet etches. For circuit applications, a fifth step provides for
deposition of normal metal as required to complete the cir-
cuits. The YBCO film in the region of the nanobridge is
thinned to about 10 nm to minimize the possibility of unde-
sirable undercutting during the etch. No systematic undercut-
ting was observed using this technique although sometimes a
random nanobridge was seen to exhibit anoinalous undercut-
ting which we attribute to an inhomogeneity in the as-grown
film.

Steps (1)-(3) above are performed using standard optical
contact lithography. The critical elcctron beam exposure step
is performed using a JEOL JBX-5FE field-cmission electron
beam hithography system operating at 30 kV. The sample is
coated  with  115-nm-thick  poly(methylmethacrylate)
(PMMA) baked for 1 h at 170 °C. The exposure conditions
include a beam current in the range of 200-800 pA, corre-
sponding beam diameters of 5-8 nm, and beam step of 5 nm.
Prior 10 exposure, the sample is also coated with a 10-nm
gold layer to provide a current path for the incident electrons
on the otherwise insulating sample. This thin gold film is
removed in a standard potassium iodidefiodine (KI/I) etch
prior to development. Development was performed for 60 s
in 1:3::methyl  isobutyl  ketone:isopropyl  alcohol
(MIBK:IPA).

The nanobridges are defined by exposing a pair of collin-
ear single-pass lines separated by a precisely controlled gap
and centered across the thinned YBCO region (see Fig. 1).
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Fi6. 2. Developed gap width in PMMA on YBCO as a funcion of CAD gap
width for a fixed line dose of 2.0 nC/em.

The gap between the lines. which determines the junction
width, is defincd in the computer-aided design (CAD) pattern
and is limited only by the resolution of the resist and by the
proximity effect. The width of the developed single-pass
lines., which determines the junction length, is defined prima-
rily by dose and by beam diameter and is limited by electron
scallering effects. Developed gap width in PMMA on YBCO
as a function of CAD gap widih is shown in Fig. 2 for a fixed
line dose of 2.0 nC/cm. This simple technique provides for
excellent control of nanobridge dimensions. with developed
gap dimensions falling within 10% of the CAD gap. The
corresponding developed single-pass linewidth is approxi-
mately 30 nm.

Two variations of the basic nanobridge fabrication process
have been used. For the earhest devices (process A). the
CAD gap was varied from 0.1 to 0.2 um and the dose was
varied from 2.3 to 4.0 nC/cm. The etchamt used was decar-
bonated disodium EDTA (Na,H.EDTA),” applied in sequen-
tial steps. measuring for junction behavior after cach step. A
scanning electron micrograph of an etched nanobridge fabri-
cated using process A and having sub-100-nm width and
length is shown in [Fig. 3. For all subsequent junctions {pro-
cess B). the CAD gap is fixed a1 0.075 pm and written at a
fixed dosc of 2.0 nC/cm. The etchant used is full strength
EDTA. Because this etch causes more edge damage to the
YBCO tilm than the Na,H .EDTA eirch. the sample undergoes
a 30-min oxygen plasma treatment® to repair this edge dam-
age. It should be noted that junction behavior is observed
prior to this oxygen treatment but junction parameters are
significuntly improved after the treatment, as discussed be-
low.

IN. EXPERIMENTAL RESULTS

Process A generaled uniform. high-yield junctions whose
parameters scaled closely with the physical nanobridge ge-
ometries. Critical currents (/) were measured to be in the
range of 4 10 20 pA with critical current—normal-state resis-
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F16. 3. Scanning electron micrograph of an etched nanobridge fabricated
using process A and having sub-100-nm width and length.

tance products (/_R ) less than or equal 10 100 pV at 77 K.
Tiypse values are comparable to but on the low end of results
fe  .her YBCO technologies. Current—voltage curves fol-
lowed the standard resistively shunted junction (RSJ) model
and exhibited Shapiro steps upon application of an 11-GHz
field. The magnetic ficld dependence of 7 is very close to the
ideal sin(k7.)/(kl.), indicating an extremely uniform junc-
tion. Junction-to-junction uniformity of 7. was found to be
+20%-25%.

Based on nanobridge dimensions alone, it is unlikely that
the Joscphson behavior arises from a coherence effect as ina
grain boundary junction. Instead, we believe that the junction
arises from an aggregation of oxygen vacancies in the nano-
bridge giving rise to a tunneling barrier. The very high mo-
bility of oxygen at room temperature in YBCO has been long
established.® The tendency for oxygen vacancies to aggregate
under an electromigration force has been reported und alter-
nate driving forces such as stress or nearby structural defects
have been wc,m.Mnm_na._c One or both of these forces is likely
present in the nanobridge, the latter from residual ctch dam-
g9& The hypothesis that oxygen diftusion is the mechanism
" _onsible for junction formation is supported in our work
by a simple anncaling experiment. We observe that annealing
of the junction in an oxygen atmosphere at 400 °C causes a
significant increase in /_ (and can ultimately lead to flux-
flow-like transport characteristics) as the oxygen stoichiom-
etry in the bridge approaches that of the initial film. Figure 4
shows that the critical current then returns to roughly the
preanneal value after sample storage at room temperature
and atmosphere over a time scale of 24 h, suggesting the
reaccumulation of oxygen vacancics in the nanobridge.

Process B also generated uniform, high-yield junctions. A
representative current-voltage characteristic for a junction
after oxygen plasma treatment is shown in Fig. 5. The typical
critical current was less than 20 uA prior to the oxygen
plasma treatment, and 25-30 A after treatment. The posi-
treatment / R, product was typically around 250 uV at 77
K. These parameter values represent a significant improve-
ment over the process A devices, attributed primarily to the
postetch oxygen plasma treatment. The critical current value
is still somewhat low for some circuit applications but this
may be overcome by utilizing multiple nanobndges in paral-
lel. We have fabricated hundreds of nanobridge junctions us-
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F16. 4. Change in critical corrent vs time after 400 °C oxygen anneal fol-
lowed by exposure to atmosphere at 10om temperature.

ing process B in order to study the siatistics of the junction
parameters. Measurements of 220 junctions from a single
wafer yielded an average [, of 27.5 uA with all /. values
falling within *13% of the average. Similar data have been
obtained using a more time-efficient measurement technique
based on spectral analysis in the 90-170 GHz range of
phase-locked. oscillating arrays of up to 2450 nanobridge
junctions.!' The improvement in junction-to-junction unifor-
mity of the process B devices is attributed to hmproved pro-
cessing. primarily better etch uniformity and the cqualizing
effects of the oxveen plasma healing treatment.

IV. CIRCUIT APPLICATIONS

The nanobridge Joscphson junction techinology has been
applied to a variety of circuit apph “ations.' ™ The most re-
cent circuil to have been demonstrated is an 8-bit analog-to-
digital converter (ADC) circuit uulizing 34 junctions. The
circuit is composed of an input SQUID biused 1o the cdge of
the voltage state which generates a pulse stream proportional
to the input current. The pulse stream is fed into a series of
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Fi6. 5. Current - voliage charactenstic of a process B nanobridge after oxy-
gen plasma treatment.
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Fi6. 6. Output count vs input current for the 8-bit ADC operating as a gated
counter with 2-ns sample time. The Tinear operating range is limited by the
nonlineanty in the voltage-flux curve of the input SQUID.

counter stages whose stales are sensed by flux-flow amplifi-
ers. The circuit design can tolerate up to 35% junction pa-
rameter variation which is well above that achieved with this
junction technology. The output count versus input current
for an 8-bit ADC operating as a gated counter with 2-ns
sample time is shown in Fig. 6, revealing the lincar operating
range which is limited in this case by the nonlinearity in the
voltage versus external {lux curve of the input SQUID.

V. SUMMARY

We have demonstrated the use of electron beam nano-
lithography in combination with EDTA-based aqueous
ctches to fabricate superconducting nanobridges with sub-
100-nmn dimensions on high-quality YBCO films. The pro-
cess provides excellent lithographic control of nanobridge
dimensions and is relatively nondamaging leading to high
junction yield and the highest uniformity reported for any

o HTS junction technology. We hypothesize that the Josephson
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behavior of the nanobridges arises from the aggregution of
oxygen vacancies in the nanobridge which leads to a tunnel-
ing barrier. We have demonstrated a 34-junction circuit in the
form of a counting analog-to-digital converter operating with
a 2-ns sample time. We believe that this fabrication technol-
ogy is applicable 1o the further development of supercon-
ducting clectronics technology.
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