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Abstract. A technology for fabricating 2D JJA consisting of a periodic square
network of high Tc superconducting nodes separated by identical step edge junctions is presented. It includes: (i) step formation by ion beam etching of the
masked substrate; (ii) YBCO blanket film deposition by laser ablation; (iii) array
fonnation by ion beam etching of the HTS film. Some technological peculiarities
of the processes and their impact on film quality are discussed.
The films and networks were studied by X-ray diffraction, 4-point and contactless resistance temperature dependence measurements. Atomic Force Microscopy
was used for sample characterization. The samples dynamic response to a small ac
signal was studied by a two-coil inductance method. The observed oscillations in
external magnetic field confirm the possibility to consider thus prepared samples
as 2D JJA.
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1. Introduction

IMENSIONAL HTS
ARRAYS

Two-Dimensional Josephson Junctions Arrays (2D JJA) can be considered as model
systems to study a variety of phase transitions in two dimensions. In a perpendicular
magnetic field they can be described by the Hamiltonian of the type
H
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where 'Pi is the phase of the order parameter Wi = IWil exp(icpi) in the i-th superconducting node, Aij is the coupling function, which is proportional to the integral of the
vector potential A along the (ij)-bond, Aij
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a single junction without thennal fluctuations. If we identify the phase 'Pi as the angle
between a classical planar spin in the node i and an arbitrary fixed direction in the network plane, one reveals that the periodic 2D JJA are isomorphic to the frustrated XY
model with a temperature dependent coupling energy J(T)
parameter is defined by the ratio

f
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For the case ofa non-fmstrated system (f integer) the theory ofKosterlitz-ThoulessBerezinskii predicts that with increasing the temperature, at the critical temperature TKT
a phase transition takes place from superconducting state with quasi-long (or topological) order in the {<pi} phases to a normal state with disorder in { cpi}, like the one in
liquids. The phase transition at TKT is ascribed to decoupling of the vortex-antivortex
pairs due to thennal fluctuations in {<pi}.
The physics of frustrated arrays (f non integer) is more complicated. The interaction
between the field, created by the vortices, and the pinning potential, induced by the periodical structure of the array, is described within the frames of the models of uniformly
frustrated 2 D spin-networks. The degree of fmstration is controlled by <l? = Ba 2 (a is
the spin-network lattice parameter). It detennines the configuration of the vortex lattice
in basic state (T = O) and influences the nature of the phase transition at TKT(/).
While varying f, the lattice passes alternatively through commensurate and incommensurate phases of the vortices. As a result the critical currents and the resistance have a
complicated periodic dependence on f.
This paper presents a technology for fabricating 2D JJA consisting of a periodic
square network (with lattice parameter a) of high Tc superconducting wires separated
by identical step edge junctions. The array dynamic response is studied by inductively
coupled through the superconducting film an excitation and a detection coil. In the
frustrated case the commensurability of both periodicities: the geometrical of the sample,
on the one hand, and of the vortex lattice, induced by the magnetic field, on the other
hand, leads to strong pinning, which causes the appearance of minima in the real part
of the response signal (which is representative for the dissipation losses) and maxima
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in the imaginary part of the response signal (which can be considered proportional to
the superfluid density).

2. Samples Design
2.1. Choice of junction type

The main category of potentially useful high Tc Josephson devices comprises [ 1]:
- The so called Grain Boundary (GB) junctions (J): weak links are formed at
the stacks of single crystal grains with different orientation. Natural GB in granular
films or duffusion enhanced GB in polycrystalline films are not readily used owing
to their irreproducibility and inhomogeneity. Controlled GBJ are artificially induced
between epitaxial parts of one-axis oriented films, considered as "grains", with "grains"
misorientation in the perpendicular to this axis plane (bicrystal junctions of biepitaxial
type). These may be grown on bicrystal substrates (inherited bicrystal); or on partly
processed (e.g. etched) or covered by a thin "seed" layer substrate surface; or on a step
in the substrate (step edge SE). In the last case two successive GBs collllected in series
are fo1med.
- Junctions with artifical barriers utilizing the proximity effect between a noble
metal or alloy and a c-oriented HTS film with an etched slot or sharp edge; a sandwich
with semiconducting barrier, usually "ramped step edge" in c-axis oriented YBCO;
or trilayer with a-oriented YBCO; or nonepitaxial baITiers of damaged or flurinated
surfaces.
- Microbridges with weakened/normalized coupling either fonned by diffusion
("stripe poisoning"), ion-or electron-bean1 bombardment of the film; or inherited from
a substrate damage (a thin nonnal boundary between the epitaxial film "grains" arises
on top of a scratch or a narrow etched trench in the substrate).
The biepitaxial junctions have the most defined intimate contact between the "grains".
Of these, the bicrystal - inherited, have the most controllable parameters, but their
location on the substrate surface is limited. Other biepitaxial junctions with substrate
surface induced axis rotation have a fixed misalignment angle of 45° and thus a limited
range of low critical currents Jc. The SE GBs depend on the substrate type and offer a
wide range of Jc provided precise control of the step height and angle and film thickness
unifonnity. The artificial barrier junctions show a weaker than the expected proximity
effect, and only on the Cu-0 2 planes, i.e. on a-axis oriented S/N interfaces; moreover
their normal resistance is rather high. The trilayer sandwiches suffer from microshmts
because of the small barrier thickness. The weakened coupling microbridges, especially
the oxygen-ion implanted [2] and substrate trench-inherited [3] show promises, but
presently their fabrication technology is rather complicated and nonreproducible.
As a result, from the point of view of reproducibility of the Josephson character and
the technological possibility to fabricate an array of closely situated identical junctions,
the SE GB junction type in YBCO films was chosen. This imposes strict requirements
to the technological process uniformity and reproducibility.
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2.2. Choice of the substrate type
Suitable substrates for high quality YBCO deposition, as well as for SE fonl1ation, are
SrTi03, MgO, LaAI03 and Al 2 0;i.
Due to the high deposition temperatures and low deposition rates, the last type usually requires a buffer layer, which introduces additional inhomogeneities. The LaA10 3
substrates are highly twinned and may cause certain anisotropy in the junction parameters.
According to [4) when c-axis oriented YBCO films are deposited on steps in MgO,
they grow with their c-axis perpendicular to the supporting surface. The angle of misorientation between the grains fon11ing the two GBs is defined by the step angle a .
This renders the junction characteristics in a scarcely reproducible dependence on the
process of the substrate step etching. Moreover, they critically depend on the step height
and film thickness. From technological point of view the utilization of MgO substrates
for fabrication of a network of a large number of identical junctions is not convenient
because of the stringent control of all the processes involved, and eventual waste of
substrates for preliminary experiments.
On small steps in SrTi03 the YBCO grow with their c-axis oriented along the (100)
direction of the substrate and not perpendicular to the step surface [5]. This holds for
steps with a < 40°. With increasing the step angle mixed a- and c-orientation grows
on the step surface and multiple non-controllable GBs are formed. At a > 45° only
a-axis film grows over the step and two distinct GBs are fom1ed. It is believed that this
difference from the case of MgO is caused by the better lattice canstants mismatch. A
further evidence is the analogy of LaAI0 3 with SrTi0 3 which have close mismatch [6).
As a result, SrTi03 substrates were chosen for fom1ation of steps with angles higher
than 45°.
For technological reasons (taking into account tl1e low substrate etchrate and the
occurance of inhomogeneities and voids at high steps [7]) the step height value was
fixed at 200 nm.

2.3. Step height to film thickness ratio
The critical current density and the type of the I - V curves of a SEJ [8] substrantially
depend not only on the step angle a, but also on the ratio of the substrate step height
h to the YBCO film thickness d [9]. Basing on this, a h/d ratio of 1.25 was chosen
in order to ensure the TAPS regime of the weak link. For the step height chosen this
requires YBCO film thickness of 160 run.

2.4. Mask topology
A set of two masks for subsequent processing was used. The checkerboard mask for
substrate etching (Fig. la) provided the places for the superconducting nodes {i, j}
situated at the black areas ('i - on unetched and thus high flat substrate surface) and
white areas (j - on etched and thus low flat substrate surface). The node sites were
separated by a step in the substrate. In order to eliminate the possible shorting across
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the square angles, the superconducting film deposited on thus processed substrate was
etched as a wire network (Fig. lb). Also, four electrodes were provided for carrying out
the 4-point contact measurements: 1 and 2 - for cmTent biasing, and 3 and 4 - for
voltage measurement.
The first mask had a lattice constant of7 µm. The width of the superconducting wires
from the second mask for YBCO film etching was 1.5 µm. A total of 1000 x 1000 nodes
connected via weak links were fabricated.
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Fig. 1. Schematic of the photolithographic masks for etching of: (a) the substrate; (b) the
YBCO film
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3. Samples Fabrication

3000 ....--...---------

3.1. Substrate etching
The steps in the substrate were fabricated by inert Ar+ ion milling at nonnal incidence to
the water cooled holder. The process parameters were: Ar pressure 1.5 x 10- 4 mbar, acceleration voltage 500 V, ion current density 0.5 mA/cm2 • The pattern shown in Fig. la
was transferred to the masking layer by UV contact printing. Several masking layers were tested. The first was the photoresist itself, e. g. AZ 1400-17, which ensures
high pattern transfer quality. Its thickness was 350-400 nm after centrifuge spinning at
5000 rev /min. The resist was dried in an oven for 30 min at 90 °C, exposed, developed
and rinsed in deionized water, and baked again for 30 min at 90 °C. By an a-STEP
profilometer the SrTi03 etchrate was determined to be 5 mn/min at the abovementioned
conditions (after establishing the parameters, the ion beam was neutralized). In order
to avoid resist etchrate enhancement due to heating, the process was interrupted every
4 min for 1 min. Inspite of this owing to the small resist thickness and the low etching
selectivity the steps in the substrate harl a small angle, they were rounded at the upper
edge and the pattern dimensions decreased. Resist flood exposure and hardbake did not
increase enough its etch resistance. Another photoresist - AZ 1400-27 was used instead: its thickness was about 1 µm, but at the expense of the photolithographic picture
quality.
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In order to avoid comer rounding and line notching a metal (Cr, Ti, Nb) film can
be used as an etch mask. Its thickness should exceed at least 1.5 times the product of
the desired step height h and the ratio of the substrate and mask material etchrates. Our
experiments with magnetron sputtered Cr and Ti films showed that for 200 nm steps,
this thickness exceeded the critical one, determined by the correlation "internal stresses
adhesion" and the films peeled off either after deposition, or during the etching. In
further experiments we used two kinds of Nb films. The first were supplied from PSI
Villigen, but they were found unsufficiently uniform. Later we started a deposition of Nb
films by DC magnetron sputtering on water cooled ion cleaned substrates. The insulating
substrates ion cleaning for film adhesion enhancement was carried out at 50 mTorr
Ar pressure and 30 W RF power. The films were sputtered at 5 mTorr Ar pressure,
DC power 70 W and cmTent 0.3 A with deposition rate about 50 run/min. The films
had good adhension to SrTi03 and thickness nonuniforrnity less than 6 %; they were
polycrystalline with (110) preferred orientation (Fig. 2) and high purity, as evidenced
by their high ctitical temperature (T = 8.2 K). On top of the Nb film AZ 1400-17
photoresist was spinned and patterned as described above. The pattern was transferred
into the metal film by selective reactive ion etching (RIE) in SF 6 /0 2 and afterwards the
resist was ashed in oxygen plasma. Thus masked SrTi0 3 was ion milled as described
above and the remaining Nb film was removed by SF 6 /0 2 RIE. Subsequent substrate
oxygen annealing at 1100 °C was not included in the technology, as preliminary AFM
studies (10] showed additional surface cormgation. The substrate heating to 800 °C at
0.2 Pa oxygen pressure for about 30 min in the laser ablation chamber during target
cleaning and substrate heater temperature stabilisation was the only step for surface
recovering in order not to hamper the YBCO film growth.
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Fig. 2. () - 2() X-ray diffraction pattern of a Nb film deposited by DC mai,'lletron
sputtering on a SrTi03 substrate (Cu Ka:)
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3.2. YBCO film deposition by laser ablation
An externally triggered pulsed K.rF excimer laser QUESTEK 2000 was used (A
248 nm, 500 mJ, 14 ns). For better uniformity the laser beam passed through a 0.7 x
1.0 cm diaphragm, and via a focusing lens (f = 30 cm) and a window it entered the
deposition chamber at an angle of 45° to the target surface. The lens was placed at
a position situating its focus slightly in front of the target surface in order to obtain
spot dimensions ensuring energy density about 1 mJ/ cm 2 at the ablated surface. The
energy was measured by a photocell with 2 V / J output. The target holder had special
construction enabling the deposition of multilayers in situ, including YBCO / PrBCO
superlattices: the spinning targets were mounted at the circumference of a rotating
disk. Photodiodes monitoring the target position triggered the lasing when the chosen
target crossed the incident beam line. Typical parameters were: 500 mJ laser powerlock,
200 mJ after the diaphragm, and 125 rnJ in the chamber, i.e. the overall transmission
of both - the anti.reflection-coated lens and window was 60 %.

The film deposition was carried out at oxygen pressure 0.2 mbar (200 seem flow).
The substrate temperature was monitored by an electrically isolated thennocouple whose
shielding was point welded to the current-heated substrate holder, and by an optical
pyrometer (Japan), focused at the substrate. The emissivity was set to 0.68 (for YBCO)
and the readings at the deposition outset were 20 °C lower than the desired 800 °C,
due to the lower emissivity of the substrate. Further, inspite of the steady thermocouple
readings, which were used as a feedback for temperature stabilization, the pyrometer
readings gradually increased with the YBCO film growth, the typical being 830 °C at
the end of the deposition. After YBCO film deposition the turbopump was switched
off and the chamber was filled with oxygen to a pressure about 1 atm. The substrate
temperature was ramped to 500 °C for 10 min, kept for 15 min and cooled to 20 °C for
20 min.
The deposition rate was measured in hvo ways. First, steps in test films were etched
by EDTA and a value about 0.08 run/ pulse was obtained. Second, test samples were prepared with YBCO/ PrBCO superlattices and the more accurate value was 0.09 nm/ pulse.
Usually film deposition from a "fresh" target surface after its mechanical cleaning
(grinding) is reconunended [11, 12]. Some authors include a short target "training"
in vacuum or in oxygen ambient with shielded substrates immediately before the film
deposition. For a "fresh" target surface we found a gradual shift of the deposited material distribution towards the incident beam, which is evidenced by some authors [ 11,
13] and rejected by others [ 12]. We also observed an initial decrease in the deposition
rate as reported by two of the cited above authors. These effects caused film thickness nonuniformity and irreproducibility above 6 %, which was an obstacle for fmther
processing.
A possible reason for the observed effects is the widely investigated laser-irradiation
caused target surface modification [14]. The fonned cone-shaped caves inclined towards
the incoming beam can shift the ablated plume axis off the target surface normal, and
also prevent the entire ablated material to escape and slightly scatter the forwarded
plume. Furthennore, the target g1inding leaves a highly damaged surface layer with
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smaller density. The latter is known to cause degradation of the film superconducting
properties [15]. In fact, our thin YBCO films deposited from a "fresh" target had about
1-2 K lower critical temperatures and 1 K wider transition width. For this reason, in the
YBCO film deposition technology we included a preliminary "training" of the grinded
targets: laser irradiation by 100 pulses in vacuum followed by not less ilian 200 pulses
in oxygen ambient for achieving steady state conditions before film deposition.
The YBCO SE junction array supposes yet small but numerous parts of the films with
a-b planes ending at the surface, where oxygen loss is facilitated. In order to prevent
t11is kind of material degradation (see below Fig. 9), we deposited in situ a passivating
amorphous YBCO layer on top of the superconducting film. It was experimentally found
tliat a film deposited by about 500 ablation pulses at room temperature and 0.2 mbar
oxygen pressure was enough thick and at the same time allowed good electrical contact
of the In-welded wires to the underlaying film without additional processing.
3.3. YBCO film etching
After transfeLTing the photolithographic pattern from the second mask (Fig. lb) into ilie
resist covering the YBCO film, the sample was ion milled at the described above parameters (1. 5 x 10- 4 mbar, Ar+ 500 eV, 0.5 mA/ cm2 ). In order to avoid film degradation
due to its heating, the milling was intem1pted every minute. Contactless measurements
confin11ed the Tc conservation in these conditions.

4. Samples Characterization
4.1. Blanket YBCO film on etched substrate
The films were characterized by X-ray 0 - 20 diffractometry (Fig. 3a) and pole figures
(Fig. 3b). Although not revealed by these studies, the growth of two YBCO phases
might be expected: a "good" one on ilie higher (unetched) places and a "worse" one .
on the ion-damaged substrate surface. Indeed, the 005 rocking curve (Fig. 3c, sample
STO 347R) showed higher Full Width at Half Maximum (FWHM) for films on etched
substrates as compared with the latter for films on flat unetched substrates (e.g. sample
321 RC in Fig. 3c). Moreover, the fon11er peak might be tentatively resolved in two
peaks originating from the two YBCO phases. Nevertheless, the FWHM for films on
etched substrates remained less than 0.8° .
We studied the dynamic response (shielding currents) of ilie film, and later of the
network, to a weak oscillating field wiili the help of two coils inductively coupled by ilie
superconducting film [16]. The detecting gradiometric (astatic) coil was coaxial with the
excitation one and the signal was phase sensitively measured. Fig. 4 shows the real (Re
8) and imaginery (Im 8) parts of the detected signals for blanket YBCO films deposited
by the described above technology on etched substrates. Curves 1, J ' which were the
typical case, show that the superconducting properties of the expected two YBCO
phases are almost similar as their different critical temperatures cause only a small
slope change in Im 8. This allowed us to consider the in-situ substrate annealing before
film deposition sufficient for surface recovering after 200 nm step etching. However,
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longer SrTi03 exposure to SF5/0 2 plasma, owing to combined nonuniformity of the
initial Nb mask thickness and the RIE process, entailed formation of variety of inferior
phases evidenced by double or multiple steps in the Im /5 temperature dependence as
evidenced for one of the samples (curves 2, 2 ').
In the transition temperature region, under magnetic field applied perpendicular to
the sample surface, a maximum in Im /5 was observed at zero field, as expected due to
the junction coupling suppression (Fig. 5). Two of the samples showed also modulation
with a period of Bx, corresponding to the case of unit flux quantum in either one
or two checkerboard squares (as in Fig. Sc). Presently this kind of modulation lacks
explanation.
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4.2. After YBCO film etching

The elimination of the strong coupling behveen the superconducting nodes in the network at this stage causes substantial change in the response signal of the inductive
measurements (Fig. 6). Estimations [17] show that the material quantity is not sufficient to make observable the superconducting transition in the nodes, unlike the 4-point
contact measurements [9] and only a wide temperature region of phase coherence establishment should be observed. Indeed, the typical curves (1, J ') differed only in the
transition temperature width due to junction parameters scatter. However, in some of
the samples in addition to this transition region an onset at Tct (approximately equal to

Fig. 5. Dependence of lm 6 on the magnetic field at the transition temperature
region: (a) magnetic field - 20 to 20 Gauss; (b) magnetic field - 10 to 10 Gauss;
(c) magnetic field - I to I Gauss

the blanket film critical temperature) appeared (curves 2, 2 '). Contact resistance measurements (Fig. 7) indicated that in these samples at least one path of strongly coupled
nodes existed, probably due to step rounding. (Apropos, the fact that Tei equals the
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blanket film critical temperature illustrates the non-perturbing character of all previous
processing steps).
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Fig. 6. Temperature dependences of Im {j and Re {j after YBCO film etching
for sample 34 7 (curves 1, 1 ') and GB4 (curves 2, 2 ')
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Fig. 7. 4-point transport measurement of the resistance temperature
dependence for sample GB4

The average critical current of the chains of some 1000 junctions was detennined by
4-point transport measurements (Fig. 8) for the same sample. At 77 K it is more than
two orders of magnitude lower than for flat samples, which indicated that the "shortage"
runs along non numerous chains, most probably at the sample peryphery.
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The comparison of Figs 6, curve 2, and 7 measured for the same sample demonstrates
the superior capability of the inductive method for material characterization. The contact
measurement yields the artifact of T = 90 K fot the network sample consisting of voids
and weak links, whereas the inductive measurements reveal the real superconducting
properties.
Fig. 9 shows the inductive characterization of a sample without the protective amorphous YBCO coating after }ong-tem1 measurements around the critical temperature in a
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vacuum cryostat (curve J) and after subsequent annealing at 400 °C in oxygen (curve 2).
One can see that the film has reversibly outdiffused oxygen in the vacuum ambient. After
including the passivating coating in the technology, Tc deterioration was not observed .
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As stated in the introduction, a periodic 2D JJA in a perpendicular magnetic field
should show oscillations of the inductive response with a period correlated with the
frustration parameter. Such oscillations were indeed observed in a narrow temperature
interval arow1d the critical temperature (Fig. lOa). For the given geometrical dimensions
they correspond to a unity flux quantization in the cells of the network (Fig. lOb). The
fact that the oscillations for the cited sample had smaller amplitude than the expected
[18] most probably stems from the non-identical junctions parameters, as suggested
from the high resolution inspection of the sample topology.
Fig. 11 shows the AFM image of the sample from Fig. 10. One can see that the thick
photoresist AZ 1400-27 which was used as a mask for substrate etching has had enough
etch resistance and step angles > 45 ° were formed. But also the inferior quality of the
photolithographic picture causing line notching may be noted (one must also account

. ..
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for the modification of the step areas without YBCO during the film overetching). However, the small wires linewidth (1 µm after film etching) has prevented from multiple
junctions formation and gross nonunifonnities. The high resolution of AFM revealed a
peculiarity of the YBCO ion milling: the presence of fence-like deposits at line edges.
They resemble the ones observed at metal and silicide RIE [ 19] in microelectronic technology which have been ascribed to inorganic metal-(halo) carbon film deposition on
the masking resist sidewalls. These might eventually cause long-term YBCO degradation (still not observed for several hundreds of hours) and hinder multilayer deposition.
This effect could be avoided by introducing an angle between the incident ion beam
and sample surface normal and substrate rotation during step etching and/ or by deposition of an intennediate noble metal passivation layer between the YBCO film and the
photoresist, which is etched after photoresist removal.
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Fig. 11. AFM image of sample 347

5. Conclusion
A design and technology for fabrication of a model system for study of 2-dimensional
phase transitions under frustration were proposed. They represent a periodic square
network of high Tc superconducting nodes separated by identical SE GB Josephson
Junctions, to be placed in perpendicular magnetic field. The technology comprises 2mask optical photolithography, deposition of Nb films by magnetron sputtering and of

A. Braginski. Phys. C 185-18
S. Tinchev. S11percond. Sci. Te
C. H. Neumann et al. Phys. C
J. Edwards et al. Appl. Phys.
C. Jia et al. Phys. C 175 (l 99 l
C. Jia ct al. Phys. C 196 (199
Z. Ivanov (private communicat
G. Friedl et al. Appl. Phys. Let
F. Schmidt et al. ASC'92.
D. Jeanneret, J. Burger (private
H. Izumi et al. Appl. Phys. Let
S. Foltyn et al. Appl. Phys. Let
R. Pinto et al. Phys. 196 (1992
S. R. Foltyn et al. Appl. Phys.
(1992) 483.
A. Gupta et al. Appl. Phys. Let
B. Jeanneret et al. Appl. Phys. ,
P. Martinoli (private communic
P. Martinoli (private communic
V. Tsaneva et al. Teclm. Phys.

m1eva et al.
uring the film overetching). Rowing) has prevented from multiple
igh resolution of AFM revealed a
fence-like deposits at line edges.
RIE [19) in microelectronic tech-(halo) carbon film deposition on
cause long-tenn YBCO degradaand hinder multilayer deposition.
e between the incident ion beam
ing step etching and/ or by depor between the YBCO film and the

45°

A Technology for 2-Dimensional HTS. ..

59

YBCO films by laser ablation, RIE of Nb, and ion beam etching ofSrTi03 and YBCO.
Thus constructed samples (2D SE JJA) were placed in magnetic field and were tested
by inductive measurements. The appearance of oscillations with a period of <I>o/ a 2 in
their response confinns the design adequacy and the technology applicability.
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