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ABSTRACT

A complete microelectronics technology based on high-transition temperature
superconducting thin films requires two key components: a reproducible
Josephson weak link and a multilayer process for interconnects. Although many
kinds of weak link have been studied, none is yet satisfactory for circuits
involving more than a few elements. On the other hand, a viable interconnect
technology has been developed in which two YBasCu3O7-x films may be either
electrically isolated or connected via a superconducting contact. The
junctions and interconnect technology have been used to produce magnetometers
involving a flux transformer with a multiturn input coil coupled to a dc¢
Superconducting QUantum Interference Device.

KEY WORDS: Junction, interconnect, SQUID, flux transformer

INTRODUCTION

In the four years since the discovery of the high transition temperature (Tg)
oxide superconductors (1], there has been remarkable progress in the technology
for fabricating thin films of these materials, particularly in the case of
YBaCu307-x (YBCO). However, the ability to produce good single layer films is
far from being sufficient to enable one to construct electronic circuits. A
complete superconducting microelectronic technology also requires Josephson
junctions {2] and interconnects; the latter involve superconducting contacts
and electrically insulated crossovers between two superconducting layers. In
this paper we briefly review the status of junctions and interconnects, and
discuss their application to magnetometers based on dc Superconducting QUantum
Interference Devices (SQUIDs) {3]. Needless to say, in such a brief review, we
have been able to touch on only a fraction of all the work that has been
published.

JOSEPHSON JUNCTIONS

The development of a controllable junction process remains the single greatest
challenge for the creation of a successful high-T¢ microelectronics technology.
At this point, no well-defined Josephson tunnel junction - that is, with a
current-voltage (I-V) characteristic exhibiting both a discontinuous switching
to a well-defined energy gap and a high subgap resistance - has been fabricated
from the liquid nitrogen temperature superconductors. On the other hand, a
variety of structures with nonhysteretic I-V characteristics have been
investigated, and we briefly describe the main types.

Grain boundary junctions. The first thin film junctions were formed from
naturally occurring grain boundaries (4]. The junctions can be obtained by-
patterning a microbridge, typically a few micrometers in width and length, in a
f;lm of YBCO, BizSr2CaCuz0g+y (BSCCO) or Tl2CaBa2Cu208+z (TCBCO) with grain
sizes of the order of lum. Suitable c-axis oriented YBCO films may be grown,
for example, on (100) MgO substrates where the lattice mismatch is relatively
large. Although the a- and b-axes have a preferential alignment along the
cubic axis of the substrate, some grains are rotated by 45°; the fraction of



such grains can be controlled by the growth conditions [5, 6]. The 45° grain
boundaries so formed provide a region of lowered critical current density, and
thus form one or more Jjunctions in the microbridge. Junctions with relatively
low critical current density (£ 102 A cm™2) can exhibit (5] almost ideal
resistively shunted junction (RSJ) behavior (7], while those with higher
critical current densities exhibit behavior consistent with flux flow and flux
creep [5]. The nature of the Jjunction remains elusive; the boundary layer
between the weak links may be normal, semiconducting, insulating (albeit with a
linear quasiparticle resistance) or superconducting with a reduced energy gap.

Grain boundary junctions on blcrystals. A more controlled grain boundary
junction has been devised by Dimos et al. [8]. 1In this technique, a SrTiO3
substrate is cut and fused together to form a bicrystal with a misorientation
that can be chosen at will, and the microbridge is deposited across the
interface. Thus, the grains on the two sides of the boundary have a
predictable relative orientation 6, and the critical current has a relatively
reproducible dependence on 8. As with naturally occurring grain boundary
junctions, the I-V characteristics for lower critical currents are close to the
predictions of the RSJ model.

Step-edge microbridges. Simon et al. [9] have fabricated microbridges by
etching a sharp step in the substrate and depositing a film across the step
with a thickness less than the step height. The important feature of this
process is the formation of a sharp step edge so that the length of the
junction is made as short as possible. Once again, the details of the junction
structure are not entirely clear, but transmission electron microscopy suggests
that a grain boundary is formed at the step edge. These junctions exhibit a
supercurrent at and above 77K, and have Io R products of several millivolts at
4.2K (I, is the critical current and R the resistance).

Other "weakened” structures. Various other techniques. have been devised to
weaken the superconductivity over a restricted length. In one process {10]), a
YBCO film is deposited over a thin Al stripe which "poisons" the superconductor
and yields a weak link structure. In another method [l11l], one focuses high
energy ions on to a microbridge [12] or uses an electron-beam lithographically
patterned mask to define the area exposed to an unfocussed ion beam {13). It
is likely that the irradiation destroys the superconductivity in most of the
film, leaving narrow superconducting filaments connecting the banks of
unirradiated film. 1In yet another technique ([14], controlled electrical pulses
were applied to a microbridge at 77K, producing a weakened region that, again,
possibly consisted of narrow superconducting threads.

Normal metal bridges. Schwarz and coworkers [15]) fabricated superconductor-
normal metal-superconductor (SNS) junctions by depositing a strip of Au across
a narrow slit (~100nm) in a YBCO film. Provided there is a good proximity
effect between the YBCO and the gold, one would expect a substantial
supercurrent for bridges as long as 10y or more, where &y = fivg/2mksT ~ 15 nm
at 77K is the decay length (16] (v is the Fermi velocity). In fact, a
supercurrent was observed, but only up to about 16K, implying that the
Josephson coupling energy was extremely small. Subsequently, other
measurements {l17] have shown that the proximity effect is extremely weak along
the direction of the c-axis, so that the weak coupling is not surprising.

Planar junctions. Rogers et al. (18] fabricated planar YBCO-PrBCO-YBCO
junctions in which the PrBCO layer, typically 50nm thick, is
nonsuperconducting. The YBCO films were c-axis oriented, and some junctions
supported a supercurrent at temperatures as high as 65K. This type of junction
has much to commend it, since the normal layer can have a much higher
resistance than a noble metal, and the structure takes advantage of the natural
epitaxy of the materials. However, it is now clear that c-axis oriented films
vield a very weak proximity effect (17}, and it is quite likely that the
observed supercurrent arose from YBCO filaments extending through the normal
layer.

£dge junctions. The first high-T¢ edge junctions were made by Laibowitz et al.
[19]. A film of c-axis oriented YBCO is deposited, followed by an insulating
layer which is not necessarily epitaxial. The films are patterned into a
narrow line, part of which is removed with an ion mill to leave an edge. After
an "oxyfluoridation" process, a second film of YBCO is deposited and makes
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contact to the edge of the first film. Some of these edge junctions support

supercurrents, although the yield is low. However, as with the PrBCO barriers,
it is likely that the supercurrents were carried by YBCO filaments rather than
by tunneling through a barrier. A variant on this technique has been.made by
Gao et al. (20]), who deposited a PrBCO film followed by a YBCO counterelectrode .
over the tapered edge of the first YBCO film. All three films were c-axis .
oriented, so that supercurrent flowed along the ab-axes of the YBCO films. The
yield was high, and for a PrBCO thickness of 6nm, the IgR product was as high

as 8mV at 4.2K.

BaKB103 junctions. Before leaving the subject of junctions, we mention briefly
the results obtained by Dynes and coworkers [21] on the isotropic material
BaKBiO3, which has T¢ ~30K. By pressing a single crystal against a thin film,
they achieved a classic quasiparticle tunneling curve as well as a Josephson
current. Thus, one may be able to make thin film tunnel junctions with

. hysteretic behavior using this.material.

In concluding this section, we note that although much useful information has
been gained from the study of grain boundary junctions, the lack of control of
their properties and location makes them unsuitable for use in circuits. Grain
boundaries made deliberately on bicrystals or step edges offer a reasonable
degree of reproducibility, and are of interest for circuits requiring a few
junctions, but are not extendible to more complicated circuits. The structures
that are weakened by poisoning, irradiation or electrical pulsing tend to be
rather extended in the direction of current flow, possibly leading to a
nonsinusoidal current-phase relation. Again, they may be useful for circuits
with a few junctions, but are unlikely to find their way into complex circuits.
The SNS junctions deserve further study now that a-axis films are available and
one could hope for a stronger proximity effect. These junctions could, in ,
principle, become reasonably reproducible, but the low I, R product arising from
the low resistivity of the metal is likely to be a drawback in most
applications. However, one obtains a higher resistance using PrBCO barriers,
and, in configurations such as edge junctions in which the current flows along
the a—axis, there is a good chance that a successful technology will emerge.
Finally, if one can fabricate BaKBiQO3 thin film junctions, these may be
attractive for computer elements operated at (say) 15K in a closed-cycle
refrigerator.

INTERCONNECTS

We turn now to a discussion of interconnects, which involve superconducting
connections and electrical isolation between superconducting layers. To
minimize interdiffusion between layers, it is probably essential that such
films be deposited using in situ techniques, and YBCO is at present the
superconductor of choice. The constraints on the insulating layer are
demanding, and include (i) epitaxial or highly oriented growth on both the
substrate and on YBCO; (ii) low interdiffusion and chemical reactivity with the
substrate and YBCO at temperatures as high as 750°C; (iii) good coverage of and
adhesion to YBCO and the substrate, particularly at edges and irregularities;
(iv) the ability to support the growth of high quality YBCO films; and (v} high
resistivity pat temperatures below T.. The obvious choices for the insulator
are much the same as for substrates: SrTiO3, MgO, YSZ or LaAlO3.

Kingston et al. (22] demonstrated a successful crossover technology using laser
ablated films on MgO substrates, with SrTiO3 as the insulator. The nominal
substrate temperatures during deposition were 730°C and 690°C for YBCO and
SrTiO3, respectively, with an Oz pressure of 190 mTorr in both cases. The
films were patterned with stainless steel or etched Si shadow masks pressed
against the substrate. The vacuum chamber was opened between depositions to
allow the targets and masks to be changed. The first layer was an H-shaped
YBCO film, and the second was a SrTiO3 film, typically O.4nm thick, that
covered the crossbar of the H. The upper YBCO film consisted of two strips
perpendicular to the crossbar. Figures 1l(b) and (c) show the resistance R vs.
temperature T for the lower and upper YBCO films; for comparison, Fig. 1l(a)
shows R vs. T for a single layer YBCO film. We see that the transition
temperature and width are not significantly degraded in the trilayer. Figure
1(d) shows R vs. T measured between the two YBCO films, through the SrTiOj




layer. The resistance at 77K, ~108Q, corresponds to a resistivity of 4 x
10°Qcm. This value is much higher than that needed for most applications. The
excellent electrical characteristics of the crossover are due to the fact that
each film grows epitaxially, as demonstrated by high resolution transmission
electron microscopy [23]. To investigate the properties of superconducting
contacts, the same workers also fabricated cross-strips of YBCO with no
intervening insulating layer. Despite the need to expose the first f£ilm to the
atmosphere to change masks, there was no difficulty in obtaining contacts with
high critical currents.

(a) window contact crossover

27 ] (b)
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©) 5> Fig. 2. (a) Cross-sectional view and
(b) top view of window contact (left)
and crossover (right) [24].
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Fig. 1. Resistance (R) vs. tempera-
ture for (a) single-layer YBCO film
deposited on MgO; (b) lower YBCO film
of trilayer; (c¢) upper YBCO film of
trilaver; (d) SrTiO3 insulating layer
measured between the upper and lower
YBCO films {22].

Fig. 2. Photograph of 10-turn coil;
first two layers were patterned with
shadow masks, upper layer patterned
photolithographically (34].

L



N\

Although shadow masks may be satisfactory for small numbers of devices with
not-too-narrow linewidths, it is clear that a process in which each layer is
patterned photolithographically is preferable for most applications. A
suitable process has been developed by Kingston et al. [24]. There are two
particular problems to be overcome when one replaces shadow masks with
photolithographic patterning. First, while a shadow mask produces a line with
rounded edges, photolithography followed by an etch tends to yield sharp edges
that are more difficult to insulate. Second, exposure of YBCO films to
photoresist leaves a layer of contamination that often prevents the epitaxial
growth of subsequent layers. Both problems can be ameliorated by etching the
surface in a 2% solution of Br in methanol. Figure 2 shows a window contact
and an insulating crossover. After the first YBCO film is patterned, it is
etched in the Br solution prior to the deposition of the SrTiQO3 layer. The
window in the SrTiO3 is patterned by means of an ion mill and a resist mask.
An important consideration is the need to bevel the edges of the insulator to
support the epitaxial growth of the upper YBCO film. The bevel was obtained by
exposing the resist somewhat out-of-focus and subsequently ion-milling the
sample. No Br etch is used prior to the deposition of the upper YBCO £film; the
ion mill apparently leaves a sufficiently clean, albeit somewhat damaged, YBCO
surface. The crossover is made by a similar process to that used for the
contact, with the omission of the patterning of the window.

It is evident that the basic technology for interconnects now exists. However,
for some applications, the dielectric constant of SrTiO3 may be far too high
and other insulators may be required; to this end, Kingston et al. [25] have
produced satisfactory crossovers using YSZ.

DC SQUIDS

Using the junction and interconnect technology described above, a number of
groups have bequn to produce more complicated structures. The first of these
was a dc SQUID, made by Koch et al. (4] from YBCO, which relied on grain
boundary junctions. The device was in the form of a square washer with an
inner hole of side d ® SOum with an estimated inductance L = 1.25fod = 60pH.
Subsequently, numerous other workers {26] have described grain boundary SQUIDs
made from YBCO, and similar devices made from TCBCO {27, 28] and BSCCO ({29)
have also been reported. Recently, SQUIDs with more controlled junctions have
been fabricated, notably grain boundary junctions on bicrystals (30] and edge
junctions (19, 20]. Although it is not possible to review the properties of
all these devices here, they do share one common feature, namely a high level
of 1/f noise at low frequencies. The conventional figure of merit is the
intrinsic noise energy per unit bandwidth €(f) = S¢(f) /2L, where So@(f) is the
spectral density of the flux noise. The quietest YBCO SQUID reported appears
to be that of Gross et al., [30) which had an estimated inductance of 60pH. At
77K, the noise energy was about 1.2 x 10728 JHz-! at 10Hz, improving
approximately as 1/f to about 1.2 x 10730 JHz~l at 10kHz. The latter noise
energy is the best yet reported for a SQUID at 77K and is close to the value
predicted for the white noise € = 9kgTL/R [31], where R is the resistance of
each junction. However, at 77K, a TCBCO SQUID (27) with an estimated
inductance of 80 pH was quieter at low frequencies, with a noise energy of
about 5 x 10722 JHz~l at 10Hz; the noise energy fell off more slowly than 1/f,
reaching about 10729 JHz-! at 1kHz.

At frequencies above 100 Hz, the noise energy obtained in the best devices is
better than that in some commercially available Nb rf SQUIDs operated at 4.2K.
However, the high level of 1/f noise remains a serious limitation at lower
frequencies. Koch and coworkers have reported that this noise is not reduced
by standard double modulation techniques (32], yet it appears not to arise from
the motion of flux lines in the body of the SQUID. It is to be hoped that
greater insight into this problem will be gained in the near future.

TLUX TRANSFORMERS AND MAGNETOMETERS

Although, as we have seen, progress has been made with thin film dc SQUIDs, it
is important to realize that these devices are not particularly sensitive as
magnetometers. The reason is simple: the need for low inductance reduces the
area of the hole in the SQUID to typically 2500umé. Even with a flux focussing
factor of (say) 5, a flux noise S&(1Hz) of 10-4 @, Hz-1/2 corresponds to a
magnetic field sensitivity of 16 pT Hz"1/2, a value that is not competitive with



flux gate magnetometers. Thus, to achieve a high magnetic field sensitivity,
it is essential to couple the SQUID to a superconducting flux transformer.
These transformers consist of a multiturn input coil with inductance Lj,
tightly coupled to the SQUID, connected to a pickup loop with a much larger
area and inductance Lp = Lj. A single-turn input coil, for example that
described by Oh et al., [33] yields only a modest improvement in magnetic field
sensitivity because Lp and Lj are not matched.

Multiple-turn coils and flux transformers have been made and tested by
Wellstood and coworkers [34-36, 24],using their interconnect technology
described above. In the early coils [34], the first two layers were patterned
with shadow masks and the third layer with photolithography and an Ar ion mill
etch. A photograph of a completed coil is shown in Fig. 3. The first layer
was a YBCO strip, about 100um wide, stretching from one side of the chip to the
other. The second layer, SrTiOj3, covered approximately 2mm of the length of
the YBCO strip. The entire chip was then covered with YBCO, which was
subsequently patterned to produce either a 10-turn or a 19-~turn coil. 1In the .
patterning process, parts of the YBCO strip between the turns of the coil were
removed so that the turns were not shorted; however, a portion of this strip
provided a superconducting connection between the pickup coil and the innermost
turn of the input coil. The coil was approximately lmm across, and the best
sample had a transition temperature of 82K and a critical current at 77K of
1.4mA, corresponding to a critical current density of 2 x 104 Acm~2 in the turns
of the coil. Subsequently, Kingston et al. [24] fabricated smaller coils
0.25mm across, in which all three layers were patterned photolithographically
in the configuration of Fig. 4(a). A window contact was made between the first
¥YBCO layer and the innermost turn of the coil, and between the outer end of the
first YBCO film and one end of the YBCO pickup loop. A photograph of a
completed coil appears in Fig. 5. The best of these microfabricated coils had
a transition temperature of 87K and a critical current of 1354A at 82K (5uv
measurement criterion).

Both large and small coils have been integrated into flux transformers by
patterning the last layer to contain a 10 x 10mm2 pickup loop as well as the
input coil (see Fig. 4(b)]. The performance of the flux transformers was
tested by coupling the input coil to a SQUID. 1In the first measurements, a

pickup coil
window contact

cY upper YBCO

input coil
window contact

(b}

Tig. 4. Flux transformer: configu-
rations of (a) input coil and
connections to pickup loop, and (b) rig. 5. Photograph of 10-turn input

cickup loop (not to scale) [24]. coil patterned as in Fig. 4(a) [24].
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large transformer was coupled to a Nb-based SQUID [35, 36). The magnetic field
response was enhanced over that of the bare SQUID by a factor of 9.5. The
noise was limited by 1l/f noise in the transformer; the measured noise referred
to the pickup loop was 0.9pT Hz"1/2 at 1Hz and 60K. ;

Subsequently, both the large and small transformers were coupled to a TCBCO
SQUID (28]. The large transformer had a gain of 7.5 and operated at
temperatures up to 79K. The small transformer had a gain of 8.7 and ceased to
operate at 25K. However, above 25K, it was found that the transformer
contained a small resistance (~0.4 m{)) which probably arose from a localized
defect. The measured field sensitivities are shown in Fig. 6. In each case,
external noise was observed, indicating that shielding of external magnetic
field fluctuations was inadequate. The magnetic field sensitivities with the
large transformer at 38K and the small transformer at 4.2K were very similar,
about 3pT Hz"1/2 at 10Hz and 0.35pT Hz"1/2 at 1kHz. In both cases, the
sensitivity was limited by noise in the SQUID; a quieter high-Ts SQUID should
produce an improvement in the magnetic field sensitivity. If such an
improvement can indeed be achieved, high-T. magnetometers may well find their
way into applications within one or two years.
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Fig.6 Field sensitivities By (f) of the magnetometer with (a) large flux
transformer at 38 K and (b) small transformer at 4.2 K. The measured flux-
locked bandwidths were ~ 3.5 kHz and 3.8 kHz respectively [28].
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