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Ultrathin cerium oxide layers for forming submicron YBCO structures
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Nanometer-sized layers of cerium oxide (CeO») on sapphire and the characteristics of the YBCO layers deposited
on them, depending on the CeO, growth temperature, have been studied. It is shown that the use of ultrathin
CeO, layers obtained at a reduced growth temperature opens up the possibility of forming superconducting epitaxial
YBCO structures with submicron element sizes using the preliminary topology mask method.
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Cryogenic electronics based on Y;Ba,Cu3;07_, (YBCO)
high-temperature superconductor (HTSC) films has a
wide range of applications at present. Josephson junctions
were used to construct contact arrays [1], design voltage
standards [2], terahertz signal generators [3], detectors [4,3],
and low-noise amplifiers and mixers [6,7]. Owing to
their low surface resistance, HTSC films are used in
high-frequency devices [8]. Current limiters based on HTSC
films also find application in high-current electronics [9].

The methods of examination and fabrication of structures
based on YBCO films have reached maturity [10]. The
topology of a superconducting circuit is set by etching
or ion implantation of a functional superconductor film.
Owing to the high sensitivity of YBCO films to external
influences, the associated technological operations exert a
negative influence on the resulting parameters of formed
structures and devices.

We have already proposed an alternative method for
forming planar superconducting structures on cubic zirco-
nia [3] and sapphire [11]: preliminary topology mask (PTM).
The topology is set in it by pre-growth local modification of
the substrate (before the YBCO deposition), and the circuit
pattern is formed in the course of YBCO deposition onto the
modified substrate. The following YBCO growth features
are used in this case:

— a high-quality superconducting epitaxial film forms
in the standard YBCO growth regime on r-cut sap-
phire (Al,O3) with a sublayer of epitaxial cerium oxide
(epiCe0y) [12,13];

— a YBCO layer deposited in the same growth regime
onto a specially modified substrate is non-superconducting
and forms the separation regions of a superconducting
circuit.

The substrate is modified in the following way. A
mask defining the circuit pattern is formed from amor-
phous cerium oxide (coldCeO,) deposited by laser sput-
tering without heating the substrate. Cerium oxide is
then deposited onto the substrate in the epitaxial growth
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regime (hotCeO;). An epiCeO,/Al,0;3 forms on sap-
phire in the mask windows. Outside of these windows,
the coldCeO, layer prevents epitaxy, and a non-epitaxial
hotCeO,/coldCeO,/Al, 03 region is formed on it. With
subsequent magnetron deposition of YBCO, it grows non-
epitaxially in the hotCeO,/coldCeO,/Al,O3 regions, forming
a separating insulating region, while an epitaxial YBCO
film grows on the surface of epitaxial cerium oxide (i.e.,
in the epiCeO,/Al,03 regions), forming a superconducting
region. Since amorphous cerium oxide is deposited without
heating the substrate, simple lift-off lithography (with an
optical resist for micrometer sizes or an electronic resist
for submicrometer sizes) is used to form the pattern. It is
important that there are no formal restrictions on thickness
of a YBCO functional film deposited on a substrate with
an already specified topology. The advantage of the PTM
method is that post-growth processing of a ,thick® YBCO
film is excluded from the technological process, and circuit
elements are shaped in accordance with the pattern of
amorphous cerium oxide.

The formation of YBCO structures with minimal di-
mensions by PTM requires simultaneous fulfillment of the
following conditions: low roughness of the epiCeO, layer;
minimum thickness of epiCeO, at which high performance
characteristics of the YBCO film are retained; minimum
thickness of the coldCeO; layer at which a separating non-
superconducting YBCO/hotCeO,/coldCeO,/Al,O3 region is
formed. Three series of structures were fabricated for this
purpose.

In the first series, the properties of YBCO/epiCeO,/Al, O3
structures, which were used for comparison with ultrathin
layers, were examined as functions of the deposition
temperature of a 50-nm-thick epiCeO, layer. The YBCO
deposition conditions remained unchanged; the film thick-
ness was 70 nm. The results are presented in Fig. 1: surface
roughness R, of epiCeO, (arithmetic average roughness
height within a scan 2 x 2 um in size measured by atomic
force microscopy); half-width of the rocking curve of
reflection Aw(002) of epiCeO,, which characterizes the
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Figure 1. Roughness R, of epiCeO,, misorientation Aw(002) of
epiCeO, mosaic blocks for 50-nm-thick layers, and characteristics

(T. and J.) of YBCO films grown on these layers as functions of
growth temperature of the epiCeO, layer.

misorientation of mosaic blocks of the cerium oxide layer;
and critical temperature 7. and critical current density J,
(at 77K) of the YBCO film. The Aw(005) values of YBCO
were below 1°.

The second series of structures differed only in the
thickness of epiCeO;. An ultrathin (3nm) epiCeO; layer
was chosen based on the results reported in [14], where
the possibility of growth of high-quality YBCO films on
such a layer was demonstrated. The results are presented
in Fig. 2: roughness R, of epiCeO, and 7, and J. (77K)
of the YBCO film. Measurements of Aw(002) of ultrathin
epiCeO;, layers were not performed, since the signal from
such layers was very weak. The values of Aw(005) of
YBCO for this series were also below 1°.

The surface roughness and the misorientation of mosaic
blocks of the 50-nm-thick epiCeO, layer decrease signifi-
cantly with an increase in growth temperature 7;. The min-
imum values are found at 7; = 960°C: , R, = 0.7—0.8 nm
and Aw(002) = 0.9°, which is indicative of fine crystalline
quality of the epiCeO, layer that may be achieved only
through epitaxial growth. The T, value of YBCO films varies
only slightly with the growth temperature of epiCeO,. The
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maximum value of J. = 3 MA/cm? was obtained at growth
temperature 960 °C, which is the highest one examined.
The surface roughness of a 3-nm-thick epiCeO, layer is,
in contrast to that of a ,thick® (50nm) layer, remains low
within the entire range of growth temperatures. The value of
R, for epiCeO; in this case is 0.05—0.08 nm, which is com-
parable to roughness R, = 0.05nm of the original sapphire
substrate. The epitaxial growth of cerium oxide layers is
confirmed indirectly by the fact that YBCO epitaxial films
grown on them have fine superconducting characteristics.
It is interesting that, in contrast to the ,thick“ epiCeO,
layer, critical current density J. of YBCO films on ultrathin
layers reaches its maximum (exceeds 3MA/cm?) at low
deposition temperatures (660—760°C) and decreases only
slightly with increasing epiCeO, deposition temperature.
To estimate the resistance of the insulating region, we fab-
ricated the third series of structures: YBCO/epiCeO,/Al,O3
regions separated by a YBCO/hotCeO,/coldCeO,/Al,03
gap 10 um in width. The thickness of amorphous coldCeO,
layers was chosen within the range from 3 to 24nm
corresponding to the thickness limit for lift-off lithography
with an electron resist. As in the second series, the
epiCeO; thickness was 3 nm. Following YBCO deposition,
the resistance of the separation region was measured at
T = 77K. The obtained resistance values had a significant
spread and increased as the time of storage of structures
increased. Therefore, the results in the table are sorted for
clarity into three groups: with resistances less or greater
than 3k€/sq and with superconducting leakage. The
value of 3k€/sq is much higher than the resistance of
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Figure 2. Roughness R, of epiCeO, for 3-nm-thick layers and
characteristics (7, and J.) of YBCO films grown on these layers
as functions of growth temperature of the epiCeO, layer.
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Characteristics of the separation region of the structure with
coldCeO, layers of various thickness ¢ (0 — superconducting
region, dash (—) — resistance lower than 3 k€2/sq, N — resistance
higher than 3k€/sq, and 7, — epiCeO, growth temperature)

Ty, °C
f, nm
660 760 860 960
3 0 0 - 0
6 N 0, — - 0
12 N N N 0, —
24 N N N —

the YBCO film in the normal state; i.e., it is sufficient
to form a separating region. The data presented in the
table demonstrate that a coldCeO, layer 6 nm in thickness
is sufficient to form a high-resistance separation region
at a growth temperature of epiCeO, 660°C. When T;
of epiCeO;, increases, the characteristics of the insulating
region deteriorate.

Thus, it was demonstrated that the characteristics of
YBCO/epiCeO,/Al, O3 within the range of growth tempera-
tures of epiCeO, 660—960 °C behave differently depending
on the thickness of epiCeO,:

— the optimum temperature for an epiCeO, sublayer
50 nm in thickness is 960 °C;

— an ultrathin (3nm) epiCeO, sublayer has a lower
roughness, and the optimum characteristics of the YBCO
film are achieved at a lower temperature of 660—760 °C.

It was found that the growth of the ultrathin (3 nm)
epiCeO, sublayer in the YBCO/epiCeO,/Al,O3 struc-
ture at a reduced temperature of 660°C allows one to
both maintain the high performance characteristics of the
YBCO superconducting film and reduce the thickness
of amorphous cerium oxide in the insulating region of
YBCO/hotCeO,/coldCeO,/Al,03 down to 6 nm.

Thus, such small thicknesses of cerium oxide layers
provide an opportunity to form YBCO structures with
submicrometer-sized superconducting elements and insulat-
ing regions by the preliminary topology mask method.
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