Physics of the Solid State, 2024, Vol. 66, No. 6

02,08

Characteristics of YBCO|CeO,|Al,0; structures with decreasing thickness

of the cerium oxide sublayer
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1. Introduction

Cryogenic electronics based on superconducting struc-
tures currently has a broad range of applications. This
is attributable to the fact that the methods of studies and
technology of manufacturing of structures based on films of
high-temperature superconductor (HTSC) Y;Ba,Cu3zO7_x
(YBCO) have reached a high level (see for instance, [1-5]).
Voltage standards [2,3,6], THz signal generators [7,8], de-
tectors [9-12], low-noise amplifiers and mixers [13,14] have
been developed for various applications based on Josephson
HTSC contacts. HTSC films are used in high-frequency
devices due to the low surface resistance: resonators,
filters [15] and detectors [16]. High-current electronics also
use film HTSC current limiters [17].

However, the technological route for forming electronic
circuits is as follows with all the variety of methods for
application of YBCO films, performing optical or electronic
lithography, as well as methods for etching YBCO films:

— deposition of YBCO film to the substrate;

— creation of a protective mask using optical or electronic
lithography defining the topology of the circuit;

— YBCO etching [18,19] or ion implantation [20-22].

The etching or ion implantation operations used worsen
the final parameters of the formed structures due to high
sensitivity of the properties of YBCO films to external
impacts.

We propose an alternative technological route using the
following features of YBCO’s growth on sapphire:

— YBCO films on sapphire with a sublayer of epitaxial
cerium oxide (CeO;) have high electrophysical characteris-
tics [23,24];
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— YBCO films deposited in the same modes on sapphire
substrates (Al,O3) without a sublayer of CeO, are not
superconducting.

The proposed sequence of operations is as follows:

— a protective mask of a given topology is formed from
a photoresist or an electronic resist on a sapphire substrate
with a solid sublayer of CeO,;

— CeO; etching is performed to sapphire;

— YBCO is deposited in the epitaxial growth mode on
the ,islands™ of CeO, on Al,O3 formed by etching.

As a result, superconducting circuit elements are formed
on ,islands*“ of CeQO,, and separating non-superconducting
regions are formed between them, on the surface of the
sapphire servicing as an insulator between superconducting
elements. This sequence of operations actually substitutes
the etching of the YBCO film by etching of the CeO,
film. By forming the topology of the epitaxial cerium
oxide circuit on a sapphire substrate, we obtain the
topology of the superconducting circuit directly during the
deposition of YBCO, without subsequent etching of the
superconductor film.

It is important to note that the edges of superconducting
elements are not degraded when the topology of the
pattern is formed using this method unlike etching or ion
implantation.

In practice, the sequence of technological operations
may be somewhat more complicated: the topology of
micron sized ,jslands“ of CeO, will be created by optical
lithography and ion etching; and electron-beam lithography
together with ion etching or ,cutting” of CeO, by a focused
ion beam (FIB) will be used to form submicron circuit
elements.

It is critically important to reduce the thickness of the
CeO, film in this case. Reduction of the thickness of the
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CeO; reduces the resistance requirements (i.e. thickness)
of the resistive mask. In addition, the thinner the layer
of CeO,, the higher the accuracy of reproduction of the
submicron dimensions of superconducting elements and the
gaps between them, both during ion etching under the
protection of a mask and when using FIB.

It is possible to formulate the task to be solved in this
study based on the above: to determine the minimum
thickness of the epitaxial cerium oxide layer on sapphire,
which can be used to create a mask (,islands“ of CeO,
on sapphire), defining the topology of superconducting
structures with submicron sizes.

2. Structure formation technology

Monocrystalline sapphire substrates with orientation
(1102) (r-cut) were used in the study. Epitaxial cerium
oxide (CeO,) was deposited by laser sputtering, epitaxial
film of YBCO was deposited by magnetron sputtering. The
parameters of the technological processes and the sequence
of operations used in this study to form the topology of the
structures of YBCO bridges are described in detail in our
article [25] (see ,,double-layer master mask” in it).

The substrate had a size of 10 x 10mm. One half
of the substrate was a continuous film, on which the
structure of CeO, was studied by X-ray diffraction, and
the structure of the YBCO film was studied after deposition
of YBCO. The other half of the substrate comprise YBCO
bridges of various widths (sizes on the photomask 1, 2, 4
and 10 um, three bridges of each size) for measuring the
superconducting characteristics of the YBCO film such as a
critical current and critical temperature.

Contacts to the formed structures were made by thermal
sputtering. Contact material is silver with thickness of
100—200 nm.

3. Measurement procedures

The surface morphology of the structures was studied
using scanning electron microscope CarlZeiss EVO 10
(secondary electron images). The electrical characteristics
of the structures were measured by the four-probe method
in a Dewar vessel with liquid nitrogen. The critical temper-
ature T, was determined by the zeroing of resistance of the
superconducting bridge (current 100uA, level 1uV), the
critical current of the bridge was measured at a temperature
of 77K at the level of 1uV. The critical current density
J. was calculated using the values of the critical current,
the width of the bridge and the thickness of the YBCO
film. The width of the YBCO bridges was determined
using the photographs taken by electronic scanning and
optical microscopes. X-ray diffractometer BRUKER DS
DISCOVER was used to study of the structure and control
the thickness of the layers of CeO, and YBCO. Additionally,
the thickness of the layers was measured using the formed
step in optical measuring system TALYSURF CCI 2000.
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4. Determination of the thickness of the
epitaxial layers of YBCO and CeO,

The thicknesses of the epitaxial layers of YBCO and
CeO; on sapphire substrates were determined using X-ray
diffractometer BRUKER D8 DISCOVER by two methods:
small-angle X-ray reflectivity (XRR) and X-ray diffractome-
try (XRD). Figure 1 shows the characteristic XRR curve for
the double-layer structure of YBCO|CeO, on a sapphire
substrate. The Kissing thickness oscillations are clearly
visible for the thicker YBCO layer and the thin sublayer of
CeO,. The results of the experiment were processed in the
DIFFRAC.Leptos software package by fitting a theoretical
curve calculated based on a structure model that takes into
account the density, thickness of layers and roughness of
interfaces. The thickness of the YBCO layer was 84 nm, the
thickness of the sublayer pf CeO, was 3.4 nm in the example
shown in Figure 1 (sample MP2.270|L609). Additional
thickness control was performed by X-ray diffractometry
based on the period of thickness contrast oscillations near
the diffraction peaks pf (005) YBCO and (002) CeO,.
The values obtained using various methods match with
an accuracy of up to 1-2nm. The XRR method always
provides higher values than XRD, since it is also sensitive
to transition layers, unlike XRD, which determines the
thickness of only as ,,good”“ for crystalline, ,,coherent” layer.
The thickness of the CeO; on the sample L609, determined
by X-ray diffractometry, was 34nm, and the thickness
defined by growth rate and number of pulses was 5nm,
which gives a deviation of 35%.

The correctness of determination of the thickness of CeO,
was also verified using a sample 1545 obtained by chemical
etching of the structure of YBCO|CeO,|Al,O3, on which,
for some reason, part of CeO; separated from the substrate.
As a result, the thickness of CeO, was measured on the
resulting step by optical interferometry. The thickness of
CeO; on the sample 1545, defined by growth rate and the
number of pulses is 56 nm, the thickness measured by X-ray
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Figure 1. XRR curve of CeO, for a double-layer YBCO|CeO,
structure on a sapphire substrate: experiment and model fitting.
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Figure 2. Results of measurements of the thickness of the

epitaxial sublayer of cerium oxide dxgrp of CeO; and dxrr of CeO,
by X-ray diffraction methods (XRR and XRD, respectively).
Straight lines show the maximum deviation of the measured
thickness dxrp of CeO, and dxrr of CeO, from thickness d
defined based on the number of pulses. Straight lines correspond
to the maximum deviations of the thickness measured by XRD
methods from the defined thickness: up — 25%; down — 35%.

diffraction is 70 nm. The height of the step of CeO;|Al,O3
was 70nm. Therefore, we obtained matching thickness
values of 70 nm by of X-ray and interference measurements
and this value is 25% greater than the thickness defined by
the growth rate and the number of pulses.

The growth rate and position of the laser torch were
checked before each cerium oxide deposition process. The
cerium oxide was deposited for this purpose on a silicon
substrate under the same technological conditions, only
without heating the substrate. The thickness and position
of the laser torch were controlled based on the location of
the spot and the interferometric color on the substrate.

We further give the thickness d of layers of CeO,,
calculated based on the number of pulses during laser
deposition and the known growth rate of CeO,, which for
»thick” layers of CeO, was 0.033nm per pulse because,
firstly, the measurements of the thickness of CeO, were
performed not on all samples, and secondly, the minimum
thickness of cerium oxide, which could be measured
by X-ray diffraction, was 3.4nm. We determined the
deviation of the obtained thickness of CeO, from the
thickness determined based on number of laser pulses as
+25—(—=35)% on an array of 12 samples (see Figure 2)
by comparing the thicknesses of cerium oxide calculated
based on the number of pulses and the growth rate, and the
thicknesses measured by X-ray diffraction methods.

The thickness of the YBCO layer was determined based
on the deposition time and was controlled by X-ray
diffraction methods. The YBCO thickness was controlled
on all samples, so we provide the thickness of the layers
determined based on the deposition time and growth
rate. An analysis of the differences of thicknesses defined

based on the deposition time and measured by X-ray
diffraction methods allowed determining the deviation of
the resulting YBCO thickness from the defined thickness as
+5—(—20)%.

5. Experimental results

22 structures of YBCO|CeO,|Al,O3 were fabricated and
measured for this study. The thicknesses of the CeO, layers
defined based on the number of laser pulses ranged from
0.03 to 100 nm.

Figures 3 and 4 show the results of measurements of the
electrophysical characteristics (J. and T;) of samples with
YBCO layers formed on sublayers of various thicknesses.
The critical current density slightly changes and retains
high values J. > 2.7 MA/cm? (77 K), characteristic of films
on ,thick“ layer of CeO, when the thickness of the
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Figure 3. Dependence of the critical current density J. of the
YBCO film (at 77K) on the thickness of the epitaxial sublayer of
cerium oxide.
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Figure 4. The dependence of the critical temperature T. of the
YBCO film on the thickness of the epitaxial sublayer of cerium
oxide.
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Figure 5. Disorientation of mosaic blocks (Aw(005)) of YBCO
films depending on the thickness of the epitaxial sublayer of cerium
oxide.
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Figure 6. The value of the axis ¢ of YBCO films depending on
the thickness of the epitaxial sublayer of cerium oxide.

CeO, sublayer decreases to 1.2nm. CeO, T also slightly
varies in this range of layer thicknesses. J. decreases to
0.6 MA/cm? and T, decreases to 86 K in case of reduction of
the equivalent thickness of the layer of CeO, to 0.1 nm. The
transport characteristics of the YBCO film deteriorate with
a further decrease of the thickness of the CeO, sublayer.
Figures 5 and 6 show the half-width of the swing curve
Aw(005) of YBCO, characterizing the disorientation of the
mosaic blocks, and the magnitude of the axis with YBCO.
The disorientation of the YBCO film mosaic blocks in
the CeO, sublayer thickness range from 100 to 1.2nm is
0.69—0.94°. The value of Aw(005) of YBCO increases to
1.5° when the thickness of CeO, decreases to 0.3 nm. The
measured value of the axis with YBCO up to the thickness
of 0.3nm of CeO, sublayer has a value corresponding
to the optimal oxygen concentration in YBCO [26,27].
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The given structural characteristics correspond to high-
quality YBCO films.

Figures 7—9 shows secondary electrons images of the
surface of structures MP2.269|L607, MP2.272|L612 and
MP2.275|L622 with thicknesses of CeO, layers of 10, 1.25

1 EHT=20.00kV Signal A=SEl Date: I8 Oct
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Figure 7. Image of the surface of the YBCO film of the
MP2.269|L607 structure with a thickness of CeO, 10 nm.

§ 23
— um EHT =20.00kV Signal A=SE1  Date: 21 Dec 2023 .
Mag = 50.00 KX WD =6.81 mm  Photo Ne = 16864 Time:15:56

T TS Dl =

=

Figure 8. Image of the surface of the YBCO film of the
MP2.272|L612 structure with a thickness of CeO, 1.25nm.

Figure 9. TImage of the surface of the YBCO film of the
MP2.275|L622 structure with a thickness of CeO, 0.3 nm.
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and 0.3nm, respectively. YBCO surface (bridge fragment
with width of 10um) in the center (dark field), insulating
separating area at the edges.

A comparison of the surface morphology of YBCO films
grown on thin and ultrathin sublayers of CeO, shows their
difference. This difference is attributable precisely to the
peculiarities of YBCO growth on sublayers of different
thicknesses, and not to a change, for example, of the cationic
composition of HTSC, i.e., because the films were grown in
the same growth modes. 10nm CeO; film MP2.269|L607
(Figure 7), as well as films with higher thicknesses studied
in this paper, has a characteristic appearance for films with
high electrophysical characteristics of a YBCO matrix with
inclusions of Y-enriched and Cu-enriched (outgrowths on
the film surface) secondary phases with sizes of ~ 0.5 um
and above. It can be seen that some of the precipitates
have an elongated shape, and these particles are oriented
along the substrate at right angles to each other. The visible
dimensions of most of the precipitates are noticeably smaller
on sample MP2.272|L612 1.25nm CeO; (Figure 8) than
on MP2.269|L607 10nm CeO, — 0.1-0.2um. In this
respect, the film looks smoother, however, pores and ,,gaps®
of submicron sizes appear in the matrix. Gaps and pores in
the matrix are the predominant type of defects in sample
MP2.275|L622 03nm CeO,. The discontinuities retain
submicron sizes but their density is significantly higher than
in sample MP2.272|L612 1.25nm CeO,.

6. Conclusion

The morphology, critical temperature and critical current
density of YBCO films grown on CeO;|Al,O3 substrates
weakly depend on the thickness of the epitaxial sublayer of
CeO; in the range from 100 to 1.2 nm. Obtained characteris-
tics of YBCO films: T, > 87K; J.(77K) > 2MA/cm?2. The
disorientation of the mosaic blocks of film YBCO Aw(005)
YBCO in the specified thickness range is 0.69—0.94°. The
transport and structural characteristics of YBCO deteriorate
with a further decrease of the thickness of the CeO,
sublayer.  The films retain superconducting properties
(T > 83K) on the CeO; layer with an equivalent thickness
of 0.1nm. There are no fundamental changes in the
morphology of YBCO films with a decrease of the thickness
of the CeO; sublayer to nanometer values.

Consequently, the nanometer layers of epitaxial cerium
oxide on sapphire obtained in this study can be used to
create a master mask representing ,islands“ of epitaxial
cerium oxide on sapphire. This result is planned to be
used for fabrication of superconducting structures with
submicron sizes.
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