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This work reports on investigation of remnant oxygen content in optically-modified regions of 0.3-pm-thick YBa,Cu;0,_,
films, patterned by a laser-writing technique in an inert ambient gas atmosphere at room temperature. A laser-treated region
of weak superconductivity with dimensions depending on the size of a laser spot, laser power, and initial content of oxygen
is characterized by a lower oxygen content, weaker critical magnetic field, and suppressed both the superconducting critical
temperature and the critical current density, as compared to the laser untreated regions. Optically induced (cw-laser,
532-nm-wavelength) heating strongly affects a non-uniform distribution of remnant oxygen content in the film, depending
both on the optical power and beam’s scanning velocity. A level of oxygen depletion and the size of the oxygen-deficient
region have been directly estimated from scanning-electron-microscope spectra with the X-ray microanalysis technique.
The results of our measurements were compared with results extracted from electric measurements, assuming a correlation
between the remnant oxygen content and the electric transport properties of oxygen-deficient YBa,Cu;0;_ films.
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1. INTRODUCTION

YBa,Cu;0,_, (YBCO) superconductor is a material of
highly anisotropic orthorhombic crystalline structure [1],
which becomes superconducting below a certain critical
temperature 7., critical current density J., and critical
magnetic field H,,, all dependent on the oxygen content x
in the material [2—4]. The oxygen content can be easily
changed by means of materials’ heating in either oxygen
rich atmosphere (with the purpose of x decreasing) or in an
inert gas (for increasing x). The YBCO orthorhombic
structure gradually varies with x changing in the range
from 0 to 1. Decreasing the value of x down to 0.6 makes it
possible to obtain a tetragonal, i.e., non-superconducting
phase of the material [3]. For even higher x values the
material  splits into  several non-superconducting
components like those of Y,BaCuOs, Y,0;, BaCO;, CuO,,
etc, [5], and becomes an insulator.

Oxygen sensitivity of YBCO can be used for
producing novel superconducting micro-devices, in which,
e.g., two regions of a superconducting film need to be
insulated from each other by a semiconducting/insulating
barrier. With this purpose a method of either pulsed- or
cw-laser patterning/writing of YBCO films have been
developed [6, 7], in parallel to many other methods mainly
based on either chemical or physical etching processes.
The laser-patterning/writing method is based on light
induced local heating of the YBCO thin film, causing a
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change in its oxygen content in. During the process,
oxygen diffuses out or into the hot, laser treated region,
depending on the ambient gas atmosphere (oxygen poor vs.
oxygen rich). The most important element is that a focused
laser beam can produce local heating with the dimension of
a laser-modified region mainly depending on the diameter
of the beams’ spot [7]. It has also been demonstrated in [7]
that laser writing of the oxygen-depleted (insulating at
cryogenic temperatures) or oxygen-rich (superconducting
at cryogenic temperatures) lines in the YBCO thin film is
fully reversible. The patterns can be also erased by either a
prolonged heating in a furnace, or rewritten by subsequent
laser writing in oxygen rich ambient (i.e. in ambient
inversed to writing procedure).

In the crystalline lattice of a YBCO superconductor, the
oxygen occupies two important sites: the chain site—in the
Cu-O chain, and the plane site- in the CuO, plane [§].
Oxygen removal means that their atoms leave Cu-O chain
sites, causing a decrease of the positive charge in the CuO,
plane and leading to the increase of the material’s resistivity
and change in dimensions of the crystalline lattice, due to a
modified length of Cu-O bonds. Thus, decreasing the
oxygen content x from 0 to 0.6, the crystal a axis shrinks for
approximately 0.8 %, while the b- and c-axes expand for
1 % and 0.85 %, respectively [8]. The expansion/shrinking
of lattice causes appearance of new defects in the film and
the mismatch of the oxygen-depressed material in respect to
the oxygen-rich one. Sharpness of the interface between
these two phases also decreases and has been estimated to be



~2um for ~(150-300)-nm-thick, laser-patterned/written
YBCO devices [7].

Using a  cw-laser-patterning/ writing  technique
described in detail in [7], we have processed 0.3-pum-thick,
100-pm-long and 50-pum-wide YBCO microbridges with
~5-um-wide, laser-written oxygen-partially-depleted lines
[9]. Due to the presence of partially depressed oxygen lines
(x~0.2), oriented perpendicularly to the biasing current
direction, the resistive transition characteristics of our
bridges exhibited a supressed superconducting critical
temperature 7., as compared to the laser untreated regions
and a nonlinear stepped-like current-voltage (I-V)
characteristics at temperatures 7' < 7. [9].

The stepped-like /-7 dependence is a hallmark of the
coherent motion of Abrikosov vortices moving along
oxygen partially supressed line (i.e., in a strictly confined
geometry). Such a superconducting constriction can be
used as a sensitive device [10] for measuring the strength
of either the current or amplitude of the external magnetic
field with a precision of a single flux quantum. However,
the processes causing the oxygen out-diffusion from the
orthorhombic YBCO material and the profile change of the
laser-deoxygenated line due to the oxygen redistribution is
still not clearly understood.

In the present work, we report on oxygen depletion
mechanism during the room-temperature laser-writing
procedure of YBCO devices prepared on epitaxial films
grown on LaAlO; substrates. We have investigated laser-
writing effect in both oxygen-rich and oxygen-partially-
depleted YBCO microbridges by means of scanning-
electron-microscope (SEM) with X-ray microanalysis
technique. The results of our measurements were compared
with the results extracted from electric measurements in
[11], assuming a correlation between remnant oxygen
content and electric transport properties of oxygen-deficient
YBCO films. Our results demonstrate that X-ray
microanalysis technique can serve as a method for a direct
estimation of approximate dimensions of oxygen-deficient
regions and evaluation of remnant oxygen content in this
region of the film.

2. SAMPLES AND EXPERIMENTAL SETUP

Our 0.3-pum-thick, 100-um-long, and 50-um-wide
superconducting microbridges were laser-patterned from
YBCO epitaxial films. Films were grown by means of
metaloorganic chemical vapour deposition (MOCVD)
technique on crystalline LaAlO; substrates at substrate
temperature of 830 °C, followed by post-annealing at 350°C
in pure oxygen ambient to achieve fully oxygenated YBCO
(i.e., with x ~ 0). More details of the MOCVD method and
technology of thin YBCO films are given in [12].

The X-ray diffraction pole figures and 6-26 scans
demonstrated that our superconducting films had the
crystalline c-axis oriented perpendicularly to the substrate.
The YBCO films were characterised by critical current
density J, = (3-6) MA/cm? at T=78 K, and T, = 92 K.

The films were laser-patterned (LP) at room
temperature using a 532-nm wavelength beam, generated
by an Ar-ion, cw-laser, and focused by optical lenses (see
Fig. 1) into a light spot’s diameter of ~5 um. Ready for
patterning YBCO films were attached perpendicularly to
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the laser beam’s direction on a computer-controlled X-Y
translation stage and kept in a nitrogen gas ambient.

The laser power of 2.0 W+23 W and a scanning
speed of 5 pum/s of the X-Y stage ensure full deoxygenation
(i.e. x>0.6) of the laser illuminated film’s areas,
converting them into an insulator [11]. In this way, the
YBCO film has been patterned into a set of six
microbridges each with large contact areas for the 4-probe
electric measurements (Fig. 1).

RS = O .\ Mirror
cw-laser / N
(A =532 nm) Beam’s
2.0 +2.3 W for the LP regime shutter
0.1 0.6 W for the LW regime
Liens YBCO
Optical . film on
— Optical Y.¥
p objective -1 stage
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stage
Computer Sl drge | N, gas
controller ambient

Fig. 1. The setup for LP and LW of the YBCO thin-film devices
in a nitrogen gas ambient

The lower illumination power, ranging from 0.1 W to
0.6 W from the cw-laser and a 50 pm/s velocity of the XY
stage were used for the laser-writing (LW) procedure [7] of
5-um-wide partially deoxygenated (i.e., x ~0.2) lines in
the YBCO film keeping the film in a nitrogen gas ambient.
The laser beam’s size defined the width of partially
deoxygenated region in the film. In this way, we obtained a
set of six identical microbridges, five consisted either one
or two LW lines, while one sample was left as a pristine
device for a reference purposes.

After the LW procedures the film’s illuminated areas
exhibited J;, T, and the first critical magnetic field H
comparatively lower than those of the sample without the
LW lines [13].

Four silver electrodes (Fig.1) were thermally
deposited in low vacuum for each device by means of
0.1-pm-thick Ag layer evaporation through a special mask.
After Ag deposition, the devices were additionally
annealed at temperature 300°C in oxygen ambient for
1 hour. The chosen temperature for annealing was too low
for oxygen redistribution in the superconducting sample,
but high enough for silver diffusion into the film. Direct
measurements of the Ag/YBCO contact resistance showed
that it is practically negligible.

A remnant content of oxygen in laser-modified YBCO
films has been extracted from electric measurements in
[11], assuming a correlation between the oxygen content
and electric transport properties of oxygen-deficient films.
Independently, a profile of the oxygen content has been
measured down to the film’s depth of 100 nm at room
temperature by means of SEM with X-ray microanalysis
technique. These and other results of measurements are
presented and discussed below.



3. RESULTS AND DISCUSSION

A micrograph and a magneto-optical measurement
image of a LP YBCO film are shown in Fig. 2. The optical
image of two microbridges with one of large areas for Ag
contact pads has been taken at room temperature by means
of illumination the device by a visible light from the
substrate side. Therefore, bright areas in the image
correspond to transparent (i.e., insulating) material which
is decomposed down to x > 0.6 [11].

-

LP line

Fig. 2. A view of a YBCO thin film with LP (bright) insulating
lines. Bright areas correspond to higher transparency of
the light when a sample is illuminated from the bottom
side. Inset: magneto-optical image of the penetration of
the 280 G magnetic field into the superconducting device
containing a single LW line. Bright areas in the inset
correspond to higher intensity of a local magnetic field

Inset of Fig. 2 shows a magneto-optical image of the
YBCO film in the 280 G external magnetic field. The
magnetic field penetrates along the device’s edges
(insulating lines) and along the LW line of week
superconductivity in the microbridge center. Bright areas
correspond to higher intensity of a penetrated magnetic field.

The magneto-optical image in Fig. 2 confirms that
magnetic flux penetrates first in the areas of weak
superconductivity, while the remaining area of the device
or contact pads are practically free of flux penetration. This
let us to conclude that LW procedure resulted in partially
deoxygenation of YBCO material with considerably
decreased parameter H,;. It means that the oxygen content
in the LW-region of the YBCO film can be controlled
during the LW procedure by varying the incident light
power from the cw-laser.

Figure 3 demonstrates a profile of relative residual
amount of oxygen vs. distance in our YBCO microbridges
without (curve#1) and with the single LW region
produced at room temperature by the laser illumination
power of 0.4 W (curve #2) and 0.6 W (curve #3), measured
by means of the X-ray microanalysis technique. For the
better observation, the traces x~0 and x>0.6 are
artificially shifted from the zero position. All three
superconducting bridges have been patterned in the same
YBCO film, which had the same initial oxygen content.
The arrow in Fig. 3 shows an approximate coordinate of
the laser beam’s center location on the YBCO bridge
surface during the LW procedure.

We note in Fig. 3 that, due to the channeling of oxygen
diffusion along random distributed film’s defects, profiles
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of the LW lines are somewhat asymmetric with the most
pronounced effect seen in curve #3.

80 x~0
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Fig. 3. The residual amount of oxygen vs. distance in three
YBCO microbridges: without the LW region (curve #1),
and the LW channel generated with the light power of
04 W and 0.6 W, (curve #2 and #3, respectively. For
clarity, curves #1 and #3 are artificially shifted from zero
position. A residual oxygen content x listed in the figure
has been extracted from experimental results in [11]. The
arrow in figure shows a approximate coordinate of the
laser beam’s center located on the bridges surface during
the LW procedure

Presence of an LW region in the YBCO film can be
also determined from the film’s electric properties.
Figure 4 demonstrates the resistivity p,,, measured along
a-b plane of the crystalline lattice, vs. temperature for
YBCO microbridges before and after the LW process at
different incident powers of light from the cw-laser.
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Fig. 4. Resistivity p,; vs. temperature dependences of YBCO
devices containing an LW line produced using laser
power of 0.22 W (curve #2) and 0.41 W (curve #3). Curve
#1 is the reference, untreated device. Oxygen content x in
the LW region (see the right y axis) has been extracted
from [11], assuming a correlation between remnant
oxygen content in defects/defect-free YBCO material and
electric transport properties of oxygen-deficient YBCO
films

After the LW procedure, the room temperature p,., of
the device increased from 105 uQcm to 530 pQcm at
laser’s power 0.22 W (curve #2) and 0.41 W (curve #3),
respectively. The increase in p,, is associated with the
decrease of oxygen content along the b-axis Cu-O chains
of the YBCO crystalline structure, as well as with oxygen
depletion in structural defects of the film [14]. The oxygen



content x in the LW region (see the right axis in Fig. 4),
extracted from [11], shows a direct correlation between the
remnant oxygen in defects of the crystalline structure of
the YBCO film.

The room temperature p,,(300 K) and shape of the
Pa+(T) dependence in the LW region depend on the initial
oxygen content (i.e., the oxygen content before LW
procedures) in the YBCO film. These results, measured for
the YBCO devices with initial oxygen content x ~ 0 (curve
#1) and x ~ 0.1 (curve #2), are presented in Fig. 5.
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Fig. 5. The electric resistivity p,., vs. temperature dependences of
two YBCO superconducting microbridges with the
different initial content of oxygen: x ~0 (curve #1) and
x~0.1 (curve #2) and after the LW procedure with the
laser power of 0.22 W: curves #1° and #2°, respectively.
The values of oxygen content x have been extracted from

[11]

After the LW procedure at constant illumination power
of 0.22 W, p,, increased from 210 uQ cm (curve #1) to
225 uQ cm (curve 1) and from 325 pQ cm (curve #2) to
430 pQ cm (curve 2') in both microbridges, respectively.
All p,.,(T) dependences have been measured at the biasing
current 0.1 mA. The approximate values of oxygen content
x in Fig. 5 have been extracted from results in [11].

Knowing the light absorption coefficient of the YBCO
material [15], illumination power of 0.22 W, and spot
translation velocity of 50 pm/s we have estimated that the
temperature of the laser-illuminated paths did not exceed
500 °C during the LW process. At temperature 500 °C, the
activation energy of atomic oxygen diffusion in the
direction parallel to the a-b plane is an order of magnitude
higher than that in the c-axis direction [16]. Therefore, the
most pronounced oxygen depletion is expected to occur at
the film surface. Two-dimensional structural growth
defects may, however, channel the diffusing oxygen along
their directions [14] and the LW processing is likely to
result in stronger deoxygenation at the boundaries of the
two-dimensional defects. The latter leads to formation of
high-resistivity regions that are responsible for the shape of
the whole p,,(7) dependence and for the asymmetrical
shape of oxygen profile observed in our LW devices, as
shown in Fig. 3.

Our result is an additional direct evidence that laser
light assisted rise in temperature of the YBCO film can
affect increase in activation energy of atomic oxygen
diffusing along the direction not only perpendicular and
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also parallel to the a-b plane [16]. The defects of the
YBCO MOCVD film, like, e.g., screw dislocations and
grain boundaries, can channel the diffusing oxygen along
their directions [14]. The channeling of oxygen diffusion
along defects leads to a asymmetric profile of the LW line
resulted by a non-uniform oxygen distribution.

4. CONCLUSIONS

We report on investigation results of remnant oxygen
content in optically-modified regions of the 0.3-pm-thick
YBCO films by means of an LW technique in an inert gas
ambient at room temperature. Optically induced heating
affects nonuniform diffusion of oxygen in the film and
nonuniform distribution of remnant oxygen content
depending on a 532-nm-wavelength cw-laser illumination
power.

A level of oxygen depletion and a size of the laser-
written regions in the YBCO film can be directly estimated
from spectra of SEM with X-ray microanalysis technique,
while the residual oxygen content in the tested film can be
estimated assuming a correlation between the remnant
oxygen content and electric transport properties of the
oxygen-deficient YBCO film.

Three-dimensional defects of the YBCO film grown
by means of the MOCVD technique, such as screw-
dislocation and grain boundaries can channel the diffusing
oxygen along their directions. The channeling of oxygen
diffusion, in turn, affects an asymmetric profile of the LW
line and asymmetry in distribution of oxygen in the film.

Acknowledgments

One of authors AJ wants to acknowledge the financial
support from the project VP1-3.1-SMM-08-K-01-009,
partly supported by the National Programme “An
improvement of the skills of researchers,” launched by the
Lithuanian Ministry of Education and Science. Research in
Warsaw was supported in part by the European Regional
Development Fund (Innovative Economy, POIG.01.01.02-
00-108/09, “MIME”).

REFERENCES

1. Hiraga, K., Shindo, D., Hirabayashi, M., Kikuchi, M.,
Syono, Y., High Resolution Electron Microscopy of High-7
Superconductor  Y-Ba-Cu-O Journal of Electron
Microscopy 36 (4) 1987: pp. 261 —269.

2. Cooper,J.R., Chu,C.T., Zhou,L.W., Dunn,B.,
Griiner, G. Determination of the Magnetic Field Penetration
Depth in Superconducting Yttrium Barium Copper Oxide:
Deviations from the Bardeen-Cooper-Schrieffer Laws
Physical Review B 37 (1) 1988: pp. 638—641.
http://dx.doi.org/10.1088/0953-2048/10/12/021

3. Perkins, G. K., Cohen, L. F., Zhukov, A. A., Caplin, A.
D. Effect of Deoxygenation on the Vortex Dynamics in
RBa,Cu;07_5 High-temperature Superconductors  Physical
Review B 55 (13) 1997: pp. 8110—8113 and Benzi, P.,
Bottizzo, E., Rizzi, N. Oxygen Determination from Cell
Dimensions in YBCO Superconductors Journal of Crystal
Growth 269 2004: pp.625—629.

4. Albrecht, J. Temperature-dependent Pinning of Vortices in

Low-angle Grain Boundaries in YBa,Cu;O0;5  Physical
Review B 68 2003: p. 054508 and Woérdenweber, R.



10.

Mechanism of Vortex Motion
Superconductors
1999: pp. 187-236.

Binner, J. G. P., Al-Dawery, L. A. H. Bulk YBCO High-T,
Superconductors with Uniform and Full Oxygen Content via
Microwave Processing Superconductors Science and
Technology 11 1998: pp. 449—-457.

Te Riele, P., Janssens, A., Rijnders, G., Blank, D. H. A.,
Direct Patterning of Complex Oxides by Pulsed Laser
Deposition through Stencils Journal of Physics:
Conference Series 59 2007: pp. 404—407.

Sobolewski, R., Xiong, W., Kula, W. Patterning of Thin-
film High-7, Circuits by the Laser-writing Method [EEFE
Transactions on Applied Superconductivity 3 (1) 1993:
pp- 2986—-2989 and Kula, W., Xiong, W., Sobolewski, R.
Laser Patterning of YBa,Cu3;O, Thin Films Protected by
in-situ Grown SrTiO; Cap Layer [EEE Transactions on
Applied Superconductivity 5 (2) 1995: pp. 1177—1180.

Liang, R., Bonn, D. A., Hardy, W. N. Evaluation of CuO,
Plane Hole Doping in YBa,Cu;Ogi Single Crystals
Physical Review B 73  2006: pp. 180505(R) 1-4 and
Shimizu, H., Fujiwara, K., Hatada, K. Properties of the
CuOy-plane in YBa,Cu3Oy (6 <y <7) Probed by Er-EPR
Physica C 299 1998: pp. 169—-176.

Jukna, A., Barboy, L., Jung, G., Banerjee, S. S.,
Myasoedov, Y., Plausinaitiene, V., Abrutis, A., Li, X,,
Wang, D., Sobolewski, R. Laser Processed Channels of
Easy Vortex Motion in YBa,Cu;0,_5 Films Applied Physics
Letters 87 2005: pp. 192504 1-3.

Steponaviciene, L., Sulcas, J., Jukna, A., Jung, G.,
Plausinaitiene, V., Abrutis, A., Maneikis, A., Gong, M.,
Sobolewski, R. Investigation of Vortex Density in Laser-
written IT-shaped Channel of YBCO Bridge by Means of I-V/
Dependences  Acta Physica Polonica A 119 2011:
pp- 180—182.

in High-temperature
Reports on Progress in Physics 62

219

11.

12.

15.

16.

. Cieplak, M. Z.,

Jones, E. C., Christen, D. K., Thompson, J. R., Feenstra,
R., Zhu, S., Lowndes, D. H., Phillips, J. M., Siegal, M. P.,
Budai, J. D. Correlations between the Hall Coefficient and
the Superconducting Transport Properties of Oxygen-
deficient YBa,Cu;0,.5 Epitaxial Thin Films Physical
Review B 47 (14) 1993: pp. 8986—8995 and Cava, R. J.,
Batlogg, B., Chen, C. H., Rietman, E. A., Zahurak, S. M.,
Werder, D. Single-phase 60-K Bulk Superconductor in
Annealed Ba,YCu3075 (0.3<8<0.4) with Correlated
Oxygen Vacancies in the Cu-O Chains Physical Review B
36 (10) 1987: pp. 5719-5722.

Abrutis, A., Sénateur, J. P., Weiss, F., Kubilius, V.,
Bigelyté, V., Saltyté, Z., Vengalis, B., Jukna, A. Thin
YBCO Films on NdGaO;(001) Substrates Grown by
Injection MOCVD Superconductor  Science and
Technology 10 (12) 1997: pp. 959—-965.
http://dx.doi.org/10.1088/0953-2048/10/12/021

Guha, S., Vadlamannati, S.,

Giebultowicz, T., Lindenfeld, P. Title of article Physical
Review B 50 (17) 1994: pp. 12876 —12886.
http://dx.doi.org/10.1103/PhysRevB.50.12876
Choi, J.-S., Sarikaya, M., Aksay, I. A., Kikuchi, R.

Theory of Oxygen Diffusion in the YBa,Cu;0;.,
Superconducting Compound Physical Review B 42 1990:
pp. 4244—-4254 and Salomons, E., de Fontaine, D. Monte
Carlo Study of Tracer and Chemical Diffusion of Oxygen in

YBa,Cu;O¢;9c Physical Review B 41 1990:
pp- 11159-11167.
Donaldson, W. R., Kadin, A. M., Ballentine, P. H.,

Sobolewski, R. Interaction of Picoseconds Optical Pulses
with High T, Superconducting Films  Applied Physics
Letters 54 (24) 1989: pp. 2470-2472.

Xie, X. M., Chen, T. G., Wu, Z. L. Oxygen Diffusion in the
Superconducting Oxide YBa,Cu30,., Physical Review B
40 1989: pp. 4549 —4556.
http://dx.doi.org/10.1103/PhysRevB.40.4549



