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J. Eisenmenger, R. Steinke, C. Brand, S. Kambach, M. Hoffmann, C. Bechinger, and P. Leiderer
Fakudrdt fiir Physik, Universudt Konstanz, Postfach 5560 M675, Konstanz, D-78464 Germany
Received December 18, 1996

Abstract—High-temperature YBa,Cu305 _ 5 thin films were patterned by a laser writing technique based on
the lemperature increase in the focus of a laser beam. The corresponding local increase of the oxygen diffusion
velocity can be employed to write reversibly deoxygenated (semiconducting) and reoxygenated (superconducl-
ing) patterns. if nitrogen or oxygen, respectively, is chosen as ambient atmosphere. By using different scan
velocities it 1s possible to decrease or increase 7, and the critical current. The influence of the ambient atmo-
sphere, the patterning velocity and the laser power density on the resulting pattern was investigated by different
methads. like light microscopy, scanning acoustic near-field microscopy (SNAM), and electrical four-point dc
measurements. Tt could be proved that this planar patterning technique has fully reversible properties.

INTRODUCTION

More common patterning techniques of HTS thin
films like wet chemical and plasma etching, ion mill-
ing, and laser ablation are based on the ablation of
material. These methods allow one to produce a large
number of well-defined patierns with identical geome-
try. If the material itself is not very homogeneous, how-
ever, this is not sufficient for producing devices with
identical properties.

An altermative patterning technique for YBa,Cu,04_;
thin films that does not only influence the geometry but
also the superconducting properties themselves was
first suggested by Johannsen [!] and 1s based on the
observation that the electrical and optical properties of
YBa-Cu 0, _g are very sensitive to its oxygen content.
In the orthorhombic phase (ie., 0 < & < 0.6),
YBa,Cu.0;_; behaves like a metallic conductor con-
cerning the electronic transport properties, and, below
92 K, it becomes superconducting. The tetragonal
phase of YBu.Cu:0;_; (i.e., 0.6 < & < |) behaves like a
semiconductor. The oxygen content can easily be
changed by focused laser heating of the material,
thereby causing locally an increase of oxygen diffusion
velocity in the YBa,Cu.O; _; film [2-6]. The direction
of oxygen diffusion (i.e., into or out of the film) may be
controlled by the application of either a reducing or
oxidizing atmosphere. In this way, oxygen-rich (super-
conducting) regions or depleted (semiconducting) ones
can be patterned into the YBa.Cu,0,_; film by scan-
ning the focused laser beam across the surface. The
process is planar, noninvasive, reversible, does not
require a patterning mask, and does not contaminate the
surface of the patterned film.

EXPERIMENTAL TECHNIQUE

For the experiments we used superconducting
YBa,Cu.0, films that were prepared by reactive
evaporation onto (100) MgO substrates (1 x | cm) {7].
The c¢-axis-oriented. epitaxial films have a typical

onset temperature between 86 and 89 K. The thick-
ness of the films is between 200 and 300 nm. The pat-
terns were written with an Ar-ion ¢w laser (A = 488 or
514 nm). During the process either pure nitrogen or
oxygen was flowing through the cell in which the
YBCO film was mounted; the cell was kept at an ambi-
ent temperature.

RESULTS AND DISCUSSION

In a first step, just simple lines were patterned by
scanning the focused laser beam across the film sur-
face. The optical reflection micrograph in Fig. 1 shows
a line that was patterned in nitrogen atmosphere by
scanning the focused laser beam (full width w = 16 um
at intensity /1, = 1/e) across the film surface (laser
power =0.7 W) with a velocity of 25 pum/s. The deoxy-
genated line written in nitrogen atmosphere is slightly
brighter than the fully oxygenated surrounding film.
The contrast is caused by the oxygen dependence of the
optical constants of YBCO [8, 9}, which yield a
decreasing absorption coefficient and an increasing
reflectivity in the visible part of the spectrum when
YBCO is losing oxygen.

The lower absorption coefficient of oxygen-
depleted YBCO in contrast to the fully oxygenated one
can also be observed in Fig. 2. In this case, a line was
patterned in oxygen atmosphere in a YBCO film that
was fully deoxygenated before. The deoxidation before
was achieved by heating the whole film for 20 min in
an argon atmosphere in an oven at 400°C. Hall probe
measurements showed nonsuperconducting properties
after this treatment. The laser patterning of a the reox-
ygenated line was done by moving the laser focus (w =
16 um, P = 0.7 W) with a scanning velocity v = | pm/s
over the film surface.

To what extent this laser patterning method infiu-
ences the topography the YBCO film was investigated
with an acoustic near-field microscope (SNAM) [10].
The essential part of an SNAM is the cormer of a quarnz
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Fig. 1. Opuical reflection micrograph of a line that was patierned in nitrogen atmosphere by scanning the focused laser beam (full
width w = 16 um at intensity ///, = [/¢d ucross the film surface (laser power =0.7 W) with a velocity of 25 unvs,

Fig. 2. Opucal reflection microgruph of a line that was patterned in oxygen atmosphere by scanning the focused laser beam (full
width w= 16 pm at intensity /74, = 1"¢) across the film surface (laser power =0.7 W) with a velocity of 1 pm/s. The YBCO film was
fully deoxygenated in an oven betore hand.
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Fig. 3. (a) Topography taken with an SNAM of a [0-um-wide line patterned in nitrogen atmosphere. The laser parameters were the
same as in Fig. 1. (b) Contact potential taken with the SNAM (Kelvin mode) of the same line,

tuning fork which is vibrating at its resonance fre-
quency of about 30 kHz, and which is scanned across
the investigated surface. If one comer of this uning
fork approaches the sample surface, the vibration of the
quartz is attenuated mainly by the hydrodynamic fric-
tion within the air cushion between the corner and the
sample. By scanning the quartz with constant distance,
i.., constant attenuation, over the surface, the control
signal yields information about the surface topography.
[f, in addition, the sample is electrically contacted, the
SNAM can be run in the so-called Kelvin mode, which
makes it possible to measure the contact potential of the

sample. The gold-plated quartz tuning fork tip and the
sample surface represent a capacitor. Vibrating the
quartz tuning fork gives rise to an oscillating capaci-
tance. The voltage on this capacitance is essentially
given by the contact potential between the gold on the
tuning fork and the sample material. An oscillating
capacitance causes a displacement current, which is
proportional 1o this contact potential and which can be
measured by an ac current meter that connects the tun-
ing fork with the sample surface.

Figure 3a shows the topography of the YBCO film
in the case of the fine written in nitrogen atmosphere,
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Fig. 4. (a) Topography taken with an SNAM of a 5{im-wide line patterned in oxygen atmosphere. The laser parameters were the
same as in Fig. 2. (b) Contact potential micrograph of the same line.

Fig. 4a, in the case of the line written in oxygen atmo-
sphere. The laser writing parameters were the same as
in Figs. | and 2, respectively. [n contrast to the topog-
raphy, which is not affected by the laser patterning
method, one can clearly observe the laser-written lines
as a strong contrast in the imaged contact potential
(Figs. 3b, 4b). The observed increased contact potential
in the deoxygenated regions compared to the oxygen-
rich regions agrees well—in sign and in expected order
of magnitude—with field emission experiments by
Shkuratov et al. [11]. They observed in their studies of

superconducting and non superconducting YBCO sam-
ples a change of the work function from 5.3-6 eV in the
oxygen-rich state to 6.3-7.5 eV in oxygen-deficient
material. Thus, a decrease of the oxygen content pro-
duced a noticeable rise of the work function (by values
between +0.3 and +2.3 eV, dependent on the exact oxy-
gen contents of the sample, which were not known).

The planar patterning properties of laser writing dem-
onstrated in Figs. 3a and 4a can only be achieved by
choosing the right window of patterning parameters like
laser power density and writing velocity. It turns out that
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Fig. 5. Opucal reflection micrograph of five lines (each 85 pm long) which were written in a nitrogen atmosphere with the same
laser scan velocity v = 100 nm/s but with different laser powers (0.14, 0.16, 0.18, 0.20, 0.22. from left to right).

the right choice of parameters is very sensitive to proper-
ties of the YBCO flm, like, for instance, the density of
deposits on the film surface. But also the heat conductiv-
ity of the substrate, as well as the thermal coupling to the
sample holder, have a strong influence. The optical
reflection micrograph in Fig. S shows an example with
five hines which were written in a nitrogen atmosphere
with the same laser scan velocity of v = 100 nm/s but
with different laser powers (between 0.14 and 0.22 W).
While the line written with a laser power of 0.14 W has
a very weak contrast to the unpatterned superconduct-
ing surrounding film, the lines patterned with 0.2 and
0.22 W feature a melted surface already. For satisfac-
tory patterning results, we usually employ a laser power
below the destruction threshold but still high enough so
that the patterned structures are clearly visible in the
optical microscope, like in this example the lines that
were written with a laser power of 0.18 and 0.16 W.
To estimate the influence of the laser patterning process
on 7, lines written with the same writing velocity and
laser power (P, = 18 and 0.16 W) were patterned on the
same film, which was then electrically contacted. The
electrical dc measurements showed a 7,-reduced
behavior (7, = 56 K) for the line written with P, = 16 W
and a semiconducting behavior for the line written with
P, =0.18 W. Using the same laser power of P, =0.18 W
but a faster writing velocity of the laser beam it was
possible to write deoxygenated but still superconduct-
ing lines with a 7, that was shifted to lower temperature.
This behavior shows that, besides the phase diagram
that would expect us a lower oxygen content to higher
temperatures, the diffusion time plays a dominant role
in this kind of patterning process.

In order to prove the reversible properties of this
laser writing technique we took a |-mm-wide and
10-mm-long YBCO film stripe. Across this stripe a
deoxygenated 140-um-wide line was written (perpen-
dicular to the long side), dividing the stripe into two
halves separated by a semiconducting deoxygenated
line (12]. This line was written in a nitrogen atmo-
sphere with a laser power of 4.5 W and a writing veloc-
ity of 0.8 pumys. Its semiconducting behavior could be
proved by four-point de measurement. For this purpose,
each half was electrically contacted with two silver
pads. The resistance perpendicular to the deoxygenated
line (Fig. 6 curve /) shows a semiconducting behavior.
The increasing resistance with decreasing temperature
points towards a value & > 0.6 in the written line. In a
second step. the two halves were electrically connected
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Fig. 6. (/) Resistance vs. temperature curve of a semjcon-
ducting line written in a YBCO film in nitrogen atmosphere.
(2) Resistance vs. temperature curve for the sericonducting
line shunted by a superconducting microbridge written in
oxygen atmosphere. (3) Calculated resistance of the super-
conducting microbridge alone, without the contribution of
the semiconducting parallel connection.

again by writing in an oxygen atmosphere a supercon-
ducting 14-gm-wide line perpendicular to the semi-
conducting line. In this case, a taser writing velocity
of 0.8 pm/s and a laser power of 0.42 W led to good
results. Again, in the optical reflection micrograph
(Fig. 7) of the resulting microbridge, the semiconduct-
ing wide line is much brighter than the superconduclting
thin bridge. The resistance versus temperature data for
the semiconducting line shunted by a superconducting
microbridge is shown in Fig. 6 (curve 2). Curve 3
shows the calculated resistance of the superconduct-
ing microbridge alone without the contribution of the
semiconducting line. The bridge exhibited a super
conducting transition A7, about 3 K wide (10-90%)
with T4 at 86 K, and a critical current density j, of
about 1.3 x 10% A/cm? at 77 K (Fig. 8). For the /. mea-
surements, we used a 1 pV criterion. The relatively
wide superconducting transition and the nonlinear
behavior of the calculated p—T curve 3 in Fig. 6 point to
oxygen-deficient regions or inhomogeneities in the
microbndge.

For estimating the temperature rise during the laser-
heating process, we used a calculation based on a
model of a two-layer system in which only the thin-film
layer is absorbing [13, 14]. The calculated temperatures
that were necessary to switch between the fully oxy-
genated and semiconducting state (and vice versa) were
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Fig. 7. Optical reflection micrograph of the YBaCu4O+ _ 5 film after patterning the microbridge. The wide bright line (width
=[40 pm) was written in nitrogen atmosphere (1 atm). The dark thin bridge (width 14 pm) perpendicular 1o the nitrogen line was

wrtien in oxygen atmosphere (| atm).
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Fig. 8. Crilical current density vs. temperature data for the
laser patterned microbridge. The micro 6bndge exhibited a
critical current density of about 1.3x 10 Alem® at 77 K.

dependent on the film quality and were found to lie
between 300 and 550°C. These values should be con-
sidered only as a rough estimate. First, because we used
1n our calculation constant average values for the thermal
conductivities, while in reahty they are temperature-
dependent. Second, there is an uncertainty in the thermal
conductivity of the YBCO film. Investigations of the
thermal conductivity of c-axis-oriented YBCO films
over a wider temperature range are still missing. Besides
the published thermal boundary resistances of YBCO
films on MgO(100) substrates differ widely [13].

The oxygen diffusion under our specific experimen-
tal conditions can be estimated by considering the film
thickness and the time during which the YBCO film
surface has to be heated to reach equilibrium, i.e., to
become semiconducting or metallic, respectively. The
time during which a certain point of the surface is
heated is determined by the laser focus diameter and the
scan velocity of the laser beam. For the writing condi-
tions of the lines, of the microbridge we estimate a diffu-
sion coefficient of D = | x 10'2 cm?s [12]. This value
lies between the values determined by Krauns er al.
[D(500°C) = 5.5 x 107*? cm?/s] [16] and Yamamoto et al.
[D(500°C) = 2.7 x 102 cm?¥/s] [15] for oxygenating the
YBCO thin films. In accordance with our experiments,
both Yamamoto et al. and Krauns er al. observed a
strong sensitivity of the oxygen diffusion to the surface
structure of the used YBCO films. The dependence on
the surface quality can be understood by the highly
anisotropic diffusion in YBCO with diffusion coeffi-
cients in the ab-plane being about 10%-108 times larger
than in the c-direction at elevated temperatures [17].
Thus, c-oriented YBCO films with dense surface struc-
ture show a lower effective diffusion coefficient than films
with lower surface quality, which provide a larger number
of diffusion paths parallel to the ab-planes [15, 16].
The scan velocities that were necessary in our experi-
ments to reach a semiconducting behavior or after-
wards a superconducting one were slower than the
velocities used by other groups [2-6], pointing towards
a better crystal quality of our films. Hence the appropri-
ate scan velocities for laser writing do not only depend



on the applied laser energy density and thermal conduc-
tivity of the film substrate but also on the surface micro-
structure of the YBCO film.

In conclusion, the influence of the laser patterning

technique on the topography, and optical and electrical .

properties of HTSC films were investigated. Compared
to conventional patterning techniques we see the major
advantage of the used technique in its reversible prop-
erties, which also altows a fine maning of the properties
of the written structures. A further improvement of
faser-written devices can be expected by in situ control-
ling of the electrical and optical properties during the
patterning process.

The authors would like to thank the groups of
B. Stritzker and H. Kinder for providing YBCO samples.
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