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Ion channeling and x-ray photoelectron spectroscopy study
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Axial ion channeling in as-deposited high-T. Y-Ba-Cu oxide superconducting thin films on
(100) SrTiO;3 and x-ray photoelectron spectroscopy (XPS) on the film surfaces were performed.
The angular yield profile near the film surface for Ba and the surface peak intensity were mea-
sured using 3-MeV He ions. For channeling normal to the substrate, a minimum yield of 7%,
compared to ~2-3% for single crystals, was obtained. The results of ion channeling and XPS
studies indicate that the as-deposited films have good crystallinity as well as stoichiometry to

within ~1 nm of the film surface.

High-T, superconducting thin films with J, over 1x 108
A/cm? at 77 K have been prepared, "2 and it was recently
demonstrated that films with good superconducting prop-
erties and smooth surfaces could be fabricated only by a
low-temperature deposition process.’> For electronic ap-
plications of the new high-T. superconductors it is crucial
to have films with smooth superconducting surfaces in or-
der to delineate micron and submicron features and to fa-
bricate junction devices consisting of superconducting lay-
ers sandwiching an insulator or a normal metal. In these
junctions, the superconducting material must have a
high-T, superconducting layer right up to the interface to
within the superconducting coherence length of the ma-
terial, which is ~0.43 nm along the ¢ axis and ~3.1 nm
in the a-b plane.* By utilizing surface sensitive techniques
such as x-ray photoelectron spectroscopy (XPS) and
Rutherford backscattering spectrometry (RBS) in the
channeling mode, it is possible to obtain information
about the film surfaces and interfaces. The channeling
technique has been widely used to characterize various
crystalline materials, single crystals with some disordered
regions, polycrystalline films on single-crystal substrates
and so on.’> Recently, Stoffel, Morris, Bonner, and Wilk-
ens® showed that single crystals of YBa;Cu3O, have ex-
cellent crystallinity and stoichiometry to within about 1
nm of the surfaces by using RBS in the channeling mode.
XPS has also been utilized to obtain information on the
chemical state of the surface layer of the superconduc-
tors.” In this communication, we report the results of axi-
al ion channeling and XPS studies on as-deposited high-
T. Y-Ba-Cu oxide superconducting thin films on (100)
SrTiO;, and show that the crystallinity and composition of
the material is good up to the surface to within 1 nm,
which is comparable to the superconducting coherence
length.

a8

YBa,Cu30, films were prepared using a single-target
pulsed laser deposition technique.*® More recently, as-
deposited superconducting thin films with zero-resistance
temperatures of about 90 K on SrTiO; and over 77 K on
sapphire were fabricated at a substrate holder tempera-
ture of 650°C (the quoted temperature is measured on
the substrate holder rather than on the substrate surface
where the measured temperature is at least 100°C lower).
The details of the new preparation process will be pub-
lished elsewhere.” RBS and channeling measurements
were made on a dual-axis goniometer using 3-MeV He?*
ions with a 1-mm beam size. XPS spectra were taken on
as-deposited films without any cleaning steps. The spectra
were recorded in a KRATOS XSAMB800 instrument
equipped with a multichannel detector. The resolution of
the XPS system was set to yield a peak width of 0.85 eV
for the Ag(3dsy,) line.

In Fig. 1. we show a random RBS spectrum, and an
aligned channeling spectrum for a ~4100-A as-deposited
Y-Ba-Cu oxide superconducing thin film on (100)
SrTiO;. The solid line in the figure is a simulation of
Y Ba,Cu30,/SrTiO; using the RUMP program.'® The re-
sult shows that the film has a composition close to ideal
stoichiometry through the entire thickness. The aligned
channeling spectrum shows a large reduction in the back-
scattering yield in the film and about 50% reduction
(which depends on the film thickness) in the yield from
the substrate. The minimum yield for Ba, measured near
the surface, is ~7% compared to 3.5% for channeling of
1.66-MeV He ™ on single crystals.® Although the ion en-
ergy for channeling is different from that of Ref. 6, the
comparison shows that the as-deposited films have good
long-range crystalline order. The minimum yield of 7% is
the smallest value reported for the high-7, superconduct-
ing thin films on any substrate. X-ray diffraction study®
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FIG. 1. Random and aligned RBS (3-MeV He?*)spectra for 0.2l °
an as-deposited Y-Ba-Cu oxide superconducting thin film on ”,
SrTiOs. The solid line is a simulation of 4100-A YBa,Cus- 0.0 + 2

07-x/SrTiOs.

shows that the as-deposited films on (100) SrTiO; are
oriented with the c axis perpendicular to the substrate sur-
face. The 7% minimum yield suggests that at least 95% of
the c axis in the film is oriented. The rapid increase in the
channeling yield from the film indicates that in the film
there is a large number of defects, which causes dechan-
neling of the He ions. Preliminary transmission electron
microscopy (TEM) studies show existence of stacking
faults in the films.

The angular yield of Ba was measured and the results
are shown in Fig. 2(a). The angular profile is not sym-
metric due to ion beam damage. The angular yield was
measured from positive to negative tilt angles. A full an-
gular width (2¥,,,) is ~1.5° for a 3-MeV He? ion ener-
gy. The ¥/, is proportional to (1/E )2 where E is the
ion energy.’> Using the full angular width of 2.3° mea-
sured on single crystals made at 1.66-MeV He ™ ions,’ we
deduce 1.7° for the full angular width at 3 MeV, which is
close to the number measured. Angular yield measure-
ments for Y and Cu were attempted. Because of a large
background due to backscattering from the heavier ele-
ments Ba and the substrate Sr, only the Y angular yield
could be estimated. The angular profile for Y is shown in
Fig. 2(b). The full angular width at 3 MeV is about 1.5°,
which is close to the results from a Monte Carlo simula-
tion.!! The minimum yield for Y is difficult to estimate
accurately because the background correction is needed.

For a textured polycrystalline material, assuming a
Gaussian distribution of crystallite orientations, it has
been shown ' that

_ 1—X%o
1+ (o/% %) %1n2’

where X is the minimum yield for the polycrystalline ma-
terial, o is the standard deviation of the spread in the crys-
talline orientations (mosaicity), \y?,z and Xo are the half

x=1
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FIG. 2. Angular yield profile using 3-MeV He ions. (a) Ba
and (b) Y. The full angular width is about 1.5° for both Ba and
Y.

width for the angular profile and minimum yield for chan-
neling in the single crystal. It has been shown that the
minimum yield is a function of ion energy.® We estimate
the minimum yield for Y-Ba-Cu-O single crystals at 3
MeV to be ~2% using the data from Ref. 6. Taking
X=7%, Xo=2%, and ¥, =0.85° (deduced from the data
in the Ref. 6), o, the mosaicity, is estimated to be less
than 0.24° showing that the film has grown epitaxially on
the SrTiO; substrate during deposition.

The most interesting feature for us in the channeling
spectrum is the Ba surface peak. The area under the sur-
face peak is proportional to the density of atoms on the
surface and is a measure of the crystalline order at the
surface.” A disordered surface layer of ~1 nm was es-
timated at the surface based on the surface peak assuming
the 1:2:3 composition.

The surface layer composition and thickness can also be
determined using XPS. We found that the surface layer
of as-deposited films is barium enriched. In Fig. 3(a), Mg
Ka XPS data for the Ba(3ds/;) region for the 1:2:3 com-
pound film at two different take-off angles, 15° (curve 1)
and 85° (curve 2), are given. For comparison, the
Ba(3ds/,) region from an in situ, freshly scraped high-T,
superconducting Y;Ba;Cu3;O7-, pellet is also shown
(curve 3). The Ba(3d) region shows two peaks, one at
778 eV and the other at 780 eV. These two peaks are
resolved into two Gaussian distributions of equal widths
(1.7 eV), as shown in Fig. 3(b). The peak at 778 €V is
due to Ba in the 1:2:3 phase.!> At a low angle of collec-
tion when only the surface region is examined, the peak at
780 eV is the largest (curve 1) and, therefore, the 780 eV
peak is due to Ba at the surface. The corresponding O(1s)
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FIG. 3 XPS spectra for the Ba(3ds/;) region. (a) For an as-
deposited superconducting film at two different photoelectron
take-off angles: 15° (curve 1) and 85° (curve 2), and for a bulk
superconductor (curve 3). (b) Two Gaussian distribution fitting
for (a) with peak energies of 778 and 780 eV, and equal width
of 1.7 eV.

region is shown in Fig. 4. Clearly, we see three O(ls)
peaks at 528.5, 531, and 532.7 eV in the 1:2:3 pellet as
well as 1:2:3 film at a collection angle of 85°. These three
peaks are assigned to O2~, O'~, and 0,2~ types of oxy-
gen.'* However, in the film, the intensity of the 531-eV
peak is higher which correlates with the surface Ba. At
15°, the 531-eV peak intensity relatively increases (curve
1) and this further confirms its association with surface
Ba ions. Even at the low collection angle, significant in-
tensities at 528.5 and 532.7 eV are seen because the mean
escape depth for the O(ls) photoelectron is larger than
that for the Ba(3d) one. The XPS spectrum for C(ls)
shows a small peak at 288.5 eV attributable to carbonate
ions. The intensity of oxygen due to CO32~ calculated
from the C(1s) signal does not account for more than 5%
of the total intensity in the 531-eV region. Further,
Ba(3ds;) peaks in the case of BaCO; and Ba(OH), ap-
pear at 782 eV and we do not see a peak in this region.
Therefore, the 780-eV Ba(3ds/,) peak is associated with
the 531-eV O(ls) peak and represents some form of Ba
oxide. It is known that Cu (which is also present in the
surface layer) with Ba gives O(1s) and Ba(3d) at 531 and
780 eV, respectively.'> It should be noted that in films
with Y:Ba:Cu in the 1:2:3 ratio but in which the 1:2:3 su-
perconducting phase is not formed, mainly the 531- and
780-eV peaks in O(1s) and Ba(3ds/;) are seen and the
528.5- and 778-eV peaks develop only after an oxygen an-
neal.!® We therefore conclude that these two peaks are
associated with the superconducting 1:2:3 phase. If we as-
sume that the superconducting thin film has perfect 1:2:3
crystallinity, the metal elements, counting along the ¢ axis
of the film from the surface, will have the following se-
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FIG. 4. O(1s) XPS spectra (a) for an as-deposited supercon-
ducting thin film at two different photoelectron take-off angles:
15° (curve 1) and 85° (curve 2), and for a bulk superconductor
(curve 3). (b) Deconvolution of the XPS spectra in (a) using
three Gaussian distributions at peak energies of 528.5, 531, and
532.7 eV, respectively.

quences: (1) Cu-Ba-Cu-Y, (2) Y-Cu-Ba-Cu, (3) Cu-Y-
Cu-Ba, and (4) Ba-Cu-Y-Cu depending upon which
atomic layer terminates the surface. The film will exhibit
both in channeling and XPS spectra a Cu and Ba enriched
surface layer if the sequence is (1) or (4), while the sur-
face will be Cu and Y enriched in the case of (2) or (3).
Under the assumption of perfect crystallinity, our films
are likely to have a surface elemental sequence of (1) or
(4) based on the XPS results. Moreover, since Ba is the
most reactive element of all the three metals, the film sur-
face may be Ba enriched due to the formation of barium
oxides on the surface. The surface composition of the film
was estimated from the intensities of Ba(3d), Cu(2p), and
Y(3d) peaks. At the 85° angle the composition was
Yo.38Baz0sCu3zO, while at the low collection angle of 15°,
the composition was Y 4gBaj 06Cu3Oy.

The mean escape depth for the Ba(3d) photoelectron is
of the order of 15 A (Ref. 17) and at this escape depth
significant superconducting phase can be detected. Only
at a take-off angle of 15° which corresponds to a sampling
depth of 10 A, do we lose the bulk contribution. We esti-
mate the thickness of the barium enriched surface layer to
be about 10 A, which is consistent with the result from the
ion channeling study. This experiment therefore clearly
demonstrates that the as-deposited superconducting films
(grown by the laser deposition technique) have 1:2:3
stoichiometry up to ~10 A of the film surface.

In summary, using axial ion channeling and XPS tech-
niques, it was found that as-deposited superconducting
thin films made by laser deposition have good crystallinity
as well as composition to within ~10 A of the film sur-
face. Work is being pursued to improve and characterize
the surface quality even further, and to check the tunnel-
ing properties of the surfaces prepared by the laser tech-
nique.
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