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Abstract

A review is given of the application of high energy
elastic backscattering spectrometry techniques for profiling
high-temperature superconducting (HTSC) materials in thin
film form. The use of higher bombarding ion energies pro-
vides most of the advantages of the more common lower
energy or Rutherford backscattering (RBS) but additionally
allows profiling to a greater thickness and, by a much
larger sensitivity for light elements, permits profiling car-
bon and oxygen in the presence of heavier substrates.
Examples for HTSC materials are given.
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Introduction

An area of application of the new high-temperature
superconducting (HTSC) materials which many experts feel
will be first to be exploited is that of thin films, principally
with electronic technological uses. However, the develop-
ment of such thin-film devices of HTSC materials has
proved to be difficult; and much effort has been expended
in developing appropriate deposition methods, noninteract-
ing substrates, and annealing techniques. The key to super-
conducting behavior lies in the appropriate structure, but
this is achieved only when the necessary stoichiometry (or
relative composition) of the constituents is present.

This paper describes the use of higher bombarding ion
energies for elastic backscattering, which has proved to be
very successful in determining not only the average compo-
sition of the elements making up the film, but also the pro-
file of the composition as a function of depth in the film.
The later measurements have proved invaluable in develop-
ing HTSC films because the composition depth profile
exposes many of the difficulties which arise due to the
interfacial reactions, diffusion of the constituents, or ten-
dency to aggregate. These problems may typically occur,
especially in connection with the high-temperature anneal-
ing usually necessary to achieve the desired structure.

The use of elastic backscattering (2,4) in the 1-3 MeV
range of bombarding energies, commonly called Ruther-
ford backscattering spectrometry (RBS) in the literature,
has proved itself preeminent in the nondestructive profiling
of thin films over the last decade. This technique has also
been widely applied to HTSC thin films and there are
many examples in the current and recent literature, which
are not reviewed here.

Although the use of higher bombarding energies to
gain greater mass separation as well as provide certain nar-
row resonances in non- Rutherford cross sections for pro-
filing has been reported, the potential for profiling the
common light elements C, N, and O by elastic backscatter-
ing in the presence of heavier elements, due to the
enhanced non-Rutherford cross sections at higher energies,
has only recently been recognized or applied. This report
reviews the application of such high energy elastic back-
scattering methods to the burgeoning research field of thin
film HTSC materials. A comparison of spectra from the
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present high energy elastic backscattering technique and
low energy (RBS) is presented in ref. 6.

The use of higher energy for such applications has
required the selection of particular bombarding energies for
which the common light element cross sections (primarily
oxygen for HTSC) are relatively smoothly varying. This
development effort occurred independently at the Naval
Research Laboratory (6) and at the Sandia National
Laboratory (1). Further valuable development occurred at
the Los Alamos National Laboratory (7), as a result of the
enhancement found in the Sandia work.

Method

One of the major limitations of low energy elastic
backscattering, where typically cross sections for all but
the very lightest elements (Li, Be and B) remain Ruther-
ford (or electrostatic), is the squared dependence on the
atomic number of the Rutherford cross section. As a
consequence of this, the common light elements C, N and
O may be detected with considerably less sensitivity than
heavier elements. This problem is exacerbated by the
kinematic relationships of elastic backscattering which pro-
vide that the distributions arising by scattering from these
light elements appear in a backscattering spectrum at lower
energies than those for heavier elements. Thus, the light
element distributions may typically be superimposed upon
the distributions from heavier elements, particularly from
thick samples or substrates. By decreasing the signal to
noise this effect often further reduces the sensitivity for
detecting and profiling the common light elements.

An additional consideration in profiling thin films is
the importance of the separation of the distributions for
each element in the backscattering spectrum. These distri-
butions, positioned according to the kinematics of the back-
scattering, arise from energy loss in the material; and their
extent in terms of the energy of the observed scattered ion
depends upon the thickness of the film and the stopping
powers of the elements. Overlap of distributions is
inherently ambiguous, as an individual event cannot be dis-
tinguished as the scattering by a given element near the
surface from that by a somewhat heavier element deeper
within the sample. Obviously complete separation of the
distributions for elements in the films is desirable, for in
such cases the measurement of the relative composition of
the elements in the film may depend only upon the integra-
tion of the distributions and the Rutherford cross sections,
which are themselves calculable with good precision.

Low energy elastic backscattering has been exten-
sively used to profile thin-film HTSC materials, because
the constituents of the some of the most promising ceramic
materials, the yttrium-barium-copper-oxides (YBCO) and
bismuth-strontium-calcium-copper-oxide (BSCCO) materi-
als, fortuitously have combinations of masses which pro-
duce more or less uniform energy separation between their
high energy (surface) edges, thus reducing the opportunity
for overlap of the distributions. However, at ordinary RBS
energy (2 MeV) the films may not be thicker than about
100 nm (1000 A) without producing overlap (see ref. 6).
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At least in the earlier stages of development, it was diffi-
cult to obtain films this thin which were super-conducting;
thus, there was an impetus for measuring thicker films. At
NRL we chose the method of going to higher energies to
achieve this. The energy separation between two different
elements in the spectrum is a direct function of the bom-
barding ion energy. Therefore, if the bombarding energy is
raised, a comparable increase in resolvable thickness will
be achieved. In addition, because the stopping powers are a
monotonically decreasing function of energy in this region,
the effective thickness will be further increased at higher
energies. Thus, by increasing the bombarding energy from
2.0 to 6.2 MeV we obtain an improvement in resolvable
thickness of a factor of about 5, allowing unambiguous
profiling of thin films of HTSC materials to about 0.5 u
thickness.

At the higher energies an additional benefit was
found, which has since proved to be the dominant reason
for using the method: the advantage that the cross sections
for the light elements C, N, and O proved to be consider-
ably enhanced over Rutherford cross sections, depending
upon the choice of bombarding energy and scattering
angle. This effect arises because at the higher energies, at
least for light elements, the distance of closest approach
has come into the range of the nuclear forces, and the
mechanism is no longer an electrostatic interaction but is a
nuclear interaction.

Unlike the Rutherford (electrostatic) interaction with
its smooth and predictable behavior, nuclear interactions
depend upon the parameters of the specific nuclear energy
levels involved in complicated ways. Thus, the cross sec-
tion is no longer readily calculable as in the Rutherford
case, but must be calibrated under the particular conditions
of the profiling experiment. The loss of this simplicity is
overcome by the enhanced yields for the light elements (a
factor of 10 for oxygen at 6.2 MeV) which makes it possi-
ble to profile these elements with greater precision, even
when superimposed on a heavier substrate, such as a
preferable material for HTSC thin films, SrTiO3.

Because the nuclear cross sections may vary strongly
with energy in some regions, it is necessary to find bom-
barding energy regions where the cross section is nearly
constant, or at least smoothly varying over an energy range
appropriate to the thickness of the thin film, in order to
take advantage of the enhancement for profiling. It is here
that the choices made in different laboratories have varied.
The approach at Sandia (1) and Los Alamos (7) has been
to utilize a fairly extensive, relatively flat region of cross
section just below about 8.9 MeV. This results in a high
enhancement of a factor of 22-25 for oxygen over the
Rutherford cross sections.

We have chosen a lower bombarding energy of 6.2
MeV which produces a smoothly varying region above a
dip in the yield at about 6.0 MeV and below a rise above
6.2 MeV (as shown in ref. 6). This region is sufficiently
broad to more than cover the thickness which can be depth
resolved for the metallic members of the common HTSC
Materials. The enhancement by a factor of about 10 is less
than that reported for 8.8 MeV, but the 6.2 MeV bombard-
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ing energy also produces a smoothly varying cross section
and considerable enhancement (factor of 50) for carbon
(example in ref. 6). The Sandia and Los Alamos groups do
not report on carbon enhancement at their energy.
Although we do not commonly observe carbon in HTSC
films except as a surface contaminant, we find this
enhancement of sensitivity very useful to assure researchers
of the absence of carbon with the film, because it is well
known that small amounts of carbon have deleterious
effects in HTSC materials.

The principal reason for restricting to the lower
energy, however, is to keep the cross sections for the
metallic elements of the HTSC film in the range of Ruther-
ford interaction. The Los Alamos group reports (7) that
deviations from Rutherford are observed for copper above
about 7 MeV and for yttrium above about 8 MeV with the
barium expected to be Rutherford to 9 MeV or greater. In
the determination of profiles by computer analysis of the
spectra (see, for instance, ref. 3) from our HTSC samples,
we find it a considerable advantage to assure that these
metallic elements remain Rutherford, obviating a less cer-
tain correction for the experimentally observed ratio to
Rutherford. However, it should be noted that at a bom-
barding energy of 6.2 MeV calcium and lighter elements
are non-Rutherford.

In summary, the advantages of bombarding at higher
than normal energies for low energy backscattering are
greater depth of coverage with full resolution for most
HTSC materials and the considerable enhancement of the
cross sections for light elements while (in the case of 6.2
MeV bombardment) maintaining Rutherford cross sections
for the metallic elements. Although it is not of particular
interest to HTSC materials, we have also reported (5) ener-
gies at which the cross section for nitrogen is also reason-
ably smoothly varying and for which an enhancement of
nearly a factor of ten is shown. That article also provides a
parameterization of the ratios to Rutherford for the cross
sections for C, N and O at the bombarding energies we
suggest. These ratios may be used in calculations or simu-
lation programs, for instance RUMP (3), to evaluate pro-
files. However, we recommend the measurement of those
ratios using stoichiometric standards in the individual
researchers’ experimental configuration, since they are
angle dependent.

The disadvantages of using the higher energy elastic
scattering include the above mentioned necessity of
measuring the ratio to Rutherford for the light elements
under the experimental conditions used in the HTSC profil-
ing. Additionally, at high energies there is a problem of
using substrates containing elements in the region between
oxygen and titanium, where the cross sections are not only
non-Rutherford, but are generally strongly varying with
energy. Thus, the common substrate components Mg, Si
and Al are so strongly varying as to make the determina-
tion of the oxygen concentration in the HTSC film difficult
or impossible except at the high energy edge. When the
oxygen profile for the whole film thickness is required, we
prefer to use substrates for which all the elements other

27

than oxygen remain Rutherford,
yttrium-stabilized zirconia.

The difficulty in profiling the common light elements
in the presence of heavier elements inherent in low energy
backscattering may be overcome by other methods than
those reported here. Much effort has been devoted over the
years to the development of nuclear reaction analysis
(NRA) as an alternative, particularly for light elements.
Because of the typically lower cross sections for nuclear
reactions at lower energies, these methods are usually more
difficult and time consuming to apply than elastic back-
scattering; and, because NRA is specific to one isotope
only, it additionally requires obtaining a backscattering
spectrum for the remaining elements of the sample. In
addition, if one or both of the participating particles is a
hydrogen isotope, the profiling generally lacks depth reso-
lution due to lower stopping powers.

More recently, elastic recoil detection (ERD) employ-
ing heavier incident ions has been utilized for profiling
light elements. Where the compositions are such that the
recoiling element may be identified without ambiguity, this
can be a fast, useful method, although the use of absorber
foils leads to some degradation in depth resolution, and the
depth of analysis is severely limited by the high stopping
power of the incident ions. That method also requires
separate elastic backscattering for profiles of other ele-
ments in the sample.

Some of the surface sensitive spectroscopies are also
applicable for profiling, although they require a surface
removal technique (commonly sputtering); and it has
become increasingly evident that preferential sputtering and
other inherent artifacts may present difficulties. In this
laboratory, where a large number of HTSC thin-film sam-
ples have been studied in support of an extensive develop-
ment program, we have found the high energy elastic back-
scattering the most satisfactory method in dealing with thin
films of these materials.

such as SrTiO3 or

Examples

The efficacy of the high energy elastic scattering tech-
nique is best demonstrated by examples. Those shown in
Fig. 1 are taken from the large number of samples
analyzed at NRL.

Figure 1a shows the spectrum of a thin-film YBCO on
a SrTiO; substrate. The separation of the oxygen distribu-
tion from the smoothly varying distribution of the Sr and
Ti in the substrate is indicated. This distribution may be
compared with a similar determination from a single
crystal SrTiO3 standard defining the ratio to Rutherford for
the oxygen and thus the oxygen profile of the film (see ref.
6 for details). The solid line for the metallic elements is for
the computer simulation (3) fit to the data (dots) and deter-
mines the composition depth profile.

Figure 1b shows the spectrum for a nearly perfect as-
deposited YBCO film on a MgO substrate. The film is
very uniform, resulting in the almost flat-topped distribu-
tions, and is very nearly stoichiometric as determined from
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Fig. 1 — (a) through (f) examples of elastic backscattering spectra for

ples’’ for discussion of individual spectra).

various thin-film HTSC samples (see text ‘‘Exam-
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integrating the distributions. The enhanced mass separation
at higher energies is demonstrated by the %*Cu-%Cu
separation indicated, which is not observed at lower ener-
gies.

Figure lc shows a spectrum from an erbium-barium-
copper-oxide (EBCO) film, where the erbium and barium
distributions overlap considerably. It is seen that, at least
when the samples are reasonably uniform, the computer
simulation can successfully profile the sample and separate
the constituent components with little ambiguity. In this
case direct integration is impossible and the stoichiometry
is available only from the computer fit, which depends on
the somewhat less accurately known stopping powers as
well as the elastic scattering cross sections.

Figure 1d shows a more typical example of an unsuc-
cessfully annealed sample where the considerably non-
uniform and somewhat overlapping distributions are pro-
filed using the computer simulation. The composition vs
depth profile which was adjusted to provide the computer
simulation fit shown in the solid line may be used to iden-
tify the problems leading to the nonuniformity in the depo-
sition and anneal of such samples. Note that a uniform dis-
tribution would produce relatively flat-topped distributions
as in fig. 1b, and the deviations from this in the observed
distributions suggest diffusion of Ba toward the surface
(high-energy edge). The fit is not unique in regions of
overlap, and this ambiguity could be avoided by higher
bombarding energies. However, this figure indicates the
power of the simulation routine (3) in fitting very complex
spectra, even with some overlap.

Figure le shows a spectrum of a type frequently seen
for annealed BSCCO samples where the almost exponential
dropoff from the surface for all metallic elements is
characteristic of the considerable aggregation, or forming
into non-planar structures, which produce very nonuniform
thickness, and which may occur at the phase transition to
the polycrystalline structure. This effect is readily observed
by scanning electron microscopy (SEM).

Figure 1f shows for a BSCCO film the as-deposited
(solid line) film and the effect of a high-temperature anneal
(dashed line), which in this instance has resulted in diffu-
sion of some of the elements without loss and a tendency
toward aggregation. The structure apparent in the lowest
energy (calcium) distribution is due to the non-Rutherford
cross section at 6.2 MeV. The other metallic elements
remain Rutherford.

Similar results have been obtained at the other labora-
tories where high energy elastic backscattering is used (see
ref. 1 and 7, where the oxygen cross section enhancernent
is more prominent than shown here, as described above).
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Conclusions

The examples above show that the methods of high energy
elastic backscattering can be very productively applied to
determining the composition depth profiles of thin films of
HTSC materials, and that the resulting information may be
of considerable assistance in the development of production
techniques by calibrating the stoichiometry of the films and
helping to diagnose the problems which plague efforts to
produce thin-film superconductors of good uniformity and
reproductibility.
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