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/. Introduction
High-Tc YBaxCuyO7.g superconducting films are being developed for applications such as
superconducting quantum interference devices. The carrier concentration, critical current
density Jc and critical temperature Tc of these films depend sensitively on the oxygen content.
Stoichiometry, uniformity with depth, homogeneity across the sample and film thickness are
also important quantities for their characterisation. It has been shown, for example, that the
stoichiometry of the metallic elements affects the growth characteristics and surface
morphology of the films [1]. With the deposition techniques used, reproducibility of film
properties is difficult.

The characterisation of YBaxCuyO7_5 films with ion beam analysis techniques is complex.
Whereas the three metallic elements can be detected with helium beams and Rutherford
Backscattering (RBS), the oxygen signal is generally obscured by that from substrate
elements [2]. It can be better detected using resonant backscattering with 3.04MeV 4He ions
or nuclear reaction analysis. Elastic Recoil Detection (ERD) with high-energetic
(lMeV/amu), heavy beams (Z > 120), enables all elements to be detected and separated in a
single experiment [3,4]. It is well established that ion bombardment induces vacancies in the
oxygen sub-lattice, driving the material to change from crystalline to amorphous, the latter
phase having a reduced oxygen content [5]. In previous heavy ion ERD measurements of
YBaxCuyO2 films with 200MeV I27I beams [6], the opaque films became transparent in the
beam spot area, indicative of the amorphous phase. The accuracy of the oxygen measurement
is therefore questionable. Indeed, using Raman spectroscopy, distortions of the crystalline
structure above a fluence of 5 x 1011 ion/cm2 and for higher doses some signatures of a
reduction in oxygen content have been observed for such beams [7]. It appears therefore that
a correct determination of the oxygen content requires either a drastic reduction in fluence or
a containment of the oxygen inside the film.

In the present study a series of YBaxCuyO7_g films have been analysed with heavy ion ERD
using 197Au beams and a gas ionisation detector with large acceptance angle. RBS with 4He
and 28Si projectiles was also performed. The results from these three techniques have been
compared and the reliability of the oxygen measurement with heavy ion ERD has been
evaluated.

2. Experimental Details
The samples were crystalline layers of YBaxCuyO7.g , deposited on a MgO substrate in an
argon-oxygen atmosphere with the magnetron sputtering technique [8,9]. Three different
sputter targets (T10, T i l , T13) with ideal stoichiometry for the metals (YBaiCusOy.g) were
used to make 5 different samples, subsequently referred to as TlOa, TlOb, TlOc, T i l and
T13. The deposition parameters were similar. After deposition the samples were kept for lh in
a pressurised oxygen atmosphere. On sample TlOc a thin film of Au was evaporated to seal
the surface and suppress loss of material due to sputtering during ion beam analysis. Prior to
the ion beam measurements, the films were characterised with x-ray diffraction and
measurements of Tc and Jc. All films were high-Tc superconductors with Tc = 84.8-86.3K and
Jc = 0.5-3.4 106Acm'2.
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For heavy ion ERD, beams of 197Au at 212.4MeV, 216MeV and 243.6MeV were produced
with the HUD pelletron accelerator and collimated (slit dimensions 1 x 3mm). Recoil ions
were detected with a position-sensitive, gas ionisation detector (solid angle 4 msr) which was
located inside a scattering chamber (radius lm) at an angle of 6 = 45° relative to the beam
direction [10]. The sample normal was 67.5° relative to the beam and in plane with detector
axis and beam. The films were typically exposed to a dose of 5 x 1012 ions.cm"2. The beam
spot area on the irradiated samples was approximately 7mm2. Two energy loss signals (AE1
and AE2) and a residual energy signal (Eres) were detected to identify the atomic number Z of
the ions. All relevant elements can be distinguished in a projection of AE2 versus Eres
(Figure la). The total energy of the recoil ions was measured by summing AE1, AE2 and the
residual energy, and in addition directly using a grid electrode. The position information was
used to correct the kinematic energy broadening over the acceptance angle.
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Figure 1 Heavy ion ERD results for the film TlOc. (a) Energy loss AE2 versus
residual energy Eres.

Samples TlOc and T13 were analysed with heavy ion RBS using a 52.9MeV Si beam from
the 14UD accelerator (Si-RBS). The energy of the backscattered ions was measured at
6 = 110° with a Bragg ionisation detector. The angle between sample normal and beam was
45°. Additional RBS measurements were performed on all samples with a 1.83MeV 4He
beam from a 2MV van-de-Graaff machine (He-RBS). Scattered ions were detected at 9 =98°
and 168° with silicon surface barrier detectors. Sample orientations were between +5° and -5°
relative to the beam, chosen to allow channelled (He-RBS-c) and random entry.

3. Data Analysis
In the data analysis the stoichiometric ratios of the metallic elements in the film (Y,Ba,Cu)
were determined first. As illustrated in Figures la and 2a, the metals are resolved with heavy
ion ERD and Si-RBS. Ratios have thus been extracted by dividing the number of counts and
normalising with the respective scattering cross-sections. The accuracy of this technique is
only limited by statistical uncertainties. In addition, theoretical simulations have been adapted
(heavy ion ERD) or fitted (Si-RBS) to the energy spectra using the code RUMP [11]. Since
the stoichiometric ratios of the metals are not affected by these parameters, fluence, film
thickness and straggling were allowed to deviate from the actual value and O and Mg were
ignored in the calculations. Uniform stoichiometry throughout the film was assumed. The
ratios obtained this way are, in addition to the statistical uncertainty, affected by the
uncertainty of the adaptation. With He-RBS the metallic elements were not fully separated
(Figure 2b). In the spectra (random entry) from the backward detector at 169° surface and
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interface edges associated with these elements can, however, be clearly identified. This
allowed sensible fits of this part of the spectrum using RUMP. The experimental ratios
obtained with the different techniques, are consistent for each sample (Figure 3a). For each
sample the measured ratios were weighted by uncertainty and the average value was adopted.

Due to the scattering kinematics, oxygen cannot be detected with Si-RBS. In the He-RBS
spectra the oxygen signal is obscured by that from magnesium. In the case of heavy ion ERD,
oxygen is separated from the other elements and the interface edge between film and substrate
can be identified (Figure lb). Using the adopted stoichiometries for Y, Ba and Cu, the oxygen
content of the films was determined by integrating the oxygen spectra between surface edge
and interface and also by fitting the spectrum in this range using RUMP. Since it is difficult to
identify the exact position of the interface edge, the latter produced more accurate results.
Again, weighted averages were adopted as the results shown in Figure 3b.

Finally, using the measured film stoichiometries, the heavy ion ERD spectra were compared
with simulations using RUMP. Film thickness, straggling and fluence were treated as free
parameters. The substrate composition was assumed to be stoichiometric MgO. No film

Figure 2 (a) Silicon RBS spectra of T13. (b) Helium RBS spectra of TlOb. Th e
dashed line in each case is the RUMP simulation.

shows depth variations of the stoichiometry.

4. Discussion
All samples show a change from opaque to transparent in the beam spot area. He-RBS-c
orientation confirmed the crystallinity of the films. However, the minimum yields in the ERD
beam spot area are only slightly less than those for random orientation indicating
amorphisation. A fluence reduction by an order of magnitude would be necessary to limit
crystal damage. This may be achieved, with an acceptable deterioration of the energy
resolution, by doubling the detector solid angle and the width of the collimation slit and also
using a shallower angle between sample surface and beam.

With the exception of T i l , the ratios of the metallic elements are similar for all samples.
Although in all cases sputter targets with the ideal stoichiometric ratios for the metals
(YBa2Cu3) were used in the film deposition, the measured Ba/Y and Cu/Y ratios are both
smaller than those expected for ideal stoichiometry, while the Ba/Cu ratio agrees with that
value. The ratios for sample TlOc, which has a Au surface film, are consistent with those for
TlOa and TlOb which were made from the same sputter target, but have no Au film. For all
films the results from the different ion beam techniques agree. This indicates that sputtering of
metallic elements during ion beam analysis, which would be beam and energy dependent, is

40



insignificant. The deficiency of Ba and Cu relative to Y is likely to be due to the deposition
process. A possible cause may be sputtering of the film surface by plasma particles during
deposition, which can lead to a preferential loss of these elements [12]. For sample T i l the
Ba/Cu and Cu/Y ratios are consistent with stoichiometric composition, while the Ba/Y ratio is
only slightly smaller.

The results for the oxygen content reflect those for the metals. The O/Cu ratios are constant
and in agreement with stoichiometric composition and the O/Ba ratios are only slightly larger
than the ideal value. In contrast, again with the exception of T i l for which it is almost
stoichiometric, the O/Y ratio is considerably smaller. It may be assumed that oxygen loss
during ion beam analysis of a stoichiometric sample would reduce the ratio of oxygen to all
three metals. With the exception of Yttrium such a reduction is not observed. For sample Ti l
the ratios of all elements are consistent with those expected for a superconductor with close-
to-ideal stoichiometry. The reduced O/Y ratio for the other samples is consistent with the
observation of an excess presence of yttrium relative to the other two metals. This suggests
that, despite the amorphisation of the film, the oxygen content measured with heavy ion ERD
is accurate and that any loss during the analysis is insignificant.
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Figure 3 (a) The experimental ratios of Y, Ba and Cu determined with heavy ion
ERD (square), Si-RBS (triangle) and He-RBS (rhombus). The large filled circles
are averages, weighted by uncertainty, (b) The ratios of O and the three metallic
elements as measured with heavy ion ERD.
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