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We have performed an exhaustive study of the phase diagram of Y-Ba-Cu-O thin films using
chemical analysis, encrgy dispersive x-ray spectroscopy, Auger electron spectroscopy, and x-
ray diffraction. We show that Raman scattering can provide information regarding impurity

phases and oxygen stoichiometry in thin films

The mechanism responsible for superconductivity in
high-temperature ceramic superconductors is one of the key
issues in the ficld. A major difficuley with the study of phys-
ical phenomena in these materials is distinguishing purely
physical properties from metallurgical and chemical effects
such as microstructure, stoichiometry, homogeneity, and
impurities. This is especially true in the case of thin films
where many essential analysis techniques (such as neutron
scattering) are not applicable and the neighborhoced of for-
eign elernents (the substrate) can also cause additional com-
plications. On the other hand, a number of interesting prob-
lems can conveniently be addressed using thin films, for
instance, the form of the excitation spectrum, Josephson or
proximity type effects, and anisotropic properties of /1, or
J.. It is of considerable importance, therefore, to develop
techniques which can help characterize the structural and
chemical nature of thin films, especially with regards to the
overall oxygen stoichiometry, the appearance of oxygen de-
pleted zones, and the oxygen ordering. We have performed a
detailed study of the phase diagram of Y-Ba-Cu-O thin films
using conventional analysis technigues. More important, we
show that Raman scattering can provide crucial information
concerning impurity phases and in particular is able to deter-
mine the oxypgen stoichiometry in thin films.

Before describing our work on thin filims, if is conven-
ient to briefly review the techniques commonly used for the
characterization of the stoichimetry of high-temperature ox-
ides and the dificulties encountered applying them to thin
films. From the known amounts of each of the starting com-
pounds used to fabricate the sample, if x rays or neutron
scattering show the sample to be single phase, the metal ion
stoichiometry can be determined. Additionally, if the impu-
rity phases have been characterized, the precise location of
the final composition in the phase dizgram can be obtained,
The absclute oxygen stoichiometry has only been deter-
mined on large bulk samples using sophisticated refinement
techniques of neutron data,' although several technigues
such as thermogravimetry”® and oxygen evolution” are useful
in determining the relative oxygen stoichiometry (by com-
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parison). X-ray diffraction can help determine the metal ion
stoichiometry of sputtered or evaporated films if the rates
from each of the targets are accurately known and if the
impurity phases have been identified, although the oxygen
stoichiometry and/or ordering cannot be determined using
this technique. Chemical analysis {such as atomic emission
spectroscopy) is reliable and able to give some information
about the oxygen content but can only partially be applied to
thin films due to the small amounts of material inherently
available in: this form. Again the precise oxygen stoichiome-
try and/or ordering remains elusive. lon mili Auger electron
spectroscopy (AES) can determine the relative concentra-
tion of atomic species although it is not clear what effect ion
miiling has on the oxygen concentration and it is quite insen-
sitive to some elements such as ytirium. Moreover, being
intrinsically a vacuum technique, the surfaces being ana-
Iyzed may be enriched or depleted of oxygen or any other
component (such as barium) and not be representative of
the bulk material. Energy dispersive x-ray spectroscopy
(EDX} is an accurate technique if a proper calibration sam-
pie is available and can be used on thin flms. Although, in
principie, oxygen concentrations can be detected, most com-
mercial instruments are not equipped to detect the emissions

from oxygen atoms. Here a calibration of the AES and EDX
method was performed using “standard” samples that had
been characterized by x-ray and neutron diffraction and
chemical analysis. After calibration, all the above-men-
tioned techniques applied to a given thin-film sample yield
values for the metal ion stoichiometry which agree to within
2 few percent.

I the fabrication of thin films, obtaining correct metal
ion stoichiometry is, in principle, relatively simple since
knowledge of the evaporation or sputtering rates enables
fitms of the correct stoichiometry to be made. However, the
partial oxygen pressure during evaporation, rate fiuctu-
ations, 2nd the substrate temperature can sertously affect the
sticking coefficients and alter the expected stoichiometry.
The composition must then be verified using some of the
technigues mentioned above, starting with the identification
of impurity phases (if present) from conventional x-ray
analysis.
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Y-Ba-Cu-O thin films { ~1 um) were prepared using a
Riber molecular beam epitaxy (MBE) apparatus.® The films
were evaporated on rotating heated (400-500°C) SrTi0;,
Zv(, (9% Y}, Mg, and AlLO, substrates. Ba and Cu were
evaporated from temperature-stabilized Knudsen cells, and
Y was evaporated from an electron beam gun using electron
impact emission speciroscopy (EIES) to stabilize typical
rates of 4-5 A/s. Flowing oxygen was supplied close to the
substrate surface, which raised the base pressure
{~5% 10" ' Torr) to 2 X 1077 ° Torr during evaporation. A
number of annealing methods were attempted following re-
cipes available in the published literature.”” The main idea
behind all these annealing schedules is to aliow sufficient
time for the uptake and oxygen ordering to take place,”’
together with the nucleation of a preferential growth orien-
tation (texture or epitaxy), as well as o minimize the reac-
tions with substrate. The annealing which gave the best re-
sults for our films (onset 7. =91 K, AT, = 5K involvesa
4 h anneal at 550 °C, 1 h anneal at 650, 750, and 850 °C each,
followed by a 20 °C/min cocling with a 1 h anneal at 500 °C
and a slow coo! to room temperature.’

Testing the results of the various annealing schedules to
find the one that produces the best sample is 2 cumbersome
procedure, especially since, at certain temperatures and ex-
posure times, unwanted secondary phases may be formed.
We have found that Raman scattering provides an excellent
speedy technigue for the determination of secondary phases
and perhaps more important the oxygen content. It has been
reported in the Hierature that the strongest Raman line of
YBa,Cu, 0, _, at 500 cm ~ ' arises possibly from vibrations
of oxygens located in the O,, OQ,, or O, sites.®"* Figure 1
shows the dependence of the ~500 cm ™' Raman line on
oxygen stoichiometry determined by a number of groups.
The comparison of data implies that possibly the discrepan-
cies arise mainly from the independent oxygen stoichiome-
try determination and not from a disagreement on the exact
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FIG. 1. Dependence of the ~ 300 cm™ ¥ Raman line on oxygen stoichiome-
try determined by a number of groups: (8) from Ref. 9, (A) from Ref. 10,
(&) from Ref. 11, (§) from Ref. 12, and ({1) from Ref. 13. Two thin-film
samples before and after additional annealing are represented by {O). The
solid line s a least squares fit to all the data.
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FIG. 2. Ternary phase diagram of thin-film Y-Ba-Cu-G projected onto a
constant preparation plane: () known compounds, (A} superconducting
sarples, {O) not superconducting samples, () stoichiometric 1:2:3 com-
pounds.

location of the Raman line, It is, therefore, expected that the
relative error in the oxygen stoichiometry using Raman scat-
tering is possibly better than what would be concluded from
a naive examination of Fig. L.

Figure 2 shows the ternary phase diagram of the Y-Ba-
Cu-O films projected on a plane of constant preparation con-
ditions (i.e., oxygen stoichiometry?) as determined by a
combined wet chemistry, EDX, AES, and x-ray diffraction.
As expected, the samples clustered around the 1:2:3 com-
pound are superconducting, whereas the ones separated by
phase boundaries are not. We should stress at this point that
in order to obtain a reliable stoichiometry a number of cali-
brations using bulk samples and comparison from sample 10
sample had to be performed. This is particularly important
to highlight since in many cases aithough the relative
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¥IG. 3. Raman spectra of an YBa,Cu, O, thin film grown on SrTiG, sub-
strate after a first anneal (apper} and after annealing at 450°C for 10 h
{lower). Notice the shift on the Raman line at ~ 500 cm ™',
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FI1G. 4. Resistivity vs temaperature for the sample shown in Fig. 3. The top
curve (@) is for the first annealed sample and the lower one (O) after an
additional anneal of 450 °C for 10 h. The Raman scattering data (Fig. 3}
imply that oxygen concentrations correspond to x ~6.64 and x ~6.87 for
the as-prepared and annealed samples, respectively.

numbers are guite accurate, in the absence of standards, the
absolute stoichiometries couid be considerably erroneous.
For instance, the EDX results come from 2 semiquantitative
analysis routine which does not take into account the cxygen
bonding configuration of the metal ions.

Figure 3 shows Raman spectra from a film of 1:2:3 com-
position on SrTi0; substrates. The lower curve was taken for
the sample after a first anneal, and it can be seen that the
Raman line at ~490 cm ™! indicates a low oxygen content;
the upper curve was taken after the sample had been rean-
nealed at 450 °C for 10 h and the position of the Raman line
shifted to ~3500 cm ™' corresponding to a higher oxygen
stoichiometry. {The line at ~ 600 cm ™ ! indicates that some
second phase BaCuQ, has also bheen produced during the
annealing.} The oxygen stoichiometry extracted from the
least-squares fit to all the data in Fig. 2 is x ~ 6.64 and 6.87
for the “first annealed” and reannealed samples, respective-
iy.

Figure 4 shows a comparison of the resistivity of the
YBa,Cu, 0, thin films shown in Fig. 3. The onset of the
transition (7.} remains fixed whereas the zero resistance
temperature {7,,) shifts to lower temperature for lower oxy-
gen content. The broader transition is indicative of 2 lower
average oxygen stoichiometry together with a broader oxy-
gen stoichiometry distribution. The fact that the onset of the
transition remains fixed whereas the zero resistance drops
indicates that in this case the sample characteristics change
due to the presence of a smaller superconducting fraction
leading to a decoupling of superconducting phases of the
various ceramic grains. Since Raman scattering averages
over a finite volume of the sample, it cannot distinguish be-
tween changes due to a phase decoupling or an overall lower-
ing of the magnitude of the superconducting order param-
eter. The midpoints of the iransition, extracted from the
experimental relationship between oxygen stoichiometry
and transition temperatures in bulk samples,'”'* are in good
quantitative agreement with the values obtained from the
Raman data.
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The behavior described above has been observed sys-
tematically in a large sumber of samples, indicating that
Raman scattering is a powerful diagnostic tool for the char-
acterization of high-temperature oxide superconducting
films. Clearly, as Fig. 3 shows, there is a need to increase the
precision of the Raman data versus oxygen stoichiometry in
order 1o allow a more exact determination of oxygen stoichi-
ometry.

In summary, we have determined the phase diagram of
thin-film YBa,Cu,0, _; ceramic superconductors. The re-
sults show that EDX, wet chemistry, AES, and x-ray Giffrac-
tion together with bulk standards allow a precise determina-
tion of the metal ion stoichiometry. We have also found that
Raman scattering is a powerful tool which can be used for
the determination of impurity phases and oxygen stoichiom-
etry.
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