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We have analyzed the structure and properties of Y;Ba,Cu;0_, films on (012) sapphire
substrates. The films were obtained by evaporation of the metals in a UHV system
with an oxygen beam directed at the substrate. Analysis was performed by X-ray diffrac-
tion and electron probe microanalysis [EPMA], after annealing in addition by scanning
electron microscopy [SEM] and Auger electron spectroscopy. Without annealing no
superconductivity was obtained although sufficient oxygen could be incorporated during
growth. The copper does not oxidize. After annealing in oxygen superconductivity is
found with an onset temperature of 80-90 K and zero resistance at 30-40 K. A grain-like
pattern of 3—5 um typical size is seen. Chemical reactions between layer and substrate

are observed.

Introduction

After the discovery of Bednorz and Miiller [1] of
superconductivity at high temperatures in materials
with perovskite-type structure, followed by the rapid
increase of T, observed in Y;Ba,Cu;0,_, by Chu
et al. [2], there has been an explosion in the number
of publications on high T, superconductors. The fabri-
cation of thin films of Y,Ba,Cu,0,_, was soon suc-
cessful. The best results have been obtained on single
crystal Sr'TiO, substrates, with films having a narrow
resistive transition and a high T, of 91 K (Chaudhari
et al. [3], Naito et al. [4]). Films on sapphire have
a much broader transition [4]. With e-beam evapora-
tion no superconductivity is obtained without anneal-
ing in oxygen after the actual evaporation. As sap-
phire substrates are much more generally available
than strontium titanate it is important to understand
why the use of sapphire leads to films of much lower
quality. We report on our results with
Y,Ba,Cu;0, _, films on sapphire substrates, both be-
fore and after annealing.

Fabrication

The films were fabricated in a UHV system which
is drawn in Fig. 1. The copper and yttrium were eva-

porated with two electron beam guns, the barium
with an effusion cell (purity Cu 99.99%, Ba 99% and
Y 99.9%). The flux of the three metals was measured
with the aid of a cross-beam mass spectrometer, which
operated in a three channel time-multiplexed mode.
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Fig. 1. Schematic drawing of the UHV-system. X =X-tal, SH = sub-
strate holder, IC=mass spectrometer (Balzers QMG 511), E =effu-
sion cell and e-guns, O, =oxygen beam
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The output of the mass spectrometer was demulti-
plexed and the signals used to stabilize the evapora-
tion rate of the three metals. The aim was to make
the high 7. superconductor with the composition
Y;Ba,Cu;0,_,. The evaporation rate of the Ba was
about 0.3 nm/s and the other rates were adjusted to
obtain the ratio 1:2:3 for Y, Ba and Cu. The evapora-
tion time was about 40 min for a film thickness of
about 1 pm, adapted to the typical depth of analysis
in normal electron probe microanalysis [EPMA]
practice.

The oxygen was sprayed onto the substrates dur-
ing evaporation to get locally a high effective pressure.
The oxygen flow was measured to be 2 mi/min, which
resulted in a system pressure before evaporation of
1.10~ % Pa. Five outlets were used at about 5 cm from
the substrates. The oxygen flux was large enough to
allow Y;Ba,Cu;0, to be formed with the evapora-
tion rate used if the oxygen were to react in the right
way. The strong gettering of oxygen by Ba and Y
reduced the pressure as measured with the ion gauge
during evaporation to 2.10™* Pa. One has to realize
that the pressure reading is strongly influenced by
the location of the ion gauge. The maximum oxygen
flow was limited by the mass spectrometer, as its sen-
sitivity and baseline were influenced when the system
pressure was increased too much.

The system contained a heated and a non-heated
substrate holder, consequently during every evapora-
tion run we obtained films deposited at different sub-
strate temperatures. Concentration differences due to
the beam profile of the evaporating metals were small.
The substrate material was (012) sapphire. No buffer
layers were used.

Results before annealing

The fabricated films were smooth and shiny and had
a dark brown appearance. When exposed to humid
air the samples slowly degraded in about half an hour.
No observable changes occurred in pure oxygen, pure
carbon dioxide or pure nitrogen on the time scale
of one day. The films deposited on heated substrates
seemed more stable. The resistance of the films was
always very high, of the order of megaohms.
Analysis of the layers was performed with an
EPMA-instrument of Jeol (Superprobe 733) using an
Y;Fe;0,, standard for Y analysis, a K-458 glass
(31.93 mass % of O,, 23.08 mass % of Si, 3.07 mass
% of Zn, 41,92 mass % of Ba) for the Ba and O
analysis and pure Cu for the Cu analysis. As a refer-
ence small grains high-T, Y,Ba,Cu;0,_,, made by
powder technology, were analyzed. After application

Fig. 2. Wide angle Debye-Scherrer X-ray photograph, Cu radiation.
The spots arise from the sapphire substrate. The X-ray photo shows
the copper rings and a faint diffuse ring from an amorphous material

of corrections for matrix effects this analysis yielded
a composition Y, oBa, (Cu; (Og 5.

The analysis of the films as evaporated always
showed a higher oxygen concentration than needed
to oxidize the Ba and Y. In some films, in particular
with high substrate temperatures, we even found a
higher concentration of oxygen than necessary to
form Y;Ba,Cu;0,, so it seemed that enough oxygen
was incorporated in the films during evaporation.

X-ray diffraction performed on films, evaporated
with substrate temperatures from room temperature
to 400 °C, indicated amorphous material with two
diffuse rings. Films fabricated at temperatures be-
tween 600 °C and 800 °C showed, apart from the dif-
fuse rings, the crystal structure of fce Cu (Fig. 2). So
these films contained small precipitates of pure Cu.
To investigate the oxidation properties of copper we
evaporated pure copper under conditions similar to
those during the Y;Ba,Cu;0,_, runs. The copper
was not oxidized at room temperature, which is in
agreement with measurements by Yu et al. [5]. We
found we could achieve successful oxidation to CuO
with a 100 ¢V oxygen ion beam directed at the sub-
strate. The ion flux at the substrate was larger than
the copper flux. Similar results have also been ob-
tained by Guarnieri et al. [6].

The equilibrium pressure of oxygen as a function
of temperature is given for CuO by Smyth and Ro-
berts [7] and for Cu,O by Allmand [8]. These equi-
librium diagrams indicate that it is difficult to evapo-
rate CuO or Cu,O under vacuum conditions, as was
experienced by Naito et al. [4], because the oxides
dissociate when heated. Judging from the equilibrium
oxygen pressure, only formation of Cu,O is likely be-
tween 600 and 800 °C at the effective local oxygen
pressure in our system. For oxidation to CuO in this
temperature range a much higher oxygen pressure
is required, about 107* Pa at 600 °C. The intensities
of the X-ray diffraction lines for films evaporated at



temperatures higher than 600 °C indicated that the
major fraction of the copper in our film was not oxi-
dized. We expect the same is true for the copper in
films fabricated at temperatures below 600 °C, al-
though metallic copper could not be observed there
by X-ray diffraction. As the copper remained largely
unoxidized in our films, the preparation of
Y Ba,Cu;0,_, in the proper crystal structure seems
impossible in our system. An extra anneal in oxygen
at higher pressures to form the high T, phase is neces-
sary. The high oxygen content in our films as inferred
from the EPMA data can be explained by incorpora-
tion of oxygen in the films in the form of Ba peroxides.

Results after annealing

After annealing in pure oxygen the films became su-
perconducting. The typical annealing procedure was:
An increase from room temperature to 800 °Cin 3 h,
4 h at 800 °C, followed by a decrease to room temper-
ature in 8 h. Typical resistive transitions are given
in Fig. 3. The superconducting onset occurs at 80 to
90 K, but the transition width is always very broad,
about 40 K. All curves have a resistive tail, which
is strongly influenced by a transverse magnetic field.
Positive as well as negative temperature coefficients
are observed. The substrate temperature during evap-
oration has very little influence on the final resistive
transition obtained after annealing. The films re-
mained smooth and shiny after the annealing proce-
dure. Figure 4 shows a secondary electron image
made with a scanning electron microscope (SEM)
(JEOL 840). The pattern in the layer is made by ion
beam etching with Ar.

The X-ray diffraction yields the orthorhombic
(high T)) or tetragonal structure. The lines are consid-
erable broadened, therefore the actual splitting which
distinguishes between these two structures can not
be observed. Preferential orientation of the small crys-
tallites (=20 nm as determined from line width) is
not observed. There are always some X-ray lines
which cannot be identified and hence the material
is not single phase.

The I-V characteristic of a narrow line of 20 pm
width, made with ion beam etching, is shown in Fig. 5.
The calculated p,, sk is 140 uQm. A line with a width
of 5 pm, etched in the same film, had a p,,sg which
was 10 times higher. This line did not become super-
conducting, the resistance decreasing with only 30%
on cooling from 80 K to 4.2 K.

When the layers were inspected with the SEM
and the backscattered electrons were used for image
formation, a grain-like structure with dimensions
much larger than the inferred X-ray grain size is ob-
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Fig. 3. Resistive transitions of films of Y,;Ba,Cu;0,_, on sapphire
substrates. The resistances at 150 K are 58 @ (upper curve), 501 Q
and 25 Q (lower curve). The dashed line is a transition in a transverse
magnetic field of 0.2 T (fower curve). This field has a marked effect
on the low resistance part of the resistive transition
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Fig. 4. Argon ion beam etched structure in a film of Y, Ba,Cu;0,_,
on a sapphire substrate. The bar is 1 pm. (V=35kV, substrate tilted
with respect to beam)
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Fig. 5. I-V characteristic of a line obtained with Ar jon beam etch-
ing. Dimensions of the line: 20 pm x 2000 pm. T=1.3 K
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Fig. 6. Surface of an Y;Ba,Cu;0, ., film after anneal. Backscattered
electrons are used for image formation. In the right hand half of
the figure, 90% of the film thickness has been removed by Ar etch-
ing. The bar is 10 pm. (V=25 kV, substrate perpendicular with re-
spect to beam)

served in the films. Figure 6 shows a backscattered-
electron image, the left side shows the grain-like struc-
ture in the film. The part on the right in this figure
was etched with an Ar ion beam until 10% of the
thickness of the superconducting layer was left. The
grain structure is seen to be continuous between the
two halves of the figure, but the grain boundaries
become thicker deeper in the film. The contrast in
Fig. 6 between the two halves has been enhanced arti-
ficially. Figure 7 is a magnification of Fig. 6. The same
area is given with backscattered and secondary elec-
trons. Although the grain structure is visible in the
secondary-electron image, the backscattered-electron
image shows the grains more clearly. In the grain
boundaries the presence of Si was detected with
EPMA. In order to get an idea of the Si concentration
in the boundaries Auger analysis was performed with
a lateral resolution of the clectron beam adapted to
the dimensions of the boundaries. This resulted in
an estimate of 30 at. % Si. The origin of the Si is
not clear. A layer of Cu evaporated in the same UHV
system contained no Si as determined by EPMA with
a detection limit <35 ppm Si, so the UHV system
itself and the Cu source are not suspected.

Efforts to improve the width of the resistive transi-
tion were not very successful. We believe this is caused
by a chemical reaction of the evaporated material
with the substrate. Our conclusion, which is in agree-
ment with Hammond et al. [9], is based on several
observations. EPMA before and after annealing
yielded a different metal composition. The resistive
transition was not much influenced by considerable
changes in metal composition or annealing procedure

IMAGE

Fig. 7. Surface of an Y,Ba,Cu;0,_, film after anneal. Detail from
Fig. 6. Upper photograph is a secondary electron image (SE), the
lower is a backscattered image (BE). The bar is 1 pm. (V=25kV,
substrate perpendicular with respect to beam)

for temperatures between 750 and 800 °C. With an
annealing temperature of 900 °C the BaAl,0, crystal
structure could be identified by X-ray diffraction.
After removal of the superconducting layer with a
10% solution of acetic acid, a thin transparent layer
of about 30 nm thickness was found to remain. Al-
though these observations show evidence for chemical
reactions, we could not detect Al with EPMA in the
films we used for our measurements. Also the relation
between the resistive transition and the large grain
structure detected in the films is not clear. Other mea-
surement techniques are applied at present to obtain
more information concerning the material inside the
grain.

Conclusions

It seems unlikely that high-T, Y,Ba,Cu,0,_, can be
obtained during growth by straightforward evapora-
tion of metals and the application of a beam of molec-
ular oxygen. A minimum requirement to form high-T;



Y,Ba,Cu;0,_, is the oxidation of copper, which
does not occur at the attainable values of the effective
oxygen pressure on the substrate. The use of an oxy-
gen ion beam may be advantageous.

The magnetic field dependence and the strong in-
crease of resistance in narrow lines indicate that the
tail in the resistive transition is associated with the
detected grain boundaries on a scale of several mi-
crometers. The material within the grains has a re-
duced onset temperature and a broadened transition,
as seen in the upper part of the R(T) curve. This
might well be caused by impurity phases, for example
due to chemical reactions with the substrate.
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