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Sequential electron beam evaporation of YBCO

thin films through the barium fluoride route
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Superconducting YBCO thin films have been fabricated by sequential electron beam
evaporation of metallic constituents for yttrium and copper while barium is replaced with
BaF2. The conversion of BaF2 → BaO has been attained through wet oxygen annealing.
Correlations of stoichiometry with microstructural, as well as superconducting, properties
of the films have been examined. Results are given for YBa2Cu3O7−δ thin films on SrTiO3

(1 0 0) and YSZ (1 0 0) single crystal substrates. The usefulness of the BaF2 preparation route
for the fabrication of mixed phase (Y123 + Y124) and pure Y124 is also demonstrated.
Microstructural properties of Y123 thin films indicate different growth processes for the two
substrates. C© 1999 Kluwer Academic Publishers

1. Introduction
The thin-film synthesis of highTc superconductor
(HTS) materials is a key technology for application
in electronic devices and their integration with semi-
conductor electronics. The HTS materials have been
grown by metal evaporation [1], sputtering [2], laser
ablation [3] and metalorganic chemical vapour depo-
sition (MOCVD) [4]. In situ processes (both for de-
position and annealing) have already resulted in thin
films with good structural and superconducting char-
acteristics. However, if similar quality can be attained
throughex situannealing it would be more convenient
and useful for device fabrication. This can be accom-
plished [5] with the use of BaF2 as a source material,
which has been shown to reduce greatly the sensitivity
of as-deposited films to fabrication and environmental
conditions.

The selection of substrates for epitaxial growth of
YBCO films needs to satisfy several requirements [6].
In this paper we report the growth of YBCO supercon-
ducting thin films on SrTiO3 (1 0 0) and YSZ (1 0 0)
single crystal substrates using sequential electron beam
evaporation of Yttrium, BaF2 and copper, followed by
an optimized wet and dry annealing procedure. Various
thin-film parameters have direct bearing on stoichiome-
try, crystallite size and superconducting transition tem-
perature. The crystal structure and microstructural stud-
ies are also reported.

2. Experimental procedure
An ultra-high vacuum (UHV) system (Varian VT118)
equipped with 10 kV electron gun with three crucibles
was used for the fabrication of thin films. A vacuum
better than 5.0× 10−8 mbar was obtained in a rea-
sonable time by the judicious use of a turbo molec-
ular pump, a sputter getter ion pump and a titanium
sublimation pump. The substrates (cleaned and well-

polished single-crystal SrTiO3 (1 0 0) were mounted
30 cm above the evaporating source on the heater-
substrate holder. The substrates were heated to 600◦C
for about 1 h in good vacuum to attain cleaning from
volatile impurities. The evaporating source materials–
yttrium (99.999%), BaF2 (99.9%) and copper (99.99%)
–were thoroughly degased by focusing and rastering the
electron-beam such that on heating and melting of the
materials, the vacuum in the chamber remained stable.

The thickness of the film of each material was esti-
mated by considering the density and molecular weight
of the materials, such that on evaporation, the metal sto-
ichiometric ratio was close to Y : BaF2 : Cu :: 1 : 2 : 3.
The evaporation of the individual materials was mon-
itored and controlled by microprocessor-controlled
quartz crystal thickness monitor (Intellemetrics IL
400). The thickness measurement through the quartz
crystal involved density,D, acoustic impedence,Z, and
a geometrical factor of the system, called a tooling fac-
tor. The tooling factor is defined as the ratio of the
thickness measured by the quartz crystal to the actual
thickness measured by the stylus technique, keeping
the evaporation geometry constant. Thus, the tooling
for a material is determined by evaporating a known
thickness (0.1µm) as determined by the quartz crystal
and measuring the same thickness by the stylus mea-
surement method. While determining the tooling factor,
the evaporation parameters (geometry of the evapora-
tion arrangement, degasing procedures, vacuum during
evaporation) were kept unchanged. The tooling factors
for each material were thus determined by the inter-
ative method such that the observed thickness of the
deposited film was nearly equal to the measured thick-
ness. The tooling factors for yttrium, BaF2 and copper
were determined separately.

The evaporation of the materials (yttrium=
18.04 nm, BaF2 = 63.15 nm, copper= 18.79 nm) in
order to obtain the1 : 2 : 3 metallic ratio was carried
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TABLE I Deposition parameters

Parameter Value

Substrate SrTiO3 (1 0 0)/YSZ (1 0 0)
Source substrate distance 30 cm
Substrate temperature 600◦C
Vacuum during deposition 3.0× 107 mbar
Deposition rate 0.1 nm
Tooling

Yttrium 1.688
BaF2 1.165
Cu 1.043

Thickness
Yttrium 18.04 nm
BaF2 63.15 nm
Cu 18.79 nm

Total thickness Typically 0.5–1µm

out by considering the density, the acoustic impedence
from the standard tables [7], and the tooling factors de-
termined experimentally. The conditions (summarized
in Table I) of evaporation were maintained the same
as those for determining the tooling factors. Thus, the
fabrication of yttrium, BaF2 and copper stakes of films
100 nm thick was carried out in five batches, such that
the total thickness obtained was typically of the order
of 500 nm.

The as-deposited films were amorphous and shiny.
They were insulating and thus had very high room-
temperature resistivity. Several transformations take
place in the film in order to convert it into a super-
conductor with good structural properties. In the first
step, the BaF2 is converted to BaO followed by a second
step involving the formation of YBCO with orthorhom-
bic structural properties, and finally the desired oxy-
genation of YBCO to attain optimum superconducting
properties. In the usual annealing procedure [9] first
the sample is heated to 750◦C where it is observed
that BaF2 dissociates in the presence of wet oxygen
(H2O + O2) followed by the second stage, where the
temperature is raised to 850–900◦C which facilitates
development of proper morphology together with the
formation of YBCO. Finally, the temperature is low-
ered to approximately 500◦C in order to facilitate the
desired oxygenation of the samples.

The annealing schedule followed in the present work
is shown in Fig. 1. The temperature and the duration of
each step was varied in order to obtain films with opti-
mum superconducting properties. The duration of the
wet oxygenation was also varied. The microstructure
was studied by scanning electron microscopy (SEM)
(Jeol-JSM35C scanning microscope) and the phase
purity was identified by XRD using the CuKα line
(Siemens D-500 X-ray diffractometer).

3. Results and discussion
3.1. Properties of off-stoichiometric films:

colour of films and microstructure
The deleterious effects of off-stoichiometry of met-
als over the superconducting properties of YBCO thin
films are well known [9]. Various stages of the for-
mation of YBCO have been characterized and moni-

Figure 1 Schedule forex situannealing treatment given to the films
fabricated through the BaF2 route.

Figure 2 Scanning electron micrograph of typical yttrium-rich YBCO
thin film. Needle-like structures may be noticed.

tored through resistivity-temperature (R-T), SEM stud-
ies. The formation of YBCO compound in accordance
with the equilibrium phase diagram [10] needs opti-
mum temperature, pressure and annealing treatments. It
is possible to estimate the quality of the samples through
visible observation of the colour and microstructure
as evidenced by scanning electron microscope (SEM).
The green colour of the samples indicates insufficient
oxygenation and growth of insulating phase (green
phase). Electrical measurements on these films show
semiconducting properties. The scanning electron mi-
crograph (Fig. 2) shows the presence of needle-like pre-
cipitates.

The films with excess copper (over the stoichiometric
composition) have large room-temperature resistivity
(approximately a few kÄ) causing theR-T measure-
ments to be sensitive to noise and the films are found
to be insulating. The scanning electron micrographs
(Fig. 3) show white conglomerates indicating the for-
mation of insulating copper oxide.

The annealed samples are whitish in colour. Repet-
itive annealing with increased durations of high-
temperature annealing fail to convert the whitish colour
to the dark-brown phase. This behaviour is attributed to
excessive barium content. There are several well known
problems [11] in the case of such films.
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Figure 3 Secondary electron micrograph of a typical copper-rich YBCO
thin film. The presence of white lumps may be noticed.

3.2. Characterization of thin films
3.2.1. Thin films on SrTiO3 (1 0 0) substrates
Superconducting thin films were prepared on two types
of substrate, SrTiO3 (1 0 0) and YSZ (1 0 0) single crys-
tals, under optimized conditions. The deposition and
annealing was performed under similar optimized con-
ditions for these two substrates.

The electrical characteristics for all films were taken
using the usual four-probe technique. Fig. 4 shows the
electrical characteristics of typical YBCO thin films
fabricated on SrTiO3 (1 0 0) and YSZ (1 0 0) substrates.
TheR-T characteristics of a YBCO thin film on SrTiO3
substrate having zero resistivity at 85 K are shown in
Fig. 4a. A scanning electron micrograph of this thin film
is presented in Fig. 5, which shows characteristic long
and well-developed bars which are orthogonal to each
other. The observation of such morphological structure
has been corroborated with other reports in the litera-
ture [12]. This well-developed microstructure indicates
the possibility of thec-axis of the film being normal to
the plane of the substrate; this can be corroborated by
powder XRD studies. This microstructure also empha-
sizes near-crystallographic matching of the YBCO film
with the substrate SrTiO3 (1 0 0). The difference in the
BaF2 route of YBCO preparation from the technique
in which Ba/BaO is used as a source, can be under-

Figure 4 The R-T characteristics of YBCO thin films. (a) Y123 on
SrTiO3 substrate, (b) Y124 on SrTiO3. (c) c-axis-oriented Y124 on
SrTiO3. (d) Y123 on YSZ substrate.

Figure 5 Secondary electron micrograph of YBCO thin film.

stood by comparison [12] of the microstructures of the
samples obtained through both methods. In the BaF2
route, the film shows large interconnected crystallites
of YBa2Cu3O7−δ which are perpendicular to each other,
as shown in Fig. 5, while in the barium method, a large
number of randomly oriented small grains is observed.
The powder X-ray diffraction (XRD) of the samples
was performed using the CuKα line as source. The XRD
of this thin film is shown in Fig. 6a. All the peaks are in-
dexed in the light of reported literature [13]. The (0 0 1)
peaks are predominantly observed, which indicates that
the c-axis of the film is perpendicular to the plane of
the substrate. This is also supported by microstructural
results.

3.2.2. Thin films of Y124 phase
There are several reports [14] demonstrating the exis-
tence of an ordered defect structure, while studying the
X-ray and electron diffraction in epitaxial thin films of
YBCO, having an extra copper oxygen layer in every
unti cell of the parent1 : 2 : 3 material. The compo-
sition of this defect structure is found to be2 : 4 : 8.
It was understood that changes in growth and post-
annealing conditions enable the sample to be made
as isolated1 : 2 : 3 or 2 : 4 : 8phase or, in a more gen-
eral case, as faulted structures that mix the two. The
rate-limiting step [15] in the formation of YBCO is the
conversion of BaF2 → BaO under wet oxygen anneal-
ing conditions. The high-temperature annealing step
(temperature and duration) can thus influence of forma-
tion of Y2Ba1Cu8O16 (Y248) or YBa2Cu3O7−δ (Y123)
phase. The Y248 phase is also unstable at high temper-
atures (>850◦C). This gets converted into Y123 phase.
Thus, keeping the annealing temperature at 850◦C, and
changing the wet-annealing duration (time) it is possi-
ble to realize Y248 phase. Fig. 6b shows an XRD of a
typical mixed phase (Y123+ Y248) sample annealed
at 850◦C for 1 h. All the peaks are indexed [16]. The
XRD is dominated by predominantly Y248 phase hav-
ing two well-developed Y-123 phase peaks, i.e. (0 0 1)
and (0 0 2). The scanning electron micrograph (Fig. 7)
also exhibits different microstructural growth for both
the phases. While one phase leads to bigger platelets,
another leads to microcrystallites.
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Figure 6 Powder XRD of the YBCO thin films. (a) Y123 phase on
SrTiO3 substrate.c-axis orientation is apparent from (0 0 1) peaks. (b)
Mixed phase (Y123+ Y124) specimen. Note that the starred peaks are
Y123 phase and the rest are Y124 phase. (c)c-axis oriented Y124 phase.
(d) Y123 phase having different orientation of crystallites. (e) Y123
phase on YSZ substrate.

Figure 7 Scanning electron micrograph of a typical mixed-phase YBCO
sample. One phase leads to bigger platelets while another leads to mi-
crocrystallites.

Figure 8 Scanning electron micrograph of Y124 phase. This phase also
exhibits a basket-weave structure.

The R-T measurement (Fig. 4b) of the sample an-
nealed at 850◦C for 2 h shows it to be superconduct-
ing around 80 K. XRD (Fig. 6d) shows it to be poly-
crystalline Y124 phase. The diffractogram shows peaks
corresponding to (0 0 1) and also peaks corresponding
to different orientations (0 1 5), (1 1 1) and (2 1 0). The
absence of Y123 phase can readily be observed. The
sample annealed at 850◦C for 3 h in wetoxygen con-
ditions, even though it shows superconductivity around
80 K (Fig. 4c), has superior crystallite orientations, as
revealed by powder XRD (Fig. 6c). The XRD exhibits
Y248 phase having all (0 0 1) peaks. So it can be un-
derstood that growth of Y248 phase proceeded with its
c-axis oriented perpendicular to the plane of the sub-
strate. The scanning electron micrograph (Fig. 8) shows
the microstructure of pure Y248 phase. It is evident that
this phase also displays a basket-weave like structure.
Comparing theR-T characteristics of polycrystalline
andc-axis-oriented Y124, it can be understood that the
transition width of thec-axis oriented Y124 specimen
is lower.

3.2.3. YBCO thin films on YSZ (1 0 0)
substrates

The YBCO superconducting thin films are fabricated
on yttria-stabilized zirconia (YSZ) single-crystal sub-
strates with similar growth and annealing conditions to
those observed with SrTiO3 (1 0 0) substrates.

Fig. 4d shows the variation of resistance with temper-
ature (R-T) for a typical YBCO thin film on YSZ sub-
strates. TheR-T characteristics of the specimen show
the thin film to be superconducting around 80 K, while
the XRD (Fig. 6e) reveals thec-axis-oriented growth of
the thin film. The scanning electron micrograph (Fig. 9)
shows the pebble-like morphology consistent with the
XRD results.

3.2.4. Comparison of microstructures on
SrTiO3 (1 0 0) and YSZ (1 0 0)
substrates

The microstructure of superconducting Y123 phase
on SrTiO3 (1 0 0) and on YSZ (1 0 0) reveal interest-
ing comparisons. Both the substrates facilitate strong
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Figure 9 Scanning electron micrograph of a typical Y123 thin film on
YSZ (1 0 0) substrate. The pebble-like structure can be observed.

c-axis-oriented growth. However, the growth morphol-
ogy is quite different in the two cases. While Y123
phase on SrTiO3 exhibits long bars orthogonal to
each other and have well-developed junctions, the mi-
crostructure on YSZ substrate reveals growth of a sim-
ple crystalline (pebble-like) structure. The differences
in the microstructures may be understood in terms of
lattice matching and also matching of the thermal ex-
pansions of the substrates with that of YBCO. It is now
well understood that SrTiO3 (1 0 0) substrates are more
suitable for YBCO thin-film growth. In YBCO there
are four [17] crystallographically inequivalent (0 0 1)
layers that can interfacially bond with the YSZ sur-
face. Through simulations of structural interfaces at an
atomic level, it is known that out of these four planes,
three are observed to initiate at the surfaces of various
substrates. On SrTiO3, the CuO plane forms the in-
terface [18]. Owing to large lattice mismatch between
YBCO and YSZ substrate, three main epitaxial ori-
entations have been observed [17] forc-axis films on
YSZ. These can be understood to arise from the differ-
ent YBCO unit cell layers which initiate the interfacial
configurations. Thus the growth modes of the thin films
of SrTiO3 (1 0 0) and YSZ (1 0 0) substrates differ from
each other.

4. Conclusion
By following the BaF2 route, it is possible to fabri-
cate pure Y124 phase which, at high temperatures,
transforms to pure Y123 phase. Incomplete transfor-
mation leads to faulted structures having mixed phases
(Y123+ Y124). Optimized conditions of annealing in
the case of Y123 on SrTiO3, give optimum stoichiom-
etry, bigger bar-like microstructures,c-axis-oriented
crystallites and superconductingTc around 85 K. The
Y124 phase also exhibits a basket-weave structure sim-
ilar to that of Y123. The off-stoichiometry has dele-
terious effects on microstructure and superconducting
properties.
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