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Résumé. 2014 Des couches minces supraconductrices du matériau YBa2Cu3O7-x ont été préparées à partir de
dépôts réalisés par pulvérisation diode continue puis cristallisés grâce à un traitement thermique approprié.
Les paramètres de dépôt ont été optimisés afin d’y atteindre la stoechiométrie idéale 1: 2 : 3. Des substrats de
nature variée ont été testés : la plupart d’entre eux mettent en évidence une forte interaction chimique avec le
film lors du recuit. Afin de mieux définir les effets de contamination des divers substrats potentiels sur les
propriétés supraconductrices de YBa2Cu3O7-x, des éléments étrangers ont été volontairement introduits en
petites quantités dans des pastilles frittées de ce matériau. Leur influence a été étudiée par des mesures
magnétiques. A partir de ces résultats, des couches minces supraconductrices ont été obtenues, notamment sur
des substrats de zircone, de zircone stabilisée et de BaZrO3. Le début de transition se situe dans tous les cas
vers 90 K. L’importance de l’état de cristallisation des couches, lié au traitement thermique mis en oeuvre,
apparaît clairement.

Abstract. 2014 Superconducting thin films of YBa2Cu3O7-x have been prepared by d.c. sputtering deposition
followed by a suitable thermal treatment. The deposition parameters were optimized in order to obtain ideal
1: 2 : 3 composition of the films. A wide variety of substrates were tested, most of them giving evidence for a
strong chemical interaction with the film when annealed. To better determine the contamination effects of

potential substrates on the properties of YBa2Cu3O7-x, a number of foreign elements were diluted in sintered
samples of the superconducting matrix. Their influence was evaluated from a.c. susceptibility or magnetization
(SQUID) measurements. Superconducting films were thus obtained, mainly on zirconia, BaZrO3 or YSZ
(yttrium stabilized zirconia) sintered plates, with the onset of superconducting transition occurring near 90 K.
The width of the transition strongly depends on the crystalline state of the film, which is connected to the
applied thermal treatment.
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1. Introduction.

The recent discovery of high-Tc superconductivity in
metallic oxides with modified perovskite structure
[1-2] started an intense activity in scientific and

technological research. The preparation of thin films
of these materials is of main interest for fundamental

physical studies as well as for devices applications.
So, a considerable effort is being done world-wide in
this field, including a number of deposition
techniques, for instance sputtering [3-7], electron
beam coevaporation [8-9], MBE (molecular beam
epitaxy) derived methods [10] and pulsed laser

evaporation [11]. In a preliminary report [3], we
have presented some results obtained on

Y-Ba-Cu-0 deposited on a Zr02 substrate. We

report here our results obtained on the Y-Ba-Cu-0

system by d.c. sputtering on a variety of substrates.
Since very strong chemical interactions between
films and substrates should be taken into account,
we completed this work by studying the contami-
nation of superconducting material by some of the
elements present in the composition of these subs-
trates.

2. Experimental.

A very simple, small-sized d.c. sputtering device, as
described elsewhere [12], was used. Only slight
modifications were made in view of a more efficient

cooling of the target and an easier control of the
target-substrate distance [13].

Targets were made from appropriate amounts of
BaC03, Y203 and CuO mixed together, ground in
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aceton, reacted for 2 hours at 970 °C in an alumina
boat under air atmosphere and air-quenched. The
obtained powder was reground and pressed at an
uniaxial pressure of 2 kbar into the form of a disk of

25 mm diameter and 4 mm thickness. The disks were

sintered again for 2 hours at 970 °C on a platinum
plate and cooled down by switching off the fumace.
Oppositely to Sry][-a2 - yCU03 - x’ we never observed
breaking of the targets during cooling [14]. The back
of the targets (always contaminated by some crystals
of platinum insulating compounds of the type
Ba2Y2CuPt0g recently characterized [15]) was glued
using a silver epoxy to interchangeable copper
holders.

Before pulverization, substrates were treated in a
conventional manner : for instance, sapphire was
degreased, cleaned in fluorhydric acid, washed with
distilled water and ethanol in an ultrasonic cleaner
and fired up to 1 000-1 200 °C under air atmosphere.
Sintered substrates were used as soon as possible
after being removed from the furnace.
The films have been characterized by X-rays

diffraction XRD (CuK« ) and by a scanning electron
microscope (SEM) JEOL 35 CF coupled to a

NORTHERN TRACOR 2000 energy-dispersive-
spectroscopy (EDS) analyser. Resistivity measure-
ments were performed using silver paint contacts in
a standard four-probe method. The d.c. current was
kept below 1 J.LA-10 nA. The contact resistances

(0.5 mm2 area) were of the order of 10 O. Magnetic
measurements of the film plus the substrate were
performed using a SHE-VTS SQUID magnet-
ometer. Additional measurements on sintered pellets
were also performed using the SQUID susceptome-
ter or by a standard mutual inductance bridge
operating at 119 Hz.

3. Results.

Deposition was performed under pure argon atmos-
phere. The background pressure before sputtering
was lower than 10- 5 Torr. A presputtering time of
2 hours was used before each experiment in order to
ascertainly reach the target equilibrium and to clean
its surface, as some evolution was noticed when air-
exposed. Experiments performed with a high negati-
ve-polarization voltage (e.g. more than 500 V) led to
both a severe drop in current (meaning the formation
of an insulating layer on the target’s surface) and to a
drastic change in composition of the deposited layer
(which turned to be, in the worst cases, almost pure
Y203). These films were of poor quality with SEM
evidence for some back-sputtering. So, at least in the
d.c. diode sputtering method, the polarization volt-
age has to be kept at a relatively low level.
Whatever the sputtering conditions used, the

deposited layers had compositions quite different
from the target : in all cases, they were enriched in Y
and Cu. Therefore, the target composition was

corrected in such a way to obtain a metal

stoichiometry of the deposited layer as close as

possible to the ideal 1: 2 : 3, within the accuracy of
the EDS analytical method.
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Fig. 1. - Dependence of the film composition, current
density and deposition rate on the sputtering conditions :
a) polarization voltage ; b) target-substrate distance ;
c) argon pressure.

The dependence of the film composition and
deposition rate on the sputtering parameters, using
the corrected target, is summarized in figure 1.
Table 1 gives the sputtering conditions used in this
work. The deposition rate was increased by a factor
3 or 4 by magnetron-assisted sputtering but the
counterpart was a loss of homogeneity of the film.
The as-deposited films were shiny black (dark

brown on transmission) with a specially smooth
surface as shown in the SEM photograph displayed
in figure 2. The roughness amplitude was estimated
to be less than 20 to 30 À from mechanical stylus
profilometer measurements. In addition these films
were well-adherent and very difficult to scratch.

Fig. 2. - SEM micrograph of as-deposited film on a glass
substrate (step obtained by chemical etching [23]). Film
surface appears on the left, substrate surface on the right.

They were of amorphous type, similarly to other
multinary compounds (Chevrel phases for instance
[16]). Therefore, a thermal treatment of the films
was necessary in order to reproduce as better as
possible the crystallographic and superconducting
properties of the bulk. In a parallel work, we have
presented a systematic study of annealing conditions
which optimize the superconducting parameters in
sintered pellets [17, 18] but the greatest difficulty
pointed out in the present work arises in fact from
the film substrate interaction.
A number of substrates were tested and the results

are summarized in table II. Sapphire is a classical
substrate utilized in thin films technology and it
could be reasonnably used for devices elaboration.
The film-substrate interaction was specially studied
in this case using XRD (Fig. 3). Some interactions
start to occur at 440 °C leading to the formation of
aluminates like Ba4AI207 (and may be Y4AI209) as
suggested by the broad peak near 2 0 = 30° (CuK â
radiation) which does not appear on other substrates.
In addition, an appreciable amount of BaC03 clearly
appears : it would be due to a reaction of baryum -
in a very reactive form in the film - with atmos-

pheric carbon dioxide. On the other hand, at tem-
peratures higher than 800 °C, crystallization of the
1 : 2 : 3 phase occurs (Figs. 3a and 4) but some

Table 1. - Selected sputtering conditions used in this work.

(*) as determined from EDS data calibrated against bulk single crystals.
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Table II. - Examples of the influence of substrates on thin films composition.

Series B and C : annealed under air ; series D : annealed under oxygen ; s.c. : slow cooling.
(*) unknown peak d = 3.23.

BaA1204 is formed. Above 970 °C, strong preferen-
tial orientation appears as 001 peaks are considerably
enhanced : however these films are highly resistive.
Very short heat treatments (some minutes) between
850 and 950 °C lead to the perovskite-type phase but
these films present a superconducting transition only
at low temperature (for instance, a T, onset of 10 K
was observed for a film annealed 3 min at 950 °C +
3 min at 650 °C + 30 min at 440 °C). In addition,
careful inspection of X-rays patterns points out some
anomalies : for instance, the peaks 020, 006 and 200
(near 2 8 = 47°) overlap, suggesting the presence of
a tetragonal phase. The same feature appears in the
X-rays powder pattern of YBa2Cu307 -x : 0.1 Al
(Fig. 3b) which indicates that a small amount of
aluminium may stabilize a tetragonal-like phase. On
the other hand, when thin-films are annealed under
pure oxygen, the usual splitting ot the 020, 006 and
200 peaks is preserved, although intensities inver-
sions are observed. This difference, which is re-

flected in the resistivity behaviour improvement
(Fig. 5) (also recently noticed by H. Adachi et al.
[7]) is unexpected because bulk samples behave very
similarly when annealed either under air or oxygen
[18]. A possible explanation may be the air formation
of baryum carbonate which inhibits a quick crystalli-
zation of the material, and thus favours the competi-

tive film-substrate interaction. The diffusion of Ba

and, in a smaller extent of Y, in the sapphire
substrate is directly proved by the presence. of small
quantities of baryum and yttrium aluminates leading
therefore to the presence of a small amount of CuO.
It is also indirectly shown by a systematic shift of the
film average composition after annealing, as Ba and
Y contents tend to decrease and Cu content tends to
increase by some percent.
The choice of other substrates was subjected to

preliminary tests on the poisoning effects of foreign
elements in the superconducting YBa2Cu3O7-x com-
pound. For instance, such elements as Al, Ti, Mg or
Zr, (found in potential substrates like A1203,
BaTi03, MgO or Zr02) were respectively diluted in
proportions of 0.1 atom/formula into a 1: 2 : 3
matrix. Pellets were sintered and annealed by a
standard routine [17, 18] and the diamagnetic re-
sponse was recorded. Strong degradation of super-
conductive transition by aluminium, magnesium or
titanium clearly appears in figure 6. In contrast,
zirconium presents little or not influence on Te
and/or the transition width. In the case of Al dopant,
SEM and microprobe analyses show the presence of
thick melted grain-boundaries containing a large
concentration of aluminium, in agreement with the
presence of secondary phases observed in XRD
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Fig. 3. - a) typical X-rays diffraction patterns of thin films
deposited on sapphire substrates and annealed at various
temperatures under air atmosphere. Secondary phases are
denoted by the symbols : Y = Y203 ; B = BaC03 ;
C = CuO ; AY = YA103 ; AB = BaA1204 ; YB =

Y2BaCuO5.
REVUE DE PHYSIQUE APPLIQUÉE. - T. 23, N’ 3, MARS 1988

Fig. 4. - SEM micrograph of a film deposited on a
sapphire substrate and annealed one hour at 880 °C. Step
obtained by scratching. Note the rough aspect of the
substrate surface (downpart) due to chemical interaction.

Fig. 5. - Resistivity versus tempe rature for films deposited
on platinum (D.6.3) and sapphire (D.14.5) substrates and
annealed under oxygen.

b) comparison of XRD patterns of YBa2Cu307 _ x (bulk),
YBa2Cu307-x doped with 0.1 Al (bulk), a film deposited
on sapphire and annealed under oxygen flow (compare
Fig. 3a), and a film deposited on zirconia substrate

(--- substrate ; .... BaZr03).
Note the vertical enlargement in order to make the

secondary phases peaks more visible.
18
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Fig. 6. - Diamagnetic responses of sintered pellets of
pure YBa2Cu307-x samples doped with Zr, Ti, Mg, and
Al.

patterns. Also platelet crystals of the 1 : 2 : 3 com-

pound contain an appreciable concentration (some
atom percent) of Al. In contrast, in the case of Zr
doping, grain boundaries are thin with no detectable
zirconium in the crystals, the contaminant appearing
only as small isolated BaZr03 single-crystals. Thus,
the choice was oriented toward zirconia, yttrium
stabilized zirconia (YSZ) and BaZr03 substrates,
and sintered plates of these materials were then
made.

Typical results concerning thin films on zirconium
based substrates are given in figure 3b, 7 and 8.

X-rays diffraction data, reported here in the case of
Zr02 substrate clearly shows the splitting of the
peaks 200 and 020, 006, as expected in the or-

Fig. 7. - Magnetic susceptibility of films deposited on
zirconium-based substrates and short time annealed at

900 °C under air atmosphere (see text).

thorhombic perovskite phase. A small amount of
BaZr03 (which tends to increase with temperature
and duration of annealing) appears in this case,

showing slight interaction. Figure 7 shows the tem-
perature dependence of the magnetic moment M of
Y-Ba-Cu-0 thin films deposited on three different
substrates. The magnetic moment is computed with-
out correction of the substrate’s moment. Also, the
weight of the about one-micrometer-thick films

being unknown, the moment is given in absolute
units (emu) and not in gram units (emu/gram).
Those films made on BaZr03 substrates (curves 1
and 2) present similar features, although different in
amplitude : a clear peak at around 70 K, followed by
a slight decrease of the magnetic moment with
decreasing temperature. The increase at still lower
temperatures may indicate the presence of para-
magnetic impurities in the substrate, before a last
collapse of M below 15 K, due to the diamagnetic
state of the film. Film n° C.14.1, which was deposited
on a Zr02 substrate shows the onset of a diamagnetic
state situated around 80 K and a large decrease of
the moment is seen down to 20 K (curve 3).
Even though a different magnetic response was

obtained on the three films, probably due to the
substrate influence, their resistivity behaviour was
strictly the same, independently on the substrate.
Curve 1 of figure 8 shows the temperature depen-
dence of the resistance ratio R (T)/R (293 K) for
one of these films. The semiconducting-like resis-

tivity from room-temperature down to 90 K is prob-
ably due to grain boundaries or localization effects,
as the film is still rather amorphous in character due
to short annealing. In addition it has to be em-

Fig. 8. - Resistivity versus temperature for films deposited
on zirconia: 1) C.14.1, air annealed 900 °C/5 min +
440 °C/20 min (Zr02) [3]. 2) D.7.3, oxygen annealed

900 °C/5 min (direct heating) and slowly cooled down to
400 *C. 3) D.9.2, oxygen annealed 850 *C (slow heating)
and step cooled (YSZ sintered substrate).
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phasized that the thermal linear expansion coef-
ficient of the material is large, close to 1.5-

3 x 10- 5 °C-1, leading to important film strain.

However, clear anomalies appear at 90 K and 60 K,
which indicate the onset of a superconductor state.
The double bump of the resistivity may be correlated
in fact to the inflection points of the a.c. suscepti-
bility and resistivity of bulk samples [19]. This means
that the peak at 90 K would correspond to the onset
of the superconducting state inside each grain,
whereas at 60 K a coherence transition begins to
take place [20]. Similar features have been already
observed in thin films deposited on sapphire or
SrTi03 substrates [7]. Below 60 K, a large decrease
of the resistivity is observed down to 5 K, where a
zero-resistance state is obtained. When film crystalli-
zation is improved by a longer annealing this double
bump disappears and the transition becomes nar-
rower, while the resistive ratio before the transition
is decreased as shown in curves 2 and 3 of figure 8.
Both the resistive and inductive measurements pre-
sented here clearly indicate that superconducting
thin films of the high- Te superconductor
YBa2Cu3O7-x can be prepared as good as sintered
samples, provided that a proper substrate and a
suitable annealing are used. Similar results on YSZ
substrates are presented in a parallel work which
came to our attention while writing this paper [21] :
after a short annealing time at 895 °C a resistivity
behaviour very similar to that of curve 1 in figure 8 is
observed. Subsequent annealings make the transition
at 90 K to become sharper at least on (100) YSZ
single crystal surfaces. The improvement of resis-
tivity when passing from sintered to single-crystal
substrates (although in this case there is no epitaxy)
also reflects the importance of film-substrate interac-
tion as the specific surface of the latter decreases in a
large extent.

4. Conclusion.

In this work we succeeded in the deposition of thin
layers of yttrium-baryum-copper oxide with a met-
allic stoichiometry very close to 1 : 2 : 3 using a very
simple d.c. sputtering device. It is emphasized that
the main difficulty to reach good superconducting
films arises from film-substrate interactions which,
in turn, leads to some limitations in achieving the
best possible thermal treatment. As it is shown that
zirconium does not damage the bulk superconduc-

tivity of the high- T, compound, materials like zir-
conia, YSZ or BaZr03 appear to be good candidates
as thin film substrates or buffer layers. Work is in
progress in order to improve the superconducting
properties of YBa2Cu307 - x thin films deposited on
such substrates and will be published soon. This
improvement will be reached by optimizing both the
thermal treatment and the initial composition in
view to compensate the slight diffusion of the
metallic components (mainly Ba in this case) into the
substrate. An alternative route is to look for subs-
trates giving very small interactions : as an illus-

tration, figure 9 displays the resistivity behaviour of
a film deposited on a sintered plate of the insulating
Y2BaCuO5 material. A very sharp transition is
achieved [22], even before any attempt of improving
the substrate’s surface quality.
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Fig. 9. - Superconducting transition of a YBa2Cu307 - x
film deposited on a Y2BaCuO5 pressed plate (curve 1,
sample n° D.13.6). For comparison is given the tempera-
ture dependence of the film n° D.11.1 deposited on
sintered SrTi03 (curve 2). The thermal treatment was
identical for both samples.
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