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CHEMISTRY

Electrodeposition techniques provide a way of synthesising oxide superconductor thick films in two steps: (a)
electrodeposition of the cations and (b) oxidation of the deposit at high temperatures. This method is fast,

economic and enjoys the benefits of a well known technology. We have performed the preparation of several copper
containing superconductors ( YBa,Cu;0, _;, Bi,Sr,CaCu,Og, ;) and a copper-free one (Ba, _ K, BiO;) from
electrolytes containing nitrate salts dissolved in dimethyl sulfoxide using chronoamperometric techniques. The
quality of the films strongly depends on the experimental conditions such as substrate, bath composition and
thermal annealing. Characterisation of the initial deposit and the final superconducting oxide was made by means of
infrared spectroscopy, thermal analysis, X-ray diffraction and scanning electron microscopy. The best critical
current (J,) values, in A cm ™2, for the different phases were: YBa,Cu;30,_; (13000/5 K and 400/77 K),

Bi,Sr,CaCu,0s. ; (12000/77 K ) and Ba,_ K, BiO; (2700/5 K).

Introduction

Electrodeposition has often been used as a promising route to
the fabrication of HTSC films since it holds great promise for
device development owing to the possibility of film formation
on different geometric surfaces and various substrates. Apart
from these advantages, this old form of electrochemistry
presents other attractive features for the synthesis of supercon-
ducting films, such as a low processing time, easy technology
transfer to industry and relatively low cost equipment.

Typically, an optimised electrolytic solution containing the
suitable ionic species in the appropriate ratio is employed to
deposit the cations onto the surface of an electrode. This
precursor coating has then to be transformed by an adequate
thermal treatment into the desired superconducting phase.
Many efforts have of late been made in order to understand
and improve the physical and chemical characteristics of
the electrodeposition of superconducting materials. These
efforts have been focused on making thick films of
Ba-K-Bi-O,!  Bi-Sr—Ca—-Cu-0,>7 Hg-Ba-Ca-Cu-0,®
TI-Ba-Ca—Cu-0°'® and Y-Ba-Cu-0.!7? The different
variables affecting the electrodeposition process can be classi-
fied into four groups: (a) composition of the electrolytic bath,
(b) substrate type, (c) the electrodeposition process and
(d) thermal treatment.

Different types of solvent have been employed for the
preparation of the electrolytic bath including aqueous'”?¢ and
non-aqueous media, such as dimethylformamide (DMF),°
isopropanol,?® dimethyl sulfoxide (DMSO),#58718 o,
Deposits obtained from non-aqueous baths are more uniform
than those from aqueous ones due to the fact that the reduction
potential of H,O is higher than those of the alkaline-earth
metals present in the high-T, superconductors. Consequently,
the formation of a gas at the substrate surface influences the
morphology and covering of the deposit. In fact, lower and
broader transition temperatures have been observed,?? when
water has been used as solvent. The best results have been
obtained for DMSO, because it has a relatively high relative
permittivity and is sufficiently resistant to both oxidation and
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reduction, so providing a fairly wide working potential range.°
Besides, the bath composition of metal ions should be adjusted
empirically for any given condition by trial and error, because
the deposit composition strongly depends on the concentration
of the metals present in the bath. An alternative to this general
procedure is the use of complexing agents, such as CN~,>372°
etc.

Two distinct types of electrodeposition process are used: dc
electrodeposition!**3-8-24 and pulsed electrodeposition.®-10:12:13.
15.28 The former is the most common, but it has been reported
that the latter enhances the electrical, magnetic, mechanical
and structural properties of the superconducting film.
However, the simultaneous co-electrodeposition of all the
cations*2%2° and an alternating sequential electrodepos-
ition®>?” can also be used. In the former, the potential is fixed
and the cations are deposited all together from the same bath.
In the latter, cations are deposited in layers from different
baths and a suitable potential can be used to deposit each
metal. In this way, good control of the cation ratio in the
deposit can be achieved. The influence of the deposition time
has also been studied.

Different substrates have been used: Ag,
Ni,1821 P2l Cu72122  glloys,3  MgO/Ag,5 14151728
SrTiO;/Ag,'>'° ZrO, /Ag; '8 this type of study is very import-
ant for the formation of good quality superconducting films
because the substrate should not diffuse or chemically react
with the deposited film and, even if it diffuses to a small
extent, it should not alter the properties of the superconducting
state. The influences of the oxidation temperature, heating
time and annealing of the thick films have been reported.?

Nevertheless, to our knowledge, the available information
about the way these film are formed is scarce. This information
is crucial for the understanding of the problems observed in
the synthesis and, eventually, for their solution. This paper
describes the characterisation and superconducting properties
of Bi,Sr,CaCu,0Og, 5, YBa,Cu;0,_;, Ba; _,K,BiOj; thick films
prepared via an electrodeposition process and thermal treat-
ment. In particular, the composition of the precursor films
and their thermal evolution are emphasised.

1-4,6.8-13,23-27 Au 14
>

Experimental

Films were deposited from a solution of reagent grade metal
nitrates in dimethyl sulfoxide (DMSO). The electrodeposition
process was carried out in a conventional three-electrode cell.
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As a general rule, the reference electrode was Ag/AgCl, the
counter electrode was Pt and the working electrode was a
silver foil plate (0.5x 1.0 cm?). Al,O; powder was used to
clean both sides of the substrate for 1 min each. Then, the
films were washed several times using ultrasound within,
consecutively, Millipore water and dichloromethane. The co-
electrodeposition potential was fixed at —3.5V vs. Ag/AgCl.
The particular synthesis conditions (at room temperature) used
for each of the superconducting materials prepared are sum-
marised in Table 1. All the reactants were of a purity grade
higher than 99%. Note that owing to the different electrochemi-
cal characteristics of the ions, in order to obtain the required
film stoichiometry, the composition of the bath has to be
optimised; the particular composition determined and the
voltage used in each case appear in Table 1. Once the precursor
film was deposited, it was oxidised under the conditions also
reported in Table 1.

A VersaStat potentiostat/galvanostat Model 253 with a PC
computer interface was used for controlling the electrolytic
process. A black, amorphous film containing a mixture of
phases with the constituent elements of the superconductor is
obtained in all cases. The thermal oxidation process was
studied by thermogravimetric analysis (TG), using a Perkin
Elmer Model 7, and by IR spectroscopy (FTIR), using FTIR
Nicolet Magna 550 and Midac Prospect-IR FTIR PRS-INT
instruments. The characterisation of the films by X-ray diffrac-
tion (XRD) was done using a Siemens D-5000 powder
diffractometer. EDS microanalysis and morphological examin-
ation were carried out using a JEOL-JSM 6400 scanning
electron microscope (SEM).

Superconducting temperatures and the M(H) loops were
recorded using a Quantum Design MPMS XL SQUID magnet-
ometer. The critical current densities in A cm ™2 were obtained,
for a slab plane geometry, using the Bean model.3%-33

Results and discussion
Characterisation of the precursor films

The study of the composition of the films at the different
preparation stages (electrodeposition, thermal treatment) is a
prerequisite for the optimisation of their superconducting
properties. According to this idea, the superconducting thick
films of YBa,Cu;0,_, (YBC), Bi,Sr,CaCu,0s, s (BSCC) and
Ba, _,K,BiO; (BKB) were analysed by XRD, FTIR and TG.

After the electrodeposition, the precursor films contain
different species, as can be deduced from the FTIR data
(Fig. 1). Characteristic bands of dimethyl sulfoxide, water and
carbonates were observed in the spectra of all precursors
(YBC, BSCC and BKB). DMSO and water species are obvi-
ously provided by the electrolyte while the carbonate is incor-
porated from the atmosphere. Water is incorporated into the
electrolytic bath by the hydrated salts employed (Table 1) and
as an impurity of the DMSO (0.2%) which was used as
received. Although the decomposition of water occurs under
the working conditions, the characteristic bands of hydroxides
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Fig.1 FTIR spectra of a representative precursor film. Observed
bands: 3564 cm ™! [v(H,0)], 3008 and 2917 cm ™!, [p,(C—H)], 1651
[6(H,0)], 1455 [v(CO3*7)], 1317 em ™, [v,(S—CH,)], 1022 [v(S=0)]
and 953 cm !, [p,(CHj;)].

were not observed. Solvent molecules can be removed from
the precursor film by heating at temperatures in the range
60-110°C for 2-6h or at room temperature for 72 h. Our
results prove that heating the precursors when they are still
wet causes the partial decomposition of DMSO, yielding a
thin yellow layer of sulfur over the precursor film. In order to
minimise the presence of sulfur, evaporation at room tempera-
ture was preferred, despite the fact that in this way carbonate
formation is enhanced. Under these experimental conditions,
carbonates are more reactive than sulfates. For example, on
heating YBC films containing carbonates and a small amount
of sulfur, barium carbonate is decomposed to yield barium
sulfate at 700 °C, which is still present in the final supercon-
ducting film as a minor impurity.

From the XRD data (Fig.2) we can conclude that in the
BSCC precursor no phase could be identified while in the data
of the BKB film precursors the pattern of metallic bismuth
was apparent; on the other hand, in the case of YBC, metallic
copper and Cu,O were found. Note that the metallic phases
of copper and bismuth were the only ones identified in the
precursor films. These elements are less reactive than the others
present in the actual materials and, as a consequence, show a
lower tendency to oxidation. Nevertheless, some copper was
also detected as copper (1) oxide, Cu,O, which is indicative of
partial oxidation.

Notwithstanding the results of YBC and BKB precursor
films, the XRD data of BSCC films did not show the presence
of bismuth or copper metallic phases. As was mentioned in
the Experimental section, the BSCC precursor films were
obtained using pulsed chronoamperometry while YBC and
BKB films were prepared by continuous chronoamperometry.
Taking into account that the TG curves (vide infra) of BSCC
films were clearly indicative of the presence of metallic bismuth
and very similar to those of YBC and BKB films, it could be

Table 1 Synthesis conditions for the Bi,Sr,CaCu,0yg, s, YBa,Cu3;0,_; and Ba,;_ K ,BiO; phases

Superconducting phase Bath composition

Deposition conditions (vs. Ag/AgCl)

Thermal treatment

Bi,Sr,CaCu,0Oy4., ; 20 mm Bi(NO;);-5H,0

20 mm Sr(NO;),

13 mm Ca(NO;),-4H,0
15 mm Cu(NO;),-3H,0
20 mm Y(NO;);

36 mm Ba(NO;),

44 mm Cu(NO;),-3H,0
9.5 mm Ba(NO;),

20 mm Bi(NO;);-5H,0

3 mMm KNO;

YBa,Cu;0,_,

Ba, _.K.BiO,

Pulsed electrodepositon
—3.5V/30s+0 V/30s

dc electrodeposition
E=—3.5V/30 min

dc electrodeposition
E=—3.5V/30 min

800°C, 24 h, air

900°C, 24 h, air
+450°C, 24 h, O,
Slow cooling
700°C, 72 h, air
Slow cooling

138 J. Mater. Chem., 1999, 9, 137-141



(@)

W (b)

1 1 2 il

20 30 40 50 60
260/degrees

Fig. 2 XRD diffractograms of (a) YBC and (b) BKB precursor films.
(#)=BaCOs,;, (*)=CuO.

concluded that the employed electrodeposition method is more
related to the crystallinity of the precursor films than to its
composition. Pulsed electrodeposition requires an alternating
change from —3.5V (reducing potential) to 0 V vs. Ag/AgCl
(slightly oxidising potential under our experimental conditions)
in a square-type wave that is cycled about 120 times in the
preparation of the film. Under these synthesis conditions, the
highly crystalline phases are not favoured.

In none of the precursor films was the presence of phases
containing alkaline-earth elements detected. These elements
are very reactive in their metallic form and, consequently,
particularly unstable in air. Owing to the presence of water in
the electrolyte, it is suggested that the alkaline-earth metals
react with water during the electrodeposition process to give
oxidised phases. During the evaporation process, these oxides
can react with atmospheric CO, to yield carbonates, which
were detected during the thermal treatment of the films.

In spite of the complicated composition of the precursor
films the operation under ambient conditions reduces notably
the cost of the large-scale manufacture of these thick films and
makes electrodeposition a useful technique. Some authors have
used anhydrous conditions to electrodeposit films under inert
conditions* or for the preparation of metallic alloys by different
metal forming processes* in order to improve the quality of
the film. We have proved that this can be also achieved via
substrate cleaning or via a pressure treatment of the precursor
films. 2533

The evolution of the precursors during the thermal treatment
was followed by means of TG and, in order to elucidate the
thermogravimetric processes, TG was also performed on
different mixtures of two of the corresponding metals (Cu: Ba,
Cu:Sr, Bi:Ca, Bi:Sr, Bi:Cu) prepared by electrodeposition.
The initial weight losses detected in the thermograms can be
attributed to the adsorbed gases that evolve at low tempera-
tures and their magnitude depends on the evaporation process
employed (vide supra). Interestingly, all the precursors that
contain bismuth showed a characteristic weight gain in the
range 257-322°C. This process is due to the oxidation of
bismuth and its reaction temperature seems to be influenced
by the other elements present in the precursor film.

The thermogravimetric processes observed in the range
405-503 °C are assigned to the decarbonation of the alkaline-
earth phases. However, the thermogravimetric behaviour of
each particular phase could not be unambiguously inferred
from the available data. The mass evolved is rather more

25 30 35 40 45 50 55 60
20/degrees

Fig. 3 XRD patterns of the deposits of (a) YBC, (b) BSCC and (c)
BKB materials.

dependent on the exposure time of the precursor film during
the evaporation of the solvent than on its initial composition.

The characterisation of the final material was performed by
XRD (Fig. 3). The corresponding diffractograms confirm the
presence of the respective superconducting materials, and some
minor impurities in the cases of YBC and BSCC.

Morphology of the films

The morphology of the deposits is important in the understand-
ing of the magnitude of superconducting properties such as
the critical current density, J,. For that reason, representative
films of different superconductors were observed by SEM. The
results showed that the morphology depends on both the
composition and the history of the films.

The morphology of the films before the oxidative heating
consists of a mixture of particles with a variety of sizes, shapes
and contrast types [Fig. 4(a)]. The film surface is covered with
clusters of rounded particles, with clear contrast in the micro-
graph, which were only observed at the surface. These particles
are those most exposed to air and, consequently, are likely to
contain an important amount of carbonates and adsorbed
gases such as H,O and CO,. Underneath these clusters, a
rough layer of grains is observed. This roughness is caused by
the dendritic growth of the films and the loss of the solvent
mixture (mainly DMSO) during the evaporation process. As
can be seen, the overall morphology of the thick precursor
films obtained is spongy, but can be partially optimised by
pressing the precursors before the thermal treatment.?>33

During the oxidative heating the morphology of the films
undergoes a crucial change that depends on the prepared
superconductor.

(1) In the case of BKB, the deposits mimic the shape of the
silver substrate! and are formed by a mosaic of compact
blocks that are closely packed [Fig. 4(b)]. In spite of this good
local covering, the overall cover was relatively poor with an
average film thickness of 5 pm. The deposit was concentrated
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Fig. 4 Micrographs of (a) precursor film and superconducting thick films of (b) BKB, (c) BSCC, (d) BSCC (with pressure treatment) and YBC

(e) top view and (f) side view.

in small areas over the substrate with the shape shown in
Fig. 4(b) which is similar to those reported for BKB thin films
prepared by the more elaborate molecular beam epitaxy
technique.3®

(2) The BSCC deposits exhibit the characteristic plate-like
particles of Bi,Sr,CaCu,Og., samples with a size of about
S um. A general tendency of these particles to sit perpendicular
to the c-axis was noticed in the observed films [Fig. 4(c)]. The
films are not continuous, but the connectivity between grains
could be markedly improved by the application of pressure to
the precursor films: in fact, when the precursor films, after
evaporation in air, were pressed at 14 kbar for 5 min, the
subsequent oxidative thermal heating yielded a deposit with
bigger particles (about 10-20 pum) and a more uniform
morphology [Fig. 4(d)].

(3) Fig. 4(e) shows a representative micrograph of the YBC
thick films obtained in this study. In contrast to the precursor,
the particles have a unique shape and are grouped in columns
which are not connected at the top. A side view of the film
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[Fig. 4(f)], displays the arrangement of those ‘columns’ in the
film. The material which was deposited at the end of the
process (top of the columns) does not show continuity and
will necessarily give poor transport properties. However, in
the middle and lower parts, the connectivity and, consequently,
the transport is enhanced. Of the three types of supercon-
ducting thick films prepared, the YBC material gave the best
covering and the thickest layer (40 pm).

Superconducting properties

The critical temperatures characteristic of the different films
are collected in Table 2. It can be seen that these values are
comparable to those observed in the literature and indicate
that all the films are superconducting. Obviously, the critical
current density is also important in many of the eventual
applications of the superconducting films.

For the results obtained for the BKB films produced by
electrodeposition, there do not seem to be equivalent data in



Table 2 Summary of the superconducting properties of electrodepos-
ited films of Ba—K-Bi-O, Bi-Sr—Ca—Cu-0O, Hg-Ba—Ca—Cu-0 (1223),
Tl-Ba—Ca—Cu-0O, Y-Ba—Cu-O phases

HTSC film T./K J,JA cm ™2 Ref.
Ba-K-Bi-O 35 — 1
35 2700/5 K This work
Bi-Sr-Ca—Cu-O 52-79 400/60 K 7
82 15000/77 K 2
84 33000 3
85 300-400 5
95 4300/77 K This work®
95 12000/77 K This work®
Hg-Ba-Ca—Cu-O 114 — 8
Tl-Ba-Ca—Cu-O — 44200/77 K 9
106 14630 10
110 19600 13
102 10°/77 K 11
Y-Ba-Cu-O 78 5160 28
82 6600 27
91 4000 18
91 5160 19
92 3000/77 K 23
92 2908/4.2 K 25
92 51/77K 26
92 400/77 K This work
92 13000/5 K This work

“Without pressuring the precursor film. ®Applying a pressure of
14 kbar for 5 min.
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Fig.5 J, values of the different films: ((J) YBC at 5K, (H) BSSC
with pressure at 77 K, (O) BSSC without pressure at 77 K, (A) BKB
at 5K and (<) YBC at 77 K.

the literature. The J, values obtained at 5K and in zero
applied field (ZF), 3000 A cm ~2, are markedly reduced by the
application of a magnetic field: 700 A cm ™2 at 500 Oe and
150 A cm~2 at 1000 Oe. Nevertheless, films obtained by much
more expensive techniques like molecular beam epitaxy display
J, values up to 10°> A cm~2. There is certainly much room for
improvement in here.

When pressure is applied to the BSCC precursor film an
improvement is observed in the J, value. In this way, the
critical density current is four times higher than the one
obtained without pressure. These results are comparable to
those reported in the literature obtained by other techniques.?’
However, the J, data at ZF drop to 27% without applied
pressure and to 14% with pressure (Fig. 5) in accordance with
the literature.®” Yet, in both cases, T, is rather high, ca. 95 K.

The YBC films can be considered satisfactory, taking into
account the wide range of J, results that have been reported
in the literature as far as electrodeposition is concerned. At
5K and ZF the J, values obtained are 40 times higher than
those obtained at 77 K ZF and, with an applied field of
500 Oe, they are about 100 times higher. Comparing the results
obtained at the same temperature, note that the J_ values at
ZF (5 K) are reduced to 75% when a magnetic field of 500 Oe
is applied (Fig. 5). However, better results have been obtained
by other methods owing to an improvement in texture.?’
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