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ceramics
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Mechanisms of interaction between the reactive species of a (CF,+0,) plasma and
YBa,Cu;0,_; ceramics have been proposed through detailed angle-resolved X-ray
photoelectron spectroscopic analyses. At the surface of the outer grains, the plasma treatment
removes (OH) ™ and (CO,)?~ species contained in the degradation layer and gives rise to a
fluoride-rich layer, whereas in the bulk of the material the occurrence of metal-fluorine bonds
in the superconducting phase has been assumed. An increase of the oxidation state of copper
has been also detected, confirming the oxidizing effect of the plasma treatment. A comparison

with the oxidation mechanisms obtained by fluorine gas treatment is proposed.

1. Introduction

In a previous paper (Part I) [1], a new surface treat-
ment of high T, superconductors has been proposed:
plasma-enhanced fluorination (PEF). By means of this
technique the “Cu3*” content and the critical current
density of YBa,Cu;0,_; ceramics are simultaneously
improved. This paper is devoted to the investigation
of the interaction between the reactive species of a
(CF, 4+ 0O,) plasma and the surface of the
YBa,Cu;0,_; ceramics through detailed angle-re-
solved X-ray photoelectron spectroscopic analyses.
The results will be compared with those obtained on
ceramics heated under fluorine-gas.

2. Experimental procedure

The preparation of YBa,Cu;0,_; ceramics and the
description of the plasma equipment were detailed in
Part I [1]. The ceramics were obtained by means of a
solid-state sintering procedure. The microstructure
and the compositional homogeneity of the samples
were determined by both scanning electronic micro-
scopy and electron microprobe analysis. The plasma
experiments were carried out in a barrel-type appar-
atus. The gas used was a mixture of CF, and O,
excited by a radiofrequency source at 13.56 MHz. The
influence of the various experimental parameters on
the resulting superconducting properties of the sam-
ples was systematically investigated. The conditions of
PEF treatment giving rise to optimized superconduc-
ting properties (i.e. improvement of both critical tem-

perature and critical current density) were found to be
mainly related to three parameters:

(i) the nature of the reactive medium, the optimized
composition of which corresponded to an addition of
25%0, to a CF, plasma;

(ii) the total pressure, p, lower than 10~* bar;

(iii) the reaction time of about 30 min at a temper-
ature lower than 100°C.

Some quantitative results of the improvement of the
superconducting properties of YBa,Cu;0,_; ceram-
ics by PEF treatment have been given in Table V of
Part 1 [1].

On the other hand, conventional F,-gas treatment
was performed below 100°C in a pure fluorine atmo-
sphere for several hours. It has been shown that this
type of surface treatment was efficient for protecting
YBa,Cu,;0, _; ceramics against moist air by forming
a fluorinated layer about 30 nm thick at the grain
boundaries [2]. The critical current density of the
fluorine-gas treated material was likewise improved.

After PEF of fluorine-gas treatments, the ceramics
were characterized by several complementary tech-
niques.

(a) Chemical analysis by Mohr-salt titration, to
determine the “Cu®*” content in the sample.

(b) Electron microprobe analysis (EMPA) per-
formed on polished surfaces of fractures of the sintered
pellets, in order to determine the distribution of flu-
orine in the bulk of the ceramics; standard samples
used were YBa,Cu,0O,_; and BaF, crystals.

(c) Auger electron spectroscopy (AES) using a scan-
ning Auger electronic microscope. The thickness of the
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fluorinated layer was determined by examining the
fluorine concentration profile by erasing step by step
the sample with the help of argon ion sputtering. The
analysed depth was around 2 nm for every step.

(d) Angle-resolved X-ray photoelectron spectro-
scopy (XPS), using a Leybold AG LH 12 type spec-
trometer equipped with a monochromator.

Two different types of information could be drawn
from these experiments. The first one concerned the
interaction of the reactive species (F, or F’) with the
grains at the surface of the pellets. In this case the data
were obtained from freshly prepared pellets. The other
one dealt with the interaction between the reactive
species and the surface of the inner grains of the
pellets, the information being obtained from the centre
of polished fractures. In every case, a surface of several
square millimetres was analysed, and the involved
depth, d, depended on the electron emergence angle, 0,
of the X-ray beam with respect to the perpendicular of
the surface of the sample (if @ = 0°, then d ~ 8 nm and
if @ = 60°, then d ~ 4 nm). Angle-resolved measure-
ments were also performed for intermediate angles
between 0° and 60°. During the experiment, copper
was partly reduced to monovalent species; this X-ray
photoreduction phenomenon has already been ob-
served in copper-based superconductors [3]. This
behaviour prevents further interpretation on the oxi-
dation state of copper. Therefore, the XPS study was
carried out on the Y 3d, Ba 3d;,,, Ba4d, O 1s, F Is
and C 1s levels, respectively. Because the pellets are
held by gilt screws, peaks related to the Audss,
contribution are observed.
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Figure 1 Fluorine concentration profiles determined by EMPA in
the bulk of YBa,Cu;0,_;5 ceramics fluorinated by (a) fluorine gas
and (b) PEF treatments.

3. Distribution of fluorine inside the
YBa,Cu;0,_5 ceramic after fluorine-
gas and PEF treatments

Fluorine-content profiles have been obtained by

EMPA on the polished surface of a fracture of fluorin-

ated pellets. Profiles were carried out along 50 pm in

the central part of the fracture. These profiles depend

on the used fluorination treatment as shown in Fig. 1.

In the case of fluorine-gas treatment, the fluorine

distribution appears to be inhomogeneous, the flu-

orine atomic percentage fluctuating between 0% and

3%. On the contrary, the PEF treatment leads to an

homogeneous distribution of fluorine around 0.5% in

the bulk of the ceramic.

X-ray maps of fluorine were also performed to
locate more precisely this element inside the materials
(Fig. 2). For a fluorine-gas treated sample, fluorine is
mainly located at the pore—grain interfaces, as shown
by the good agreement between the pore location
observed by SEM and the fluorine location (Fig. 2a).
On the other hand, a smaller quantity of fluorine is
present homogeneously in the bulk of the PEF-treated
ceramic (Fig. 2b).

4. Angle-resolved X-ray photoelectron
spectroscopic analyses of fluorinated
YBa,Cu;0,_5 ceramics

4.1. Interaction of the reactive fluorinated

species with the surface of outer grains
of the YBa,Cu;0,_; ceramics

As shown in Fig. 3a, all Y and Ba XPS spectra of

YBa,Cu;0,_; ceramics are currently characterized

before fluorination by two types of contributions.

For one type, the binding energies, E,, are strongly

shifted towards lower values. These so-called “super-

conducting peaks” are attributed to metal-oxygen

bonds corresponding to the YBa,Cu; 0, _; lattice [4].

The second type of contribution corresponds to the

degradation layer (Y-OH and Ba—CQ, bonds) [5].

4.1.1. Fluorine gas treatment

As shown in Fig. 3b, peaks corresponding to both
superconducting phase and degradation layer have
disappeared. Two types of contribution are now ob-
served, which are both shifted towards higher binding
energy.

For the first type of contribution the binding ener-
gics are slightly shifted towards higher E,. The corres-
ponding energies are 1589eV (Y 3d), 780.2eV
(Ba 3ds;,) and 90.0eV (Ba4d). These contributions
can be unambiguously attributed to metal-fluorine
bonds which are formed during the fluorination pro-
cess and which are similar to those observed in binary
compounds YF; or BaF, [5]. These observations are
in good agreement with the low binding-energy con-
tribution observed at 684.7 eV in the F 1s spectra and
assigned to fluorine-metal bonds (Fig. 4). The F 1s
envelope consists of two additional contributions re-
lated to the interaction of the reactive fluorospecies
with the degradation layer. The high-energy compon-
ent located at 689.8 eV can be currently associated
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Figure 2 (a, b) X-ray maps of fluorine and (c, d) scanning electron micrographs of samples fluorinated by (a, c) fluorine gas and (b, d) PEF
treatments.

with covalent fluorine—carbon bonds as found in
graphite fluorides, (CF), for example [6]. This obser-
vation is supported by a C 1s peak at 288.3 ¢V as seen
in Fig. 5. The other type of contribution, located at
686.3 ¢V, is the most intense one. Although it seems
hazardous to raise definitive conclusions on the nature
of these species, the similarity of the experimental E,
values with those observed for HF;-based graphite
intercalation compounds should be noted [6]. The
formation of the (CF), and HF ; species may be due to
the decomposition by fluorine-gas of the degradation
layer which is mainly composed of carbonate and
hydroxyl groups.

The second type of contribution exhibits binding
energies strongly shifted towards higher E,. These
energies are, respectively, 162.0eV (Y 3d), 783.5¢V
(Ba 3ds;,), and 92.2¢eV (Bad4d). The corresponding
metal-fluorine bonds appear to be even more ionic
than those observed in the binary fluorides (YF; or
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BaF,). This observation could be explained starting
from the competition between Cu—F and Y—(or Ba—)F
bonds due to the inductive effect [7]: the increase of
the ionicity of both Y—(or Ba—)F bonds, reflected by a
shift of the core levels energy of yttrium and barium
towards the higher energy, results from the en-
hancement of the covalency of the Cu-F bond. This
effect can be ascribed to a partial oxidation of Cu(ll)
into Cu(IIl) during the fluorination process.

In order to examine how the intensity of the peaks
corresponding to the levels energies of yttrium,
barium and oxygen atoms vary qualitatively, angle-
resolved measurements have been performed as a
function of the electron emergence angle, 0, of the
X-ray beam between 0° and 60°. As shown in Fig. 5,
the relative intensity of the higher energy peaks is
smaller as the analysed depth becomes greater, sugges-
ting that the Cu(1Il) concentration gradient decreases
from the surface to the bulk. This observation is also
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Figure 3 (a) Y 3d, (b) Ba 3d;,, (c) Ba 4d, (d) O 1s and (¢) C Is emission spectra obtained at the surface of the outer grains of the YBa,Cu;0,_5
ceramics (8 = 0°) (A) before and (B) after fluorine gas treatment (7%, = 100 °C; the superconducting peaks of the phase are noted SC).
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Figure 4 F 1s emission spectra obtained from angle-resolved ana-
lyses: (A) 0 = 0°, and (B) @ = 60°, at the surface of the outer grains of
the fluorine gas treated YBa,Cu,0,_5 ceramics (7, = 100°C).

corroborated by the examination of the intensity of
the oxygen Is level corresponding to oxyfluorinated
species, which increases with increasing analysed
depth (Fig. 5). All the results suggest that the layer
{ = 30 nm thick) obtained after fluorine gas treatment
of the YBa,Cu;0, _; ceramic is likely composed of an
oxyfluoride as major phase, whose oxygen content
increases with increasing depth, whereas the Cu(III)
content decreases.

By comparison with the energy of the peaks corres-
ponding to the superconducting phase, the energy
shift of these peaks after fluorine gas treatment is
much too high to consider that the oxyfluoride can be
derived from the YBa,Cu;0,_; compound.

4.1.2. Plasma-enhanced (PEF) treatment

As shown in Fig. 6, for yttrium and barium elements,
both peaks corresponding to the component of the
superconducting phase and to the degradation layer
have disappeared after the PEF treatment. New dis-
tinct peaks are now observed at 158.9eV (Y 3d),
780.2 €V (Ba 3d;,;) and 90.0 eV (Ba 4d). They can be
unambiguously ascribed to metal-fluorine bonds al-
ready discussed in the case of the fluorine gas treat-
ment. These observations are supported by a unique
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Figure 5 (a) Y 3d, (b) Ba 3d;,,, (c) Ba 4d, (d) O 1s and (¢) C s emission spectra obtained from angle-resolved analyses: (A) 8 = 0°, and
(B) 8 = 60°, at the surface of the outer grains of fluorinated YBa,Cu;0,_; ceramics (T, = 100°C).

F 1s peak at 684.7 eV corresponding to fluorine—metal
bonds (Fig. 7). Contrary to the fluorine gas treatment,
the PEF process removes the (OH)™ and (CO,)?~
species without the (CF), and HF; species described
in Fig. 4. The interaction of the F" species with the
degradation layer could lead to the formation of
volatile compounds such as COF or COF,.

A fluorinated layer is substituted for the degrada-
tion layer; its thickness had been evaluated to be
around 7 nm thick by Auger electron spectroscopy for
a PEF-treated YBa,Cu;0,_; single crystal. More-
over, its composition is more homogeneous than that
obtained from a fluorine gas treatment; it seems
actually to consist mostly of fluorides and does not
exhibit higher E, contributions, which has been
attributed to M-F-Cu(IIl) bonds in the case of a
fluorine gas treatment. In the O 1s spectrum the in-
tensity of the peaks corresponding to oxyfluorinated
species at 531.4 eV does not depend on the analysed
depth.

4.2. Interaction of reactive fluorinated species
with the surface of inner grains of
YBa,Cu,;0,_; ceramics

4.2.1. Fluorine-gas treatment

The XPS spectra are similar to those observed at the
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surface of the outer grains of the materials, i.e. as those
of Figs 3—5. These results suggest that the fluorine gas
treatment removes the degradation layer even in the
bulk of the ceramics to form a fluorinated layer pro-
tecting the materials against moist air (H,O and CO,).

4.2.2. PEF treatment

As shown in Fig. §, after the PEF treatment the peaks
corresponding in the Y 3d, Ba 3d;,, and Ba 4d spectra
to the superconducting component and to the degra-
dation layer remain unchanged, and no new peak
appears in the high E, range. These observations
suggest that the PEF treatment does not decompose
either the degradation layer or the superconducting
phase at the surface of the inner grains, as observed for
fluorine-gas fluorination. Unfortunately, the fluorine
content, distributed homogeneously in the sample as
shown in Fig. 2b and previously determined by EMPA
to be around 0.5 at%, is too small to be detected by
XPS.

In addition, it can be pointed out that the peaks
corresponding to the components of the superconduc-
ting phase are slightly shifted towards higher binding
energy ( + 0.2 V) as shown in Fig. 9. These displace-
ments cannot be attributed to a charge effect, because



1200

- [T T 14 000 e -~ 2800
@ ! = @ . ]
& Y-OH @ 3 I Ba_cos Ba-0O (SC)_
c 8001 ﬂ c (A)
3 (A) = 3 ]
S 5 7000 S 1400} -
Z 400} = > ]
@ 2 3 I i
3 i : 2 g
= © = b
< OL " g o E :QL .
o 0 000 ®|Ba-F (BaF,) 1 -
L 1800 o 2r . -3000 2
L g 3% Ba-O (SC)- H
3 G} a- 12000 o
B 4008 10 0007 ] 8
(B) z 2 | >
L T = g (B) 1000 =
PRI [l c
A IS ATt . ]0 e - AN w1 2 10 el 2 A J0 o]
165 160 155 150 £ 790 785 780 775 770 700 95 90 85 80 £

(a) Binding energy (eV)

N
Q
o
o

2500

Intensity (counts s™)

1000

500

0
5

535 530 &

Binding energy (eV)

540
(d)

{b)} Binding energy (eV)

Intensity {(counts s™')

(¢} Binding energy (eV)

1000
.TV’
@
g
§500
z
7]
c
[
£ 0
A
600 &
c
o]
=]
300 =
oy
IR 1 .Y, OO ST o] 5
295 290 285 280 E
{e) Binding energy (eV)

Figure 6 (a) Y 3d, {b) Ba 3dy;,, (c) Ba 4d, (d) O 1s and (e) C 1s emission spectra obtained at the surface (8 = 0°) of the outer grains of the
YBa,Cu,0,_ 5 ceramics (A) before, and (B) after the CF, 4 25%0O, plasma treatment (the peaks of the superconducting phase are noted SC).
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Figure 7 F 1s emission spectra obtained on the surface (§ = 0°) of
the outer grains of the YBa,Cu,0,_; ceramics treated by a CF,
+ 25%0, plasma.

the peaks corresponding to the degradation layer
remain unchanged. Therefore, the following assump-
tion can be launched for explaining the Y 3d and
Ba 3ds,, spectra (Fig. 9a,b): metal-fluorine bonds
would be present inside the superconducting phase;
the slight shift observed (& 0.2 V) towards higher
energies for the peaks Y 3d, Ba 3d;,, and Ba 4d, cor-
responding to the component of the superconducting

phase, is due therefore to an increase of the ionicity of
the corresponding bonds.

However, the enhancement of the ionicity of these
bonds may also result from an increase of the coval-
ency of the competitive Cu—-O bonds (Fig. 9¢), due to
an increase of the concentration of Cu(IlI). This obser-
vation is corroborated by Mohr-salt titrations as
shown in Table I of Part I [1]. From these results it
seems obvious that both the anionic non-stoichiome-
try and Cu*” content are affected by the oxidizing
effect of fluorine. A similar change in binding energy of
core levels of yttrium and barium has already been
observed on YBa,Cu;0O,_; treated under oxygen 8],
in which an increase of Cu{IIl) occurs.

5. Conclusion

The interaction of reactive species (F, and F') with the
surface of both outer and inner grains of
YBa,Cu;0,_; ceramics have been investigated. The
fluorine-gas treatment removes similarly (OH)™ and
(CO,)*~ species located in the degradation layer of the
surface of both ocuter and inner grains of the materials,
and also leads to the formation of HF; and (CF),
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Figure 8 (a) Y 3d, (b) Ba 3d,,,, (c) Ba 4d, (d) O s and (¢) C 1s emission spectra obtained at the surface (0 = 0°) of the inner grains of the
YBa,Cu,0, _5 ceramics (A) before, and (B) after the CF, + 25%O, plasma treatment (the peaks of the superconducting phase are noted SC).

species as observed in the F 1s spectra. The fluorin-
ation process gives rise at the surface of the grains to
the formation of a fluorinated layer about 30 nm thick
and containing a concentration gradient of Cu(IIl)
and oxyfluorinated species. This layer efficiently pro-
tects the YBa,Cu,O,_; ceramics against moist air
and the superconducting properties are also im-
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proved. The PEF treatment removes the (OH)™ and
(CO,)? ™ species from in the degradation layer of outer
grains of the materials, without forming (CF), and
HF; species. The fluorination process gives rise to an
homogeneously fluorinated layer, about 7 nm thick at
the surface of the outer grains of the materials. On the
other hand, the PEF treatment does not seem to
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Figure 9 (a) Y 3d, (b) Ba 3d;;, and (c) O 1s emission spectra obtained at the surface (6 = 0°) of the inner grains of the YBa,Cu30,_5 (—)
before and (——-) after the CF, + 25%0, plasma treatment (the peaks of the superconducting phase are noted SC).
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produce a fluorine-rich layer at the surface of inner
grains of the materials, but would rather lead to the
formation of metal-fluorine bonds inside the super-

conducting phase due to an oxidation process by F’
species.
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