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Untangling surface oxygen exchange effects in YBa,Cu3Og.y thin
films by electrical conductivity relaxation

P. Cayado®, C. F. Sdnchez-Valdés®, A. Stangl®, M. Coll’, P. Roura®, A. Palau®, T. Puig® and Xavier
Obradors®

The kinetics of oxygen in-corporation (in-diffusion process) and ex-corporation (out-diffusion process), in
YBa,Cu306.x(YBCO) epitaxial thin films prepared using the Chemical Solution Deposition (CSD) methodology by the
Trifluoroacetate route, was investigated by electrical conductivity relaxation measurements. We show that oxygenation
kinetics of YBCO films is limited by the surface exchange process of oxygen molecules prior to bulk diffusion into the film.
The analysis of temperature and oxygen partial pressure influence on the oxygenation kinetics has drawn a consistent
picture of the oxygen surface exchange process enabling us to define the most likely rate determining step. We have also
established a strategy to accelerate the oxygenation kinetics at low temperatures based on the catalytic influence of Ag
coatings thus allowing to decrease the oxygenation temperature in the YBCO thin films.

Introduction

The use of low-cost techniques such as Chemical Solution
Deposition (CSD) for the growth of high performance REBa,Cu30g.y
(REBCO) Coated Conductors (CCs) is one of the major requirements
in obtaining a widespread use of superconductivity in large scale
applicationsl_s. CSD has become a very competitive, cost-effective
and scalable methodology to produce REBCO, especially YBCO,
epitaxial thin films and so extensive analysis of all the relevant
processing steps is worthwhile.

The last step in any CC manufacturing process is oxygenation.
Achieving optimal oxygen content in YBCO films is actually a critical
issue in the development of high critical current superconductors.
This process depends on the kinetics of the surface oxygen
exchange and bulk oxygen diffusion processes. Therefore, an
improved understanding of oxygen incorporation (in-diffusion
process) and ex-corporation (out-diffusion process) in YBCO films is
needed to design an optimal oxygenation.

The oxygen exchange processes have been investigated extensively
in the past using different techniques such as secondary ion mass
spectrometry”™ thermogravimetry'®", spectroscopic
ellipsometry12 or electrical conductivity relaxation> ™. However, in
most of the cases the kinetics of the oxygen exchange have been
analyzed in terms of a volume diffusion process governed by Fick’s
laws’®®" and the surface reactions that the oxygen molecules
experience on the YBCO films have been scarcely considered”.
However, in recent years, the mechanisms of oxygen exchange and
bulk diffusion in functional oxides have become a topic generating
high interest. The relevance of surface reactions, which may
become the slowest step in the whole chain of oxygen exchange,
has been stressed. This is particularly important in thin films,
because the short diffusion distance makes bulk diffusion very fast
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leading to homogeneously oxygenated films. Especially relevant is
the research about this issue in the field of solid oxide fuel cells
(SOFC) where mixed ionic and electronic conductors (MIEC) are
used® ™. In these materials, the oxygen molecules have to
complete four different steps before diffusing through the volume:
i) adsorption/ionization, ii) surface diffusion to find a vacancy, iii)
dissociation and iv) migration of the second ion to find another
vacancy® 7.

Among these steps, the slowest one limits the overall rate of the
surface reaction and, for this reason, it is known as rate
determining step (rds). The rds can vary depending on the particular
case that is being considered. Similar proposals have been made for
many MIECs, such as SrTiO; (STO), Fe-Doped STO or Ba,,Sr,Co,Fe;.
yog_ZZHZ. Also, extensive analysis of the oxygen surface reactions
have been carried out in CeO,., (ceria) and gadolinium doped ceria
(GDC), as recognized oxygen-deficient compounds which may serve
as model systems. The complexity of the surface oxygen-ion
transfer was demonstrated on these systems and it was shown that
surface phenomena can limit in some cases the rate of the overall
oxygen exchange processesaa_gg‘ However, the possibility that the
surface reactions limited the oxygen exchange processes in YBCO
films was mostly discarded and only recently it was pointed out the
role of surface reactions'**. Therefore, further analysis of the
oxygen exchange mechanisms in YBCO films is needed to sort out
when this process is surface limited and under which conditions the
volume bulk diffusion in films is indeed fast enough.

For this reason, in this work, we analyze, by electrical conductance
relaxation measurements, the effect that several parameters, such
as temperature (T) and oxygen partial pressure (PO,), have on the
oxygenation kinetics of CSD YBCO films. After concluding that
surface exchange effects play the key role in oxygenating our YBCO
films we also investigate the influence of including Ag as catalyst to
enhance the low temperature oxygenation rate. The results are the
base for designing optimal oxygenation processes in minimal time
for YBCO films having different oxygen contents.
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Theoretical aspects

The problem of oxygen diffusion in YBCO thin films is addressed, in
a simple way, as a one-dimensional diffusion process in a
homogeneous medium bounded by two parallel infinite planes, e.g.
the planes at x=0 and x=l| (actually, we only have one limiting
surface because the other one is in contact with the substrate).
These conditions apply in practice to diffusion into a plane sheet of
material so thin that effectively all the diffusing substance enters
through the plane faces and a negligible amount through the edges.
In this case the problem is reduced to solve the second Fick’s law in
one dimension (Equation 1)20’21’41:
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with boundary conditions of zero flux at the film-substrate interface,
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and a linear reaction rate at the free surface,
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where D is the mean value of the bulk diffusion coefficient in the
material, ks is the surface reaction rate constant, | is the film
thickness and C, Cs and C,q are its oxygen concentration at any point,
at the surface and that in equilibrium with the surrounding gas,
respectively.

For an initial homogeneous oxygen concentration, Cy, this problem
has an exact analytical solution*’. This solution integrated over the
film thickness delivers the time-dependence of the average oxygen
concentration, C (Equation 2):

T-Co

F—— (Equation 2)

=1-%0, Age /o

where
28?2
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The values B, are the n’th positive roots of (Equation 3):

Bntanp, =& (Equation 3)
For a volume diffusion-controlled process (6>>1) and for a surface-
controlled process (6<<1), the only relevant term of the series of
the solution is the first one; the other terms have much shorter
time constants and much lower amplitudes. Consequently, in both
cases the evolution with time of C can be described by a single time
constant (Equation 4):
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where T = p OF T= 1/kg is the relaxation time if the process is
volume-diffusion or surface exchange-controlled, respectively.

In the case that the process was volume-diffusion controlled, the
exponential function should be multiplied by a factor very close to

one (8/r).
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Finally, since oxygen content controls the electronic carrier
concentration in YBCO films, its evolution will result in a parallel
evolution of the film conductance, G=1/R. We will assume that C
and G are proportional (i.e., the mobility of the carriers are
assumed to be constant during the course of relaxation) and,
consequently, the electrical conductance transients will be fitted to
the time dependence of equation 5, where concentrations must be
substituted by the conductances (Equation 5):

G()—G, -(* .
SO=6 9 ¢ (r) (Equation 5)
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Eventually, if there are two different parallel oxygenation channels
it would be necessary to consider two conductivity relaxation

processes with different relaxation times'’.

Results

Structural characterization of the films

All the 250 nm CSD YBCO films employed in this study present
excellent biaxial texture as it is observed in the 2D XRD 6-20 frame
(Figure 1a)) and confirmed by ¢-scan measurements and ®-scan
measurements (typically Ao ~ 0.6°). The YBCO grains exhibit a
perfect epitaxial (00l) orientation (Figure 1b)). Presence of other
grain orientation or secondary phases is not detected.

On the other hand, the SEM image shown in figure 2 demonstrates
that the obtained films have a dense and homogenous surface
without presence of precipitates or grains with {100} planes
oriented perpendicular to the substrate (a-b grains). It is
remarkable the presence of pores (marked with white arrows) that
have a great importance in the oxygen diffusion processes, as it will
be discussed later.

Temperature dependence of oxygenation kinetics

The electrical conductivity relaxation after consecutive steps of PO,,
either going towards a lower value (PL=2x10'4 atm) or towards a
higher value (Py= 1 atm), can be observed in figure 3a). The
consecutive conductance steps are measured at different
temperatures.

When PO, decreases, oxygen ions leave the YBCO structure (we will
refer to this process as “out-diffusion”), thus decreasing the carrier
concentration and so causing a decrease of the film conductance
(Figure 3b). This process leads to a final stoichiometry close to
YBa,Cu30¢ and, therefore, a change from the orthorhombic phase
to the tetragonal phase obtaining a non-superconducting film. The
oxygen level can be estimated from the T-PO, phase diagram4z_44.
On the other hand, when PO, increases, oxygen ions go into YBCO
(process referred as “in-diffusion”) and an increase of the
conductance is observed (Figure 3c)). During the in-diffusion
processes we come back to the orthorhombic phase and the films
become superconducting again. The different values of oxygen
stoichiometry can be again estimated accordingly to the T and the
PO, and this will determine the T, of the films™. Notice that the
saturation values of the conductance at P, and at Py increase when
temperature is lower. This evolution is mainly due to the increase of
the equilibrium oxygen content at low temperatures and higher PO,
values***®. The saturation conductance is shown to decrease at high
temperatures, independently of the metallic to semiconducting
transition of the YBCO films at an oxygen content 6~0.6. This would
indicate that the influence of the carrier concentration change in
the conductance overcomes the intrinsic temperature dependence
of the electric conductivity of the YBCO phase in the semiconductor
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or metallic regimes. Figures 3a) and 3b) also show that at low
temperatures (below 550 °C for the out-diffusion and below 400 °C
for the in-diffusion) the saturation of the conductance is not
reached. This is because, at such low temperatures, the oxygen
exchange process is so slow that the equilibrium is not reached at
lab scale times (maximum 2h in the present experiments). Figure
3b) shows one example of not saturated out-diffusion process
measured at 400 °C, even if much longer annealing times are used
(>15 h).
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Figure 1. 2D XRD 0-20 a) frame and b) integrated patterns of a 250

nm CSD YBCO film studied in this work. The films display a perfect
2D texture.

Figure 2. SEM image of a typical 250 nm CSD YBCO film showing a
dense and homogeneous surface with presence of some pores
(white arrows).

The conductance transients corresponding to oxygen out- and in-
diffusion were fitted using equation 6 to find the t values (Figure
3c)). It is observed that good fits are achieved which correspond
either to a process limited by surface reaction or by bulk diffusion,

This journal is © The Royal Society of Chemistry 20xx
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as discussed in section 3. It has to be considered that only the
transients that reach an equilibrium process can be properly fitted.
Those curves that are not saturated after the corresponding oxygen
exchange process are not valid for the fitting and, therefore, all the
graphs in this work only contain t values obtained from equilibrium
states. Figure 4 displays the temperature dependence of t values
for the out- and in-diffusion processes. The t values are longer for
the out-diffusion process (~7 min at 500 °C to ~0.4 min at 800 °C)
than for in-diffusion (~4 min at 400 °C to ~0.5 min at 500 °C). In the
case of the in-diffusion, above 500 °C, the process is so fast that it is
not possible to obtain an accurate value of 1.
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Figure 3. a) Evolution of the conductance with time for different
temperatures using alternative changes of PO, (A: P4=1 atm and B:
PL=2x10'1l atm). b) Example of a non-saturated conductance
relaxation measurement made at very long times (15 h) for an out-
diffusion process at 400 °C. c) Typical fitting (red curve) of an
experimental conductivity relaxation measurement (black curve)
using expression (5) to determine the t values (in-diffusion process
at 450 °C).

On the right Y axis of figure 4 the values of the surface reaction
rates k; obtained by application of equation 5 are also indicated.
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The log ks vs. 1/T series of points have been fitted to a linear
dependence to extract the activation energy, E, and k,
(k5=koexpEa/kT). For out-diffusion, it is found E,= 0.25140.05eV in the
550-800 °C range, whereas a much higher value of 0.840.2eV is
obtained for in-diffusion E, in the 400-500 °C range.

The in-diffusion E, value is similar to those previously reported for
sputtered YBCO thin films and bulk and liquid phase epitaxy (LPE)
samplesls'm“”’48 while the E, value of out-diffusion process is
considerably smaller (no similar analyses have been previously
reported). The k, values determined from the intercepts of the
straight lines in figure 4 also strongly differ between out- and in-
diffusion processes: k, = 1.5x10°+8.10” cm/s and 0.29+0.09 cm/s
for the out- and in-diffusion processes, respectively.

At this stage we wonder if the asymmetric behavior between out-
and in-diffusion processes is real or if it arises from an experimental
artifact associated to the conductivity relaxation experiments which
might be influenced by different electrical current percolation paths
between both experiments48'49. To ensure that this is not the case,
we performed thermogravimetric analysis (TGA) experiments on
YBCO powders of small particle size (10 um of diameter) to
ascertain if the asymmetry is also observed in this case. We indeed
found that under similar conditions of temperature and Py and P,
values, similart values are obtained and the asymmetry is
maintained (see figure 5). Hence, we confirm that the asymmetric
behavior of oxygen exchange is an intrinsic characteristic of YBCO
under the experimental conditions used in our experiments.

T(°C)
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] P,=1atm =
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1000/T (1/K)
Figure 4. Evolution of t values with temperature and kg vs. 1000/T
curves for the out-diffusion (black) and in-diffusion (red) processes
of a 250 nm pristine YBCO film following the PO, changes shown in
figure 3.
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Figure 5. TGA measurements of the mass change due to the oxygen
out-diffusion (solid) and in-diffusion (dashed) processes in a YBCO
polycrystalline powder sample.

Oxygen pressure dependence of the conductivity relaxation

The oxygen partial pressure PO, is a key parameter to analyze the
mechanisms limiting the kinetics of the oxygen exchange processes
on any oxide. Hence, we have carried out a series of conductance
relaxation measurements where P_ was changed within the range
PL=5x10'5 to Py=1 atm while Py was kept constant to 1 atm. A first
set of experiments was performed to analyze the temperature
dependence of t values at different PO, values for out-diffusion
processes. The experimental results show that PO, has a strong
influence on the corresponding t values (Figure 6).

At higher P, T values are smaller at all temperatures (values shown
in Figure 6). Consequently, ks increases with P, at all temperatures
and it follows a thermally activated behavior whose activation
energy depends on PO,. E, has been found to decrease with P,
(Figure 6).

More insight on the influence of PO, on the oxygenation kinetics
was gained from a second series of experiments where the
dependence of T on P, was determined by measuring conductance
relaxation at 500 °C for both in-diffusion and out-diffusion
processes. The procedure is illustrated in figure 7a) where the
conductance transients are observed when PO, is switched from P,
to Py and vice versa. Figure 7b) displays the corresponding t values
as a function of P.. The figure shows that t follows a power law, i.e.,
T o PO,P, with P values differing among in- and out-diffusion
processes. Consequently, the corresponding t values are
progressively different when P_ moves away from Py.

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. Measurements of the out-diffusion processes showing the
evolution of t values with temperature for different P, values and
Py = 1 atm. Dependence of ks vs. 1/T for different P, values is also
indicated together with the corresponding E, values.

Actually, the reaction rates of surface reactions usually follow
power law dependences POZB, where 3 depends on each particular
reaction. Hence, the conductance relaxation times should also
follow such dependence (T & POZB) if oxygen exchange is
dominated by surface reactions®>***°. The power law dependences
of the reaction rates have a thermodynamic origin derived from the
equilibrium constant of the chemical reaction and also from the
influence of oxygen adsorbate coverage on PO,"**°. The analysis of
the T power dependence on PO, can therefore provide more input
into the rds of the surface reactions. It can also further clarify the
origin of some controversial observations concerning the possible
existence of an asymmetric behavior between in and out-diffusion
oxygenation kinetics in YBCO® ™. The results reported in figure 7b)
draw a plausible scenario for this controversy: in any experimental
analysis of the asymmetry issue it is required that P and Py differ in
a significant amount to detect the corresponding effects.

At this stage we should stress that bulk diffusion might also
introduce some dependence of oxygenation kinetics on PO,
because the equilibrium oxygen content & of YBCO depends on
P0242, and this brings some dependence on PO, to the chemical
diffusion constant D, an usual feature in most MIEC oxides™> 8,
However, in YBCO the dependence of D with  seems to be rather
weak, even if a thorough investigation of this effect in single crystals
or epitaxial films would be worthwhile to handle properly the YBCO
diffusion constant anisotropy effects 9:11,15,48,49,59-64.

The results shown in figures 3 to 7 provide, therefore, an adequate
framework to disentangle the corundum of the surface oxygen
exchange mechanisms in CSD YBCO films. For instance, the strong
divergence between in-diffusion and out-diffusion kinetics (i.e.,
modified t values and a strong decrease of E, for the out-diffusion
processes) can only be attributed to the asymmetry of the surface
reactions.

An additional parameter which may influence the observed
oxygenation kinetic asymmetries is the temperature, so we
investigated the t dependence on P, at different temperatures.
Figure 8 shows that the ratio of t values for in- and out-diffusion
follows a PO, power law dependence with P independent of
temperature for the investigated temperature range.
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Figure 7. a) Evolution of the electrical conductance with time at
500 °C when different out-and in-diffusion processes are carried out
with different P_ values and maintaining constant the P, = 1 atm. b)
Evolution of t values for the in- and out-diffusion processes shown
in a). In the in-diffusion and out-diffusion experiments the initial or
final P_ values were variable, respectively. The slope of the power
law curves indicate that the factor f is ~0.43+0.04 for the out-
diffusion and ~0.2440.05 for the in-diffusion.

This behavior provides more understanding on the surface reaction
processes limiting the oxygen exchange. Since, as commented
above, one does not expect an asymmetry in the kinetics of in- and
out-diffusion for a process controlled by bulk diffusion, the
continuous lines of figure 8 extrapolate to the different P, values
where  Tjn/Toir ~1, i.e., when the experimental behavior is
indistinguishable from that of bulk diffusion. Under these
conditions the difference in PO, between both processes become
very small and the equilibrium states are reached very fast. Our
analysis clarifies, therefore, why previous reports in single crystals
showed that 1 values of in- and out-diffusion were
indistinguishable: the departures from the equilibrium were too
small™®®®. The asymmetric behavior associated to oxygen surface
reactions, therefore, can only be detected when large enough PO,
steps are used.

Finally, we can conclude this section by analyzing in more detail the
rds associated to surface reactions from the PO, dependence of t©
values.

This analysis is mainly grounded on the determination of B
exponents which always depend on the particular rds to be
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considered. In the case of STO films, Merkle and Maier described in
detail the values of the exponent corresponding to each particular
surface reaction®. For the case of YBCO films, on the other hand,
Chen et al proposed that the § parameter associated to the surface
reactions should be %."

In the most complete analysis of these issues, reported by Merkle
and Maier for STO films®, a useful approach was to determine the
equilibrium reaction rate (RO) from the t values of the in- and out-
diffusion processes. The following equation was proposed (Equation
6):

1 .
RO o [k, ko, — RO« ,Tmrm (Equation 6)

In the case of STO films, the relationship between R° and PO, for
each step of the surface reactions was described®. These reactions
are similar to those proposed by Kuklja et al for the case of
(Ba,Sr)(Co,Fe)0s3., films and already mentioned in the introduction®.
By representing a log-log plot of the obtained R® values vs. P, for
our CSD YBCO films at 500 °C one can determine the coefficient of
the power law dependence (Figure 9). The obtained value § ~0.34
suggests, following the proposal for the STO films, that the rds in
our case could be either the chemisorption process, leading to the
formation of 03~ molecules from O, in the gas phase, or the
dissociation of the 03~ molecule to form two O ions on the film
surface. We should note, however, that the results obtained here
for CSD YBCO films can not be directly compared with the
coefficients derived for STO films?. The calculations were made in
that case assuming the adsorption equilibrium to be in the limit of
low coverage and based on the bulk defect chemical data. Bearing
this in mind, it is clear that our identification of the rds in CSD YBCO
films can only be considered as a first approximation to a complex
problem requiring further theoretical and experimental
investigation.
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Figure 8. Plot of the ratio of 1 values of the in- and out-diffusion at
different temperatures vs. P, , when Py is fixed at 1 atm, as shown
in figure 6.
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Figure 9. Dependence of the equilibrium reaction rate R on P, for
YBCO CSD films. The observed PL0'34 dependence measured at
500 °C suggests that the rds is linked to the chemisorption or
dissociation of the 0%~ molecule.

Use of silver to accelerate the kinetics of the YBCO oxygen
exchange

The analysis of the oxygenation kinetics in CSD YBCO films
presented up to now has demonstrated that the surface reactions
limit the rate of oxygen exchange. It was also found that at low
temperatures (below 550 °C and 400 °C for out- and in-diffusion,
respectively) the processes are too slow to reach the equilibrium
state within the experimental time window. Consequently, it is not
possible to carry out oxygenation processes below 400 °C in
reasonable times because the oxygen incorporation will be
incomplete (Figure 3b)). However, oxygenation at low temperatures
would be interesting because one can further modify the oxygen
content of the YBCO films® . To overcome the low temperature
limitation in the oxygenation of functional oxides, it has been
shown that silver can be used as a catalyst to enhance the rate of
oxygen incorporation. The use of silver as a catalyst for selective
oxidation processes is well-known in different fields, especially in
the hydrocarbon industry69‘70. Additionally, it has excellent oxygen
solubility and permeability, two critical properties to achieve a fast
oxygen exchangen. The role of silver is to facilitate the O,
molecules dissociation and reduction. When an O, molecule is
adsorbed in a silver surface, there is an electron transfer from silver
to the ©* orbitals of the O, molecules. This causes a decrease in the
binding energy of the O=0 bond facilitating its rupturen. This
strategy was successfully tested in STO films®®. A layer of silver (100
nm) was deposited on top of STO by sputtering. After an annealing
process of 7 days at 1023 K the silver layer transforms into
micro/nanoparticles on the STO surface. The STO films with these
silver nanoparticles on the top showed lower E, and also much
higher k, values than the pristine sampleszs.

In our case we have introduced silver either directly in the YBCO
solution or as evaporated metallic layers, on the YBCO surface. In
the first case a YBCO+5%M Ag solution is prepared by adding Ag-
TFA salt to the YBCO solution and the films were synthesized using
similar growth processes than in pristine YBCO films. The structure
and superconducting properties are similar to the previously
investigated films”>. Silver shows a tendency to diffuse towards the
films surface before its sublimation and, at 810 2C, some traces of

This journal is © The Royal Society of Chemistry 20xx

silver remain in the surface (at 720 2C some silver NPs are still
detected at the surface after growth)73.

In the case of Ag coating of the YBCO films its typical initial
thickness is ~100 nm, however, after thermal annealing at 300 °C
for about 5 h, the typical surface microstructure corresponds to
that of nanometric or micrometric Ag particles (Figure S2 in Sl).
Conductivity relaxation experiments, both for the out- and in-
diffusion processes, have been performed in these films at
temperatures below 350 °C where the pristine YBCO films displayed
very long oxygenation times. A comparison of the typical
conductance relaxation at 350 °C and 300 °C of pristine and YBCO-
Ag coated films is shown in figures 10a) and 10b). It can be
observed that the equilibrium oxygenation in YBCO-Ag coated films
is reached within reasonable oxygenation times while in pristine
YBCO films saturation is not reached, even after times as long as 12-
15 h (Figure 3b)).

These results demonstrate that the oxygenation kinetics is much
faster when Ag is deposited on the films surface.
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Figure 10. a) Conductance relaxation due to an in-diffusion process
originated by a PO, step from PL=5x10'3 atm to Py=1 atm in pristine
and YBCO-Ag coated films at 350 °C. The difference in the oxygen
exchange rate among both types of films is clearly observed. b)
Evolution of the conductance during in- and out-diffusion processes
at 300 °C with PL=5x10'3 atm and Py= 1 atm. The corresponding
values are also indicated.

J. Name., 2016, 00, 1-3 | 7



It is clear that oxygen in-diffusion is favored at low temperatures by
silver. When silver is on the surface of the YBCO, the number of O,
molecules that are adsorbed and dissociated is larger due to the
reduction of the bond energy and, probably, also due to an
enhanced sticking probability of the molecules. It has been
suggested that oxygen atoms diffuse into bulk silver and reach the
films surface. This oxygen path was proposed for a silver membrane
kept at temperatures above 310 °C. Below this temperature, the
atomic oxygen is found to be locked at the silver surface without
diffusion into the silver Iayer74_76. The overall result of this
phenomenon is the acceleration of the surface reactions. Probably
silver is able to accelerate the rds, which was suggested to be the
dissociation of the 03~ molecule (or the formation of 037). A
thorough analysis of the temperature and PO, dependence of these
films will be required to properly analyze the microscopic
mechanisms responsible of such a strong modification of the
oxygen exchange processes.

Discussion

The results presented in the previous sections have provided
compelling evidence of the oxygen surface exchange reactions as
the limiting step in the oxygenation processes of CSD YBCO films. In
other words, the surface reactions are slower than the bulk
diffusion process in these thin films. It is an useful exercise,
however, to compare the surface reaction rates to the expected
bulk diffusion rates in YBCO crystals. For this purpose we need to
take into account that along the a-b planes the bulk oxygen
diffusion coefficient is much larger than the diffusion constant
along the c-axis (Dab=106Dc)g. Since volume diffusion is faster than
the surface oxygen surface exchange, we can estimate from our
data an upper bound of the oxygen diffusion length parallel to the
ab planes, based on previously determined chemical diffusion
constants.

A comparative analysis of oxygenation rates in bulk melt textured
ceramics and thin films has been performed previously, where it
was assumed that bulk oxygen diffusion was the limiting step. The
determination of an upper bound of the grain size (or diffusion
length) can be made using the following formula (Equation 7)":

L = \/2m21Dy, (Equation 7)

With the experimental t values for the oxygen in-diffusion process
at 700 °C in our CSD films L is estimated to be in the range of L ~
0.3-0.7 um, depending on the D,, values chosen in the calculation.
The diffusion lengths estimated by other authors for different YBCO
samples from their experimental t values were: L ~ 10°-10* pum for
melt textured bulk ceramics YBCO™, L ~ 10'-10 um for LPE films"’
or L~ 0.2 um for sputtered films™%. The upper bound of our CSD
films is therefore similar to the values previously reported for
sputtering films.

Figure 11 compares typical Ln(1/t) vs. 1000/T curves for the oxygen
in-diffusion process of the above mentioned YBCO samples. It is
observed that the CSD film curve is situated at the top left part,
thus indicating that the t values are the smallest in this range of
temperatures. The E, values for the in-diffusion process of the CSD
films are similar to those found in LPE, sputtering or bulk ceramics.
In the case of CSD YBCO films, the values vary in the range 0.8-1 eV,
which are similar to the previously reported values (1.1-1.25 eV) in
other types of samples. For the out-diffusion processes, however,
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as we mentioned before, the E, values are reduced to E, = 0.2-0.3
eV, thus pointing towards a modified rds mechanism®>”’, or an
asymmetry of the surface reactions during oxygen exchange™.
Concerning the observed T, values in Figure 11, the obtained results
for each technique are quite different. The 1, values for CSD and
sputtering films are in the range of 10°-107 s while in the case of
the LPE and MTG samples the 1, values are in the range of 102107
s, a reflect of the larger L values in these materials. We suggest
therefore that in YBCO films with a thickness in the range of
hundreds of nanometers and with small grain sizes (below ~1 um),
or a high concentration of pores or defects, the surface reactions
are the rate limiting factor for oxygen exchange. When the sample
thickness increases above several micrometers and the grain sizes
also increases, as in the case of the LPE samples (10 um of thickness
with large grains of 10™-10° um), the rate limiting factor is bulk
diffusion.

The microscopic mechanisms underlying the obtained E, values
arise actually from different sources, depending if bulk diffusion or
surface exchange is the rds. In the case of bulk controlled
mechanisms the E, correspond to the energy barrier that the
oxygen ions have to overcome to diffuse inside the YBCO structure.
On the other hand, the E, values in a surface controlled mechanism
arise from one of the energy barriers that the oxygen molecules
have to overcome: chemisorption, diffusion or dissociation.

T (°C)

3 500 450 400 350
e LPEfim
¢ MTG bulk
m  Sputtering film
F..’U: 6 4 CSD thin film
:\: * - \.
= *
S 9
- \\\. *
-12

1,3 14 15
1000/T (K™

Figure 11. In-diffusion Ln(1/t) vs. 1000/T curves for the YBCO LPE
films", sputtering films™>%°

1.6 1,7

%, MTG bulk samples19 and CSD films.

After reaching the conclusion that oxygen diffuses along lengths
shorter than 0.3-0.7 um, we may wonder if these are reasonable
values taking into account the microstructure of the CSD films.
Actually, the scenario suggested for the present CSD YBCO films is
quite similar to that previously suggested by other authors for
epitaxial functional oxide films'*878 These works proposed that
the oxygen exchange in epitaxial films takes place through two
different exchange channels: the native surface and the dislocations
usually present in the films. The claim is that the oxygen exchange
rate through these two channels strongly differs. Oxygen diffusion
through the dislocations is much faster than through the native
surface because in defective structures the oxygen mobility is
higher79’80 and the number of oxygen vacancies is larger than in the
bulk79’8l, thus enhancing the bulk diffusion.

In the case of the CSD YBCO films we propose a slightly modified
scenario. First, the surface reactions are completed at the native
surface. In the case of YBCO films grown by CSD, no threading
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dislocations exist even at very low thicknesses®, so it is considered
that oxygen ion exchange towards the bulk of the film happens
mainly through pores or low angle grain boundaries. Actually, as it
is observed in figure 3, the density of pores in the 250 nm thick CSD
YBCO films is quite high while grain boundaries in CSD YBCO films
have also been shown to play some role in the transport properties
and so they are probably also active as fast oxygen diffusion
path548’52'83. We propose, therefore, that oxygen ions penetrate into
the films along the vertical direction through these pores, where
the surface reactions may also occur, as well as along the low angle
grain boundaries remaining in the CSD epitaxial films>**°. These
oxygen exchange paths should be much faster than bulk diffusion
along the c-axis within the bulk of the film due to the low values of
D. mentioned before. Actually, we estimate that oxygen ions can
diffuse over a distance between 300 and 700 times longer along a-b
planes than along the c-axis. We should note here that the mean
separation distance between pores is at least as small as the
diffusion length, L, calculated through equation 7. Therefore,
oxygen ions can diffuse fast enough along the a-b planes to achieve
a homogeneous distribution.

Summarizing, in-diffusion of oxygen proceeds through the five steps
indicated in figure 12, four of them linked to the surface reactions
and the last one linked to bulk diffusion. First, the O, molecules are
chemisorbed to the free surface. Then the ionized molecules diffuse
into existing defects and they dissociate leading to 07 ions which
then require further surface diffusion to find available oxygen
vacancies®. Once the oxygen molecules complete the surface
reactions, if the resulting ions are near a pore, they diffuse through
it in the vertical direction and then along the a-b plane (Figure 12).
Molecular oxygen may probably also diffuse within the pores where
the surface reactions can be also completed. Anyway, considering
the vertical diffusion through the pores or grain boundaries is the
only way to justify the observed small t values.

This scenario is compatible with the reported experimental results

and it also clarifies the role of the silver nanoparticles at the surface.

At low temperatures, when the oxygen exchange through pores and
grain boundaries is still effective, the exchange rate is too small
because the rds has been slowed down. When some silver
nanoparticles are deposited on the film surface they accelerate the
oxygen surface reactions, and probably the oxygen ions surface
chemisorption as well. The huge 1 values observed in pristine films
at low temperatures are then strongly reduced and the conductivity
transients become measurable. Essentially, the catalytic effect of
silver nanoparticles accelerates the molecular oxygen dissociation
reactions in the native surface thus increasing the formation rate of
0% ions at low temperatures and hence enhancing the efficiency of
the oxygen exchange channels to diffuse towards the bulk of the
films.

Surface reaction vacancy

& -

Figure 12. Complete picture of the oxygen exchange process in CSD
YBCO films including the surface reactions and the bulk/volume
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diffusion. The complete process follows these steps: 1)
Chemisorption of the O, molecule, 2) surface diffusion to find a
vacancy, 3) dissociation of O, molecules, 4) the second ion migrate
to another vacancy and 5) volume diffusion.

Conclusions

This work was devoted to the study of oxygen in-corporation and
ex-corporation processes in CSD YBCO films in order to clarify the
limiting factors of the oxygen exchange in this kind of films and we
have unequivocally proved that the surface reactions are the
limiting factor in the kinetics of the oxygen exchange processes in
CSD YBCO films. The PO, dependence of conductance relaxation
times and the asymmetric behavior of the in- and out-diffusion
processes cannot be explained without consideration of oxygen
exchange as a surface controlled process. We could also infer,
through the study of the PO, influence in the relaxation times,
which is the rate determining step (rds). We suggest that the
chemisorption process leading to the formation of ionized O%‘
molecules, or the dissociation of the 03~ molecule to form two O
ions at the surface, is the rds in the present case. Finally, we have
also shown that silver is an effective catalytic agent to accelerate
the rate of the oxygen exchange rates at lower temperatures than
those we can achieve in pristine YBCO films. The reduction of
relaxation times in Ag coated YBCO films was quite significant at
low temperatures, thus allowing to shorten the oxygenation times
of the films at low temperatures where the pristine films can not be
fully oxygenated. It is suggested that silver reduces the strength of
0=0 bond and decreases drastically the overall surface reaction
times. After completing the surface reactions, the oxygen ions
diffuse parallel to the ab planes into the volume of the films
profiting of the existing pores and grain boundaries.

Experimental

The films studied in this work were prepared by CSD following the
trifluoroacetate (TFA) route. YBCO metallorganic precursor solutions based
on anhydrous TFA salts were prepared and characterized as described in
detail previously73’85. Basically, YBCO solid ceramic powder is dissolved in
trifluoroacetic acid, trifluoroacetic anhydride and acetone. Further, the
mixture is purified to finally obtain a 0.25M (with respect to the Y content)
YBCO-TFA solution. Alternative YBCO+5% mol Ag solutions are prepared by
adding the corresponding stoichiometric amount of Ag-TFA precursor salts
to the original 0.25M YBCO-TFA solution. These solutions were deposited by
spin-coating on 5x5mm’ LaAlOs (00I) (LAO) substrates. The subsequent
pyrolysis and growth processes are also described elsewhere®* ¥ . The phase
analysis of the YBCO films was done by X-ray diffraction using a Bruker AXS
GADDS diffractometer equipped with a 2D detector. The morphology of the
fully grown films was studied to observe the presence of precipitates,
porosity and the degree of grain disorientation. The Scanning Electron
Microscopy (SEM) images were obtained with a SEM Quanta 200 ESEM FEG
equipment.

The films conductance was determined by electrical measurements carried
out with a standard system reported elsewhere'”*®##8 |t consists of a 4-
probe contact in a Van der Pauw configuration. The sample is held in the
center of a 22 mm furnace tube that allows to control the temperature and
gas atmosphere. All experiments have been done at atmospheric pressure.
The PO, was set by mixing N, and O, with appropriate mass-flow meters.
The in-diffusion conductance transients were measured after PO, was
switched from a low-value, Py, to a high value, Py; and the reverse was done
for the out-diffusion experiments.

The influence of the gas flow on the oxygen exchange kinetics was analyzed
for out-diffusion experiments in order to evaluate the proper flow to be
used in all the kinetic experiments. Out-diffusion experiments were
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performed at gas flows in the range 0.15 to 0.6 I/min at different
temperatures (300-800 °C) (Figure S1 in Supporting Information (S.1.)). It was
found that some dependence on gas flow exists which is enhanced at low
temperatures and which tends to stabilize at 0.6 I/min. This gas flow
dependence at low gas flow rates arises probably from insufficient oxygen
diffusion across the boundary layer formed on top of the films. For this
reason all the reported experiments were performed under the highest gas
flow allowed in our experimental set up, i.e., 0.6 |/min.
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Figure S1). The influence of the gas flow on the oxygen diffusion
kinetics for the out—diffusion process. Figure a) shows the
evolution of the oxygen exchange relaxation time (t) for the out
diffusion process with the gas flow at different temperatures. It is
observed that t reduces at any temperature as the gas flow
increases. Figure b) demonstrates that, as the gas flow increases,
the differences in t for different temperatures are reduced so
approaching to the equilibrium state. Therefore, it is important to
carry out the experiments at high gas flows to maintain the
boundary layer in equilibrium with the ambient and avoid local
changes in the oxygen partial pressure that can modify locally the
diffusion processes.

Figure S2). SEM images of a YBCO film with a silver coating and
corresponding EDX analysis of a typical microparticle observed in
the image. A uniform coating of 100 nm Ag was achieved by
sputtering, however, after thermal annealing at 300 °C for about 5
h the Ag films has been transformed to a discontinuous coating of
micro/nanoparticles. Figure a) shows the Ag micro and
nanoparticles formed after annealing the Ag coated film at 500 °C
for about 5 h. Figures b) and c) show EDX measurements of a
selected microparticle which confirms the composition as Ag.
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Figure S1. Evolution of the diffusion relaxation time (t) with a) the
temperature for different gas flow values and b) the gas flow for
different temperatures.
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Figure S2. a) SEM image of a YBCO film with a silver coating after
annealing at 500 °C. b) Detail of an Ag microparticle where EDX
analysis has been carried out. c) EDX analysis of the microparticle
observed in b).
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