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Chapter 5 
 

 

Control of YBCO-TFA Growth Parameters 
 

 

Chemical solution growth of epitaxial thin films has arisen as a new and very exciting 

opportunity for the development of advanced functional ceramic materials[5.1]. The 

preparation of superconducting CC, where a biaxial texture of the superconducting 

oxide needs to be reached on metallic substrates, can strongly benefit from this new 

methodology. This growth process appears to be very promising in view of the 

preparation of low cost conductors. Nowadays, one of the cheapest techniques to growth 

YBCO is the TFA-MOD process. Recently, various groups in the world have 

investigated this promising TFA-MOD to prepare high-Jc YBCO films[1.26, 1.28, 1.30, 

4.12, 4.17, 5.2]. It is, however, a complex issue to reach full control of all the 

microstructural factors which may influence the superconducting properties of these 

conductors. It appears to be very appealing to first investigate the influence of the 

processing parameters on the growth mechanisms and the microstructural development 

in single crystalline substrates. A detailed understanding of the microstructure and the 

ability to control the microstructure are key issues for successful device application. 

This challenge has been taken for the superconductivity group at ICMAB in the scope 

of the European project called SOLSULET. 

 

We have showed in section 4.2.2, that in order to achieve high quality YBCO TFA films 

during the pyrolysis process the film homogeneity must be preserved; otherwise the 

final superconducting performances are degraded. Now in this chapter, we will focus on 

the relevance of the control of YBCO TFA growth parameters on the final 

microstructure and superconducting properties. The growth parameters studied are: 

reaction time, growth temperature, water vapour pressure and gas flow rate. Finally, due 

to the intrinsic nature of the sol-gel compounds, non-optimized growth conditions may 
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lead to very porous YBCO TFA-MOD films, hence we have investigated the influence 

of porosity on the superconducting properties of YBCO TFA-MOD films and its 

possible reduction by applying a sintering process. 

 

5.1. Reaction Time for BaF2 Decomposition 
 

After optimization of the solution deposition and pyrolysis parameters (chapter 4), we 

have concentrated on the study of the control of the reaction time in order to optimize 

the growth process of YBCO TFA-MOD films. One of the key issues of TFA-MOD 

process is the BaF2 decomposition at the growth step. At present there exist different 

opinions about the reaction of BaF2 decomposition. Two proposed mechanisms have 

been reported: The first one, it is claimed by Smith et al[1.28], they propose that a 

mixture of nanocrystalline precursors exists, such as BaF2, CuO and Y2Cu2O5, as a 

result of the pyrolysis process. These nanocrystalline precursors react with the water 

vapour of the wet atmosphere to give YBa2Cu3O6.5 tetragonal phase and generate HF 

gas as subproduct following the reaction: 

 

↑+→+++ HFOCuYBaOHOCuYCuOBaF O 425.022 5.63225222
2    (5.1)

 

The advancement of this reaction is mainly controlled by temperature and water 

pressure, P(H2O), while oxygen pressure, PO2, shifts the stability limits of the YBCO 

phase and hence also influences the reaction kinetics [1.28, 5.3, 5.4]. 

 

The second mechanism claimed by Araki et al[5.3] proposes that the reaction between 

nanocrystalline precursor and water vapour consists of two steps: 

 

↑+→+ HFBaOOHBaF 4222 22  (5.2)

5.63225225.022 OCuYBaxOOCuYCuOBaO →+++  (5.3)

 

Later, Araki et al [1.26] proposed a light variation of this mechanism. Specifically, they 

found that after the pyrolysis process the precursor film consists of nanocrystalline CuO 
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surrounded by an amorphous matrix of the oxyfluorur Y-Ba-O-F, then CuO reacts very 

slowly with the amorphous matrix and H2O to give YBa2Cu3O6.5 and HF. 

 

↑+→+−−−+ HFOCuYBaOHFOBaYCuO O
5.6322

2  (5.4)

 

In any of the models, the participation of water vapour is very important in the BaF2 

decomposition to obtain YBa2Cu3O6.5, but it is necessary to know how much time we 

need to apply the wet atmosphere in order to obtain a completely reacted film and avoid 

that H2O attacks the YBa2Cu3O6.5 tetragonal phase. 

 

As we saw in chapter 4, micro-Raman spectroscopy is a versatile, sensitive and non 

destructive technique to detect impurities and secondary phases on YBCO TFA-MOD 

films. From equations (5.1) to (5.3), a completed reacted film is obtained when BaF2 

traces disappear. Moreover, the BaF2 phase has a strong Raman efficiency and thus it is 

easier to detect by micro-Raman spectroscopy than by XRD. This fact, allowed us to 

monitor the extinction of the BaF2 Raman signal in the Raman spectra, and thus 

determine the necessary reaction time of a precursor film in the growth process at 

T∼790 oC and obtain a completely reacted sample. 

 

To quantify the presence of BaF2 phase on incompletely reacted YBCO TFA-MOD 

films, we need to find the Raman scattering efficiency ratio between these two phases. 

We prepared powder pellets of 1 gram containing BaF2 and YBCO phases at different 

concentrations (from 10%wt to 50%wt BaF2). The grain size of these two phases was 

ensured <1µm by a ball milling process. No changes in the powder structure or oxygen 

content were observed as it was determined by micro-Raman spectroscopy technique. 

The Raman spectras of mixed powder pellets are shown in figure 5.1a, they were 

collected in backscattering configuration by using a microscope objective of x10 

magnification (laser spot ∼ 10µm). 

 

Then, we determined the Raman scattering efficiency ratio between the integrated 

intensity of the BaF2 phonon mode at 241 cm-1 and the integrated intensity of the YBCO 

phonon modes at 340 and 500 cm-1 for the six powder pellets, i.e.: 
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Figure 5.1b shows the experimental values of the integrated intensity ratio as a function 

of BaF2 % nominal content in weight, a linear behaviour has been found with a slope of 

0.2. 
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Figure 5.1. (a) Raman spectra of powder pellets of BaF2 + YBCO between 10% wt of 
BaF2 and 50% wt, notice the increase of the signal at 241 cm-1 as the nominal content of 
BaF2 increases. (b) Linear relationship between the integrated intensity ratio and 
BaF2 % wt nominal content. The fit of the experimental values has a slope value ∼ 0.2.  
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Therefore, we have been able to obtain a linear relationship between the ratio of the 

integrated intensities of BaF2 and YBCO phonon modes and BaF2 % wt nominal 

content in the powder pellets. Then, with this information we are able to quantify the 

BaF2 phase present on the YBCO TFA-MOD samples and determine the proper reaction 

time required to complete the reaction. In this sense, we made four samples with 

optimized pyrolysis process and different reaction times. Characteristics of these 

samples are shown in tables 5.1 and 5.2, and micro-Raman analysis was performed to 

each sample. 

 

Table 5.1 

Conditions for YBCO films to study the reaction kinetics 
 

Precursor solution prepared from Y, Ba and Cu acetates 

Concentration = 1.5 M 

LAO Substrate 

Optimized pyrolysis process 

Tgrowth = 790 oC 

P(H2O) = 24 mbar 

P(O2) = 0.2 mbar 

Reaction time = variable + 30 min dry 

Standard oxygenation 

 

 

Table 5.2 

BaF2 % content in weight in YBCO films at different reaction times 
 

Sample 
 

Time (min) 
 

)4()3,2(/
2 OOBaF +II  

 

BaF2 % wt 

 

T10 
 

10 
 

0.16 
 

8.15 

T30 30 0.11 5.6 

T90 90 0.09 4.25 

T150 150 0 0 
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Figure 5.2a shows the values of BaF2 % wt for the four reaction times studied. Micro-

Raman was able to detect small amounts of BaF2 on YBCO films up to 4 % respect to 

the YBCO phase. In figure 5.2b we observe that at 30 minutes the BaF2 phonon peak is 

clearly visible corresponding to an incompletely reacted TFA-MOD film, while at 150 

minutes a fully reacted sample is obtained where only the YBCO phonon modes are 

observed. Additionally, we also note that our completely reacted film samples did not 

display additional bands (around 580 cm−1) in the Raman spectra which have been 

associated to cation disorder in the YBCO structure[5.4,5.5], thus indicating that high 

quality films have been obtained. In particular this sample at 150 minutes corresponds 

to a biaxially textured and high-Jc film, ∆φ ∼ 1o with Jc(77K) ∼3 MA/cm2, respectively. 

Therefore, the micro-Raman analysis allowed us to restrict the reaction time (150 

minutes in wet atmosphere) and thus, optimize the preparation process of YBCO TFA-

MOD films for the growth rate imposed by the growth parameters of table 5.1. At 

present, members of the superconductivity group are working on increasing the growth 

rate focused on process industrialization, and in that case reaction times should also be 

further reduced. 

 

0 30 60 90 120 150 180

0.00

0.04

0.08

0.12

0.16

0.20

B
aF

2 %
 w

t

 

I B
aF

2 / 
I O

(2
,3

)+
O

(4
)

Time (min)

0

2

4

6

8

10

 

(a)
 

 

Figure 5.2 (a) 
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Figure 5.2. (a) BaF2 % in weight values and integrated intensity ratio at different 
reaction times (b) an incompletely reacted film at 30 min where the BaF2 phonon peak 
is clearly seen, while 150 min correspond to a fully reacted sample where only the 
YBCO phonons modes are observed. 
 

5.2. Growth Temperature 
 

After optimization of the reaction time, we have concentrated on the study of the 

influence of the growth temperature on the final microstructure and superconducting 

properties. The influence of growth temperature in the preparation of TFA films 

becomes apparent due to the strong temperature dependence of the reaction kinetics. A 

detailed understanding of the microstructure and the ability to control the microstructure 

are key issues for high-Jc growth of TFA films. 

 

We began a systematic study of the influence of the growth temperature on the final 

properties to optimize this experimental parameter. In order to be able to isolate the 

influence of this parameter we kept all the other processing parameters constant. Two 

experimental batches were grown where only the temperature variation of the growth 

annealing process was changed. These two batches have different preparation method of 

precursor solution, as we saw in section 4.1, i.e. from Y, Ba and Cu acetates and 

commercial YBCO powder, they also have different water pressures, 24 mbar and 7 
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mbar, respectively. These precursor solutions were deposited on LAO single crystal by 

spin coating technique and thicknesses in the range 250 to 400 nm were obtained 

depending on the solution precursor viscosity (250 nm for acetates and 400 nm for 

oxide powder). Tables 5.3 and 5.4 show the experimental parameters used to growth 

these films. 

 

Table 5.3 

Conditions for YBCO films prepared from acetates 
 

Precursor solution prepared from Y, Ba and Cu acetates 

Concentration = 1.5M 

Optimized pyrolysis process 

Tgrowth = variable 

Thickness = 0.25 µm 

P(H2O) = 24 mbar 

P(O2) = 0.2 mbar 

Reaction time = 150 min wet + 30 min dry 

Total gas flow rate= 0.024 m/s 

Standard oxygenation 

 

Table 5.4 

Conditions for YBCO films prepared from commercial powder 
 

Precursor solution prepared from YBCO commercial powder 

Concentration = 1.5M 

Optimized pyrolysis process 

Tgrowth = variable 

Thickness = 0.40 µm 

P(H2O) = 7 mbar 

P(O2) = 0.2 mbar 

Reaction time = 150 min wet + 30 min dry 

Total gas flow rate= 0.024 m/s 

Standard oxygenation 
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5.2.1. Study of Growth Temperature on samples prepares from Y, Ba and 
Cu acetates 
 

We prepared five samples following the experimental parameters of table 5.3. The 

studied growth temperatures were 700o, 725o, 750o, 790o and 830 oC. XRD was used as 

a routine technique to characterize the crystalline structure and epitaxy of the YBCO 

films. Figure 5.3 shows the θ-2θ XRD patterns obtained for this batch. 
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Figure 5.3. XRD patterns in logarithmic scale of YBCO samples prepared from acetates 
at different temperatures. At high temperature a better crystalline structure is observed. 
 

In figure 5.3 we can observe clearly the (00l) YBCO profiles increasing on intensity as 

the growth temperature is increased. Strong (00l) peaks of YBCO indicate that the TFA 
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films have a large fraction of c-oriented grains with regard to the LAO substrate. We 

can also observe the (h00) reflections coming from LAO single crystal and associated 

reflections due to Cu Kα radiation. We have observed that the intensity values of (005) 

YBCO profiles was increasing; denoting enhancement of crystalline structure, as shown 

in figure 5.4. At 700 oC we have obtained YBCO epitaxial but some secondary phase 

and impurity amounts of Y2O3, BaF2 and BaCuO2 phases were present in the film. The 

peak intensity of the phases Y2O3 , BaF2 and BaCuO2 was less than ∼1%, ∼3 % and 

∼13 %, respectively, in comparison with the intensity of (005) YBCO profile. Clearly, 

the appearance of the BaF2 and BaCuO2 phases is related to low processing temperature. 

On the contrary, Y2O3, CuO and BaCuO2 phases appearing at high temperature were 

less than 1% in comparison with the intensity of (005) YBCO profile. 
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Figure 5.4. XRD intensity of (005) YBCO profile as a function of growth temperature. 
 

The YBCO ceramic oxide is an anisotropic compound, thus it is very important to 

obtain c-axis oriented grains perpendicular to the substrate surface, because a 

misorientation produces a detrimental of superconducting performances. We also 

performed XRD ω-scans measurements. In figure 5.5 we show the ∆ω values of (005) 

YBCO profile as a function of growth temperature, no systematic dependence with the 

temperature can be appreciated in the FWHM values (0.50 ≤ ∆ω ≤ 0.72). 
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The presence of the BaCuO2 phase found by XRD is correlated with micro-Raman 

measurements at the same temperature (700 oC). In figure 5.6a the Raman spectra of 

this batch are shown. We observed only YBCO phonons in films grown at high 

temperatures.  

 

Additionally, the evaluation of c-axis oriented grains, δ, was performed by micro-

Raman spectroscopy using equation 3.8c, by averaging five different 10 µm laser spots, 

as we did in chapter 3 to obtain the uniaxial texture. The uniaxial texture values of these 

samples are shown in figure 5.6b, observing a maximum value ∼ 0.92. The uniaxial 

texture depends on the processing temperature. Our results are comparable with the 

ones obtained by Iguchi et al[5.6] for a processing temperature of 800 oC, δ ∼ 0.90. The 

high uniaxial texture values obtained on YBCO TFA-MOD films, confirms that it is 

possible to grow highly c-axis oriented YBCO films by TFA-MOD process and thus the 

industrialization of the process to produce long length YBCO CC is viable. 

680 720 760 800 840
0.2

0.4

0.6

0.8

1.0

 

 

∆
ω

 F
W

H
M

 (D
eg

re
e)

Temperature (oC)
 

Figure 5.5. FWHM values of the XRD ω-scans measurements of the (005) YBCO 
profile as a function of the growth temperature. 
 

On the other hand, surface microstructure of this batch was obtained by SEM 

micrographs, as illustrated in figure 5.7. The differences in residual porosity of these 

samples are easily seen. The growth temperature influenced the morphology of the 

samples. While the sample prepared at 700 oC is extremely porous, a progressive 
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decrease in pore size and concentration is evident when the temperature is increased, 

and at 790 oC and 830 oC the pores have nearly vanished. The presence of some a-axis 

oriented grains is denoted by needle-shape grains with typical size ∼ 1 µm. 
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Figure 5.6. (a) Polarized micro-Raman spectra of YBCO samples prepared from 
acetates at different growth temperatures. (b) Uniaxial texture evolution with growth 
temperature. 
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Figure 5.7. SEM micrographs of YBCO samples grown via acetates at different firing 
temperatures. Qualitative information about final porosity is seen. At low temperatures 
porous films with presence of a/b-oriented grains are obtained, in contrast at 830 oC a 
dense film is grown. 
 

We have found particularly that the porosity of the samples is strongly dependent on the 

growth temperature. Texture analysis performed by micro-Raman spectroscopy has 

evidenced an existing relationship between a-axis oriented grains, porosity and 

superconducting properties[5.7], as we will show more in detail later in section 5.5. 

Moreover, the influence of the growth temperature and the associated porosity 

modification can be clearly detected and quantified through measurements of the 

temperature dependence of the electrical resistivity in the normal state, because a pore is 

an obstacle for current transport. Thus, porosity affects seriously the high current-

carrying capability of the TFA films, as it is confirmed below by resistivity 

measurements at 300K and Jc transport measurements. 

 

As shown in figures 5.8 and 5.9, K300ρ  approaches to the YBCO single crystal value, 

200 µΩ-cm [5.8], and Jc value increases up to ∼ 2.5 MA/cm2 for samples grown at 790 
oC. These optimum values correlate with micro-Raman results on the uniaxial texture δ 

∼ 0.92, in-plane texture ∆φ ∼ 1.1o degree, dense samples in SEM micrographs and high 

crystalline structure in XRD patterns, denoting high performing YBCO TFA-MOD film. 

On the contrary the presence of porosity, secondary phases or impurities results in poor 
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connectivity of YBCO grains[1.29,5.7] giving raise to high normal state resistivity and 

low Jc values. This fact could also be related with the low Jc value observed at 700 oC. 
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Figure 5.8. Resistivity values at 300K of YBCO samples grown via acetates at different 
firing temperatures. 
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Figure 5.9. Critical current density at 77K of YBCO samples grown via acetates at 
different firing temperatures. Notice that the Jc value at 790 oC and 830 oC is higher 
than ∼2.5 MA/cm2. 
 

Moreover, the misfit between YBCO and LAO due to different cell parameters and 

thermal dilatation coefficients, makes possible that they expand in different ways at a 

given growth temperature, therefore it will be more favourable a particular orientation 
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(h00) or (00l) of the YBCO grains according to the growth temperature. Mukaida et 

al[5.9] studied the lowest temperature for c-axis preferred oriented thin film growth at 

different substrate materials by PLD, as show in figure 5.10. 
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Figure 5.10. Substrate temperature dependencies of the main orientation axis of 
YBa2Cu3O7, thin films grown on different substrate materials such as: (001) Nd:YAlO3 
(a = 3.69 Å), (001) LaAlO3 (a = 3.79 Å), (110) NdGaO3 (a = 3.86 Å), (100) NdPrO3 (a 
= 3.87 Å) and (100) SrTiO3 (a = 3.91 Å). Solid circles (● ), solid triangles (!), open 
triangles ("), and open circles (!) represent grown thin films that were fully c-, almost 
c-, almost a-, and fully a-axis preferred orientation, respectively.[adapted from reference 
5.9]. 
 

Therefore, at the light of these results, the increase of the growth temperature during the 

annealing process has proved to have a tremendous influence on the final microstructure 

and superconducting properties of the samples. High temperature treatments evidence 

an improving of c-axis oriented grains on the YBCO films and superconducting 

performances.  

 

5.2.2. Study of Growth Temperature on samples prepared from 
commercial YBCO powder 
 

We prepared nine samples following the experimental conditions of table 5.4. The 

precursor films were converted at different growth temperatures 650o, 700o, 745o, 775o, 

790o, 795o, 800o, 810o and 820 oC. Figure 5.11 shows the XRD patterns of this second 
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batch. We can clearly observe the (00l) YBCO peaks increasing in intensity as the 

growth temperature increases. Strong peaks of YBCO (00l) indicate that we have a large 

fraction of c-axis oriented with regard to the LAO surface at high temperatures. We also 

observe the (h00) LAO profiles and associated reflections due to Cu Kα radiation. At 

650 oC we have obtained YBCO phase with no traces of secondary phases or impurities. 

But at 820 oC some secondary phases such as Y2O3 and CuO were present in the film. 

The peak intensity of the phases Y2O3 and CuO was less than ∼1%, in comparison with 

the intensity of (005) YBCO profile. The appearance of these impurity phases will be 

discussed later in chapter 6. As in the case of the acetate films, the intensity of (005) 

YBCO intensity was increasing with increasing the growth temperature denoting an 

improvement of crystalline structure, as clearly shown in figure 5.12. 

 

We also performed routinely XRD ω-scan measurements of YBCO (005) profile, the 

FWHM values are in the range of 0.64o ≤ ∆ω ≤ 0.78o (figure 5.13). As it was obtained 

in YBCO films grown from acetates there is not a clear dependence of ∆ω values with 

temperature though an increase of intensity of the XRD profiles is observed. Better 

crystalline structure films are obtained between 745 oC and 795 oC, this fact reveals that 

there exists a range of annealing temperatures to grow TFA films with acceptable 

crystalline structure to obtain c-axis grains perpendicular to substrate surface. SEM 

micrographs of surface microstructure shown in figure 5.14, show the same trend as the 

batch prepared from acetates namely, the porosity decreases with the increasing of 

annealing temperature. Notice that at close to the highest temperatures used 810, 820 oC 

(for commercial powder) or 830 oC (for acetates) we are rather closed to the 

decomposition limit at P(O2) = 0.2 mbar (see figure 5.15) and therefore, slight 

modification of the temperature tendency could be expected, namely figure 5.17, 5.18 

and 5.19. Later, in section 5.5 we will show the relationship among resistivity, uniaxial 

texture and critical currents. 
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Figure 5.11. XRD patterns in logarithmic scale of films prepared via commercial YBCO 
powder. Notice the high crystalline structure of samples grown at high temperatures, the 
absence of BaCuO2 traces and signals of CuO and Y2O3. 
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Figure 5.12. XRD intensity of (005) YBCO profile as a function of growth temperature. 
Notice the enhancement of crystalline structure at high temperatures. 
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Figure 5.13. FWHM values of the XRD ω�scan measurements of the (005) YBCO 
profile as a function of the grow temperature, for samples prepared form commercial 
YBCO powder. 
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Figure 5.14. SEM micrographs of YBCO samples prepared via commercial powder at 
different firing temperature (a) 700, (b) 745, (c) 795 and (d) 810 oC. 
 

8 9 10 11

-5

-4

-3

-2

-1 800ºC 700ºC900ºC

 

 

L
og

 P
O 2 

(M
Pa

)

104/T (K)

YBCO
unstable

50 mbar

5 mbar

1 mbar

0.2 mbar

a-axis

c-axis

8 9 10 11

-5

-4

-3

-2

-1 800ºC 700ºC900ºC

 

 

L
og

 P
O 2 

(M
Pa

)

104/T (K)

YBCO
unstable

50 mbar

5 mbar

1 mbar

0.2 mbar

a-axis

c-axis

 
Figure 5.15. P(O2)-temperature phase diagram of YBCO adapted from reference [5.10]. 
Notice we are in the working zone of PO2 ∼ 0.2 mbar. 
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Micro-Raman measurements are shown in figure 5.16. They correlate the XRD results 

since we clearly observe YBCO Raman signal for all the growth temperature range 

studied. We have observed favourable a-axis orientation at growth temperatures below 

700 oC, as it is clearly observed in figure 5.16 by the higher intensity of the O(4) 

phonon mode with regard to the O(2,3) phonon mode. On the other hand, for 

temperatures above 700 oC, the relative intensity of the O(4) phonon mode decreases 

with regard to the O(2,3) phonon intensity, denoting an increase of c-axis oriented 

grains concentration on the film. 
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Figure 5.16. Polarized micro-Raman spectra of YBCO samples prepared from 
commercial YBCO powder. 

 

The evaluation of uniaxial texture, δ, was performed by averaging five measurements 

performed at five different points on the samples using the ∼10 µm laser spot. We 

noticed that a strong dependence of uniaxial texture with annealing temperature exists 

as clearly observed in figure 5.17. This trend is in agreement with the previously 

observed behaviour on samples grown from acetates (figure 5.6b). The evolution of 

uniaxial texture reveals that there is a range of annealing temperatures between 745 oC ≤ 

Tgrowth ≤ 800 oC to growth c-axis oriented films. We have also observed that the uniaxial 

texture for the annealing temperature range between 745 oC and 800 oC has nearly the 

same value δ ∼ 0.90. Below 745 oC, strong a-axis growth with small δ values is attained. 

For annealing temperatures over 800 oC Raman signals from CuO chain site disorder 
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and BaCuO2 impurities appear, as is seen in figure 5.16. Also a decrease of the uniaxial 

texture value was observed, as displayed in figure 5.17. 
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Figure 5.17. Uniaxial texture values determined from micro-Raman as a function of 
grow temperature for the YBCO samples prepared via commercial YBCO powder. 
 

Transport measurements, K300ρ  and Jc, are shown in figures 5.18 and 5.19 respectively. 

The Jc values, at 77K, increase until ∼ 2.35 MA/cm2 correlated with K300ρ  ~ 300 µΩ-

cm values approaching to the YBCO single crystal value (200 µΩ-cm)[5.8]. These 

values obtained are correlated with XRD, micro-Raman and SEM results. As in the case 

of acetate based films, high crystalline structure, dense matrix and high uniaxial texture 

denote a biaxial textured and high Jc superconducting films. 

 

At the light of the results, the annealing temperature has the following influence on the 

YBCO TFA growth: nucleation of a-axis grains is favourable at low annealing 

temperature as shown in the diagram of figure 5.15; instead, high annealing 

temperatures promote c-axis oriented grains perpendicular to substrate surface. All these 

facts are in agreement with Mukaida et al[5.9] and Iguchi et al[5.6]. We conclude that, 

the optimized growth temperature is 795 oC - 800 oC. This working range is below the 

oxidation limit of metal tapes, therefore at the ICMAB group this YBCO TFA-MOD 

processing treatment has been transmitted to metallic substrates for future CC 

production. 
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Figure 5.18. Resistivity values at 300K as a function of growth temperature of samples 
prepared from commercial YBCO powder. 
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Figure 5.19. Critical current density at 77K of YBCO samples prepared form 
commercial powder. Notice a maximum Jc ∼ 2.35 MA/cm2 at 795 oC. 
 

From the two sets of experiments on acetates- and oxides-based, we have observed that 

for high growth temperature we have obtained δ, Jc and ρ values very similar, but for 

low growth temperature the actual values of these parameters were very different. This 

fact may be due to the difference in the water vapour pressure, 24 mbar for acetates and 

7 mbar for oxides (see tables 5.3 and 5.4), though also a difference in the thickness 
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between the two sets of samples (0.25 and 0.40 µm, respectively) existed. The P(H2O) 

growth parameter is certainly an important parameter to take into account because the 

P(H2O) is directly related to the local rate of conversion from H2O to HF as we saw in 

chapter 4 (equation 4.8). Therefore, in the following section we have performed a deep 

study of this growth parameter. 

 

5.3. Water Vapour Pressure. 
 

We studied the variation of the final microstructure and the superconducting properties 

with another principal parameter in the growth of YBCO TFA-MOD films, the water 

vapour pressure. The chemical reaction for YBCO phase formation requires water 

vapour at certain pressure in order to decompose the BaF2 intermediate phase (see 

equation 5.1 or 5.2). There exists a direct dependence of the local rate of conversion 

from H2O to HF, i.e., )( 2OHPR ∝  (equation 4.8). We will expect that high pressure 

values produce distorted growth of the film and need to find an optimum work pressure 

range. Seven samples were prepared in the water vapour pressure values: 1.5, 6, 7, 11.5, 

23, 24 and 26 mbar. In order to be able to isolate the influence of this parameter we kept 

all the other processing parameters constant considering the optimized growth 

temperature at 795 oC. Experimental conditions of these samples are shown in table 5.5. 

 

Table 5.5 

Growth conditions of YBCO films with variable water pressure 
 

Precursor solution prepared from YBCO commercial powder 

Concentration = 1.5 M 

Optimized pyrolysis process 

Tgrowth = 795 oC 

Thickness = 0.4 µm 

P(H2O) = variable 

P(O2) = 0.2 mbar 

Reaction time = 150 min wet + 30 min dry 

Standard oxygenation 
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The XRD patterns of samples grown at different water vapour pressures are shown in 

figure 5.20. We obtained YBCO XRD signals for all range of water pressure studied. In 

particular, we have observed strong intensity of the YBCO profiles in the sample grown 

at 23 mbar. This is an indication of higher crystalline structure and high c-axis grains 

concentration of the TFA film. We also observed the (h00) reflections coming from 

LAO substrate and associated reflections due to Cu Kα radiation. The peak intensities of 

secondary phases, such as Y2Cu2O5 (Y225) and CuO, were compared with its respective 

(005) YBCO intensity, thus they were minor than 1% to be present on the TFA films. 

However, it is important to note that the precursor phase Y2Cu2O5 appears for low water 

pressures, i.e., low growth rate. 
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Figure 5.20. XRD patterns in logarithmic scale of films produced via commercial 
YBCO powder at different water vapour pressures. 
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XRD ω-scan measurements indicate FWHM values between 0.42o ≤ ∆ω ≤. 0.90o, as 

shown in figure 5.21. To determine the uniaxial texture, we also performed micro-

Raman measurements which are shown in figure 5.22. The evaluation of uniaxial 

texture, δ, was also performed by averaging five different 10 µm laser spot. We have 

observed that at water pressures in the range of 5 to 15 mbar the uniaxial texture is 

constant δ ∼ 0.9, but at water pressure below 5 mbar or above 23 mbar there is a slight 

decrease of uniaxial texture δ ∼ 0.8. Additionally, we observed below 5 mbar and above 

23 mbar appearance of defects in the Raman spectra (figure 5.23) such as Cu(1) and 

O(1) prohibited Raman phonons at 230 cm-1 and 595 cm-1 respectively, is observed as a 

result of the presence of broken Cu-O chains in the YBCO structure[5.11]. This kind of 

disorder is due to fragments of CuO chains, i.e. if an atom is located at the inversion 

center of the CuO metallic chain and is displaced along the chain direction, the change 

of the electric susceptibility of all bonds to one side is exactly compensated by the 

bonds of the opposite side. When a chain is infinitely long, this cancellation occurs for 

all atoms. However, for finite fragment, the displacement due to even modes involving 

atoms at the extremes of the chain is not compensated leading to a Raman signal.  

 

In the SEM micrographs of the surface morphology shown in figure 5.24, we do not 

appreciate changes in surface microstructure with regard to different water vapour 

pressure. These surface microstructures with different water vapour pressures are in 

agreement with the studies on YBCO films grown by the BaF2 process between P(H2O), 

total pressure and temperature carried out by Yoo et al[5.12]. 
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Figure 5.21. FWHM values of the XRD ω-scan measurements of (005) YBCO profile 
as a function of the water pressure. 
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Figure 5.22. Uniaxial texture of YBCO samples grown at different water pressures. 

 

 

 



Chapter 5. Control of YBCO-TFA Growth Parameters  
 
 

 177

 

 

 

 

200 300 400 500 600 700

1.5 mbar

23 mbar

26 mbar

11.5 mbar

+O(2,3)

O(1)O(4)

O(2,3)

 

 
Sc

at
te

re
d 

In
te

ns
ity

 (a
.u

.)

Raman Shift (cm-1)

Cu(1)

PL

7 mbar

 
Figure 5.23. Micro-Raman spectra of YBCO samples grown at different water pressures. 
Notice the appearance of defects such as Cu(1) and O(1) at 230 cm-1 and 595 cm-1 
respectively, denoting broken CuO chains. 
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Figure 5.24. SEM micrographs of YBCO samples produced via commercial YBCO 
powder at different water vapour pressures (a) 7, (b) 11.5, (c) 23 and (d) 26 mbar. 
Notice that we can not observe important changes in porosity and surface morphology. 

 

Then, we performed transport measurements of these films. Figures 5.25 and 5.26 show 

the resistivity, K300ρ  and Jc as a function of water vapour pressure. As we see, the K300ρ  

values approach to YBCO single crystal value (200 µΩ-cm) in the range of 5 � 12 mbar 

of water vapour pressures, micro-Raman measurements show that samples grown at that 

water vapour pressure are free from defects, as illustrated in figure 5.23, meanwhile at 

water vapour pressures above 23 mbar and below 5 mbar we observed an increase of the 

K300ρ  values, confirming a more distorted growth. In addition, at water pressures below 

5 mbar the K300ρ  values were very high with respect to pressures above 23 mbar. 

Moreover, from critical current density measurements at 77K, Jc is constant for water 

pressures between 5 -12 mbar but undergoes a drastic drop of three orders of magnitude 

for water pressure values higher than 23 mbar and one order of magnitude for values 

lower than 2.5 mbar. Yoo et al[5.12] and Iguchi et al[5.6], also observed a strong 

decrease on Jc values at higher water pressures. As stated earlier in the Raman 

measurements, samples grown at higher and lower water pressure values show the 

appearances of Cu(1) and O(1) Raman modes related to structural defects in YBCO. 
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Figure 5.25. Resistivity measurements at 300K of YBCO samples prepared by 
commercial powder at different water pressure values. 
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Figure 5.26. Critical current density of YBCO samples grown at different water 
pressures. 
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As we presented in chapter 4, low water vapour pressures involve low conversion rates 

(equation 4.8) and not enough HF release; this might not complete the reaction, or even 

entrap HF, precipitate of the precursor phases or generate disorder. On the contrary, for 

high water vapour pressure we have high conversion rates and thus, may obtain a 

distorted growth front producing a disordered growth. At the light of these results, we 

may conclude that the water vapour pressure values optimum for the preparation of 

highly c-axis oriented and high-Jc YBCO films are in the range of 6 mbar ≤ P(H2O) ≤ 

11 mbar. 

 

Another parameter to take into account is the gas flow rate in the reaction zone, because 

it is related to the diffusion boundary layer (figure 4.6). Thus, the HF swept out from the 

reaction zone may be strongly related to the gas flow rate. In the next section we focus 

on the study of this growth parameter. 

 

5.4. Gas Flow Rate 
 

Another parameter studied in the preparation of YBCO TFA-MOD films was the gas 

flow rate in the furnace. As we saw in section 4.1, the relation between the gas flow 

vector of water pressure and the HF gas is very important, because with the increase or 

decrease in the gas flow rate, more or less moisture (H2O) is carried into the reaction 

zone and the HF of the reaction is swept out of the reaction zone more or less efficiently. 

We prepared another batch containing eight samples grown at different gas flow rate 

values: 0.0024, 0.0072, 0.012, 0.018, 0.024, 0.030, 0.036 and 0.048 m/s. In order to be 

able to isolate the influence of this parameter on the YBCO final quality, we kept all the 

other processing parameters constant, considering the optimum parameters Tgrowth ∼ 795 
oC and water vapour pressure ∼ 7 mbar. Table 5.6 shows the main experimental 

conditions of this batch. 
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Table 5.6 

Conditions for YBCO films grow with variable gas flow rates 
 

Precursor solution prepared from commercial YBCO powder 

Concentration = 1.5 M 

LAO substrate 

Optimized pyrolysis process 

Tgrowth = 795 oC 

Thickness = 0.4 µm 

P(H2O) = 7 mbar 

P(O2) = 0.2 mbar 

Gas flow rate = variable 

Reaction time = 150 min wet + 30 min dry 

Standard oxygenation 

 

 

 

In figure 5.27 we show the XRD patterns of the present batch, where we can observe the 

high intensity of (00l) YBCO profiles denoting good crystallinity, and high c-axis 

oriented grain fraction. We also observe (h00) LAO substrate profiles and associated 

reflections due to Cu Kα radiation, denoted by Kβ. The peak intensities of secondary 

phases at all gas flow rates and impurities found such as Y2O3, CuO and BaCuO2 were 

compared with its respective (005) YBCO intensity, we determined that their intensities 

were minor than 1%. Figure 5.28 shows the FWHM values of the XRD ω-scan 

measurements of the (005) YBCO profile and are in the range 0.53o ≤ ∆ω ≤ 1.27o. The 

profile is very broad when the gas flow rate is increased to 0.048 m/s. 
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Figure 5.27. XRD patterns in logarithmic scale of YBCO films growth at different gas 
flow rates. 
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Figure 5.28. FWHM values of the XRD ω-scan measurements of the (005) YBCO 
profile for samples grown at different gas flow rates. 

 

We performed micro-Raman measurements with the 10 µm laser spot, figure 5.29 

shows the polarized Raman spectra of YBCO samples at different investigated gas flow 

rates. We only observe YBCO phonons modes in the films grown free of secondary 

phases or slight impurity traces at gas flow rates below 0.048 m/s. This would be in 

agreement with an increased amount of impurities and disorder observed in the Raman 

spectra and the poor crystalline structure observed in XRD and ∆ω value at high gas 

flow rate (0.048 m/s). 

 

On the other hand, the uniaxial texture, determined by averaging five laser spots (10 

µm), remains almost constant (δ ∼ 0.90) for the investigated gas flow rate interval, as it 

is displayed in figure 5.30. This fact can be observed in the surface microstructure by 

SEM micrographs of the films (figure 5.31). A clear difference among gas flow rates 

can not be observed. These results evidence that any variation on the gas flow rate has 

not a direct influence on the uniaxial texture. However we have found influence of this 

parameter on the transport and superconducting performances. As it is clearly evidenced 

in K300ρ  and Jc measurements displayed in figures 5.32 and 5.33, respectively. 
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Figure 5.29. Polarized micro-Raman spectra of YBCO samples prepared from 
commercial YBCO powder at different gas flow rates. 
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Figure 5.30. The uniaxial texture of YBCO samples growth at different gas flow rates. 
The δ values remains almost constant (δ ∼ 0.90) for the investigated gas flow rate 
interval 
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Figure 5.31. SEM micrographs of YBCO samples prepared from commercial YBCO 
powder at different gas flows rates (a) 0.0024, (b) 0.024 (c) 0.030 and (d) 0.048 m/s. 
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Figure 5.32. The K300ρ  measurements of YBCO samples at different gas flow rates. 
Notice the minimum value at 0.024 m/s. 
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Figure 5.33. Critical current density measurements at different gas flow rates. Notice the 
maximum value at 0.024 m/s. 

 

In the bibliography, Sathyamurthy et al[5.2,5.13] performed studies on TFA films 

grown onto STO and LAO single crystals at 800 oC and P(O2) = 0.25 mbar. They 

observed that Jc increases when the gas flow rate increases and obtained films with Jc ∼ 

0.4 MA/cm2, ∆φ ∼ 2.0 o, ∆ω ∼ 0.80o and good crystallinity at its maximum gas flow rate. 
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From figures 5.32 and 5.33 we observe a clear correlation between the critical current 

density measurements at 77K and the normal state resistivity measurements. The K300ρ  

has a minimum value at 0.024 m/s and approaches the YBCO single crystal value (200 

µΩ-cm) while the critical current density has a maximum value ∼ 1.5 MA/cm2 at the 

same gas flow rate. Particularly, the TFA film also displayed ∆φ ∼ 0.77o, ∆ω ∼ 0.78o 

degree and δ ∼ 0.90 at 0.024 m/s. Thus, these values involve biaxial textured, c-axis 

oriented grains and high-Jc YBCO TFA-MOD films. 

 

Therefore, we propose that high and low gas flow rates may promote possibly the 

formation of impurities and/or structural disorder during YBCO growth. This could 

indicate that the diffusion boundary layer necessary for mass transfer of HF through a 

gas, in the Honjo model, (section 4.1) is affected by the gas flow rate and as we saw in 

equation (4.8) high flow rates involve high conversion rates ( gVR ∝ ) producing a 

distorted growth. On the contrary, if the HF of the reaction is not swept out of the 

reaction zone efficiently at low gas flow rates, then, the YBCO growth front is blocked. 

 

At the light of these results we concluded that there exists an optimum gas flow for a 

given geometry which is not correlated with a-axis oriented grains growth. However, 

this parameter is still in discussion in the scientific community, because the growth 

mechanisms are not known enough in order to apply a specific growth rate necessary to 

grow YBCO films and obtain the relation among the other growth parameters. 

 

5.5. Porosity and sintering 
 

Due to the intrinsic nature of the sol-gel compounds, there is a tendency to generate 

porous materials. We have observed that non-optimized growth conditions may lead to 

very porous YBCO TFA-MOD films, which can strongly degrade the superconducting 

properties. We have observed two possible sources of porosity in our TFA films studied. 

The first one related to low temperature treatments (Tgrowth < 750 oC) while the second 

one is related to high temperature process (Tgrowth > 750 oC). As we will show later, the 

formation of a-axis oriented grains and the formation of very porous films are strongly 

linked at low annealing temperatures, while on the other hand; pores may also remain 
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trapped within the c-axis grains when they grow at high annealing temperatures. In the 

first part of this section we have investigated the influence of porosity on the 

superconducting performances of YBCO TFA-MOD films in more detail. Micro-Raman 

has been used to determine the uniaxial texture and complementary results from SEM, 

resistivity and Jc are presented.  

 

In addition, we can then wonder if it is possible to reduce the porosity of YBCO TFA-

MOD films after growing them. It is well known that porous polycrystalline solids can 

be further compacted through a sintering process which involves an atomic diffusion 

transport through the solid state. Thus, in the second part of this section we have 

investigated the influence of additional sintering treatments in two particular TFA films 

having strongly different c-axis fraction: (a) high concentration of a-axis grains δ = 0.30 

(b) high concentration of c-axis grains δ = 0.75. 

 

5.5.1. Porosity dependence with annealing temperature 
 

We have observed in the TFA films studied in the 5.2.2 section that we only obtained 

high uniaxial texture values and dense YBCO films grown at high annealing 

temperatures (Tgrowth > 750 oC), meanwhile we have also observed low uniaxial texture 

values and very porous YBCO films grown at low annealing temperatures (Tgrowth < 750 
oC), as showed in figure 5.17. To investigate the influence of porosity on the 

superconducting performances, first we performed a comparison between two particular 

samples with different porosity and uniaxial textures grown at different temperatures, 

790 oC and 700 oC, we kept the rest of processing parameters constant (P(H2O) = 7 

mbar, P(O2) = 0.2 mbar, gas flow = 0.024 m/s). 

 

Figure 5.34a represents a typical example of a well dense YBCO TFA-MOD film 

growth at 790 oC with δ ∼ 0.9. Here only some pores can be seen and a continuous and 

uniform matrix is observed. In contrast, the SEM micrograph of figure 5.34b illustrates 

the case of a high porous YBCO TFA-MOD growth at 700 oC with δ ∼ 0.3. As we can 

see, the differences between both pictures are evident. The two main features in figure 

5.34b are the dominant presence of pores and a huge difference in the relative 

proportion of a/b-axis oriented grains and the c-axis ones although the average size 
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remains essentially unchanged (∼1 µm). An interesting fact that we have observed from 

a careful examination of figure 5.34b is that pores seem to be always associated to the 

presence of a/b-axis oriented grains. The nucleation of a/b grains is still an open issue. 

There is some evidence that it could be related to high growth rates (i.e. for high water 

pressure) or to low growth temperatures[5.10,5.14] (see figure 5.10). We should keep in 

mind that the growth rate in the ab direction is much faster (∼5 times) than along the c-

direction. Thus when an a/b-axis grain nucleates it takes as much material as possible 

from the surrounding areas in order to increase its length perpendicular to the substrate. 

As a result there is a lack of material for the neighbouring c-axis grains to fill the gap 

between a/b-axis nucleation centers, and pores are thus formed (figure 5.35b). Therefore, 

in these YBCO TFA-MOD samples grown at low annealing temperatures (Tgrowth < 745 
oC ), it seems that the main factor controlling the porosity is the relative concentration of 

a/b-axis oriented grains. This concentration can be quantified by micro-Raman 

spectroscopy measurements of the uniaxial texture, δ. 

 

 

 

(b)(a) (b)(a)

 
Figure 5.34. SEM micrographs of two different of YBCO TFA-MOD films: (a) well 
densified, low porosity film grown at 790 oC (δ ∼ 0.90); while (b) shows a high porosity 
film grown at 700 oC with a/b-oriented grains (δ ∼ 0.30); pores are mainly associated to 
these a-axis oriented grains. 
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Figure 5.35. Scheme of porous formation in (a) fully c-axis oriented and (b) almost a-
axis oriented film 
 

The influence of porosity on normal state resistivity and superconducting properties of 

TFA films has been investigated. We found that the temperature dependence of the 

resistivity )(Tρ  is strongly modified for three particular films grown at 700 oC, 750 oC 

and 795 oC (keeping the remaining processing parameters constant) having different δ 

values. A normal state linear behaviour ( ) ATT o += ρρ  with 0≈oρ  is observed for all 

the samples properly grown[1.24] (Tc = 90K), but the slope A is strongly dependent on δ. 

This is clearly represented in figure 5.36a. This linearity in )(Tρ  suggests that electrical 

transport is only governed by the ab-planes and that there is no out-of-plane or grain 

boundary contributions. These are typical features of high quality thin films such as 

those grown through vacuum processes [1.24,5.15]. 

 

Therefore, there exists a correlation between the normal state resistivity measured at 

300K and the concentration of c-axis oriented grains, δ. Figure 5.36b shows the 

monotonous relation between δ and K300ρ . The lowest measured values K300ρ ∼ 200 

µΩ-cm is comparable with that obtained in YBCO single crystals[5.8], thus confirming 

that optimized films are pores free. On the contrary, the enhancement of the resistivity 

value is due to an increase of the sample porosity which reduces the effective cross 

section of the sample effS  and increases the effective percolation length effl  through the 

sample[5.8]. The correlation showed in figure 5.36b confirms then that a correlation 

exists between porosity and a-axis grain concentration. 
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Figure 5.36. (a) Resistivity as a function of temperature for three samples grown at 700 
oC, 750 oC and 795 oC with δ ∼ 0.65, δ ∼ 0.80 and δ ∼ 0.90, respectively. (b) 
Relationship between the measured room temperature resistivity, )300( Kρ and δ 
calculated from micro-Raman measurements for YBCO TFA-MOD films with different 
porosities. Dashed line is a guide to the eye. 
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We have also investigated the influence of a-axis grain concentration and porosity on 

the zero field critical current density, Jc which deserves some attention. The temperature 

dependence of Jc for three samples with different concentration of c-axis grains, δ, is 

presented in figure 5.37. We can observe that the main difference between the samples 

is the absolute value of their critical current, being the temperature dependence quite 

similar. Furthermore, higher critical currents (Jc ∼ 3MA/cm2 at 77 K and Jc ∼ 

20MA/cm2 at 5 K) were obtained for the less porous samples which as seen above also 

correspond to the less resistive samples. This close relationship between both quantities 

is illustrated in figure 5.38, where room temperature resistivity is represented as a 

function of the critical currents measured at 5 K for samples having a wide range of δ 

(between 0.5 and 0.9). This clear correlation suggests that the dominant factor of the 

degradation of the critical current in the more porous samples is the reduction of the 

effective cross section. 

 

On the other hand, in almost c-axis oriented and dense films (Figure 5.34a), the c-axis 

growth mode is performed by islands. This is a typical growth mode of c-axis grains for 

MOD process and produces the formation of small pores trapped within c-axis grains 

(residual porosity), as schematically shown in figure 5.35a. Although the precise 

dependence of the c-axis oriented grains concentration on the growth conditions 

deserves more experimental studies, it seems that the annealing temperature and the 

water pressure of the reaction atmosphere are key factors. In particular, we have 

systematically observed that on samples prepared from commercial YBCO powder 

(section 5.2.2), when we kept the other processing parameters constant, higher 

annealing temperatures correspond to higher values of c-axis oriented grains, i.e., less 

fraction of a/b-grains (figure 5.17), and therefore low resistivity samples as clearly 

represented in figure 5.39. However, residual porosity still exists for growth 

temperatures higher than 750 oC. Figure 5.39 shows a dependence on porosity 

independent on δ for this temperature range (Tgrowth > 750 oC). 
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Figure 5.37. Temperature dependence of the critical current density in YBCO TFA 
films having different concentration of c-axis oriented grains and a similar thickness ≈ 
300 nm. 
 

At the light of the results obtained, we may conclude that two sources of porosity exist. 

The first one related to low annealing temperatures (Tgrowth < 750 oC). The growth of a-

axis oriented grains and the formation of very porous films are strongly linked at low 

annealing temperatures. A relationship among a-axis growth, porosity, resistivity and 

superconducting properties has been established. On the other hand, the second source 

of porosity (though in a less extreme case) is related to high annealing temperatures 

(Tgrowth > 750 oC). Residual porous remain trapped within the c-axis grains when they 

grow. In the next section we will show how to eliminate the porosity in TFA films by a 

sintering process. 
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Figure 5.38. Room temperature resistivity )300( Kρ  as a function of the critical current 
density Jc at 5K for YBCO TFA-MOD films with different porosities. 
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Figure 5.39. Dependence of normal resistivity on uniaxial texture for TFA films grown 
at low (< 750 oC) and high (> 750 oC) annealing temperatures. 
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5.5.2. Sintering of porous YBCO TFA films 
 

As we have observed in section 5.2, the pores may be reduced by a better densification 

of YBCO films grown at high annealing temperatures ∼ 795 oC. We performed two 

experiments in samples with high porosity grown at low annealing temperature (< 750 
oC) to prove if a sintering process is able to improve the connectivity among YBCO 

grains. The first TFA film was grown at 750 oC with 250 minutes of reaction time 

(P(H2O) = 7 mbar, P(O2) = 1 mbar, gas flow = 0.024 m/s), the sample shows a large a-

axis grain concentration as shown in SEM micrographs of figure 5.40a. Raman 

measurements of the uniaxial texture of the as-grown film was δ ∼ 0.31, critical 

temperature Tc = 87 K, Jc(5K) = 0.9 KA/cm2 and normal state resistivity was equal to 

K300ρ ∼ 3840 µΩ-cm. After a sintering process at 790 oC for 12 hours of reaction time 

with P(H2O) ≈ 0.1 mbar and all the rest of processing parameters were kept constant 

(P(O2) = 1 mbar, gas flow = 0.024 m/s), we observed that the uniaxial texture and 

critical temperature were unchanged, δ ∼ 0.39 and Tc = 87 K, respectively, but now the 

film showed a noticeable drop in the normal state resistivity K300ρ  ∼ 350 µΩ-cm and an 

increases in the critical current density, Jc(5K) = 0.19 MA/cm2. Figure 5.40b shows the 

SEM micrograph of this sample after the sintering process and we can observe the 

improvement of the connectivity of YBCO grains although the uniaxial texture and 

critical temperature remained unchanged. 

 

(a) (b)(a)(a) (b)

 
Figure 5.40. (a) as-grown YBCO samples at 750 oC for 250 minutes, (b) the same 
sample after sintering process at 790 oC for 12 hours. Notice the reduction of the 
porosity although the uniaxial texture was unchanged. 
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The second YBCO TFA film was grown at 700 oC with 150 minutes of reaction time 

and we kept all the remaining processing parameters constant (P(H2O) = 24 mbar, P(O2) 

= 0.2 mbar, gas flow = 0.024 m/s). The sample showed a higher c-axis concentration as 

determined by Raman measurements, the uniaxial texture of the as-grown film was δ ∼ 

0.75, the critical temperature Tc = 89 K, Jc(5K) = 4.4 MA/cm2 and normal state 

resistivity was equal to K300ρ ∼ 605 µΩ-cm (Figure 5.41a). After a sintering process at 

830 oC for 12 hours of reaction time with P(H2O) ≈ 0.1 mbar and all the rest of 

processing parameters kept constant (P(O2) = 0.2 mbar, gas flow = 0.024 m/s), the 

uniaxial texture and critical temperature were unchanged too, δ ∼ 0.80 and Tc = 89 K, 

but we observed that the normal state resistivity value dropped to K300ρ ∼ 205 µΩ-cm 

and the critical current density slightly increased, Jc(5K) = 5.3 MA/cm2, as illustrated in 

figure 5.41b. 

 

At the light of these results, we may conclude that the transport properties of YBCO 

TFA-MOD films, such as normal state resistivity and Jc, are highly dependent on the 

porosity which is seen to be linked to a-oriented grains in samples grown at low 

annealing temperatures (< 750 oC). However, still a residual porosity which is seen to 

be linked to trapped pores within c-oriented grains grown at high temperatures (> 750 
oC), may be present for high δ-values. In any of the cases porosity reduction will bring 

to an enhancement of transport superconducting properties. Sintering process is seen to 

be a possible post-processing treatment to reduce the porosity linked to a- or c-oriented 

grains. 
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Figure 5.41. (a) Change in the temperature dependence of the resistivity induced by the 
sintering process (830 oC for 12 hours) in a sample grown at 700 oC for 150 minutes. (b) 
Measurement of Jc(T) for the sample before and after the sintering process  
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5.6. YBCO TFA films grown with optimized conditions 
 

All the results obtained in the previous sections, helped us to optimize the experimental 

processing parameters used in the superconductivity group at ICMAB to obtain highly 

biaxial textured YBCO TFA-MOD films with high superconducting properties and high 

reproducibility. The processing parameters are shown in table 5.7.  

 

 

Table 5.7 

Growth conditions for optimized YBCO TFA-MOD films 
 

Precursor solution prepared from Y, Ba and Cu oxides 

Concentration = 1.5 M 

LAO substrate 

Optimized pyrolysis process 

Tgrowth = 795 oC 

Reaction time = 150 min wet + 30 min dry 

P(H2O) = 7 mbar 

P(O2) = 0.2 mbar 

Gas flow rate = 0.024 m/s 

Standard oxygenation 

Thickness = 0.40 µm 

 

The concentration of c-axis oriented grains was found to be higher than 90% by means 

of µRS and XRD. Figure 5.42 displays a typical θ�2θ XRD and polarized micro-Raman 

spectra corresponding to a pure YBCO TFA-MOD sample deposited on a LAO single 

crystal substrate, while figures 5.43a-b display typical ω- and φ-scans. A high quality 

out-of-plane and in-plane texture is achieved for high annealing temperature ∼ 795 oC: 

ω- and φ-scans of these samples lead to FWHM values of ∆ω =0.48o for the (005) 

reflection and ∆φ = 1.0o for the (102) reflection, respectively. SEM micrographs showed 

that very low porosity was achieved in these optimized films. The same conclusion can 

be reached from cross section TEM micrographs (figure 5.44) of these optimized 

samples, which show a continuous structure all across the film without any evidence of 
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pores or secondary inclusions. These films grown on LAO substrates also display a very 

sharp interface quality while the film crystallinity is often slightly perturbed after the 

growth of a few tens of nanometres from the interface where a structure full of stacking 

faults is usually observed (see figure 5.44b), a feature which has also been reported by 

others authors in YBCO films grown by TFA route[5.16,5.17]. 
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Figure 5.42. YBCO TFA-MOD sample with high biaxially texture, Jc(5K) ∼ 27 
MA/cm2 and Jc(77 K) ∼ 3.2 MA/cm2, obtained at the superconductivity group at 
ICMAB. (a) XRD pattern and (b) Polarized Raman spectra with only YBCO phonon 
modes. 
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Figure 5.43. (a) ω-scan of the (005) reflection to determine the out-of-plane texture, ∆ω 
=0.48o and (b) φ-scan of the (102) reflection used to determine the in-plane texture, ∆φ 
= 1.0o, of a YBCO TFA-MOD film. 
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Figure 5.44. Cross section TEM micrographs of an optimized YBCO TFA-MOD film: 
(a) low magnification wide view of the film, (b) detail of the interface of the YBCO 
film with the LAO substrate. 
 

Conclusions 
 

High quality epitaxial YBCO films on LAO single crystal substrate have been obtained 

using TFA precursors. The influence of growth parameters on the final film quality 

(structure and superconducting properties) has been investigated. We have shown the 

influence of growth temperature, water pressure and gas flow rate on final 

microstructure in samples where the annealing time has been carefully adjusted to 

reaction completion (150 minutes) determined by monitoring the BaF2 Raman signal. 

These three parameters (growth temperature, water pressure and gas flow rate) are seen 

to be the most important. The influence of growth temperature becomes apparent due to 

the strong dependence of the reaction kinetics. We observed that, at high growth 

temperatures in acetates- and oxides-based samples the δ, Jc and ρ values evidence an 

improving of c-axis oriented grains and superconducting performances, meanwhile low 

temperatures treatments evidence a-axis oriented films and low superconducting 

performances. The chemical reaction for YBCO phase formation requires water vapour 
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pressure in order to decompose the BaF2 intermediate phase. We observed that low 

water vapour pressure involve low conversion rates and not enough HF release, this 

might not complete the reaction, or even entrap HF, precipitate of precursor phases or 

generate disorder; meanwhile for high water vapour pressure we have a high conversion 

rate and obtain a distorted growth front producing a distorted growth. We may conclude 

that the water vapour pressure values optimum for the preparation of highly c-axis 

oriented and high-Jc YBCO films are in the range between 6 mbar ≤ P(H2O) ≤ 11 mbar. 

On the contrary, by mean of the gas flow rate more o less moisture (H2O) is carried in 

the reaction zone and HF of the reaction is swept out from the reaction zone more or 

less efficiently. Thus, low gas flow rates may block the YBCO growth front because the 

HF of the reaction is not swept out of the reaction zone efficiently; whilst high flow 

rates involve high conversion rates inducing a distorted growth. We concluded that 

there exists an optimum gas flow for a given geometry which is not correlated with a-

axis oriented grains growth. However the gas flow rate is still in discussion in the 

scientific community, because the growth mechanisms are not enough known to date. 

The highest critical currents (Jc = 3.2 MA/cm2 at 77 K and 27 MA/cm2 at 5 K) and the 

lowest normal state resistivity K300ρ  ≈ 200 µΩ-cm) were found in YBCO TFA films 

grown at 795 oC, P(H2O) = 7mbar, P(O2) = 0.2 mbar and gas flow rate = 0.024 m/s. 

 

SEM observations have shown that porosity is the main microstructural feature deeply 

modified by the annealing temperature, being strongly enhanced in films annealed at 

low temperatures. The influence of this parameter has been evidenced by the close 

correlation existing among uniaxial texture, normal state resistivity and the critical 

currents in samples with different degrees of porosity. There exist two sources of 

porosity on the YBCO TFA films, one related to a-oriented grains growth and other not 

related to a-oriented grains growth (residual porosity). High-Jc YBCO films are 

obtained if the parameters δ and normal state resistivity, ρ, are optimized. The sintering 

process is a very useful post-processing to close pores, but it is a solid state process very 

slow thus it is not very practical for fast production. 

 

In conclusion, the present work shows that the preparation of high performance YBCO 

TFA-MOD films actually does not require the use of vacuum processes and hence our 

work gives further support to the view that chemical solution growth techniques have a 
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great potential to become competitive, from the performance and cost points of view, 

with the vacuum techniques. The advancement on the understanding of the relationship 

among microstructural parameters and superconducting performance of YBCO films 

should enable the optimization of the growth conditions on metallic substrates. 
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Chapter 6 
 

 

Intermediate Phases in the YBCO-TFA 
Conversion from Precursor Phases 
 

 

In recent years, considerable efforts have been devoted to better understanding the 

reaction mechanism and to optimize the processing of the TFA-MOD process for 

YBCO growth. Understanding of the nucleation process is particularly important for the 

fabrication of technologically viable thick YBCO CC. The mechanism of crystallization 

in the TFA-MOD process has not been well understood, because the method includes 

the process of crystallization from liquid solution (gel), which is different from other 

vapour deposition methods (section 1.3.3). 

 

Nowadays the intermediate phases proposed to obtain YBCO TFA are still an open 

issue. The most accepted intermediate phases are BaF2, CuO and Y2Cu2O5 as suggested 

by Smith et al[1.28], based on their investigations on YBCO MOD grown onto LAO 

single crystal. On the other hand, Araki et al[1.26] proposed the intermediate phases 

CuO and Y-Ba-O-F (oxyfluoride) from their observations on YBCO TFA-MOD 

samples characterized by TEM and XRD studies. In addition, Venkataraman et al[6.1] 

stated the same intermediate phases like Smith et al but followed by a series of plausible 

individual steps producing Y2O3, Ba(OH)F and BaCuO2 on their YBCO samples 

prepared onto Ni-3% RABiTS substrates by BaF2 process and characterized by XRD 

and micro-Raman studies. Moreover, Wu et al[6.2] suggested the intermediate phases 

Cu2O and Y-Ba-O-F (oxyfluoride) based on their studies on YBCO films grown onto 

STO substrates. Finally, McIntyre et al[4.9] assumed that the intermediate film consist 

of BaF2, CuO and Y2O3 prior to decomposition of BaF2 and formation of BaCuO2 and 

Y2Cu2O5 to form YBCO samples onto LAO substrates prepared by post-annealing 

process characterized by TEM and XRD studies. 
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As we saw in chapter 4, the study by micro-Raman spectroscopy of the precursor phases 

has been applied to identify precursor phases related to the solution precursor and 

pyrolysis process. In this chapter, we will present the results of our preliminary studies 

toward further knowledge on the mechanisms of the YBCO nucleation and the role of 

the intermediate phases, such as BaF2, Y2O3, CuO and Y2Cu2O5, in the growth of the 

YBCO phase in the TFA-MOD process, by using precursor films which were deposited 

on LAO substrates and either quenched at different temperatures of the heating ramp or 

grown at temperatures below 700 oC. By quenched samples we mean precursor films 

that were heated up to a particular temperature and then quickly pulled out from the 

furnace to room temperature. All specimens were studied by XRD and micro-Raman, 

while TEM techniques were used for selected specimens. 

 

6.1. Quenched films at low temperatures 
 

We showed in section 5.6 that the members of the superconductivity group at ICMAB 

were able to growth YBCO films onto LAO substrate at 795 oC with excellent 

superconducting performances. Now, in this section, we shall focus on the study of the 

role of the YBCO intermediate phases after the pyrolysis step when the heating ramp 

arrives to 650, 700 and 750 oC. The quenched samples studied in this section, called 

samba011, samba036 and samba035 were quenched at 650, 700 and 750 oC, 

respectively. The main features of these samples are shown in table 6.1. The samples 

were quenched by quickly pulling them out from the furnace to room temperature. The 

quenched profile used is shown in figure 6.1. 

 

As we saw in chapter 4, the CuO, BaF2 and Y2O3 phases resulted from the 

decomposition of the metal trifluoroacetates. The presence of these phases were 

corroborated from electron diffraction patterns of the cross section TEM specimens[6.3] 

in pyrolyzed films fired at 400 oC and P(O2) = 1 bar in a study performed by members 

of the superconducting group at ICMAB. They also detected the presence of Cu2O and 

Ba1-xYxF2 phases as shown in figure 6.2.  
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Table 6.1 

Conditions of samples quenched at low temperatures 
 

Precursor solution prepared from YBCO powder 

Concentration = 1.5 M 

LAO Substrate 

Optimized pyrolysis process 

Heating ramp = 500 oC/h 

P(H2O) = 7 mbar 

P(O2) = 0.2 mbar 

Gas flow rate= 0.0024 m/s 

Quench temperature = variable 
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Figure 6.1. Firing profile of samples quenched at 650, 700 and 750 oC. Humidified gas 
introduced at 110 oC. The samples were quickly pulled out from the furnace to room 
temperature at the quench temperature. 
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Figure 6.2. (a) Cross sectional TEM micrographs of a sample after the pyrolysis process. 
(b) and (c) electron diffraction patterns of two selected areas. 
 

We have performed long accumulation time XRD measurements (12 hours) of TFA 

film after the pyrolysis step to characterize the possible phases in the structure. Figure 

6.3 shows the XRD pattern where the presence of CuO, BaF2, Ba1-xYxF2 and Y2O3 

phases are clearly detected. We have assigned the peak at 2θ = 26 degree to the (111) 

Ba1-xYxF2 reflection in agreement with Yoshizumi et al[4.18], which evidences the 

existence of a solid solution between barium and yttrium in the BaF2 phase. On the 

other hand, the presence of oxy-fluorides, i.e. BaF-O and Ba1-xYxF-O compounds, in the 

precursor films can not be discarded, as we will show in the next sections, since they 

could not be distinguished by XRD due to the small shifts in lattice parameters with 

respect to the BaF2 and Ba1-xYxF2 phases[4.18]. However, we did not see any peak of 

the Cu2O phase in the XRD pattern; this fact may be attributed to the small nanometric 

size of the Cu2O nanocrystallites or amorphous like phase in the pyrolyzed film which 

would not be thus detected by XRD. 
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Figure 6.3 Logarithmic XRD pattern, measured with 12 hours accumulation time, of a 
TFA film after pyrolysis step. The BaF2, Y2O3, CuO nanocrystalline phases resulted 
from the decomposition of metaltrifluoroacetates. The curved background is due to the 
presence of (100) LAO profile tail at ∼ 23 degree. 
 

As it is expected, the standard XRD patterns (∼1 hour of accumulation time) of the 

quenched samples at 650o, 700o and 750 oC did not show any clear signature of any 

intermediate or YBa2Cu3O6.5 phases, we just observe a blurred signal of (111) BaF2 

profile mixed with the XRD background. 

 

The chemical overall reaction, equation (6.1), during the heat treatment requires 

humidified gas, to decompose BaF2 and thus grow YBCO. 

 

)(4225.0 7322232
2 gHFOCuYBaOHCuOBaFOY O +→+++ −δ , (6.1)

 

Then, we turn to micro-Raman spectroscopy to complement the information on these 

quenched films between 650 and 750 oC. We have added the Raman spectra of a TFA 

film after the pyrolysis step at 400 oC and of a sample quenched at 795 oC for 

completeness. The micro-Raman spectra, shown in figure 6.4, display the appearance of 

the CuO phase as the first crystalline phase and the presence of additional phases, BaF2 

and Y2Cu2O5, which can only be clearly identified above 750 oC. The micro-Raman 
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spectrum of the film just after the optimized pyrolysis process, shows broad CuO 

phonon band signals, at 288 cm-1, 330 cm-1 and 630 cm-1 (see figure 6.4). It is important 

to remark that the Cu2O phase detected in the pyrolyzed sample by electron diffraction 

was not observed in the Raman spectra of figure 6.4 not even at 795 oC though Cu2O 

has a strong Raman phonon mode at ∼ 217 cm-1[6.4]. The presence of scattered intensity 

from the LAO phonon at ∼489 cm-1 signal indicates that the laser radiation reached the 

substrate interface. As the quenched temperature is increased, the CuO phonon bands 

get sharper indicating that the CuO nanocrystallites grow in size following a coarsening 

process. A possible explanation of CuO nanocrystals coarsening when the temperature 

is increased, as shown in figure 6.5, it may just be due to the major density of CuO than 

BaF2 and Y2O3 phases imposed by TFA salts stoichiometry 

223 )(3:)(2:)( TFACuTFABaTFAY . These results above obtained are in accordance with 

Raman measurements of Venkataraman et al[6.4], which just observed the presence of 

CuO Raman signal for growth temperatures between 650 and 740 oC. Moreover, Araki 

et al[1.26] also reported the presence of many CuO nanocrystallites dispersed uniformly 

in an amorphous matrix film from their XRD patterns and TEM micrographs during 

heat treatment. 

 

We have evidenced the coarsening of the CuO nanocrystals by increasing the quenched 

temperature and observing that the Raman peak associated to the CuO-Ag mode gives a 

stronger signal that shifts from 288 to 298 cm-1 and sharpens the corresponding FWHM 

from 34 cm-1 to 15 cm-1[6.5,6.6], as displayed in figures 6.6 and 6.7, respectively. On 

the other hand, micro-Raman shows that any possible nanocrystallites of Cu2O present 

after the pyrolysis process (as seen by TEM) does not crystallize (coarsen) as we 

increase the temperature. 
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Figure 6.4. Raman spectra of samples quenched at 400, 650, 700, 750 and 795 oC. 
Notice the crystallization of CuO nanocrystals in the samples by increasing temperature. 
The Raman scattered intensity increases and the FWHM of the CuO peaks decreases. 
Above 750 oC Raman modes adscribed to BaF2 and Y2Cu2O5 are detected. 
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Figure 6.5. A possible explanation of the CuO nanocrystals coarsening when the 
temperature is increased. Notice that there is more density of CuO particles than Y2O3 
and BaF2 particles together. 
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Figure 6.6. Measured dependence of the CuO Ag phonon mode frequency with 
increasing of quench temperature. Notice the clear red shift of this CuO-Ag phonon 
mode to ∼ 300 cm-1 when the temperature was increased. 
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Figure 6.7. Measured dependence of the FWHM of the CuO Raman peak at 300 cm-1 as 
a function of the quench temperature. 
 

We have observed the coarsening and crystallization of the CuO phase at intermediate 

temperatures of the heat treatment. The precursor film consists of CuO, Cu2O, BaF2, 

Ba1-xYxF2 and Y2O3 from TEM and XRD analysis after pyrolysis. In the next section we 

will study the role of the intermediate phases on the YBCO nucleation at 795 oC. 

 

6.2. Quenched films at intermediate growth state 
 

In this section, we shall focus on the study of the role of YBCO intermediate phases in 

the growth of YBa2Cu3O6.5 when the sample is quenched at 795 oC. We present the 

novel observations in two samples, called samba098 and samba090 with their main 

features described in tables 6.2 and 6.3, respectively. The main difference between them 

is the heating ramp and the gas flow rate. These samples were prepared in standard 

conditions (P(H2O) = 7 mbar, P(O2) = 0.2 mbar) to obtain films of high-Jc and they 

were subsequently quenched at 795 oC by quickly pulling them out from the furnace to 

room temperature. The quenched profile used is shown in figure 6.8. 
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The XRD pattern of samba098 displays the (00l) YBa2Cu3O6.5 profiles denoting c-axis 

oriented grains with respect to LAO substrate is shown in figure 6.9. The presence of 

YBa2Cu3O6.5 tetragonal phase indicates that the quenching conditions did not allow 

oxygen uptake required for the transformation of the non superconducting tetragonal 

phase to the superconducting orthorhombic phase. On the other hand, we also identify 

the coexistence of intermediate phases profiles such as BaF2, Y2O3 and CuO. The BaF2 

profiles observed in the XRD pattern denote the presence of several crystalline out-of-

plane orientations: (h00) and (hkl). In addition, the Y2O3 phase also shows the (h00) and 

(hkl) orientations and finally for the CuO phase the (h0l) orientation is detected. 
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Figure 6.8. Quench profile of a sample quenched at 795 oC. Humidified gas introduced 
at 110 oC. The samples were quickly pulled out from the furnace to room temperature. 

 

Table 6.2 

Conditions of quenched film samba098 
 

Precursor solution prepared from YBCO powder 

Concentration = 1.5 M 

LAO substrate 

Optimized pyrolysis process 

Heating ramp = 1500 oC/h 

P(H2O) = 7 mbar 

P(O2) = 0.2 mbar 

Gas flow rate= 0.024 m/s 

Quench temperature = 795 oC 
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Table 6.3 

Features of quenched film samba090 
 

Precursor solution prepared from YBCO powder 

Concentration = 1.5 M 

LAO Substrate 

Optimized pyrolysis process 

Heating ramp = 500 oC/h 

P(H2O) = 7 mbar 

P(O2) = 0.2 mbar 

Gas flow rate = 0.0024 m/s 

Quench temperature = 795 oC 
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Figure 6.9. XRD pattern in logarithmic scale of a YBCO film samba098 quenched at 
795 oC. Notice the presence of c-axis oriented grains and the coexistence of secondary 
phases such as BaF2, Y2O3 and CuO. 
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We have performed the micro-Raman analysis of this quenched film. The representative 

micro-Raman spectrum of samba098 sample is shown in figure 6.10, where we can 

observe the coexistence of Y2Cu2O5, CuO and BaF2 intermediate phases. As we saw in 

section 4.3, the Y2Cu2O5 phase is Raman active and its phonon modes are clearly seen 

in the Raman spectra. However, the Y2Cu2O5 phase has not been detected by XRD as a 

crystalline phase (figure 6.9) though micro-Raman could detect it. This fact could 

probably indicate that it forms nanocrystallites segregated at the surface. On the 

contrary, we will expect Y2O3 Raman signal, because this phase has a larger scattering 

efficiency than the other YBCO intermediate phases, as we saw in chapter 4. However 

this was not the case and we shall discuss it later. Although, the presence of small 

intensity signal of the LAO phonon at ∼ 489 cm-1 is an indication that the laser radiation 

arrived to the interface, we were not able to obtain any tetragonal YBa2Cu3O6.5 Raman 

signal contrary to the XRD observation, probably because YBCO is only nucleated at 

the substrate interface. In addition, we remind that the scattering efficiency of impurities 

or secondary phases (and LAO) is larger than for YBa2Cu3O6.5. 
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Figure 6.10. Raman spectrum of the sample samba098 quenched at 795 oC, laser spot ∼ 
1µm. Notice the coexistence of Y2Cu2O5 (Y225), CuO and BaF2 phases. 
 

From a careful Raman analysis of this sample, we also observed that the CuO phase 

may have some degree of texture evidenced by an angular dependence of the phonon 

modes. By rotating the sample 45 degree one observes a change of the scattered 
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intensity of CuO phonon at 300 cm-1, as shown in figure 6.11. The Y225 phase, did not 

presents any texture because it did not shows any meaningful intensity variation, as also 

seen in figure 6.11. 
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Figure 6.11. Raman spectrum of the sample samba098 quenched at 795 oC showing the 
variation of intensity of the CuO phonon mode when the sample is rotated 45 degree. 
The inset shows the scattered intensity variation of CuO phonon mode at 300 cm-1 in the 
inset. 
 

Figure 6.12 displays the morphology along the [100] direction of LAO substrate of the 

samba098 quenched at 795 oC observed by TEM. We may clearly observe a signature 

of the YBa2Cu3O6.5 nucleation. The YBa2Cu3O6.5 grains are indeed nucleated at the 

interface with similar growth rates and isolated grains inhomogeneously distributed are 

clearly observed. In addition, we do not observe nucleation of YBa2Cu3O6.5 in other 

parts of the film. This fact evidences that YBCO TFA-MOD grows in an island-like 

growth and laminar growth mode contrasting with the columnar like growth mode of 

the physical deposition techniques[6.7]. Moreover, the presence of an a-axis oriented 

grain grown up to the film surface of length ∼ 0.5 µm and of c-axis oriented grains 

grown up onto the LAO substrate surface of thickness between ∼ 50-100 nm, 

corroborate that growth of YBCO is much faster (about 5 times) in the [100] direction 

than in the [001] direction. 
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Figure 6.12. Low magnification cross sectional TEM micrograph of the quenched film 
samba098 quenched from 795 oC to room temperature, taken along the [100] direction 
of LAO. The white arrows point an a-axis oriented grain grown up to film surface and a 
c-axis oriented grains grown on to the interface. 
 

On the other hand, higher magnification of the cross sectional TEM micrographs of 

samba098 evidences very strong phase segregation in the precursor film, as shown in 

figure 6.13. The film consists of a nanocrystalline matrix with a diffusive boundary 

between the nanocrystallites. We have observed a mixture of segregate phases such as 

Ba-O-F, Ba-Y-O-F, Ba-Y-(Cu)-F-O and Y-Cu-O as determined from electron 

diffraction pattern (EDP) and electron energy loss spectroscopy (EELS) analysis[6.3] 

performed onto selected areas (the compound in parentheses means poor content of this 

element on the selected area analyzed by EELS). Therefore, the coexistence of 

segregated phases such as Ba-O-F, Ba-Y-O-F, Ba-Y-(Cu)-F-O and Y-Cu-O, gives 

evidence on the fact that the YBCO formation must involve long length atomic 

diffusion at least of hundreds micrometric distances through these intermediate 

crystalline phases. Y-Cu-O polyhedral crystal were found very near to the film surface 

(after EDP and EELS analysis), as shown in figure 6.13a, this fact is strongly correlated 

with micro-Raman results on this film (figure 6.10) due to the clear presence of the 

Y2Cu2O5 phonon modes in the Raman spectra. Our TEM results only partially agree 

with those of Yoshizumi et al[4.18], since they suggest that the Y2Cu2O5 phase is not 

present as a discrete crystalline phase but may form an amorphous alloy. In addition, the 

Y-Ba-O-F compound claimed by Araki et al[1.26] and Wu et al[6.14] was also found in 

our EDP and EELS analysis. However we did not find any evidence of a liquid phase 

surrounding the YBCO growing interface as claimed by McIntyre et al[4.9] and 
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Solovyov et al[6.8], but we found the nanocrystalline phases of BaF2 (or Ba1-xYxF2), 

BaO and Y2O3 very close to the YBCO growth front and/or near to the substrate 

interface, as it can be observed in the high resolution TEM micrographs 6.13b-d. We 

also observed that BaO nanocrystals are embebed in a matrix of BaF2 which are in 

contact with the substrate surface (figure 6.13c). Other phases, such as BaCuO2, 

reported by other authors[4.9,6.1] in YBCO films prepared by TFA-MOD process were 

not observed in our samples[6.3]. 
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Figure 6.13. (a) Low magnification cross sectional TEM micrograph along the [100] 
direction of LAO. Notice the coexistence of Y-Cu-O, Ba-O-F, Y-Ba-O-F, Y-Ba-(Cu)-
O-F and c-axis oriented YBa2Cu3O6.5 phases, while (b), (c) and (d) show high resolution 
TEM micrographs where we observed the presence of Y2O3, BaF2 and BaO phases near 
to the YBCO growth front and to the LAO substrate surface. 
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In addition, from a detailed analysis of the quenched film by EDP and EELS in some 

regions of the interface, we have observed that parts of the substrate were covered with 

some inclusions of the Y2O3 epitaxial crystals aligned with (111) Y2O3 // (001) LAO, as 

shown in figure 6.13b. In addition, other important information about this phase is that 

[-12-1] Y2O3 // [100] LAO. These Y2O3 epitaxial crystals are detected at the interface in 

contact with YBCO and LAO substrate, and may be acting as precursor phase but they 

also could be kept as precipitates. However at the YBCO growth interface regions, we 

mainly found the BaF2 phase aligned with (111) BaF2 // (001) LAO. Moreover, other 

important information about this phase is that [011] BaF2 // [100] LAO. These (111) 

planes seem to act as a nucleus for the YBCO formation, as shown in figure 6.13c. 

Since interplanar distance of (111) of BaF2 phase ∼ 3.58 Å, is similar to 1/3(001) of 

YBa2Cu3O6.5 (∼3.95 Å), it is possible that this is the initial stage of the nucleation of 

YBa2Cu3O6.5, as schematically shown in figure 6.13b. 

 

On the contrary, the BaF2 phase is clearly observed in XRD with large peaks but it has a 

poor Raman signal overlapped with the Y2Cu2O5 phase at ∼ 238 cm-1, this fact may be 

due to the following causes:  

(a) high rates of heating ramp accelerate the decomposition of the BaF2 phase into some 

kind of metastable phase of Ba oxy-fluoride, not Raman active, in contact with water 

vapour. 

(b) this oxyfluoride phase (Y-Ba-O-F) may be a solid solution with Y as shown by XRD 

and TEM studies and in any case neither Raman active. This is in agreement with Wu et 

al[6.2], who suggest the existence of oxy-fluorides of Y and Ba, with composition 

[Ba0.7Y0.3][F0.85O0.15]2, and with a crystal structure and lattice parameters very similar to 

the BaF2 phase. This possible Y-Ba-O-F phase has a more compact unit cell because 

yttrium ions partially substitute for large barium ions. This substitution is compensated 

by the substitution of fluorine ions by oxygen ions and the resulting lattice parameter is 

∼ 5.9 Å[6.9]. 

(c) The presence of nanometric BaF2 not yet decomposed by the humidified gas could 

be disseminated near to the YBCO growth front or segregate close to the interface, as it 

was determined by TEM observations. 
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(d) The possible existence of the Ba(OH)F compound as a YBCO intermediate phase 

after BaF2 decomposition, as suggested by Venkataraman et al[6.1] also not Raman 

active in our work range [200 – 700 cm-1]. 

 

On the other hand, concerning to the absence of Y2O3 phonon modes in the micro-

Raman spectra, we suggest that this fact can be due to:  

(a) Large transformation of yttrium TFA into Y2Cu2O5 rather than into Y2O3 phase in 

the reaction process. 

(b) Y2O3 phase is transformed to Y oxy-fluoride compound (Y-O-F) as claimed by 

Shibata et al[6.10] after thermal decomposition in a humidified atmosphere and then 

this fact changes its Raman tensor and frequency, and this Y oxyfluoride compound is 

not Raman active in our work range [200 – 700 cm-1]. 

(c) As in the case of BaF2 phase, Y2O3 is very disseminate and localized very near to 

interface of YBCO growth front, as it was in fact observed in TEM micrographs 

discussed before. 

 

Now, we look at the second quenched sample studied, called samba090, where we 

lowered the heating ramp rate to 500 oC/h and decreased the gas flow rate to 0.0024 m/s 

with respect to the quenched sample just analyzed and we kept all remaining parameters 

constant. In these growth conditions, low heating ramp and low gas flow rate, we expect 

the BaF2 decomposition rate to be slower; because decomposition rate is temperature 

and humidified gas dependent[4.11] and then few YBCO nucleuses will be at the 

substrate interface. Thus, we shall expect to observe more clearly the role of YBCO 

intermediate phases, when the heating ramp reaches 795 oC in approximately ∼ 90 

minutes, than in ∼ 30 min (samba098). The main processing features of this sample are 

shown in table 6.3. The quenched profile used is the same as samba098 (figure 6.8). 

 

We performed the XRD of this quenched samples, as shown in figure 6.14. The XRD 

pattern of samba090 displays low intensity (00l) YBa2Cu3O6.5 profiles, due to YBCO 

growth conditions (table 6.3). We can also observe the coexistence of intermediate 

phases profiles such as BaF2, Y2O3 and CuO. Moreover, since the standard XRD θ/2θ-

scan performed has low scattered signal and low statistics of intermediate phases, we 

performed a XRD θ/2θ-scan of 12 hours of accumulation time with a step of ∆2θ ∼ 0.02 
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degree, as displayed in figure 6.15. Thus, we have been able to observe more clearly the 

intermediate phases of CuO, Y2O3, BaF2 and Ba1-xYxF2 and now even Y2Cu2O5. We can 

appreciate clearly the XRD profiles of the Y2Cu2O5 phase, and it has just the (hkl) 

orientation. Moreover, the BaF2 phase has two orientations (h00) and (hkl), for the Ba1-

xYxF2 phase (hkl) orientation, for the CuO phase (hkl) orientation, finally Y2O3 phase 

has only a (h00) orientation. In addition, concerning to Y2O3 (hkl) orientation, we have 

tentatively assigned to the peak at 2θ ∼ 29 degree the (200) BaF2 and (222) Y2O3 

profiles since they are very close: o
BaF 77.282 )200(

2
≈θ  and o

OY 15.292 )222(
32

≈θ . The majority 

of orientations observed in XRD are correlated with the TEM results of samba098. The 

curved background observed in the XRD pattern, between approximately 24o – 30o 

degree, is due to the presence of (100) LAO profile tail at ∼ 23 degree. 
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Figure 6.14. Logarithmic XRD pattern of YBCO film quenched at 795 oC with low 
heating ramp and low gas flow rate (samba090). Notice the coexistence of the 
intermediate phase’s profiles such as BaF2, Ba1-xYxF2 (Ba-Y-F2) and CuO. 
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Figure 6.15. XRD pattern taken with 12 hours of accumulation time of a YBCO film 
quenched at 795 oC with low heating ramp and low gas flow rate. Notice the 
coexistence of segregate phases such as BaF2, Ba1-xYxF2, Y2Cu2O5 (Y225), Y2O3, CuO. 

 

 

We have been able to obtain the grain size‡ of these intermediate and precursor phases 

by using the Debye-Scherrer equation[6.11,6.12] and its corresponding ASTM files 

(table 6.4). Therefore, from the BaF2 reflections (111), (200) and (220) a grain size of 

approximately ∼ 385 nm is obtained, while from the (400) Y2O3 profile we obtain ∼ 20 

nm, from the (211) Y2Cu2O5 profile ∼ 45 nm, finally from (11-1) and (111) CuO 

profiles ∼ 25 nm grain size. 

 

 

Table 6.4 

Possible observed phases in the YBCO growth by TFA-MOD process. 
                                                 
‡ For grain size calculation of the YBCO intermediate phases, we used the Deybe-Scherrer equation and 

worked with corrected broadening of the profile, β , i.e. 22
exp Siβββ −= , where expβ  is the FWHM 

of the corresponding profile and Siβ  is the FWHM of the SiO2 single crystal. 

θβ
λ

cos
9.0

=SizeGrain  
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Phase 
 

Structure (S.G.) 
 

Cell parameters (Å) 
 

Reference ASTM 
 

 

Y2O3 

 

Cubic (Ia3) 
 

a = 10.604 
 

41-1105 

YF3 Orthorhombic 

(Pnma) 

a = 6.3654 

b = 6.8566 

c = 4.3916 

32-1431 

BaF2 Cubic (Fm3m) a = 6.2001 04-0452 

BaO Cubic (Fm3m) a = 5.355 30-142 

CuO Monoclinic 

(C2/c) 

a = 4.685 

b = 3.423 

c = 5.132 

41-254 

CuF3 Monoclinic 

(P21/n) 

a = 3.2973 

b = 4.5624 

c = 4.6157 

42-1244 

Cu2O Cubic (Pn3m) a = 4.269 05-667 

BaCuO2 Cubic (Im3m) a = 18.285 38-1402 

Y2Cu2O5 Orthorhombic 

(Pna21) 

a = 10.799 

b = 3.496 

c = 12.456 

33-511 

YBa2Cu3O7 Orthorhombic 

(Pmmm) 

a = 3.886 

b = 3.818 

c = 11.680 

38-1433 

YBa2Cu3O6 Tetragonal 

(P4/mmm) 

a = 3.857 

c = 11.839 

39-1496 

 

Then, we performed micro-Raman analysis of this film samba090. The micro-Raman 

spectrum is displayed in figure 6.16. We observe the coexistence of three intermediate 

phases such as Y2Cu2O5, BaF2 and CuO phases as in the case of samba098. The micro-

Raman spectrum obtained was very similar to samba098 (figures 6.10 and 6.16), we 

have not found any noticeable difference between both spectra. 
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Figure 6.16. Raman spectrum of sample quenched at 795 oC at low heating ramp and 
low gas flow rate (samba090). Notice the coexistence BaF2, Y2Cu2O5 and CuO phases  

 

The presence of the LAO phonon Raman signal at ∼ 489 cm-1, is a signature that the 

laser light reached the LAO substrate surface, but we have not obtained any Raman 

signal of YBa2Cu3O6.5 or Y2O3 phases in the same manner as in samba098 sample. 

Moreover, we expected to obtain a Raman signal of Y2O3 phase in this growth 

conditions (low BaF2 decomposition rate), because this phase has a larger scattering 

efficiency than the other YBCO intermediate phases (section 4.3). Therefore we suspect 

that also Y2O3 phase is transformed to an oxy-fluoride of Y compound (Y-O-F) as 

claimed by Shibata et al[6.10] after thermal decomposition in a humidified atmosphere. 

On the contrary, Venkataraman et al[6.1] proposed that in the chemical overall reaction: 

 

)(4225.0 7322232
2 gHFOCuYBaOHCuOBaFOY O +→+++ −δ , (6.1)

 

the Y2O3 phase reacted with CuO nanocrystals to form the Y2Cu2O5 phase, as stated in 

equation (6.2): 

 

)(4

225.0

732

225222232

2

22

gHFOCuYBa

OHBaFOCuYOHCuOBaFOY
O

OO

+→

→++→+++

−δ                                                                
 

 

(6.2)
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In addition, Wu et al[6.14] suggested, on the basis of their TEM analysis, that the 

fraction of Y2O3 phase on the quenched films was very small. In any case, the fact of 

changing atoms (fluor by oxygen) in the Y2O3 structure, changes its Raman tensor and 

frequency and this new compound is not Raman active in our work range [200 – 700 

cm-1]. 

 

It is clear that the transformation of the intermediate phases into YBa2Cu3O6.5 is a very 

complex issue. We have observed that the period of time at high temperature is very 

important parameter, as we saw in chapter 5; moreover the conversion time of the 

intermediate phases into YBa2Cu3O6.5 is very short. To evidence this fact, we performed 

micro-Raman analysis on three samples kept at 795 oC for 0, 15 and 30 minutes, 

respectively. Figure 6.17a shows the presence of only precursor phases in the Raman 

spectrum of samba090. Instead, in figure 6.17b-c we present two particular samples 

grown in the same processing conditions than samba090 sample and kept at 795 oC for 

just 15 and 30 minutes respectively. We have observed that with 15 minutes at 795 oC 

the full precursor layer is converted into YBa2Cu3O6.5 though still some disorder is 

present, due to presence of the disorder induced Raman modes O(1) and Cu(1) (figure 

6.17b), meanwhile with 30 minutes at 795 oC the Raman spectra gives a pure YBCO 

signal, where we only observe YBCO Raman phonon modes (figure 6.17c). 

 

On the basis of all the above results, we propose that the reaction mechanism of the 

YBCO intermediate phases is not seen to be simple, several phase combinations may be 

plausible and several simultaneous reactions may likely occur to convert the precursor 

phases into YBa2Cu3O6.5, as shown schematically in figure 6.18. 
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Figure 6.17. Raman spectra of sample (a) quenched at 795 oC (figure 6.16), maintained 
during (b) 15 minutes at 795 oC and (c) 30 minutes at 795 oC after oxygenation step. 
 

Finally, we evidenced on the basis of XRD, micro-Raman and TEM analysis of 

quenched samples at 795 oC, that strong phase segregation exists denoting the complex 

behaviour of the precursor film and the complex chemical reaction involved in YBCO 

epitaxial conversion growth at this stage of the heat treatment. The behaviour of the 

YBCO intermediate phases as not fully clarified in the quenched films studied at low 

temperatures. Thus, we did a quenched sample applying long time heat treatment to 

give the opportunity to these YBCO intermediate phases to coarsen in non YBCO 

growth conditions and thus be able to better to analyze their behaviour. We selected the 

intermediate temperature of 700 oC, because it is claimed that nucleation of 

YBa2Cu3O6.5 requires a temperature that exceeds 700 oC[4.18]. 
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Figure 6.18. Several simultaneous reactions may likely occur to convert the precursor 
phases to YBCO films. Notice that BaF2 may also indicate Ba-F-O and Ba-Y-F-O. 

 

 

6.3. Growth at 700 oC after long time heat treatment 
 

We have chosen the intermediate temperature of 700 oC to better analyze the YBCO 

intermediate phases after long time heat treatment with the main features described in 

table 6.5. The sample was hold at 700 oC for about 1100 minutes (∼18 hours), at P(H2O) 

≈ 0.1 mbar and gas flow rate = 0.0024 m/s. These values are non favourable YBCO 

growth conditions to give opportunity to the YBCO intermediate phases coarsening, 

besides the CuO previously observed (section 6.1). Then, the film was quickly pulled 

out from the furnace to room temperature. We came back to high heating rates of 1500 
oC/h, to quickly arrive to 700 oC in approximately ∼ 27 minutes. The thermal profile 

used is shown in figure 6.19. 
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Table 6.5 

Features of the film samba097 maintained 18 hours at 700 oC  
 

Precursor solution prepared from YBCO powder 

Concentration = 1.5 M 

LAO Substrate 

Optimized pyrolysis process 

Heating ramp = 1500 oC/h 

P(H2O) ≈ 0.1 mbar 

P(O2) = 0 mbar 

Gas flow rate = 0.0024 m/s 

Reaction time = 1100 minutes 

Growth temperature = 700 oC 

 

 

Time (min)
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Figure 6.19. Thermal profile of a sample kept at 700 oC for 1100 minutes (∼18 hours). 
The sample was quickly pulled out from the oven to room temperature. Main features of 
this sample are shown in table 6.5. 

 

Figure 6.20 shows the XRD pattern of samba097 sample which clearly displays (00l) 

YBa2Cu3O6.5 profiles denoting c-axis oriented grains growth perpendicular to the LAO 

substrate surface. We can also observe the crystallization of the intermediate phases 

such as BaF2 and Y2O3. The BaF2 profiles observed in the XRD pattern also denoting 

the presence of two crystalline out-of-plane orientations: (h00) and (hkl), the same 

situation is found for the Y2O3 profiles. On the other hand, we have tentatively assigned 

to the peak at 2θ ∼ 29 degree as composed of the (200) BaF2 and (222) Y2O3 profiles 
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due to the fact that they are very close: o
BaF 77.282 )200(

2
≈θ  and o

OY 15.292 )222(
32

≈θ . The same 

situation was observed for the peak at 2θ ∼ 59.9 degree where the (400) BaF2 and (444) 

Y2O3 profiles are overlapped because they are very close too: o
BaF 60.592 )400(

2
≈θ  and 

o
OY 44.602 )444(

32
≈θ . Moreover, despite of the non YBCO growth conditions, the 

appearance of the YBa2Cu3O6.5 phase among the intermediate phases is ascribed to the 

presence of the ambient water vapour pressure inside the furnace (P(H2O) ≈ 0.1 mbar) 

even when non additional pressure is injected. It is clear that this low water vapour 

pressure is enough to partially decompose BaF2 after a long time heat treatment. 
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Figure 6.20. XRD pattern in logarithmic scale of YBCO film quenched at 700 oC with 
previous long time heat treatment. Notice the presence of small amounts of c-axis 
oriented grains, and coexistence of the intermediate phase’s profiles such as Y2O3 and 
BaF2. 

 

Due to the fact that the standard XRD θ/2θ-scan performed has a noisy background, to 

clearly identify the YBCO intermediate phases, we performed again a XRD θ/2θ-scan 

of 12 hours of accumulation time with a step of ∆2θ ∼ 0.02 degree, as displayed in 

figure 6.21. We can observe the coexistence of the BaF2, Ba1-xYxF2 , Y2Cu2O5, Y2O3 

and CuO intermediate phases in the XRD pattern. The Y2Cu2O5 phase has a random 

orientation; the same situation is seen for the CuO phase, (hkl) orientation too, 

meanwhile the Y2O3 phase has two orientations: (h00) and (hkl), whilst the Ba1-xYxF2 
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phase has just (111) orientation and finally the BaF2 phase shows the (h00) and (hkl) 

orientations. The curved background observed, between 24o – 30o, is due to the presence 

of (100) LAO profile tail at ∼ 23 degree. We have also been able to obtain the grain size 

of these phases by using the Deybe-Scherrer equation[6.1,6.2] and its corresponding 

ASTM files (table 6.4), as it was performed in section 6.2. Therefore, from the (111) 

and (220) BaF2 reflections the grain size approaches to ∼ 225 nm, while from the (400) 

Y2O3 profile ∼ 21 nm grain size is obtained. 
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Figure 6.21. XRD pattern in logarithmic scale of YBCO film quenched at 700 oC with 
previous long time heat treatment. Notice the coexistence of segregated phases such as 
BaF2, Ba1-xYxF2, Y2Cu2O5, Y2O3 and CuO. 

 

Next, we are interested in knowing if the BaF2 phase is textured. We have chosen the 

(200) BaF2 reflection to investigate the texture. To clarify this issue, we performed a 

pole figure of the (111) direction, as shown in figure 6.22. The pole figure displays an 

in-plane texture of this reflection, due to the presence of four sharp peaks arranged 90 

degree of each other. Therefore, the (111) and (200) BaF2 epitaxial texture is clearly 

observed due to lattice-matched substrate surface. Moreover, the ∆φ value obtained <1o 

is characteristic of compounds grown onto single crystals. In addition, the interplanar 

distances between BaF2 and LAO are in fact rather close: 58.3)111(
2

≈BaFd  Å, and 

7.3)100( ≈LAOd  Å, respectively. 
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On the other hand, we are also interested in knowing if the Y2O3 phase is textured too. 

We have chosen the (400) Y2O3 reflection to investigate the texture. We performed 

XRD φ-scan of the [404] direction with ψ ∼ 45o and 2θ ∼ 48o. Figure 6.23 shows the 

four sharp peaks with a 90 degree period of the (404) Y2O3 profile with ∆φ ∼ 1.10o, 

corroborating its in-plane texture due to lattice-matched substrate surface. 

 

 
 

Figure 6.22. XRD pole figure of biaxially textured (111) profile of the BaF2 phase. 
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Figure 6.23. XRD φ-scan of (404) Y2O3 profile, denoting biaxial texture. 
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Then, we performed micro-Raman analysis of samba097 sample. The representative 

micro-Raman spectrum is displayed in figure 6.24. We can observe the coexistence of 

three intermediate phases such as Y2Cu2O5, BaF2 and CuO phases. The appearance of 

these phases is correlated with the results on XRD (figure 6.21). But instead, the high 

peaks obtained in XRD for BaF2 and Y2O3 phases neither were correlated with micro-

Raman results. Additionally, we expected to obtain Y2O3 Raman signal, because this 

phase has a large scattering efficiency than the other YBCO intermediate phases 

(scattering efficiency of Y2O3 >> BaF2 > Y2Cu2O5 > CuO). Therefore, we suggest again 

that the Y2O3 phase is transformed to an oxy-fluoride of Y compound (Y-O-F), as it also 

might happen with the BaF2 phase. Moreover, we have also obtained the YBa2Cu3O6.5 

Raman phonon modes, overlapped with CuO and Y2Cu2O5 phonons at 340 and 486 cm-

1, respectively. We confirm the oxygen content of the YBCO phase by the O(4) position 

(section 4.4) at 486 cm-1 corresponding to an oxygen content of ∼ 6.5 (equation 4.12). 

As it was expressed above, the low water vapour pressure used is enough to produce 

BaF2 decomposition and in addition, the growth temperature(700 oC) is high enough too 

to produce YBCO nucleation. 
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Figure 6.24. Raman spectra of quenched at 700 oC with previous long heat treatment. 
Notice the coexistence BaF2, Y2Cu2O5, CuO phases and YBa2Cu3O6.5. The YBa2Cu3O6.5 
Raman phonons are overlapped with CuO and Y2Cu2O5 phonons at 340 and 486 cm-1, 
respectively. 
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From a careful angular Raman analysis performed on this sample, we also observed that 

the CuO phase may have some degree of texture evidenced by the angular dependence 

of the phonon mode. By rotating the sample 45 degree the scattered intensity of the CuO 

phonon at 300 cm-1 change. The Y2Cu2O5 phase did not present any Raman detectable 

texture. On the other hand, we suspect that the texture observed in XRD for BaF2 phase 

is due to Ba oxy-fluoride (Ba-O-F) compound. 

 

Figure 6.25 shows the TEM cross section of samba097 along the direction of [100] 

LAO substrate. We can also observe YBa2Cu3O6.5 nucleation at interface pointed by 

white arrows. The c-axis oriented grains of thickness approximately ∼ 25 nm, are 

isolated and inhomogeneously distributed grains grown onto the LAO substrate surface. 

In a similar manner of samba098 sample, cross sectional TEM micrographs of 

samba097, confirm the complex behaviour of precursor film after long time heat 

treatment. The film is composed of phases with well defined boundaries (by contrast). 

There exist an amorphous layer that consists of a Cu2O nanocrystalline amorphous 

matrix with embedded CuO nanocrystals randomly oriented, as determined by EDP and 

EELS[6.3]. In addition, on the top of the c-axis oriented grains of YBa2Cu3O6.5 grown at 

the interface, there appear Ba-F-O, Y-Ba-O-F and Y-Ba-(Cu)-O-F compounds. We 

observed that YBCO islands nucleate inhomogeneously at the interface with similar 

growth rates.  

 

The observable difference comparing to samba098 sample is the YBCO concentration 

at the substrate interface (figure 6.12). A major concentration and large grain sizes of 

the YBCO intermediate phases are observed in samba098 (figure 6.13a). Additionally, 

in this sample samba097 we have observed the presence of the Cu2O and CuO phases 

for first time. On the other hand, one fact correlated with TEM results of samba098 is 

the presence of the BaF2 phase (Y-Ba-O-F) very close to YBa2Cu3O6.5 growth front 

with its (111) planes parallel to the (100) planes of LAO substrate. This result gives 

further evidence on the fact that c-axis oriented grains of YBa2Cu3O6.5 were nucleated 

from (111) BaF2 orientation at the interface. Moreover, the BaCuO2 phase was neither 

observed here. 
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Figure 6.25. A low magnification TEM micrograph of sample samba097 cooled from 
700 oC to room temperature with previous long time heat treatment, taken along the 
[100] direction of LAO. The white arrow points a c-axis oriented YBCO film grown at 
the interface. 
 

On the contrary, a closer examination of the amorphous matrix of Cu2O by EELS 

suggests a collection of nanometric polycrystals randomly oriented, as shown in figure 

6.26a. Moreover, another important observation is the fact that there is no Cu2O in 

contact with the LAO interface. This indicates a strong affinity of the nanocrystals of 

Y2O3, Ba-Y-F and BaF2 for the LAO surface; this affinity seems to play an important 

role in the nucleation of YBCO which occurs at the interface but not in other regions in 

the precursor film. However, the Cu2O phase neither was observed in micro-Raman 

measurements (figure 6.24) nor XRD (figure 6.21), probably due to the nanometric 

amorphous character of this phase. In addition, the Cu2O phase has a single Raman 

active phonon mode at ∼ 217 cm-1[6.4] and XRD peak at 2θ ∼ 36.4 degree (table 6.4). 

Therefore, it is clear from high resolution TEM micrographs that the Cu2O phase does 

not tend to coarsen, which also indicates that is not a stable phase at the used 

temperature and pressure conditions. This is corroborated with the (P,T) phase 

diagram[5.10] which indicate that Cu2O is a metastable phase in our growth conditions 

whereas the CuO is the stable phase. Thus, the equilibrium phase CuO seems to grow at 

expenses of the Cu2O. 

 

 

 

 



Chapter 6. Intermediate Phases in the YBCO-TFA Conversion from Precursor Phases 
 
 

 236 

 

(a) (b)(a) (b)

 
Figure 6.26. Cross sectional TEM micrographs of samba097 sample along the [100] 
LAO direction. Notice the coexistence of Cu2O, Ba-Y-F-O and YBa2Cu3O6.5 epitaxial 
growth front onto interface in (a), while in (b) we observe the presence of nanocrystals 
of Ba-Y-F-O, CuO and Cu2O close to YBCO epitaxial growth front. 
 

Based on the XRD, micro-Raman measurements and TEM micrographs obtained, we 

propose a sketch of the intermediate phase segregation in the films studied, as shown in 

figure 6.27. Intermediate phases of BaF2, BaO, Y2Cu2O5, CuO, Cu2O. Ba-O-F and Y-

Ba-O-F with defined boundaries exist. Moreover, the YBa2Cu3O6.5 islands nucleate 

inhomogeneously at the interface with similar growth rates. On the other hand, on top of 

the YBCO growth front, the Y-Ba-O-F, BaF2 and Y2O3 phases are found and separate 

the YBCO phase from the surrounding by CuO and Cu2O phases. We know that the 

formation of YBCO requires Y, Ba, Cu and O atoms, so the Cu atoms coming from the 

CuO nanocrystals or the Cu2O amorphous phase must have an extraordinary mobility to 

reach the YBCO growth front through the Y-Ba-O-F-like layer. We suspect that the Cu 

atom enter into the oxyfluorides structures through their vacancies to form YBCO. 

 

In conclusion, we have observed a strong phase segregation of the intermediate phases 

and long length atomic diffusion at 700 oC for long heat treatments on the way to 

YBCO conversion. Moreover, there exists a strong tendency to epitaxial growth of 

precursor phases such as BaF2 and Y2O3 at the interface showing an extraordinary 

mobility of the atomic species of the precursor phases. We have also observed the 

intermediate phases CuO, Cu2O and Y-Ba-O-F-like at long heat treatments. In addition, 

we have seen that there is a strong tendency to precursor phases coarsening except for 



Chapter 6. Intermediate Phases in the YBCO-TFA Conversion from Precursor Phases 
 
 

 237

Cu2O phase. This is due to the fact that the equilibrium CuO phase is the stable phase 

and grows at expenses of the Cu2O phase. Finally, despite of the non YBCO growth 

conditions (Tgrowth = 700 oC, P(H2O) = 0.1 mbar and gas flow rate =0.0024 m/s) used to 

growth samba097, we have found that YBCO islands nucleated inhomogeneously at the 

substrate interface with similar growth rates, implying that the YBCO nucleation 

temperature is below 700 oC. In the next section we will focus on three intermediate 

temperatures selected to define the YBCO nucleation temperature. 

 

LAO

YBCOc
Y-Ba-O-F

CuO Cu2O

LAO

YBCOc
Y-Ba-O-F

CuO Cu2O

 
 

Figure 6.27. (a) Sketch of phase segregation in quenched sample that consist of phases 
with well defined boundaries. Around YBCO epitaxial growth a Y-Ba-O-F phase exist. 
 

6.4. Temperature for YBCO formation 
 

At the light of the results that we have obtained in the previous sections, we can affirm 

that strong phase segregation exists before the YBa2Cu3O6.5 nucleation and that YBCO 

nucleation occurs solely at the substrate interface. This phase segregation was clearly 

observed in TEM micrographs, and it is directly related to temperature and duration of 

the heat treatment. Thus, the conversion of the intermediate phases into YBCO TFA 

film generates the following questions: What is the temperature for YBa2Cu3O6.5 

formation? And, is it true that above 700 oC the nucleation of YBCO occurs as claimed 

by McIntyre et al[6.13]?. In the next section we will give some evidence about this 

issue on the basis of the information obtained until now, and our preliminary results in 

three samples prepared towards clarifying this issue. 
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We have seen in the previous section that films quenched at 795 oC present a majority 

of c-axis oriented YBCO grains normal to the substrate interface during the 

transformation of the intermediate phases under the conditions used to prepare YBCO 

films with optimal Tc and Jc (Tgrowth = 795 oC, P(H2O) = 7 mbar, P(O2) = 0.2 mbar and 

gas flow rate = 0.024 m/s). On another hand, quenched films at 700 oC in non ideal 

YBCO grow conditions showed c- but also a-axis oriented YBCO grains normal to 

substrate interface during the transformation of the intermediate phases under long time 

heating temperature. Moreover, from measurements of the uniaxial texture by micro-

Raman (see figure 5.17), we know that above 650 oC, YBCO grains nucleated at the 

interface already exist with a large fraction of a-axis growth. Therefore, we performed 

thermal treatments of the precursor films at temperatures below 650 oC to study the 

temperature of YBCO nucleation and to answer the above mentioned questions. 

 

Three samples named samba069, samba063 and samba088 were prepared for this 

purpose. The growth parameters of these precursor samples are shown in tables 6.6, and 

6.7, respectively. The main difference between samba069 and samba063 is the 

intermediate growth temperature, 575 and 525 oC, respectively. These samples were 

annealed at an intermediate temperature and kept at this stage for 16 hours; afterwards 

an annealing at 795 oC with the standard conditions was performed. Figure 6.29 

displays the annealing profile used to growth the film samba069 at 575 oC for 16 hours. 

We arrived at 575 oC in approximately ∼ 22 minutes: The sample was quickly pulled 

out from the furnace to room temperature. A subsequent ex-situ annealing at 795 oC was 

performed by using the annealing profile of figure 6.1. 
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Table 6.6 

Conditions for YBCO film named samba069 and samba063 
 

Precursor solution prepared from YBCO powder 

Concentration = 1.5 M 

LAO Substrate  

Optimized pyrolysis process 

Heating ramp = 1500 oC/h 

P(H2O) = 7 mbar 

P(O2) = 0.2 mbar 

Gas flow rate = 0.024 m/s 

Intermediate growth temperature = variable 

Second growth temperature = 795 oC 

ex-situ process 

 

 

Table 6.7 

Features of film samba088 
 

Precursor solution prepared from YBCO powder 

Concentration = 1.5 M 

LAO Substrate 

Optimized pyrolysis process 

Heating ramp = 1500 oC/h 

P(H2O) = 7 mbar 

P(O2) = 0.2 mbar 

Gas flow rate = 0.024 m/s 

Intermediate growth temperature = 475 oC 

Second growth temperature = 795 oC 

in-situ process 
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Figure 6.29. Annealing profile of samba069 sample kept at 575 oC for 16 hours and 
subsequently ex-situ annealed at 795 oC. Humidified gas was introduced at 110 oC. 
Main features of this sample are shown in table 6.6. 

 

We performed standard XRD θ/2θ-scans (∼ 1 hour scan) to sample named samba069, 

after the first growth temperature (575 oC) as shown in figure 6.30. It displays the 

existence of the BaF2 intermediate phase and YBa2Cu3O6.5. We may observe the (hkl) 

and (h00) blurred BaF2 profiles, and the (00l) YBa2Cu3O6.5 profiles. In addition, an 

intense signature of the (200) reflection when compared to the (00l) YBa2Cu3O6.5 

profiles denotes the presence of a major concentration of a-axis oriented grains 

nucleated onto the interface, i.e., a-axis oriented grains growth perpendicular to LAO 

surface, denoting a reduced quantity of c-axis oriented grains, as shown in figure 6.30. 

This YBCO growth is in agreement with the results of section 5.2.2. 

 

Because the standard XRD θ/2θ-scan performed has low scattered signal and low 

statistical of intermediate phases, we performed a long accumulation time XRD θ/2θ-

scan for 12 hours with a step ∆2θ ∼ 0.02 degree. Now we may observe the coexistence 

of the intermediate phases BaF2, Ba1-xYxF2, Y2Cu2O5, Y2O3 and CuO, as shown in 

figure 6.31. The Y2Cu2O5, Y2O3, BaF2 and CuO phases just have random orientation. 

Moreover, the BaF2 phase has the (h00) and random orientation. The curved 

background observed again, between 24o – 30o, is due to the presence of (100) LAO 

profile tail at ∼ 23 degree. 
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Figure 6.30. XRD pattern in logarithmic scale of a precursor film kept at 575 oC for 16 
hours (samba069). Notice the blurred signal of the YBa2Cu3O6.5 c-axis oriented grains 
and of the BaF2 intermediate phase, while a clear signature of YBa2Cu3O6.5 a-axis 
oriented grains grown perpendicular to substrate surface, is seen. 
 

After the subsequent annealing at 795 oC in standard conditions (P(H2O) = 7 mbar, 

P(O2) = 0.2 mbar and gas flow rate = 0.024 m/s), we performed again standard XRD 

θ/2θ-scans as shown in figure 6.32. We observe that all intermediate phases reacted 

with each other to form epitaxial YBCO. On the other hand, we may also observe, in the 

magnification in the range between 44o ≤ 2θ ≤ 52o, an intense (200) than (00l) YBCO 

profile, as shown in figure 6.33. The major intensity of the (h00) profile compared to the 

(00l) YBCO profiles evidences the presence of a large fraction of a-axis oriented grains 

in the YBCO TFA film. This a-axis oriented growth is expected if at the intermediate 

temperature treatments of 575 oC YBCO had already nucleated since low growth 

temperatures are favourable to a-axis oriented growth, as we saw in section 5.2.2. We 

have calculated the c-axis grain fraction using the (005) and (200) YBCO reflections by 

XRD, in similar way as done in section 3.1.1.2, the c-axis fraction, fc is equal to ∼ 

0.10±0.05. 
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Figure 6.31. XRD pattern in logarithmic scale of precursor film stand by at 575 oC for 
16 hours (samba069). Notice the coexistence of BaF2, Ba1-xYxF2, Y2O3, CuO, Y2Cu2O5 
and YBa2Cu3O6.5 phases and the resolved peak at 2θ ∼ 29o degree that consist of a 
mixing of (200) BaF2 and (222) Y2O3 profiles. Curved background is due to (100) LAO 
tail. 
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Figure 6.32. XRD pattern in logarithmic scale of the precursor film of figure 6.30 after 
annealing at 795 oC. Notice the presence of a- and c-axis oriented grains perpendicular 
to the substrate surface. 
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Figure 6.33. Magnification of the XRD pattern in logarithmic scale of figure 6.32 
displaying the a-axis oriented grains feature of this film by the presence of the (200) 
YBCO profile. 
 

 

We turn to micro-Raman measurements to obtain complementary information on the 

microstructure evolution of sample samba069. Figure 6.34 shows the Raman spectra of 

this sample measured after the two heat treatments. After the long intermediate 

treatment (575 oC, 16 hours) the Raman spectrum only shows the presence of CuO 

phonon modes, as expected from section 6.1 (figure 6.4). Observations of the Raman 

spectrum after the annealing process at 795 oC shows mainly an a-axis oriented YBCO 

film. An a-axis oriented film is characterized by a larger O(4)-Ag Raman signal 

compared to the O(2,3)-B1g phonon mode signal. The uniaxial texture value was 

determined to be δ ∼ 0.20±0.05 in good agreement with the value determined by XRD 

data, and texture map and SEM micrographs shown in figure 6.35a and 6.35b, 

respectively, clearly showing the a-axis growth uniformity. 

 

 

 

 



Chapter 6. Intermediate Phases in the YBCO-TFA Conversion from Precursor Phases 
 
 

 244 

 

200 300 400 500 600 700

CuO CuO
CuO

CD

O(4)

+O(2,3)

575 oC

 

 

S
ca

tte
re

d 
In

te
ns

ity
 (a

.u
.) 

Raman Shift (cm-1)

795 oC

O(2,3)

 
Figure 6.34. Raman spectra of a precursor film maintained at 575 oC for 16 hours and 
subsequently annealed at 795 oC (sample samba069). Notice the transformation of the 
precursor film to a highly a-axis oriented film due to presence of an intense Raman 
signal of the O(4)-Ag compared to the O(2,3)-B1g phonon mode. The uniaxial texture 
value was δ ~ 0.20±0.05. 
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Figure 6.35 (a) 
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1 µm

(b)

1 µm

(b)

 
Figure 6.35. (a) Texture map and (b) SEM micrograph of samba069 sample with a low 
c-axis oriented grain fraction, δ ∼ 0.20±0.05. 
 

As it was mentioned above, the fact that an a-axis oriented film is observed after the 

high temperature treatment of 795 C evidence that at the intermediate growth 

temperature (575 oC), a-axis nucleus had already formed. Therefore at this low growth 

temperature (575 oC), it is possible to nucleate YBCO at the interface if we wait enough 

time.  

 

We therefore lowered the intermediate temperature down to 525 oC. The sample is 

named samba063. This sample was first annealed up to 525 oC and kept in this stage for 

16 hours. We arrive at 525 oC in approximately ∼ 20 minutes. The sample was quickly 

pulled out from the furnace to room temperature and subsequently ex-situ annealed at 

795 oC by using the annealing profile of figure 6.36. The main features of this sample 

are shown in table 6.6. 

 

We performed a standard XRD θ/2θ-scan and the diffractogram only displays the 

presence of the blurred BaF2 profiles, as shown in figure 6.37. We suspect that the other 

intermediate phases are probably highly nanocrystalline or amorphous, and therefore 

they are not displayed in the diffractogram. On the contrary, we have not found any 

signature of YBa2Cu3O6.5 reflections. After a subsequent annealing at 795 oC in 

standard conditions (P(H2O) = 7 mbar, P(O2) = 0.2 mbar and gas flow rate = 0.024 m/s), 

we performed again standard XRD measurements and the spectra is shown in figure 
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6.38. We observe that the diffractogram mainly consist of (00l) YBCO profiles. Thus, 

the film is mainly composed of c-axis oriented YBCO grains and the presence of the 

(200) YBCO profile is not appreciated in the magnified diffractogram shown in figure 

6.39. 
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Figure 6.36. Annealing profile of a precursor sample maintained at 525 oC for 16 hours 
and subsequent ex-situ annealed at 795 oC (samba063). Humidified gas was introduced 
at 110 oC. Main features of this sample are shown in table 6.6. 
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Figure 6.37. XRD pattern in logarithmic scale of a precursor film kept at 525 oC for 16 
hours (samba063). Notice the sole presence of BaF2 phase, other intermediate phases or 
the YBa2Cu3O6.5 phase were not detected. 
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Figure 6.38. XRD pattern in logarithmic scale of the precursor film of figure 6.35 
(samba063) after annealing at 795 oC. Notice the existence of the (00l) YBa2Cu3O6.5 
profiless, the intermediate phases were not detected. 
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Figure 6.39. Magnification of the XRD pattern in logarithmic scale of figure 6.38 
displaying the c-axis oriented grains feature of this film by the presence of the (006) 
YBCO profile. The (200) YBCO profile is not resolved in this figure. 
 

We also performed micro-Raman measurements to obtain complementary information 

on the uniaxial texture of samba063. Figure 6.40 shows the Raman spectra of this 

sample measured after the two heat treatments. At 525 oC the Raman spectrum clearly 
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shows the presence of CuO phonon modes meanwhile after annealing at 795 oC a 

complete transformation of the intermediate phases into mainly c-axis oriented YBCO 

grains appears. We did not obtain any Raman signal of the intermediate phases within 

the detection limits, and a c-axis oriented film is clearly displayed due to large Raman 

signal of the O(2,3)-B1g mode when compared to the O(4)-Ag phonon mode (δ ∼ 

0.90±0.05). 
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Figure 6.40. Raman spectra of a precursor film stand by at 525 oC for 16 hours and 
subsequently ex-situ annealed at 795 oC. Notice the transformation of the precursor film 
consisting mainly of CuO nanocrystals to a c-axis oriented film (δ ∼ 0.90±0.05). 
 

At the light of these results we can state that at the intermediate growth temperature of 

525 oC, the YBCO nucleus are not formed at the interface, although we waited for long 

time (16 hours), their nucleation was not produced. Therefore, YBCO nucleation 

occurred in the second heat treatment at 795 oC where the c-axis nucleation is already 

favourable. 

 

Finally, the last even lower growth temperature selected to study the YBCO nucleation 

was 475 oC. The sample is named samba088. This sample was first annealed up to 475 
oC, and kept at this stage for 5 hours, and subsequently in-situ annealed at 795 oC. The 

annealing profile is shown in figure 6.41. We arrive at 475 oC in approximately ∼ 18 

minutes. The main features of this sample are shown in table 6.7. 
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Figure 6.41. Annealing profile of a precursor sample maintained at 475 oC for 5 hours 
and subsequently in-situ annealed at 795 oC (samba088). Humidified gas was 
introduced at 110 oC. Main features of this sample are shown in table 6.7. 
 

After subsequent in-situ annealing at 795 oC in standard conditions (P(H2O) = 7 mbar, 

P(O2) = 0.2 mbar and gas flow rate = 0.024 m/s), as the previous samples, we performed 

a standard XRD θ/2θ-scan. The corresponding diffractogram is shown in figure 6.42. 

We have observed intense (00l) YBCO profiles and also the (400) Y2O3 profile. We 

suspect that the Y2O3 phase is left as precipitates in the film. Moreover, a large fraction 

of c-axis oriented YBCO grains is obtained as evidenced by very intense (00l) YBCO 

profiles when compared to the (200) YBCO profile (fc ∼ 0.90), as shown in figure 6.43. 
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Figure 6.42. XRD pattern in logarithmic scale of YBCO film stand by at 475 oC for 5 
hours and subsequently annealed at 795 oC. Notice the presence of YBCO c-axis 
oriented grains and the Y2O3 phase. 
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Figure 6.43. Magnification of the XRD pattern in logarithmic scale of figure 6.42 
displaying a large c-axis oriented grain fraction of this film by the presence of an 
intense (006) YBCO profile (fc ∼ 0.90). 
 

We also performed micro-Raman measurements to obtain complementary information 

on the microstructure evolution of samba088. Figure 6.44 shows the Raman spectra of 

samba088. We did not obtain any Raman signal of the intermediate phases such as the 

Y2O3 phase (at 377 cm-1) probably due to the fact that our Raman probe scarcely 

reaches the interface as evidenced by the absence of LAO phonon mode in the spectra. 

A c-axis oriented YBCO film is clearly displayed due to presence of a larger Raman 

signal of O(2,3)-B1g mode when compared to the O(4)-Ag phonon mode (δ ∼ 0.92±0.05). 

 

In the same manner as in previous sample samba063 discussion, we can conclude that at 

the intermediate temperature (475 oC), YBCO nucleus can not be formed at the interface. 

Therefore, the YBCO nucleation temperature is found to be between 525 and 575 oC. 

Further studies may refine this range. This is the first time that these low YBCO 

nucleation temperatures are experimentally evidenced and reported for the TFA process. 
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Figure 6.44. Micro-Raman spectra of a precursor film maintained at 475 oC for 5 hours 
and subsequently in-situ annealed at 795 oC (samba088). Notice that the film consists 
mainly of c-axis oriented grains due to presence of larger Raman signal of the O(2,3)-
B1g mode (δ ∼ 0.92±0.05). 
 

Conclusions 
 

Intermediate phases of YBCO MOD-TFA films on quenched samples at selected 

temperatures in the ramp of heat treatment were studied by XRD, micro-Raman and 

TEM techniques. The films consist of segregated phases such as: BaF2, Ba1-xYxF2, Y2O3, 

CuO, BaO, Cu2O, Y2Cu2O5 and corresponding oxy-fluorides Ba-O-F, Y-Ba-O-F and Y-

Ba-(Cu)-O-F. We have observed strong phase segregation and long length atomic 

diffusion at high temperatures. Moreover, we have seen a strong tendency of the 

precursor phases to coarse except for the Cu2O phase. The equilibrium phase CuO 

seems to grow at expenses of the Cu2O phase.  

 

The chemical overall reaction of these intermediate phases to transform into YBCO is 

still an open issue. Moreover, several simultaneous kinetics reactions may likely occur 

involving the participation of the BaF2, Ba1-xYxF2, Y2O3, CuO, BaO, Cu2O, Y2Cu2O5 

and Y-Ba-(Cu)-O-F phases. On the other hand, TEM micrographs indicated that YBCO 
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islands nucleate inhomogeneously with similar growth rates at the substrate surface and 

not in other parts of the film. 

 

We have observed that there exists a strong tendency to epitaxial growth of the 

precursor phases at the interface. The intermediate phases show an extraordinary 

mobility of the atomic species. In addition, based on TEM high resolution micrographs, 

EDP and EELS , the epitaxial formation of YBCO is strongly related to initial formation 

of Ba oxy-fluoride that aligns its (111) planes parallel with the (100) planes of LAO at 

the initial stage of the reaction. Finally, from the results of long time intermediate 

temperature heat treatments, and subsequent high temperature treatments at 795 oC we 

may conclude that the YBCO nucleation is found to be between 575 and 525 oC. This is 

the first time that this low YBCO nucleation temperatures are experimentally evidenced 

and reported for the TFA process. 
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General Conclusions 
 

 

 

1. The Micro-Raman spectroscopy study performed in this thesis, has allowed us to 

make progress in the knowledge of the growth mechanism of YBCO TFA films 

deposited onto single crystals substrates by chemical solutions. The high 

performance of the YBCO TFA-MOD films actually does not require the use of 

vacuum processes and hence our work gives further support to the view that 

chemical solution growth techniques have a great potential to become 

competitive. The knowledge acquired on the understanding of the relationship 

betwenn microstructural and superconducting properties of YBCO films will 

allow us now to optimize the growth conditions on metallic substrates for a 

continuous fabrication of high performance coated conductors. 

2. Micro-Raman spectroscopy was used for non-destructive biaxial texture analysis 

of YBCO films and CC.  We developed a new and simple methodology adapted 

to CC based on the specific Raman selection rules for YBCO and polarized 

Raman scattering experiments. Detailed information on the epitaxial quality of 

the superconducting films was obtained from two parameters: c-axis oriented 

grain fraction, δ, and the degree of the in-plane orientation of the c-crystals, Qc. 

We have demonstrated that micro-Raman spectroscopy is a very suitable 

technique to determine the surface uniformity and homogeneity of the uniaxial 

texture of films, to identify the appearance of a-crystals even in large c-crystal 

fraction samples and to estimate their size and distribution. We have 

theoretically modeled the Raman scattering intensities using different grain 

misorientation distribution functions and defining the Qc parameter accordingly. 

The analysis of several samples with different in-plane orientation has proved 

that the YBCO grains population in CC is governed by a Lorentz distribution. 

We have confirmed, therefore, that Qc is a true parameter to extract the degree of 

in-plane texture and grain misorientation distribution of YBCO CC. The 

feasibility and uniqueness possibility of micro-Raman to study the biaxial 
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texture sample uniformity has been demonstrated for CC and a simplification of 

the model developed has been presented in this case. 

3. We have shown that the analytical capabilities of micro-Raman spectroscopy to 

analyse YBCO films are very broad. Raman scattering has developed into a very 

powerful tool in the field of high-Tc superconductivity, providing information on 

the fundamental physical properties of superconducting materials. At a first 

glance the Raman spectra may provide a lot of information and features of the 

TFA films such as orientation, secondary phases, impurities, oxygen content and 

defects. The information obtained at the molecular scale basis by Raman 

scattering can sometimes help to deduce the mechanism of activity or reactivity 

of some process. We have used this technique to optimize of the YBCO TFA-

MOD process by determining the factor inducing an aging of the solution or 

control by the pyrolysis process. Precipitates such as CuO and BaCuO2, may be 

avoided by right storage of precursor solution in special sealed containers which 

avoid the contact of the solution with the air. We have also demonstrated the 

assistance of micro-Raman spectroscopy complemented with SEM to 

characterize the pyrolysis step. We have shown that in order to achieve high 

quality YBCO TFA-MOD films, during the pyrolysis process the film 

homogeneity must be preserved and any kind of phase segregation should be 

avoided, otherwise the final microstructure and superconducting properties are 

degraded. 

4. High quality epitaxial YBCO films on LAO single crystal substrate have been 

obtained using TFA precursors. The influence of growth parameters on the final 

film quality (structure and superconducting properties) has been investigated. 

We have shown the influence of the growth temperature, water pressure and gas 

flow rate on the final properties has by investigating samples where the 

annealing time has been carefully adjusted to reaction completion (150 minutes) 

determined by monitoring the BaF2 Raman signal. 

5. SEM observations have shown that porosity is the main microstructural feature 

deeply modified by the growth temperature, being strongly enhanced in films 

grown at low temperatures. The influence of this parameter has been evidenced 

by the close correlation existing among uniaxial texture, normal state resistivity 

and the critical current densities in samples with different degrees of porosity. 
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The highest critical currents (Jc = 3.2 MA/cm−2 at 77 K and 27 MA/cm−2 at 5 K) 

and the lowest normal state resistivity ( K300ρ  ≈ 200 µΩ-cm) were found in 

samples grown at 795 oC. We note that under the present experimental 

conditions (P(H2O) = 7mbar, P(O2) = 0.2 mbar and gas flow = 0.024 m/sec)  we 

obtained the best samples regarding microstrucure and physical properties. 

6. Strong phase segregation and long length atomic diffusion is observed in YBCO 

MOD-TFA films quenched at selected temperatures in the growth temperature 

ramp by XRD, micro-Raman spectroscopy and TEM analysis have been 

performed. After the pyrolysis, the films consist of segregated nanocrystals of 

BaF2, Ba1-xYxF2, Y2O3, CuO, BaO, Cu2O and Y2Cu2O5 and a strong tendency to 

precursor phases coarsening has been observed except for the Cu2O phase. The 

equlibrium phase CuO seems to grow at expenses of the Cu2O phase. The 

chemical overall reaction of these intermediate phases to transform into YBCO 

is a still an open issue. Several simultaneous kinetics reactions may likely occur 

involving the BaF2, Ba1-xYxF2, Y2O3, CuO, BaO, Cu2O and Y2Cu2O5 phases. 

TEM results indicated that YBCO nucleates heterogeneously at the substrate 

surface and not in any other part of the film. There exists a strong tendency to 

epitaxial growth of the precursor phases at the interface. The epitaxial formation 

of YBCO is strongly related to initial formation of Ba oxy-fluoride that aligns its 

(111) planes parallel with the (100) planes of LAO at the initial stage of the 

reaction. The intermediate phases showing an extraordinary mobility of the 

atomic species. From the results of long time heat treatment, the YBCO 

nucleation is found to be between 575 and 525 oC. 

7. The usefulness and completeness of the micro-Raman spectroscopy in the study 

of the coated conductors and YBCO TFA-MOD films is proved. The uniqueness 

and easiness of micro-Raman spectroscopy to study and to characterize samples 

non destructively convert this technique in an invaluable and necessary tool in 

the field of material science. 
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