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ABSTRACT

Microstructural changes related to the critical current density dependence on film thickness in superconducting YBa2Cu3O7- (YBCO) films have been investigated through electron microscopy. Pulsed laser deposited YBCO films ranging in thickness from 0.19 to 6.4 m were grown on rolling assisted biaxially textured substrates (RABiTS) having two different buffer layer architectures. Remarkable improvements in the YBCO microstructure were observed in samples deposited on Ni-3%W, with a thick Y2O3 seed layer. Films grown on this structure showed little random oriented grain formations along with minimal interfacial reactions. The causes of reduced performance with increased film thickness will be addressed for both RABiTS architectures.

INTRODUCTION


Difficulties in depositing or growing thick, high quality, c-axis oriented YBa2Cu3O7- (YBCO) films whose properties do not become degraded with increasing film thickness, has been an elusive goal in producing commercially viable superconducting films. Typical problems in producing thick YBCO films can include: the development of misoriented YBCO grains or porosity,1-5 formation of non-superconducting phases,6-9 oxygen deficiencies10 and changes in stoichiometry.11 In addition, the choice of substrate can have a significant effect on the defects and microstructures generated within the YBCO film.12 In this investigation, transmission electron microscopy was used to examine the causes for the reduction in Jc with film thickness for pulsed laser deposited (PLD) YBCO
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films on two different architectures of rolling assisted biaxially textured substrates (RABiTS). The architecture of the two substrates investigated were as follows: 

RABiTS1:    Ni / CeO2 / yttrium-stabilized zirconia (YSZ) / CeO2 / YBCO

RABiTS2:    Ni-3at.%W / Y2O3 / YSZ / CeO2 / YBCO

The use of Ni-3at.% W, hereby written as Ni-W, posses a sharper texture over earlier pure Ni tapes and is a recent improvement in the development of RABiTS materials.13 The use of a Y2O3 seed layer instead of CeO2 is the result of another upgrade in the RABiTS materials, due to concerns over crack formation in the CeO2 seed layer and subsequent NiO growth into the upper layers of the coated conductor stack during processing.

EXPERIMENTAL

The 12 nm thick CeO2 and 150 nm thick Y2O3 seed layers of the two substrates were deposited through electron beam evaporation of pure metals under a partial pressure of water onto the {100} <100> biaxially textured Ni and Ni-W substrates, respectively. Additional 150 to 200 nm thick YSZ and 20 nm thick CeO2 layers were deposited by RF magnetron sputtering. Details in the processing conditions and substrate properties are covered elsewhere.14-17
YBCO films ranging in thickness from 0.19 to 6.4 m were deposited by pulsed laser deposition (PLD) using a XeCl excimer laser (=308nm) on 2.5 cm x 0.5 cm samples. Deposition was done at 790ºC under an oxygen partial pressure of 120 mTorr. Laser energy density was 4 J/cm2 with a film growth rate between 5 to 13 Å/s. Following deposition, the films were cooled to room temperature at a rate of 5ºC/min, under an oxygen partial pressure of 550 Torr.  

Cross-section samples were prepared for transmission electron microscopy (TEM), either by tri-pod polishing or conventional ion-milling methods, details of which are described elsewhere.9,18 The samples were investigated using a Philips Technai 20 (LaB6, 200kV) and CM200 (FEG, 200kV) microscopes, equipped with energy dispersive spectrometry (EDS) units. The CM200 TEM was used in both conventional and high-resolution scanning modes.

RESULTS AND DISCUSSION

Properties of the Thick YBCO Films



From previous work,16-17 the critical current densities (Jc) of the thick YBCO films along with the film textures determined through x-ray diffraction (XRD) are listed in Tables I and II for the two substrate types. The YBCO films characterized on RABiTS1 by TEM were 0.19, 0.5, 1.7 and 3.0 m thick, and were similar in electrical and texture properties to the samples shown in Table I.  The RABiTS2 samples characterized by TEM are those listed in Table II. The values of Jc were calculated from the four-point probe measurements of critical current (Ic) conducted at 77K in self-field without micro-bridge patterning. Limitations in characterizing the film properties to 120 amps prevented the full determination of Ic in films thicker than 1.0 m of the RABiTS2 materials under self-field. For these films a zero-field Jc was calculated from in-field measurements at 0.5 Tesla, assuming that a factor of 4 to 5 drop in Jc occurs from self-field to that of 0.5 Tesla.16  Therefore, a range of calculated values are presented for the 2.9 and 4.3 m thick films in Table II. During measurement of the 6.4 m thick film on RABiTS2, a crack was generated across the sample upon reaching 60 amps, believed to have been the result of sample heating.  

Table I.  Measured electrical and texture properties of thick YBCO films on the RABiTS1 material, from ref. [17].

	YBCO thickness

(m)
	Jc
(MA/cm2)
	
	
	a-axis fraction

Ia((200) / Ic((002)
	% Cube

	0.19
	2.6
	1.07
	0.73
	0.0
	98.8

	0.43
	1.4
	1.04
	0.70
	0.0
	90.4

	1.6
	0.59
	1.03
	0.76
	0.03
	89.7

	3.0
	0.45
	1.08
	0.73
	0.05
	79.9


    * In-plane texture: ratio of the FWHM of x-ray intensities of (113)YBCO to (111)Ni/Ni-W.

    ** Out-of-plane texture: ratio of (005)YBCO to (200)Ni/Ni-W.
Table II.  Measured electrical and texture properties of thick YBCO films on the RABiTS2 material, from ref. [16].

	YBCO thickness

(m)
	Jc
(MA/cm2)
	
	
	a-axis fraction

Ia((200) / Ic((002)
	% Cube

	1.0
	1.18
	0.90
	0.79
	0.0
	92.5

	2.9
	0.9 - 1.1
	1.03
	0.78
	0.1
	93.5

	4.3
	0.65 - 0.81
	1.09
	0.89
	0.2
	87.9

	6.4
	
	0.96
	0.91
	0.1
	95.8



The fraction of a-axis (a() to c-axis (c() oriented grains within the films showed an increase with film thickness for both substrates, with that of the RABiTS2 materials being significantly higher. Although the larger a( concentration observed was substantially less than that appearing in YBCO films deposited on single crystal substrates under the same conditions.17  


While the a-axis fraction of the Ni-W RABiTS2 showed a higher value than that of the Ni RABiTS1 substrates, the percent cube texture was significantly better despite the random variation in results measured. A slight increase in with thickness was also observed for the RABiTS2 materials.    

Microstructural Changes with Film Thickness for RABiTS1.

The 0.19 m YBCO film examined in cross-section (Fig. 1(a)) showed complete epitaxial c-axis orientation, with no secondary phase formation or porosity. The YBCO film consisted of c-axis oriented grain columns, separated by anti-phase boundaries whose contrast is visible due to the displacement of the (001) planes by a fraction of the unit cell dimension.  Created either by ledge steps at the CeO2 interface,19 or by a variation in the initiating atomic stacking sequence of YBCO.20 Deviations in c( columns across the anti-phase boundaries, measured as splitting of YBCO electron diffraction intensities, was negligible in the thinner films, but was found to increase with either film thickness or aging time.9 Investigation of the YBCO/CeO2 interface showed no evidence of reaction between the layers in the 0.19 m film, nor the presence of any disordered perovskite layer within the YBCO as reported to occur in PLD and ex-situ grown films on single crystal and metal substrates.20-21 
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Fig. 1.  Cross-section images of: (a) 0.19 m, (b) 0.5 m, (c) 1.7 m, and (d) 3.0 m thick YBCO films on RABiTS1.


Examination of the 0.5 m thick YBCO sample on the RABiTS1 substrate (Fig. 1(b)) also showed c( columns extending the entire film thickness and no porosity. However, the film did show the formation of random oriented grains near the top surface beginning at a thickness of 0.45 m, contributing to the drop in cube texture from 98.8% in the 0.19 m film to 90.4%.  


Observed within the 0.5 m film was an outgrowth grain of YBCO, characterized as having an ~2.2º tilt in its c-axis, rotated about the [010] direction, relative to the surrounding film. The outgrowth originated 150 nm above the CeO2 cap layer, and was not found to be associated with any defects within the buffer layer or the formation of secondary phases. A detailed explanation of the types of surface outgrowths observed in PLD films is provided elsewhere,9 but it is believed to have occurred in this film as a result of a strain release associated the lattice mismatch between the growing YBCO film and CeO2 layer. 


As a result of reaction between YBCO and CeO2 cap layer, BaCeO3 particles of 10 to 20 nm in size were randomly observed along the interface (Fig. 2(a)).  Their formation occurred following the initial nucleation and growth of the YBCO, as no BaCeO3 was observed in the 0.19 m thick YBCO film. Due to the excess Y and Cu released from the formation of BaCeO3, occasional particles of Y2O3 were observed within the film in addition to CuO formation along the interfaces between the misoriented and c( grains. Investigation of possible orientation relationships between CuO and YBCO revealed multiple growth directions possible for CuO.9 It was found that while some CuO particles held a common relationship to the c( grains, others shared one with the random oriented grains. Suggesting that the formation of CuO followed random grain growth, and was not responsible for the misoriented YBCO grains. 
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Fig. 2.  Interfacial reactions between YBCO and CeO2 in (a) 0.5 m and (b) 3.0 m thick YBCO films on RABiTS1, and in the (c) 6.4 m thick RABiTS2 film. 


The microstructure of the 1.7 m film showed relatively undisturbed c( grains in the lower portion of the YBCO film (Figure 1(c)), however, the misoriented grains were more numerous near the top of the film surface.  Unlike YBCO films grown by PLD on IBAD YSZ buffered substrates,10 the misoriented grains do not completely cover the top of the film.  The majority of the misoriented grains were formed in groups that typically shared a common twin boundary.  The presence of porosity within the microstructures was also beginning to be seen, but was usually associated with the large mismatches between the c( and random oriented grains.  These regions, however, may have contained secondary phases that were removed during sample preparation.   CuO particles at the interfaces between the two types of grain orientations were also present, in addition to the formation of BaCuO2.

The thickest YBCO film on RABiTS1, which suffered from the largest degradation in cube texture, showed a very rough, highly misaligned upper portion in its cross-section (Fig. 1(d)). Pores were found more frequently within the YBCO, which are believed to be associated with either the formation of secondary phases or the removal of quenched in vacancies.

Formation of CuO along the interfaces of the YBCO grains were again present within the 3.0 m film, but a dramatic increase in the amount of BaCuO2 was observed at locations both near the top surface of the film as well as at intermediate depths.

The extent of the reaction between the YBCO and CeO2 cap layer appeared to be complete within the 3.0 m sample (Fig. 2(b)).  Investigation of the interface region through both diffraction and composition analysis could not identify any CeO2 layer remaining.  Y-enrichment resulting from the formation of BaCeO3 did produce Y2BaCuO5 (Y211) grain formations along the top of the BaCeO3 reaction layer rather than Y2O3 particles.  While Y2O3 can nucleate homogeneously in YBCO and is more frequently observed in YBCO films despite being less thermodynamically stable than Y211,22-23 the high energy interfacial sites associated with the BaCeO3 formation allowed for easier Y211 nucleation. 

Microstructural Changes with Film Thickness for RABiTS2

Immediately, it can be seen by comparison between the 1.0 m YBCO film on the RABiTS2 material (Fig. 3(a)) to that of the films on RABiTS1 (Fig. 1), that a significant improvement in film quality has occurred. The 1.0 m film on the new substrates showed completed c-axis orientation, with no misoriented grains or porosity observed within the examined sample. Only contrast from stacking faults and the c( column boundaries are visible within the composite image. 

The YBCO films greater than 1.0 m on RABiTS2, were found to be similar to one another.  The thickest of the films studied and the most remarkable of the microstructures, was the 6.4 m thick YBCO film (Fig. 3(b)).  The c-axis columns were clearly seen as growing the full film thickness, with numerous anti-phase boundaries observed which originate and terminate within the thickness of the YBCO layers.  The mismatch across these boundaries was considered negligible through electron micro-diffraction.  

The thicker YBCO samples also showed tubular or elongated porosity within the film, not observed in the 1.0 m thick film. The triangular shape of the porosity imaged in Fig. 3(b), is the result of the cross-section having been cut at an angle relative to the normal of the film.  Porosity was observed at all depths in the thick YBCO layers, and did not appear to be either connected to each other or long enough to reach the free surface of the YBCO film.  

Further revealed under higher magnification was the presence of secondary phase particles within the YBCO layer, observable in the dark-field image of Fig. 3(c). The particles identified as CuO and Y2O3 through electron diffraction, formed as the result of the coalescence of excess Y and Cu oxide along stacking faults. The monoclinic CuO particles (Fig. 3(d)) were indexed as having a CuO [010] // YBCO [100] orientation relationship18 were much larger in size than the Y2O3 particles (Fig. 3(e)) and grew as long continuous particles.  The Y2O3 particles which held the Type A,25-26 Y2O3 [110] // YBCO [100] relationship, were smaller and discontinuous in the film, typically forming separate from other Y2O3 or CuO particles. Staking faults were no longer observed in the thicker films as they had been in the 1.0 m film. Volume changes associated with the formation of CuO and Y2O3 particles are believed to be responsible for the creation of the porosity observed within the thicker RABiTS2 films.
Reaction between the YBCO and CeO2 layers within the RABiTS2 samples was also limited (Fig. 2(c)). Formations of both BaCeO3 and Y211 were identified 
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Fig. 3.  Cross-section images of (a) 1.0 m and (b) 6.4 m thick YBCO films on RABiTS2.  (c) Dark-field image of 6.4 m thick film, and high-resolution images showing (d) CuO and (e) Y2O3 particles.

at the boundary of the 6.4 m thick film, but the CeO2 layer was found still intact.  By comparison, the 6.4 m thick YBCO film on the newer RABiTS2 structure showed much less interface reaction than that of the 3.0 m thick film of the older substrates, even though the sample had seen twice the deposition time at elevated temperatures.

At the boundary between the Ni-W and Y2O3 seed layer, a NiO reaction layer was formed.  While this also occurred for the RABiTS1 materials, it was found that the growth of NiO was limited within the Ni-W substrates.  In the NiO layer formed within the RABiTS2 materials, a tungsten oxide layer was identified through high resolution EDS line scans (Fig. 4).  For all the RABiTS2 samples, the thickness of the NiO layer was approximately 35 to 40 nm, with an 8 to 10 nm thick W-oxide layer and was fully developed or continuous in the NiO within the 6.4 m sample.  Where no W-oxide layer was found in the RABiTS1 materials, the NiO layer grew from 10 nm to over 150 nm for the 0.19 and 3.0 m thick films, respectively. The tungsten oxide layer may have prevented further damage to the upper layers of the conductor stack by preventing the diffusion of Ni.  Contributing to the enhanced performance of the YBCO on the newer substrates.
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Fig. 4.  Bright-(BF) and dark-(DF) field images of the NiO reaction layer between the Y2O3 buffer and Ni-W substrate showing the tungsten-oxide layer formed.  An  EDS nano-probe line scan across the interfaces shown in the images, illustrating the tungsten-oxide layer. 

CONCLUSIONS

In combining microstructural investigation of the YBCO films with the x-ray characterization data, the leading cause of Jc loss for the RABiTS1 films was the degradation of cube texture.  The formation of randomly oriented grains near the top of the YBCO film began around a thickness of 0.45 m under the given PLD conditions for the RABiTS1 architecture.  The amount of non c-axis grain formations increased with film thickness, along with the formation of a-axis oriented grains beginning with the 1.7 m thick film.  While the random grain formations dominated the upper portion of the film, they did not create a dead layer preventing c-axis growth up to the surface of the YBCO film. 

The development of secondary phases along the YBCO/CeO2 interface also played a significant role in the reduction of YBCO film properties for the RABiTS1 films. Transforming up to 0.1 m of the YBCO film near the buffer surface into a non-conducting phase within the 3.0 m thick film. This was not the case for RABiTS2 materials, which showed little reaction at the YBCO/CeO2 interface.

The RABiTS2 samples showed only a modest decrease in Jc with film thickness. In the thicker YBCO films on RABiTS2, micro-porosity associated with the formation of Y2O3 and CuO was observed, though its effects on electrical properties of the film are believed to be minimal. In addition, the formation of a tungsten oxide layer within the NiO reaction layer of the RABiTS2 samples appeared to have acted as a Ni diffusion barrier, further protecting the YBCO layer.
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