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Abstract 
 

High temperature superconducting (HTS) tapes are being developed for a wide range of 

energy and magnetic applications. One of the challenges in their large scale deployment has 

been the cost associated with their fabrication. In this study, a high growth rate metal organic 

chemical vapor deposition (MOCVD) process is used to investigate the development of 

structural and electromagnetic properties of thick RE-Ba-Cu-O (REBCO, RE = rare earth) HTS 

films on biaxially-textured substrates. REBCO films are deposited as a thickness gradient 

(thickness ranging from 0 nm to almost 150 nm) on biaxially-textured flexible templates to 

understand structural properties development of films in their early stage of nucleation and 

growth. This work is then extended to fabricate thick films of almost 3 μm to achieve high 

critical currents. The thick films are deposited as a multi-layered structure and chemical-

mechanical polishing of the deposited film has been employed following deposition of each 

layer to obtain suitable surface for subsequent REBCO layer’s deposition. This method has been 

shown to achieve tapes (2.86 μm thickness) with high engineering critical current density in the 

temperature range of 50 – 65 K and applied magnetic field range of 3 – 5 T. Another aspect of 

HTS films explored in this study is pre-fabrication of nanodefects which provides the opportunity 

to grow nanodefects independent of superconducting film growth. Metallic nanorods have been 

grown on biaxially-textured substrates by two methodologies namely, ‘electron beam-assisted 

deposition’ and ‘electrodeposition’ methods. Microstructural and electromagnetic properties of 

REBCO films with prefabricated metallic nanorods have been investigated.  
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1. Introduction 

 This chapter provides an overview on superconductivity, types and applications of 

superconductors, flux pinning in superconductors, and various structural and physical properties 

of high temperature superconductors at different thicknesses of the deposited superconducting 

films. This is used a pretext to describe the various aspects of the research work presented as 

part of this study. 

1.1 Introduction to Superconductivity 

 Superconductivity is the property of certain materials exhibiting zero resistance below a 

certain temperature. Superconductivity was discovered in 1911 by Kamerlingh Onnes at Leiden 

University. Onnes observed that at 4.2 K, the resistance of mercury (Hg) jumps from an 

immeasurably small value (less than 10-6 ohm) to 0.1 ohm, within the span of 0.01 K [1], [2]. This 

indicates that below 4.2 K Hg does not have any resistance. Onnes induced current in a 

superconducting loop and no decay was observed in the current, which then confirmed the 

absence of any resistance in the superconductor. The temperature at which a sudden transition 

to zero resistance occurs is known as the critical temperature (Tc) [3].  

 The temperature dependence of resistance of metals and superconductors is exhibited 

in Figure 1-1. While metals show some resistance even at absolute zero temperature (0 K), 

superconductors do not exhibit any resistance below Tc. For superconductors, resistance is 

observed only at Tc. Above Tc, the temperature dependence of resistance of both metals and 

superconductors is quite similar. 
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Figure 1-1: Temperature dependence of resistance of metals and superconductors (Reproduced   
                     from [3]). 

Another unique feature of superconducting materials is their ability to completely expel 

the magnetic field when cooled through their transition temperature, and this was discovered 

by Meissner and Ochsenfeld in 1933 [4]. In 1935, the London brothers proposed [5] that even 

though the magnetic field is excluded from superconductors, it still penetrates to a small 

thickness inside the superconductors, which is known as the penetration depth. Ginzburg then 

provided insight into the macroscopic theory of superconductivity in 1955 [6]. In 1957 Bardeen 

et al. [7] presented a comprehensive microscopic theory of superconductivity, called BCS theory 

(named after John Bardeen, Leon Cooper, and Robert Schrieffer). Abrikosov [8] in 1957 

suggested that in some superconductors (Type-II superconductors) that are subjected to a 

magnetic field, the magnetic flux penetrates them above a certain critical field as a regular array 

of quantum vortices. This stage of flux penetration is called the ‘mixed state’ and it exists only in 

Type-II superconductors (described in detail later in this section). 

 In simplified terms, in any superconducting material, its properties must lie within the 

surface region (Figure 1-2) called the ‘critical surface’, for it to exist in a superconducting state. 

This critical surface is defined by three parameters, namely, critical temperature (Tc), critical 

magnetic field (Hc) and critical current density (Jc). As mentioned above, the temperature above 

which material loses its superconductivity is called critical temperature (Tc). Similarly, with an 
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increase in the applied magnetic field, magnetic flux lines start penetrating the material, and 

beyond a certain limit of applied field, the material’s superconductivity is destroyed. This 

limiting value of the applied field is termed critical magnetic field (Hc). Also, the superconducting 

material can carry only a certain maximum limiting electric current with zero resistance and this 

limiting value of electric current density is termed critical current density (Jc). 

 

Figure 1-2: Superconducting critical surface phase diagram. 

1.2 Discovery of Superconductors 

 Since the discovery of superconductivity in Hg, well over 1,000 superconductors have 

been discovered; including metals, alloys, and compounds. Among the metal superconductors 

discovered, Nb has the highest critical temperature of 9 K. Even if elements themselves are not 

superconductors (such as Cu), their combination(s) can be superconductors (such as Cu-S). Nb-

based compounds exhibiting superconductivity at even higher temperatures were found, 

starting with the discovery of NbN with a Tc of 15 K in 1941. Superconductivity in vanadium-

silicon with a Tc of 17.5 K was discovered in 1953. Nb3Sn was discovered as a superconducting 

material with Tc of 18 K in 1954 [9]. As a result of its higher Tc and high critical field, Nb3Sn is 

used in making high-field magnets [10]. In 1961, high-field superconductivity (Jc ~103 A/mm2 at 
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an applied magnetic field of 8.8 T) was observed for Nb3Sn superconductor, which was a major 

breakthrough at that time [10]. A significant progress in superconductors from a practical 

application view point occurred in 1962, with the discovery of Nb-Ti which has a Tc of 9.2 K and 

critical magnetic field of 15 T. Owing to the brittleness of Nb3Sn, Nb-Ti is the preferred choice for 

practical applications. Particle accelerator electromagnets made of copper-clad niobium-

titanium were developed at Rutherford-Appleton Laboratory in the UK in the 1960s and were 

used in the first superconducting accelerator at Fermilab Tevatron in the US in 1987 [11]. 

Research on cuprate based materials in the 1980s led to the discovery of Ba-La-Cu-O 

superconducting oxide material, by Bednorz and Muller [12] (IBM Research Laboratory in 

Ruschlikon, Switzerland), with Tc of 30 K. This started the race for the discovery of 

superconducting materials with even higher transition temperatures. A major breakthrough in 

the search for superconducting materials with higher Tcs occurred with the discovery of Y-Ba-Cu-

O (YBa2Cu3O7-δ) superconducting system in 1987 with a Tc value of 93 K [13] (University of 

Alabama – Huntsville & University of Houston). This was a major breakthrough since this was the 

first superconducting material discovered with Tc above the liquid nitrogen boiling temperature 

of 77.3 K. Liquid nitrogen is almost 100 times less expensive than liquid He which opened up the 

opportunity for using superconductors in a broad range of applications. Since the discovery of 

YBCO, many more compounds have been discovered with Tc above that of liquid nitrogen. 

Maeda et al. [14] discovered superconductivity in Bi-Sr-Ca-Cu-O system with the Tc of 110 K. 

Sheng and Hermann [15] discovered superconductivity at the Tc of 120 K in Tl-Ca-Ba-Cu-O 

system. Schilling et al. [16] discovered superconductivity in Hg-Ba-Ca-Cu-O system with Tc > 130 

K.   
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1.3 Low Temperature (LTS) and High Temperature (HTS) Superconductors 

 Based on the transition temperature, superconductors can be broadly classified into two 

categories; LTS and HTS. Generally speaking, superconductors which have Tc values below that 

of liquid nitrogen are called LTS, and those with Tc values above are called HTS. LTS include, 

among others, Nb-based superconductors. The most common of the LTS superconductors used 

in practical applications are NbTi and Nb3Sn. LTS superconductors have major applications in the 

fields of medical sciences and high energy physics research. The most common LTS applications 

[17] include Magnetic Resonance Imaging (MRI), Nuclear Magnetic Resonance (NMR), Particle 

Physics, Nuclear Fusion and Magnetically Levitated transportation (maglev). GE produced the 

world’s first 10 T magnet using Nb3Sn multifilaments [18]. Nb-Ti filaments were used in 

manufacturing superconducting Rutherford cable for the SIS300 synchrotron of the FAIR (Facility 

for Antiproton and Ion Research) facility at GSI (Darmstadt, Germany) [19]. NbTi and Nb3Sn 

superconducting wires have been used in many particle accelerator projects such as Fermilab, 

Chicago; Hadron-Electron Ring Accelerator, Hamburg, Germany; and Large Hadron Collider, 

European Organization for Nuclear Research (CERN), Geneva, Switzerland [20]. 

 HTS are classified as ones which have Tc value above the liquid nitrogen boiling 

temperature. This definition can vary, and for example, the Japanese Industrial Standard (JIS) 

defines HTS as materials having Tc > 25 K [21]. HTS based materials are again classified into two 

categories, namely first-generation (1G) and second-generation (2G) HTS. Bismuth based Bi-Sr-

Ca-Cu-O fabricated as a tape in a silver sheath are 1G HTS materials [22]. Rare earth cuprate-

based superconductors, such as YBa2Cu3O7-δ, deposited as a thin film on a flexible substrate are 

classified as 2G HTS materials.  

Bi-Sr-Ca-Cu-O was the first HTS material to be made into long wires and thus termed as 

1G HTS [23]. Owing to the brittleness of these compounds, they are made by ‘powder in tube 
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(PIT)’ method. A schematic of the PIT process for Bi-2223, developed by Sumitomo Electric, is 

shown in Figure 1-3 [21]. During the PIT process, fine powders of the starting ingredients are 

filled into a silver tube. This tube is then drawn into a reduced-diameter wire. The wires are cut 

into many segments which are then assembled in another silver tube and drawn into a 

multifilament wire. This wire is then rolled into a tape and sintered to form the Bi-2223 phase. A 

second rolling and sintering is performed to align the micaceous grains in the plane of the tape. 

A cross-section of drawn and sintered tape is shown in Figure 1-3(b). In 2006, Sumitomo Electric 

Industries produced 1.5 km Bi-2223 tape by controlled over-pressure sintering [24].  

 

 

Figure 1-3: Powder in tube process: (a) Schematic of the manufacturing of Bi-2223 by PIT              
                     process, and (b) Cross-section of the tape exhibiting grains aligned in the plane of    
                     the tape (Reproduced from [21]). 

So far, three types of Bi based cuprate superconductors have been reported, namely, 

Bi2Sr2CuO6 (Bi-2201, Tc = 30 K), Bi2Sr2CaCu2O8 (Bi-2212, Tc = 95 K), and Bi2Sr2Ca2Cu3O10 (Bi-2223, 

Tc = 110 K) [21]. Bi-2223 is the most common Bi-based HTS material used in prototypes [22], for 

power generation (generators), power transmission (power cables), storage (superconducting 
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magnetic energy storage), distribution (transformers and fault current limiters), and end-use 

devices (motors). Some examples of prototypes built with Bi-2223 are a cryocooled HTS magnet 

[25], fault current limiter magnet [26], power transmission cables including the triaxial power 

cable installed at the Bixby substation of American Electric Power in Columbus, Ohio, USA [27]. 

 Some limitations of BSCCO tape include high costs of manufacturing associated with 

significant amounts of silver used, and labor-intensive operation. BSCCO superconductors have 

significantly higher anisotropy than rare-earth-based cuprate coated conductors. Due to higher 

anisotropy, the Ic of BSCCO superconductors is low in magnetic fields perpendicular to the tape 

surface. 2G HTS also exhibit better mechanical properties than 1G HTS.  

The irreversibility field of Bi-2223 (field at which the bulk Jc reaches zero) at 77 K (~ 0.5 

T) is significantly lower than that of YBCO (~ 7 T), as shown in the Figure 1-4 [28]. This limits the 

applications of Bi-2223 in the presence of high magnetic fields, when compared with YBCO.  

 

Figure 1-4: Magnetic field – temperature diagram. Black curve is upper critical field (Hc2), while   
                     red curve is irreversibility field (Hirr) (Reproduced from [28]). 

 The most commonly used 2G HTS is rare earth based YBa2Cu3O7-δ (YBCO) coated 

conductor. YBCO is a complex, layered perovskite. Figure 1-5 [29] shows the unit cell structure 
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of YBCO. The copper atoms along the b-axis are referred to as Cu(1), while copper atoms as part 

of in-plane Cu-O2 layers are referred to as Cu(2). It is generally believed that these in-plane (a-b-

plane) Cu-O2 layers provide YBCO structure its superconducting properties. Cu-O2 

superconducting layers are positioned between weakly superconducting layers of Ba-O and Y-O. 

These weakly superconducting layers act as pinning centers, contributing to intrinsic pinning 

(discussed later in this section). As a result, Jc and Hc along the a-b plane are significantly higher 

than those along the c-axis. Depending upon the oxygen content in Cu-O chains, the YBCO 

structure can be either orthorhombic or tetragonal. Depending upon the value of δ (YBa2Cu3O7-

δ), oxygen content in the lattice can be anywhere between 6 and 7. When δ = 0, all the oxygen 

sites along the b-axis are filled and the b lattice parameter is larger than the a lattice parameter, 

resulting in an orthorhombic structure (a ≠ b ≠ c, all angles = 90o). The lattice parameter values 

for this structure are: a = 0.382 nm, b = 0.389 nm, and c = 1.168 nm. When all the oxygen atoms 

are removed from the Cu-O chains, i.e., δ = 1, the YBCO structure becomes tetragonal (a = b ≠ c, 

all angles = 90o) and this structure is non-superconducting in nature. The lattice parameter 

values for this structure are: a = b = 0.386 nm, and c = 1.168 nm.  

 

Figure 1-5: YBa2Cu3O7-δ unit cell structure (Reproduced from [29]). 
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Figure 1-6: Critical temperature (Tc) dependence of YBa2Cu3O7-X on the deficiency (X) in oxygen  
                     content in the unit cell (Reproduced from [29]). 

1.4 Fabrication Methods of REBCO 

 Since the discovery of YBCO there has been a huge interest in this material, both in 

academia and in industry. In the early years following its discovery, YBCO was mainly fabricated 

by powder sintering. The Jc of the samples prepared through these methods was limited by the 

weak links at grain boundaries. The presence of a large number of semi-coherent and 

incoherent grain boundaries can have a very adverse effect on Jc [30]. Alignment of grains thus 

helped improve the Jc to some extent. YBCO grains aligned in the presence of a 5 T magnetic 

field exhibited a five-fold improvement in Jc [31]. Grain alignment by the melt-textured growth 

process resulted in significantly higher Jc values [32]. Improvement in Jc values beyond grain 

boundary alignment was made possible by flux pinning, which is discussed in greater detail later 

in this chapter. 

1.4.1 REBCO Thin Film Growth Processes 

 Thin film REBCO superconductors exhibit high Jc when deposited as epitaxial films on 

single crystal substrates. Epitaxial REBCO thin films on biaxially-textured flexible substrates were 
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successfully developed to fabricate REBCO tapes. Biaxial-texture in the films deposited over 

flexible polycrystalline substrates is achieved by several technologies. These techniques include 

Ion Beam Assisted Deposition (IBAD) [33], Inclined Substrate Deposition (ISD) [34], and Rolling 

Assisted Biaxially Textured Substrates (RABiTS) [35] processes. Epitaxial REBCO films can then be 

deposited on these biaxially-textured substrates by several deposition techniques. Each 

deposition technique works at specific temperature and oxygen partial pressure requirements 

as shown in Figure 1-7 [36]. The most commonly used techniques for REBCO film deposition are 

Pulsed Laser Deposition (PLD), Metal Organic Deposition (MOD), and Metal Organic Chemical 

Vapor Deposition (MOCVD). 

 

Figure 1-7: Oxygen partial pressure and deposition temperature requirements for various  
                     techniques used to deposit epitaxial REBCO films (Reproduced from [36]). 
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1.4.1.1 Pulsed Laser Deposition (PLD) Process 

 Pulsed laser deposition (PLD) was the first technique used to successfully deposit 

epitaxial YBCO film [37]. This was first demonstrated by Dijkkamp et al. using pulsed excimer 

laser evaporation of a single bulk material in vacuum [38]. PLD utilizes a pulsed laser that 

impinges on the surface of a solid target in a vacuum environment. Absorption of high energy 

radiation leads to removal of material from the target surface. This forms a plume in front of the 

target and this plume consists of ions, molecules, electrons, atoms, particles, and molten 

droplets. This plume is then directed towards the substrate and the material is deposited in the 

form of a film. A schematic of a PLD system is shown in Figure 1-8 [39]. 

 

Figure 1-8: A schematic of pulsed laser deposition (PLD) system (Reproduced from [39]). 

 PLD can be used to deposit multi-layered films by using multiple targets in one run. Also, 

by controlling the number of pulses, a fine control of the film thickness can be achieved, down 

to the atomic monolayer [37]. One of the most important advantages of the PLD is that the 

stoichiometry of the target is maintained in the deposited film. Thus, in HTS film deposition, 

different dopant materials can be included in the HTS material target and the same 

stoichiometry can then be achieved in the deposited films. The PLD is thus commonly used to 
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introduce various types of external pinning defects into REBCO films by adding dopant into the 

target material. Various such defects introduced into REBCO films include BaHfO3 [40], BaZrO3 

[41], BaSnO3 [42], BaNb2YO6 [43] [44] and Y2BaCuO5 (Y211) particles [45]. The disadvantage of 

PLD is the slow rate of deposition of REBCO film and it is directional in nature which limits the 

area of deposition. Multiple plumes are thus used for uniform and efficient deposition over 

large areas [46]. 

1.4.1.2 Metal Organic Deposition (MOD) Process 

 MOD is the other commonly used method to deposit REBCO films [47]. Metal organics 

are coordinate covalent compounds in which a metal atom is bonded to an organic ligand via a 

bridging oxygen, sulfur, or nitrogen atom [48]. The MOD is a solution-based method, involving 

wet chemistry. Due to the chemistry involved, compounds used in MOD should meet minimum 

necessary criteria such as- solubility in solvent, wet the substrate surface, solution stability, 

minimal diffusion, etc. [49]. In this method, the desired compounds are dissolved in a solvent in 

a specific ratio, based upon the film composition needed. 

The first demonstration of YBCO film deposition by MOD was performed by Gross et al. 

[50] in 1987. A Ic of 250 A/cm-width was achieved in almost 500 m tape lengths [51]. 

The most commonly used method for YBCO films deposition by MOD is based on 

trifluoroacetate (TFA) [52]. This was first demonstrated by Gupta et al. in 1988 [53]. In the TFA-

MOD, the starting compounds used are acetate based compounds of Y, Ba, and Cu. These 

compounds are dissolved in trifluoroacetic acid and methanol, in a stoichiometric ratio. Samples 

can then be spin coated or dip coated with the resulting solution. Once the film has been coated 

on the sample, it is crystallized in two heat-treatment steps [48]. The first step is called 

‘pyrolysis’ (heating up to 400 oC under moist oxygen gas flow), where metal-trifluoroacetates 

are decomposed to oxyfluoride by expulsion of carbon from the film. The second heat treatment 
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step is called ‘crystallization’, where the oxyfluoride film is heated to 800 oC in the presence of a 

humid mixture of Ar + 0.1% O2. This is followed by oxygen annealing at 450 oC.  

The most important advantage of the MOD is its low cost and easy processing. Also, it 

does not require any high vacuum system, as needed in the PLD and MOCVD, since the MOD is 

performed at atmospheric pressure. The growth temperature for MOD is also significantly lower 

than that in MOCVD. One of the challenges of this method is the significant weight loss of the 

film during heat-treatment processing, which can result in cracks in the film. Therefore, both, 

solution preparation and thermal treatment processing of samples should be performed with 

extreme care. A disadvantage of the MOD is the very slow reaction rate [54] in the 

crystallization step. 

1.4.1.3 Metal Organic Chemical Vapor Deposition (MOCVD) Process 

 MOCVD is another technique to deposit REBCO films. A detailed description of this 

process is provided in Chapter 2. This method utilizes vapors generated from the compounds of 

the material to be deposited. Vapors are transported to the heated sample substrate through a 

vapor delivery system, where they are deposited on the substrate to form an epitaxial film. 

TMHD precursors, namely 2,2,6,6-tetramethyl-3,5-heptanedionates, of Y, Ba, and Cu are 

commonly used to deposit YBCO films. These precursors are dissolved in an appropriate solvent 

and delivered as a single solution to the evaporator where it converts into vapors and these 

vapors are then delivered to the substrate.  

The first demonstration of MOCVD for successful deposition of YBCO film was 

performed by Berry et al. in 1988 [55]. Since then, there has been significant progress in the 

improvement in Ic for tapes fabricated by the reel-to-reel MOCVD with tape lengths exceeding 1 

km, as shown in Figure 1-9. Ic of 200+ A/cm have been achieved in kilometer lengths and 300+ 

A/cm in 600+ meter lengths [56]. 
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One of the advantages of the MOCVD is its faster growth rate compared to the other 

two methods discussed above. In this process, handling of the precursor is done outside the 

chamber, and thus the process provides flexibility on the number and types of precursors which 

can be used. The major disadvantages of this process include compatibility issues of dopant with 

the precursor compounds, considering that the dopant should be soluble in the same solvent as 

all the other compounds, since a single delivery system is the most preferred and reliable way of 

precursor solution delivery. Also, the MOCVD has quite low deposition efficiency, and 

considering the cost of precursor compounds used, this is a significant drawback. 

 

Figure 1-9: Ic performance for long-length 2G HTS REBCO wires manufactured at SuperPower  
                     Inc. in 2007 and 2008 (Reproduced from [56]).  

1.5 Applications of High Temperature Superconductors 

 With the discovery of HTS materials in 1986, these materials quickly found interest for 

practical applications, with one of the main reasons being the significantly lower cost of the 

coolant (liquid nitrogen) compared to the cost of coolant of LTS (liquid helium). The most 

commonly used HTS materials for practical applications are Bi-2223 and REBCO (RE = rare 

earth). The higher cost of manufacturing of Bi-2223 (associated with the large amount of Ag 

used), along with lower irreversibility field makes REBCO the preferred choice of HTS for 
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commercial applications when compared to Bi-2223. Mukoyama et al. [57] studied the superior 

properties and economical feasibility of YBCO tapes over Bi-2223 tapes from the commercial 

applications perspective. Some of the most common applications of 2G HTS REBCO-based 

superconductors include superconducting magnetic energy storage (SMES), motors and 

generators, transmission cable, transformers, fault current limiters, and high field magnets. 

 The increased performance of HTS power cables can be utilized to upgrade power 

density by 2 to 8 times in existing power corridors [58]. The Albany Cable Project is an example 

where 350 m of  HTS cable was installed between two National Grid substations in Albany, New 

York [59]. Of the 350 m cable, 30 m of YBCO tape was used in electric power grid for the first 

time. The cable used was a 3-in-1 HTS cable, as shown in Figure 1-10. This cable was built by 

Sumitomo Electric Industries, using its 1G HTS tape and 2G HTS tape manufactured by 

Superpower, Inc. Due to high current density of HTS cables compared to conventionally used Cu 

cables, HTS cables need a reduced installation space. This benefit is particularly attractive in 

urban populated areas, where there is significant increase in the energy demand but almost no 

availability of space to install new conduits for power lines. In this situation, HTS cables can be 

used in existing underground conduits. 

 

Figure 1-10: Cross-section of a 3-in-1 2G HTS cable used in Albany cable project (Reproduced  
                       from [59]). 
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 Superconducting generators and motors have significant advantages over their 

conventional copper counterparts. HTS generators offer improved efficiency by substantial 

reduction in size and weight compared to conventional generators, thus resulting in significantly 

reduced cost. These HTS generators have large potential applications especially in off-shore 

wind turbines, where weight and size are large contributors not only to installation costs but 

also to maintenance costs. Ohsaki et al. [60] have studied the potential of using HTS materials in 

compact 10 MW capacity wind turbine generators. American Superconductor Corporation’s 

(AMSC’s) SeaTitan 10 MW wind turbine is based on HTS rotors [61].  

 Like HTS generators, HTS motors have a large potential for commercial applications. For 

similar capacity, HTS motors can be 50 percent lesser in weight and size, compared to their 

conventional counterparts. AMSC and Northrop Grumman Corporation successfully tested a 

36.5 MW HTS propulsion motor to be used in U.S. Navy ships [62]. 2G HTS superconducting 

tapes have also been used in a 15 kW synchronous motor [63]. 

 Superconducting magnetic energy storage (SMES) is a technology in which the electricity 

from the grid is stored as a magnetic field of a coil. The large quantity of energy stored in SMES 

devices can be discharged instantaneously to compensate for a sudden loss in line power. 2G 

HTS tapes are used in the fabrication of these coils to store energy. Shikimachi et al. [64] have 

proposed to develop a 100 MVA-2 GJ class YBCO SMES systems for load fluctuation 

compensation. 

 High-field magnets are used to generate powerful magnetic fields for many industrial 

applications. These magnets are also commonly used in high energy physics research. A high 

field superconducting magnet requires very little power to operate in contrast to its 

conventional counterparts, since superconducting materials do not have any losses. Trociewitz 
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et al. [65] have successfully tested an electromagnet made from 100 m REBCO superconducting 

tape and have generated a world record magnetic field of 35.4 T.  

1.6 Flux Pinning in Superconductors 

 Flux pinning, and thus the application of superconducting materials in the presence of 

magnetic fields, can be understood by understanding two key terms; penetration depth (λ) and 

coherence length (ξ). In the presence of a magnetic field, the flux density does not change to 

zero at the superconductor surface, but penetrates inside where screening currents flow. The 

depth to which flux enters is termed the penetration depth. In the presence of non-

superconducting phases (normal phases) in the superconducting matrix, the density of 

superelectrons (ns) does not rise sharply from the normal region to the superconducting region. 

The distance in the superconducting phase, over which superelectrons rise to their maximum 

density, is termed the coherence length. The surface energy between the superconducting 

region and normal region is given by [66] 

          
 

 
    

                                                                       (1-1) 

where gsurface is the free energy of the boundary surface between the normal and 

superconducting regions, μo is the vacuum permeability or magnetic constant, Hc is the critical 

applied magnetic field, ξ is the coherence length, and λ is the depth of penetration.   

 Based on equation 1-1, if the coherence length is larger than the penetration depth, 

then the boundary surface free energy is positive. These materials are categorized as Type-I 

superconductors.  Due to the positive surface free energy, creation of normal regions in the 

superconducting matrix is energetically not favorable. Thus, for Type-I superconductors, the 

material will be perfectly superconducting until the critical field (Hc) is reached, and with further 

increase in the applied field (H > Hc), the material will transition to a non-superconducting 
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phase. If the coherence length is smaller than the penetration depth, then the boundary surface 

free energy is negative. These materials are categorized as Type-II superconductors. Type-II 

superconductors favor the creation of normal regions in the superconducting matrix. Creation of 

normal regions with the maximum surface to volume ratio maximizes the negative surface free 

energy. This is possible by the formation of cylindrical normal regions (cores) in the 

superconducting matrix. This state, with the co-existence of normal and superconducting 

regions, is termed as ‘mixed state’ and occurs only in Type-II superconductors. The material 

would still be superconducting during ‘mixed state’ stage. 

 When the magnetic field applied to Type-II superconductors reaches beyond a certain 

limit (Hc1), the material transitions to the mixed state. During this stage, normal regions (cores) 

start forming along the direction of applied field and the magnetic flux lines pass through these 

cores. With further increase in the applied magnetic field (Hc1 < H < Hc2), the density of magnetic 

flux lines entering the superconducting material increases and beyond a certain upper limit 

(Hc2), these flux vortices overlap with each other. This converts the entire material to a normal, 

non-superconducting state. The temperature dependence of critical magnetic fields of Type-I 

and Type-II superconductors is shown in Figure 1-11 [67]. Due to the presence of mixed state in 

Type-II superconductors (unlike Type-I superconductors), they have wide-ranging usages in high 

magnetic field applications. 

The structure of a quantized vortex flux is depicted in Figure 1-12 [68]. At the center of 

the flux line, the superconducting order parameter (Ψ) has a value of zero. The density of 

superelectrons then rises to their maximum value within the distance ξ. λ is the penetration 

depth, within which the flux is concentrated. The significantly larger value of λ than ξ is the 

reason that Type-II superconducting materials achieve mixed states beyond the applied 

magnetic field value of Hc1. 
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Figure 1-11: Magnetic field and temperature phase-diagram for: (a) Type-I, and (b) Type-II   
                       superconductors (Reproduced from [67]). 

  

 

Figure 1-12: Structure of a quantum vortex flux: (a) Superconducting order parameter (Ψ), (b)  
                       Local magnetic flux density, and (c) Supercurrent density js versus distance from   
                       the vortex axis (Reproduced from [68]). 
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  In the mixed state of Type-II superconductors, there is a force acting on the vortices 

(due to current circulating through and applied field along those vortices) called the Lorentz 

force (Figure 1-13), shown as 

                                                                                         (1-2) 

where, FL is the Lorentz force acting on a unit length of vortex, J is the current density, and φo is 

the flux threading through each vortex. 

 

Figure 1-13: Current carrying superconductor in the magnetic field exhibiting flux lines being  
                       acted upon by Lorentz force (Reproduced from [67]). 

 Movement of these vortices, due to the Lorentz force acting on them, induces an 

electric field, which in turn creates resistance and thus the loss of superconductivity. Hence, 

these flux lines need to be prevented from moving. This is achieved by creation of normal 

regions (non-superconducting phases) in the superconducting matrix. Since the creation of new 

phases requires energy, it is preferred that the superconducting material contain these normal 

phases before the magnetic field is even applied. Flux lines can then be held in-place (pinned) by 

these phases to prevent movement of these vortices. Multiple intrinsic and extrinsic defects in 

the superconducting matrix can act as pinning centers. Energy, which otherwise would be spent 
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in the creation of normal region boundary when flux lines penetrate superconducting material, 

would be saved due to the presence of these defects.  

 The pinning force (Fp), associated with the pinning effect of these defects, holds the flux 

lines in place in order to prevent movement. If Fp > FL, the vortices will not move. With an 

increase in current or applied magnetic field, FL increases, and when FL = Fp, the vortices start 

moving, and this stage is termed as ‘flux flow.’ This is reflected as the appearance of voltage in I-

V (current-voltage) curve. The corresponding current density at this stage is called critical 

current density. This relationship at the equilibrium stage is shown as 

                                                                                     (1-3) 

 where, Fp is the pinning force, FL is Lorentz force, Jc is the critical current density, and φo 

is the flux threading through each vortex. 

With further increase in current, the Lorentz force exceeds the pinning force and in this 

stage, the movement of vortices is maintained by the energy being supplied from transport 

current. This dissipation of energy leads to resistance, and thus voltage drop, eventually leading 

to the material transitioning to a completely non-superconducting state (H > Hc2). 

1.6.1 Pinning Defects 

Pinning defects can broadly be described into two categories; intrinsic and extrinsic 

pinning defects. Intrinsic pinning in REBCO superconductors is associated with the weakly 

superconducting layer between strongly superconducting Cu-O2 planes (also known as a-b plane 

pinning). This weakly superconducting layer [69] acts as a pinning center in the a-b plane 

direction and results in a strong Ic peak when the field is oriented parallel to a-b direction. It has 

been proposed that even when the magnetic field is oriented at an angle to the a-b plane, flux 
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lines can be pinned by the weak superconducting layer in the a-b plane as shown schematically 

in Figure 1-14 [70]. 

 

Figure 1-14: A stepwise flux line passing through the layered structure of YBCO. The horizontal  
                       solid lines indicate weakly superconducting layers and the vertical dashed lines   
                       indicate twin planes (Reproduced from [70]). 

 Extrinsic pinning defects can be further classified into two categories. The first category 

includes the defects formed as part of the growth process during film deposition, and the 

second category includes the pinning defects formed by the addition of external dopants. 

Defects created during the growth process include screw and edge dislocations [71], [72], grain 

boundaries [73], stacking faults [74], twin planes [75], etc. Since the formation of these defects 

is associated with the growth process, complete control of the density, size, and shape of these 

defects is not possible. Therefore, additional defects are created by an in-situ self-assembly 

process during the growth of superconducting films by addition of external dopants. The 

external dopant is added in the starting material used for superconducting film deposition. The 

density of these defects can be controlled, though precise control of their size and shape is 

challenging. These defects are termed ‘artificial pinning centers (APCs)’ and can be divided into 
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three categories; namely, 1-D (one-dimensional), 2-D (two-dimensional), and 3-D (three-

dimensional) artificial pinning centers.  These are shown schematically in Figure 1-15 [76].  

 

Figure 1-15: Schematic of artificial pinning centers (APCs) of one-dimensional, two-dimensional,  
                       and three-dimensional types (Reproduced from [76]). 

 One-dimensional APCs mainly constitute columnar defects [77], tracks created by high 

energy irradiations [78], [79] and dislocations. In recent years columnar defects have been 

shown to be very effective pinning centers. These defects are generated by a self-assembly 

process which takes place during the growth of superconducting films. The most commonly 

introduced defects in the superconducting film by self-assembly process include BaZrO3 [41], 

[80], BaSnO3 [42], and Ba2YNbO6 [44]. Two-dimensional pinning defects mainly include 

boundaries between normal and superconducting phases, in-plane defects such as stacking 

faults, layered structures such as the Y2O3 weakly superconducting layer [81] and BaZrO3 layered 

structures [82]. Three-dimensional pinning centers mainly consist of nanoislands and 

nanoparticles [76]. In the case of nanoparticles, one flux line can be pinned by more than one 

defect.  

 For these defects to act as effective pinning centers, the size of these defects needs to 

be in the proximity of 2ξ, which is the distance from the boundary with a non-superconducting 
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region for the superelectrons to reach their maximum value. If the defect size is smaller than 2ξ, 

then the defect cannot completely pin the flux line, and if the size of the defect is larger than 2ξ, 

then it would occupy a significant portion of the superconducting volume, and the benefit of 

pinning could be overshadowed by the loss of superconducting volume. 

 Among all the artificial pinning centers, one-dimensional defects in the form of 

nanocolumns have so far proven to be the most effective pinning centers for high Jc, especially 

when the magnetic field is applied along the columnar defects’ growth direction (usually H||c). 

The commonly used techniques for creation of these nanodefects by self-assembly process 

include PLD [83] and MOCVD [84]. As demonstrated by Wee et al. [85], the large strain-field 

developed around the nanocolumns (such as BaZrO3 nanocolumns) embedded in the REBCO 

matrix is the main driving force behind self-assembly of nanocolumns with parallel to surface 

normal orientation. This strain field is generated due to the large lattice mismatch of about 8% 

between REBCO and BaZrO3 (BZO). REBCO film deposition by PLD (with BZO dopant in the target 

material) leads to self-assembly of BZO nanocolumns by simultaneous phase separation and 

phase ordering mechanism, as shown in Figure 1-16. 

Driscoll et al. [41] have shown for the first time the incorporation of BZO nanoparticles 

of disk shape, with random orientation, act as pinning centers. Goyal et al. [77] demonstrated 

BZO nanocolumns grown, by self-assembly process, parallel to surface normal orientation. With 

improved pinning in that orientation, a significant increase in Jc has been achieved in the 

orientation of H||c compared to an undoped sample having no columnar defects. This is shown 

in Figure 1-17.  
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Figure 1-16: Schematic exhibiting self-assembly of one complex nanophase material within   
                       another complex matrix material phase by simultaneous phase separation and  
                      phase ordering mechanism (Reproduced from [85]). 

 

Figure 1-17: YBa2Cu3O7-δ films deposited on flexible substrates by PLD with Zr as dopant: (a)  
                       BaZrO3 nanocolumns self-assembled along [001] orientation, and (b) Improvement  
                       in Jc (H||c), compared to an undoped sample (Reproduced from [77]). 

Although these columnar nanodefects improve the Ic in the orientation H||c, the 

applications of superconducting tapes are still limited by the minimum Ic in the orientations 

between H||ab and H||c directions. Also, since the nanodefects are created by a self-assembly 
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process, which occurs simultaneously with the epitaxial growth of the superconducting film, it is 

difficult to achieve complete control on the size and orientation of these defects. Thus, a more 

effective method would be to introduce nanodefects at any or all angles with respect to the 

surface normal and to be able to control the size and spacing of nanodefects independent of the 

superconductor growth process (pre-fabrication of nanodefects: nanodefect growth prior to 

superconducting film deposition).  

1.6.2 Pre-fabricated Pinning Defects 

Pathways have been explored to pre-fabricate the nanodefects on the nucleating 

biaxially-textured template surface prior to REBCO superconducting film growth in this study. 

Nanostructural growth of various metals and metal oxides has been done in the past for 

multiple applications. These nanostructures are grown by many methods and can then be used 

as pinning centers for the superconducting material. Various methods used in the past for 

growth of nanodefects include chemical vapor deposition [86], template-based method [87], 

laser ablation [88], solution phase method [89], and electrodeposition method [90]. For high 

temperature superconductors, the pre-fabrication of nanostructures as pinning centers has 

mainly focused on nanoparticles and nanoislands, rather than on long-length nanostructures. 

Crisan et al. [91] have pre-fabricated nanodots (diameter 10-20 nm, height 5 nm) by rf-

sputtering method for (Cu,Tl)Ba-Sr-Ca-Cu-O superconductors. Matsumoto el al. [92] introduced 

Y2O3 nanoislands (diameter ~25 nm, height ~3nm, and density 9 × 109/cm2) on a SrTiO3(100) 

substrate before the growth of the superconducting film. Both Y2O3 nanoislands and YBCO film 

were deposited by the PLD. A significant increase in Jc at H||c orientation is observed for 

nanoislands sample, compared to the pure YBCO sample. This indicates that not only 

nanoislands, but the lattice mismatch at the interface of Y2O3 and YBCO results in the 

incorporation of defects, such as dislocations, into the film. The pinning phenomenon associated 
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with these linear defects (dislocations) is reflected as improved Jc at H||c orientation, as shown 

in Figure 1-18.  

 

Figure 1-18: Y2O3 nanoislands pre-fabrication in PLD deposited YBCO films: (a) AFM of Y2O3  
                       nanoislands grown on SrTiO3 (100), and (b) Angular dependence of Jc at 77 K in  
                       applied magnetic fields of 1 T and 3 T of PLD YBCO films (Reproduced from [92]). 

Polat et al. [93] have grown Pt nanoislands (diameter ~30 nm, height 7-15 nm) and Ta 

nanoislands (diameter 100-250 nm, height 15-45 nm) on a biaxially-textured LaMnO3 substrate 

by sputtering method. Preformed nanoparticles of BaZrO3 and BaTiO3 (diameter ~50 nm) in 

suspension were deposited by spin coating on biaxially textured substrates for YBCO 

superconductors [94]. Gibert et al. [95] have pre-fabricated CeO2 nanodots (diameter ~50 nm, 

height ~7±3 nm, density ~85/μm2) and Ce1-xGdxO2-y nanodots (diameter ~33±9 nm, height ~1.6 

nm, density ~90/μm2) by a chemical solution method on LaAlO3 and SrTiO3 substrates. Yang et 

al. [96] have pre-fabricated long (length more than 1 μm, density up to 2 × 1010/cm2) MgO 

nanorods on MgO(001) substrates, with very high aspect ratio of nanorods, by a vapor-solid 

crystal growth process for Bi-Sr-Ca-Cu-O (BSCCO) superconductors. MgO nanorods with 

different nanorod densities are shown in Figure 1-19. Pre-fabrication of the nanorods is followed 
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by BSCCO film growth by the PLD. Jc measurements at varying field and temperature indicate 

that the nanorod sample exhibits significant enhancement in Jc at elevated temperatures and 

magnetic fields compared with a reference sample (ref) without any nanorods (Figure 1-20). 

 

Figure 1-19: Cross-sectional SEM micrographs of MgO nanorod forests with areal densities of (a)  
                       3 × 109/cm2, and (b) 2 × 1010/cm2. Nanorods are grown on etched MgO (001)   
                       substrate at a temperature of 1150 oC for 10 min (Reproduced from [96]). 

 

Figure 1-20: Left – Jc vs. H for nanorod density of 3 × 109/cm2 (o), 2 × 1010/cm2 (Δ), and ref (invert  
                       triangle) at (a) 20 K, (b) 40 K, (c) 60 K. Right – Jc vs T for nanorod (2 × 1010/cm2) (Δ),  
                       and ref (invert triangle) at (a) 0.3 T, (b) 0.5 T (Reproduced from [96]). 
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 In this dissertation, pre-fabrication of long metallic nanorods is demonstrated on 

biaxially textured flexible substrates by two methods; namely, ‘Electron Beam Assisted 

Deposition’ method and ‘Electrodeposition’ method. Metallic nanorods as pinning centers have 

the advantage over oxide nanorods owing to their better magnetic properties compared to 

oxide materials. Pre-fabrication of nanorods is followed by superconducting film deposition by 

MOCVD and MOD. 

Pt nanorods of high aspect ratio are deposited in this study by electron beam assisted 

deposition method, which provides an excellent means of introducing precisely-controlled 

nanostructures in terms of their size, length, and orientation. The nanorods are deposited on 

LaMnO3-buffered IBAD flexible substrates. Though this process is not scalable (due to extremely 

slow deposition rate of Pt vapors), it does provide an opportunity to study the basic aspects of 

the pre-fabricated nanorod approach, such as effect of nanorod unit cell size, rod diameter, 

length, orientation, as well as subsequent REBCO growth and its interaction with the nanorods.  

 Findings of Pt nanorods deposition by e-beam assisted deposition method are extended 

to nanorods growth at larger scale for utilization in practical applications. To achieve this, 

nanorods are deposited by electrodeposition on biaxially-textured templates on flexible 

substrates. Electrodeposition is an easy, quick, and inexpensive method to pre-fabricate the 

nanostructures. Ni nanorods are chosen for this work because of the ease of electrodeposition, 

the established knowledge-base on buffer films for Ni and the potential for magnetic pinning. 

Growth of Ni nanorods is accomplished using high-energy ion bombardment of polycarbonate 

films for template formation followed by metal electrodeposition and polycarbonate removal.  

1.7 Structural Study of Thin REBCO Films 

 REBCO superconducting films tend to exhibit a significant reduction in Jc with increase in 

thickness. A decrease in Jc with increasing thickness has been observed in films made by all 
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deposition processes used (such as MOD, PLD, and MOCVD); however, the extent of decrease 

varies. Some of the most probable reasons reported in literature for the decrease of Jc include: 

a-axis grain growth in the c-axis oriented matrix [97], loss of film texture [98], cation disorder 

[99], deficiency of oxygen [100], deterioration of microstructure [101], interfacial misfit 

dislocations [102]. To understand the phenomenon of deterioration of film quality with increase 

in thickness, a knowledge of structural properties and nucleation of REBCO films in the early 

stage of nucleation and growth regime becomes critical. During epitaxial film deposition, 

nucleation occurs primarily via one or more of the three types of nucleation mechanism 

mentioned below [103]:  

(1) In the first mechanism, a monolayer of islands join together to form a complete 

monolayer and then subsequent monolayer growth occurs on this previously-deposited 

monolayer. This process is known as layer-by-layer growth process. 

(2) In the second mechanism, nuclei first grow discretely in three-dimension. These nuclei 

keep growing in size and number until they merge with each other to form a continuous 

film. This mechanism is commonly known as Vollmer-Weber (island growth) mode. 

(3) The third mechanism is a mixture of the above mentioned two mechanisms. In this 

mechanism, nucleation and growth occurs first as a finite number of monolayers, 

followed by formation of discrete three-dimensional nuclei. This mechanism is 

commonly known as Stranski-Krastanov mode. 

Some studies have tried to assess the nucleation of REBCO, but their focus has primarily 

been on single crystal substrates. Terashima et al. have reported that epitaxial YBCO nucleation 

on SrTiO3 (100) occurs in steps of one unit cell after other (layer-by-layer growth) [104]. Norton 

et al. [105] have shown that YBCO nucleation on MgO (100) occurs by island growth mechanism. 

SmBCO deposition on STO (100) substrate by reactive molecular beam epitaxy (MBE) indicates 
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that nucleation occurs preferentially at the substrate steps [106]. Zheng et al. [107] have shown 

that the type of nucleation mechanism also depends upon the substrate used for YBCO film 

deposition. YBCO film deposited on MgO (001) substrate exhibits island nucleation mechanism 

at very small thickness (nominally 8 unit cells ~ 9.4 nm) regime. For identical thickness, the STO 

(001) substrate exhibits the layer-by-layer growth mechanism. However, in thicker films (starting 

from 16 unit cell thickness ~ 19 nm) grown on a STO (001) substrate, the growth mode changes 

from layer-by-layer growth to island growth mechanism. Thus, YBCO films grown on STO (001) 

substrates exhibit Stranski-Krastanov nucleation mechanism. Haage et al. [108] have studied the 

nucleation of YBCO on STO (001) substrate, for film thickness less than one monolayer (one 

monolayer = one unit cell of YBCO = 1.17 nm). It is observed that the very first nucleation of 

YBCO does not occur in the form of an orthorhombic YBCO superconducting phase, but in the 

form of a cubic semiconducting perovskite phase. This phenomenon is mainly associated with 

the surface and interface energy contributions, and is also affected by the stoichiometry of the 

supplied cation material. At a deposited thickness of close to one monolayer, these smaller 

islands coalesce, and the film transforms into the YBCO superconducting phase. 

Single crystal substrates cannot be used due to size limitations in practical applications 

where large quantity of superconducting material is required. Therefore, in those cases, YBCO 

deposition on long tapes is required with high-rate growth processes. There are studies on YBCO 

nucleation on flexible substrates but those have mainly been for YBCO films deposited by MOD 

[109] and PLD [110]. The existing literature does not contain any detailed studies on the 

nucleation and growth mechanisms for epitaxial REBCO films deposited by MOCVD on flexible 

substrates. Recently, Solovyov et al. [111] studied the nucleation mechanism in REBCO films 

deposited by MOCVD on LaMnO3-capped biaxially textured flexible tapes. The nucleation for this 

high-rate growth process occurs by island growth. It has been shown that REBCO nuclei of 
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almost 10 nm size decorate LMO grain boundaries, as shown in Figure 1-21. Statistical analysis 

from the AFM images indicates that there is a minimum size of LMO grains below which there is 

no nucleation of REBCO at LMO grain boundaries as shown in Figure 1-22. 

 

Figure 1-21: Atomic force micrographs of: (a) LMO buffer surface, and (b) Decoration of small (<  
                      10 nm) REBCO nuclei at LMO grain boundaries. Inset exhibits a predominant   
                      nucleation of REBCO at the LMO grain boundaries (Reproduced from [111]). 

 

Figure 1-22: Statistical analysis of number of REBCO nuclei per LMO grain obtained from AFM  
                       micrographs. A linear approximation suggests that buffer grain smaller than 20 nm   
                       results in poor nucleation of REBCO (Reproduced from [111]). 
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 Even though when the LMO grain size is smaller (thus more grain boundary area for 

REBCO to nucleate), it is not a favorable proposition for REBCO to nucleate at these grains 

boundaries. As shown in Figure 1-22, when the LMO grain size is smaller than 20-30 nm, it is 

difficult for c-axis oriented YBCO to form stable nucleating growth islands, and thus random 

growth may be the more preferred form of YBCO deposition. It can also be observed from Figure 

1-22 that the highest density of nuclei is achieved for LMO grain size of 60 nm. 

In this dissertation, a detailed analysis of structural, physical, and compositional 

properties of REBCO thin films deposited on biaxially-textured flexible IBAD templates has been 

performed. One aspect of the study includes REBCO film deposition as a thickness gradient, with 

film thickness ranging from 0 nm to ~130 nm. REBCO films in this study are deposited identical 

to those discussed by Solovyov et al. [111], but in this dissertation, a broader analysis of the film 

properties is performed. Detailed analysis of the changes in the REBCO film structure, beyond 

the very first nucleation is discussed. The dependence of structural and physical properties on 

the thickness of REBCO film for thickness up to 1.3 μm is also discussed.  

There are a number of literature reports on the Jc dependence on film thickness up to 

several micrometers and on applied magnetic field. Some of these findings for PLD YBCO films 

on single crystal substrates are shown in Figure 1-23 [112]. 

It can be observed from Figure 1-23(a) that the self-field Jc of thin YBCO films (at the 

temperature of 75.5 K) approaches 8 MA/cm2, but it then drops significantly within 1 μm of the 

film thickness. Similarly, in the presence of an applied magnetic field, the film Jc reduces 

significantly with an increase in film thickness. 
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Figure 1-23: Jc dependence of YBCO deposited on single crystal substrates: (a) Jc dependence on  
                       thickness, and (b) Jc dependence on magnetic field. Three curves indicate three   
                       different YBCO films of thickness of ~1 μm (Reproduced from [112]). 

 Foltyn et al. [101] have shown that in pulsed laser deposited YBCO films on metal 

substrates, Ic reaches a maximum value at a thickness of almost 1-2 μm. With further increase in 

thickness there is no increase in current due to the poor microstructure growth beyond the 

thickness of 2 μm. One of the main reasons for a lack of increase in Ic is the loss of crystallinity 

and formation of pores [113] and microcracks [114] in the film with increase in thickness. Foltyn 

et al. [102] deposited YBCO films on SrTiO3 and NdGaO3 substrates by PLD and have shown that 

the presence of interfacial misfit dislocations with STO substrates resulted in high Jc in thin films 

whereas the absence of interfacial misfit dislocations with NdGaO3 substrates led to low Jc 

values in thin films. Kang et al. [115] have shown that different factors contribute to Jc reduction 

with an increase in thickness in films on different substrates. In YBCO films deposited on STO 

substrates, Jc reduces with an increase in thickness due to formation of a-axis grains and in-

plane texture broadening. On RABiTS, the generation of porosity and degradation of cube-

texture are found to be the main reasons for a decrease in Jc with an increase in thickness. 

Various process and compositional modifications have resulted in an improvement in the 

microstructure of films up to a certain thickness. Miller et al. [116] have studied a multi-layer 
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approach for REBCO films deposited by MOCVD on biaxially-textured IBAD templates and have 

found that microstructure uniformity and texture quality of the first layer plays a critical role in 

the thicker film growth. The secondary phases in the first layer act as nucleating points for the 

misoriented grain growth in the subsequent layers; thereby affecting the Ic performance of thick 

films. Develos-Bagariano et al. [117] have deposited YBCO films by PLD on CeO2-buffered 

sapphire substrates and by varying  process parameters were able to achieve ~1.8 μm film 

thickness without any cracks. Puig et al. [118] have shown a significant improvement in Jc along 

with reduction in porosity in YBCO films deposited by MOD, by optimizing the process 

parameters such as growth temperature, gas flow, and water pressure. Jun et al. [119] have 

observed significant reduction in surface roughness and secondary phases with increase in 

temperature, resulting in only c-axis orientation growth. To achieve higher Ic with thick films, 

Foltyn et al. [120] have implemented six layers of 0.55 μm thick YBCO films deposited by PLD 

and interleaved with ~40 nm CeO2 layers (resulting in total thickness of 3.5 μm) on biaxially-

textured IBAD substrates. A Jc of 4 MA/cm2 is observed for the YBCO film of 3.5 μm thickness, 

with six-layered structure. Beyond improvement in process and substrate conditions, further 

increase in Ic in thick films is achieved by flux pinning. Jc (self-field) of 1.3 MA/cm2 is achieved in 

3 μm thick YBCO film with 2 volume % BaZrO3 addition, deposited by PLD on RABiTS substrates 

[83]. BZO nanocolumns are observed to be present throughout the thickness of the deposited 

film, as shown in Figure 1-24. 
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Figure 1-24: TEM micrograph of 3 μm thick YBCO deposited by PLD: (a) 3 μm thick film exhibiting    
                      BZO along [001], (b) BZO emanating from interface of YBCO and buffer layer, and  
                      (c) BZO extend to the top of YBCO layer (Reproduced from [83]). 

Selvamanickam et al. [56] have exhibited a Ic of 803 A/cm at a film thickness of 3.5 μm in 

REBCO films deposited by MOCVD on biaxially-textured flexible substrates. Holesinger et al. 

[121] studied the microstructures of multi-layer REBCO films deposited by MOCVD on LaMnO3 

capped biaxially-textured IBAD substrates. The Jc of films of 2.8 μm thickness (four layered 

structure with 0.7 μm thickness for each layer) is found to be 2.6 MA/cm2. A significant increase 

in a-axis grain growth and also in secondary phases (such as RE2O3 nanoparticle layers, YCuO2 

particles, CuO) is observed with an increase in thickness. Shi et al. [122] have studied the 

influence of rare earth content on Ic properties of multi-layered REBCO films deposited by 
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MOCVD on biaxially-textured IBAD substrates. It is found that RE = 1.5 in precursor composition 

mole ratio of (RE : Ba : Cu :: 1.5 : 2 : 2.3)+7.5% Zr, is most optimal rare earth composition for 

self-field Ic performance, as shown in Figure 1-25 (film growth rate used: 0.13 μm/min). 

 

Figure 1-25: Self-field Ic of REBCO films deposited as a multi-layered structure with varying RE  
                       (Gd+Y) content for film thicknesses of 0.7 μm, 1.4 μm, 2.1 μm, and 2.8 μm  
                       deposited as four-layer structure (Reproduced from [122]). 

 Liu et al. [123] have studied the effect of different Zr % content on the Ic and 

compositional properties of REBCO films at low temperature and high magnetic fields (REBCO 

film thickness is 0.9-1.0 μm). Selvamanickam et al. [124] have studied the effect of high level of 

Zr content on the Ic properties of MOCVD deposited REBCO tapes, at low temperatures and high 

magnetic fields. It has been found that even though 15 % Zr-added film exhibits a self-field Ic 

value at 77 K almost 40 % lower than that of 7.5 % Zr-added film, the pinning force is 18-23 % 

higher in 15 % Zr-added films than in 7.5 % Zr-added films at a temperature range of 20-40 K and 

magnetic fields of 3-5 T (REBCO film thickness is 0.9-1.0 μm) [125]. Based on this finding, in this 

dissertation study, thick REBCO films by multi-layer approach are grown with 15 % Zr-added 

content.  

Some of the highest Ic values achieved so far for thick REBCO films are reported below. 

Aytug et al. [126] in 2008, reported a self-field Ic (77 K) of 944 A/cm for 3.3 μm thick (Gd,Y)BCO 
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film deposited by MOCVD on LaMnO3-capped biaxially-textured IBAD templates. Wee et al. 

[127] have recently reported a self-field Ic of ~1000 A/cm at 77 K and a minimum Ic of 455 A/cm 

at 65 K and 3 T, in a 4 μm thick single layer REBCO film (with BZO as external dopant) deposited 

by PLD on LaMnO3-capped biaxially-textured flexible IBAD templates. Durrschnabel et al. [128] 

have reported a self-field Ic (77 K) of 1018 A/cm in 5.9 μm thick DyBCO film deposited on 

metallic substrates prepared by inclined substrate deposition method.  

One other metric for the current carrying properties of superconducting tapes is the 

‘engineering critical current density (Je)’. Je is considered to be an important, qualifying criterion 

for the practical applications of superconducting tapes. High values of Je have been 

demonstrated in YBCO films (with BZO dopant) deposited by PLD, as shown in Figure 1-26 [127]. 

 

Figure 1-26: Ic and Je for a 4 μm thick film of YBCO + 1 % BZO at a temperature and applied field  
                       of 65 K and 3 T, respectively. For comparison, Ic and Je data for 3 μm and 4 μm thick  
                       YBCO + BZO films from [83] and [129] are shown (Reproduced from [127]). 

In this dissertation research, thick REBCO films are deposited by a multi-layer approach 

by MOCVD. The precursor recipe used in the study contains 15 % Zr-addition to achieve a 

significant flux pinning in these films to be used in rotating magnetic field applications at low 

temperatures and high magnetic field regimes. For improved properties and to remove the 
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secondary phases grown with an increase in film thickness, post-deposition processing 

(chemical-mechanical polishing of the tape surface) is implemented after deposition of each 

layer.  

 The objective of this work is to understand the structural and electromagnetic 

properties of thin and thick REBCO films deposited by MOCVD. REBCO films of thickness less 

than 150 nm are deposited to understand the structural properties of thin film and mechanism 

of nucleation and growth. The work is then extended to thick REBCO films of a few micrometers 

to achieve high Ic. Another objective of this work is to study the effect of pre-fabricated 

nanodefects (grown and controlled independent of superconducting film growth) as flux pinning 

centers. 
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2. Experimental Methodology 

This section presents a detailed description of the superconductor tape fabrication 

system, including the metal organic chemical vapor deposition (MOCVD), the substrate used in 

the process, sample and precursor preparation, and post MOCVD such as sputtering and oxygen 

annealing.  This is followed by a brief description of various measurement and characterization 

tools used. All these processes and tools are then contextualized in terms of the research work 

presented. 

2.1 Metal Organic Chemical Vapor Deposition (MOCVD) Process 

In our study, a MOCVD process is used to deposit REBCO superconducting films. The 

MOCVD system used in our study is a reel-to-reel system. The MOCVD process consists of 

multiple steps which are outlined below. 

2.1.1 Buffer Substrate 

Achieving high Jc has been a challenge for HTS materials. One of the challenges in the 

earlier studies has been in-plane grain-to-grain misorientation. It has been shown that 

misorientation between grains significantly reduces the Jc [130–134]. One way to address this 

issue is to make use of a single crystal substrate. However, this solution is not possible because 

of the maximum size constraints of single crystal substrates. An alternative is to develop 

substrates with very low grain-to-grain misorientation, i.e., polycrystalline substrates which have 

the features of a single crystal. Techniques developed to fabricate such substrates are RABiTS 

[35], [135] and IBAD [136], [137]. With these methods, long length flexible substrates are used 

at the beginning of the process, followed by engineering the substrate to achieve biaxial texture 

(both in-plane and out-of-plane textures), which can then be used for epitaxial superconducting 

film deposition. The base substrate used in this study is flexible Hastelloy tape of 12 mm width 

and 50 μm thickness [138]. This substrate is then engineered with deposition of intermediate 
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layers, before deposition of the superconducting layer. Description of all the layers used in the 

architecture of the tape can be found below: 

1. The base substrate used is Hastelloy C-276, which is a nickel based alloy with elemental 

composition by weight percentage as 16% Cr, 16% Mo, 5% Fe, 4% W, 2.5% Co, 1% Mn, 

0.08% Si, 0.01% C, and 0.35% V and 55.06% Ni. This material has good mechanical 

strength and flexibility. The melting temperature of hastelloy tape is almost 1350 oC, 

which provides adequate thermal stability considering the deposition temperature of 

the REBCO superconducting film is below 850 oC. The substrate surface is 

electropolished to a roughness of about 1 nm. The thickness of hastelloy tape used in 

this study is 50 m and the width is 12 mm. 

2. An Al2O3 layer is deposited on the hastelloy substrate. Due to the high temperature 

processing of hastelloy substrate during deposition of various layers, there is a 

possibility that some of the constituent elements could potentially diffuse from 

hastelloy into the superconducting layer. The Al2O3 layer serves as a diffusion barrier to 

these elements. This layer is deposited by the sputtering method at room temperature 

and is amorphous. The thickness of the Al2O3 layer is about 80 nm. 

3. A Y2O3 layer is deposited on the Al2O3. This layer acts as a seed layer for deposition of 

the next layer. Therefore, this layer is very thin, with a thickness of about 7 nm. Y2O3 is 

also deposited by sputtering at room temperature. This layer is also amorphous. 

4. A MgO layer is deposited on the Y2O3 layer by IBAD. This layer is critical for deposition of 

epitaxial superconducting films, as this layer provides a template with biaxial texture. A 

schematic of the IBAD process is shown in Figure 2-1. An Ar ion beam aligned at 45o to 

the substrate normal, which is the <110> direction of the cubic unit cell of MgO, 

bombards the substrate during deposition. Due to an ion channeling effect, the film 
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growth occurs such that the <110> direction of the deposited film is parallel to the ion 

beam and a biaxial texture is achieved. This layer is deposited at room temperature and 

has thickness of ~10 nm. 

 

(a)                                                                  (b) 

Figure 2-1: Schematic of (a) IBAD process and (b) Biaxial texture resulting from IBAD process. 

5. In order to further improve the texture, a homo-epitaxial MgO layer is deposited on the 

IBAD template by a reactive magnetron sputtering process. This layer is deposited at an 

elevated (heater) temperature of 820 oC. The thickness of MgO layer is about 40 nm. 

6. MgO has a cubic unit cell with lattice parameter of 4.2 Å, and it therefore does not have 

a compatible lattice match with YBCO (REBCO, RE = Y), which has a basal plane lattice 

parameter of 3.85 Å. Thus, an intermediate LaMnO3 (LMO) layer is deposited on top of 

MgO layer to achieve a better lattice match with YBCO. This layer is also deposited by a 

reactive magnetron sputtering process at an elevated heater temperature of 820 oC. The 

LMO layer thus deposited is epitaxial in nature and has a thickness of about 50 nm. 

LaMnO3 has an orthorhombic unit cell at room temperature, with lattice parameters as, 

a = 5.537 Å, b = 5.747 Å, and c = 7.693 Å [139]. The [110] of YBCO lattice has a good 

match with [100] or [010] of LMO lattice. 
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7. The LMO layer deposition is followed by the deposition of REBCO superconducting film 

by MOCVD. The MOCVD is described below. 

8. An Ag layer is deposited on the REBCO layer by sputtering as described below. 

9. Usually, for these superconducting tapes to be used in commercial applications, a Cu 

layer is deposited on top of Ag layer and at the bottom of the hastelloy tape. This layer 

acts as a stabilizer and provides an alternate current path. But, in the research work 

presented here, the Cu layer was not deposited. 

The total thickness of the entire superconducting tape is less than 0.1 mm. 

 

Figure 2-2: Architecture of all the layers involved in REBCO based HTS film. 

2.1.2 Sample Preparation 

The samples used are flexible hastelloy tapes, as described above, with LMO as the 

substrate surface layer on which superconducting film is deposited. The standard sample length 

used for deposition is 15 cm which is cut from a spool of a long buffered tape. Since reel-to-reel 

deposition is used, many samples can be processed in one run, while varying the process 

conditions as needed. Each sample is spot welded to a leader tape (unpolished hastelloy tape of 

the same width as sample). A leader tape is used between two samples and its length is decided 

based upon the tape speed as well as whether process conditions, such as temperature, are 
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changed between two samples. If the temperature is changed from one sample to other, it 

usually requires about 10 minutes to stabilize the temperature. The leader tape length between 

two samples is then assessed based on the tape speed used. Once welded, all the samples and 

leader tape are cleaned with a wet wipe containing a methanol solution and are loaded on a 

spool which is then mounted in the MOCVD reactor. 

2.1.3 Precursor Solution Preparation 

The precursors used in MOCVD are organometallic compounds of the elements of the 

superconducting compound. TMHD precursors, namely 2,2,6,6-tetramethyl-3,5-

heptanedionates ((CH3)3CCOCH2COC(CH3)3), are used as source materials. Depending upon the 

elements of the superconductor prepared, the chemical compounds used are Gd(TMHD)3, 

Y(TMHD)3, Ba(TMHD)2(phen)2 Cu(TMHD)2, and Zr(TMHD)4. Ba(TMHD)2 is unstable in air over long 

time periods, so an adduct of Ba(TMHD)2 with phenanthroline is used [140]. Ba(TMHD)2(phen)2 

is more stable than Ba(TMHD)2. All these compounds are in powder form, and are procured 

from Sigma Aldrich, Columbia Materials International, and STREM Chemicals. They are stored in 

an inert environment in a glove box as per company storage instructions. In order to prepare the 

precursor solution, the compounds are taken out of glove box and are used under a fume hood 

in order to ensure safety and to minimize any exposure of chemicals to moisture. 

The precursor solution is prepared by dissolving a specific molar ratio of each compound 

in tetrahydrofuran (THF) solvent. Each compound is weighed in grams (with precision of 0.001 g) 

as per its molar ratio. The procedure to calculate mass is shown below. Once all the compounds 

are mixed in the solvent, the solution is magnetically stirred for at least 30 min to ensure that all 

the compounds are properly dissolved in the solvent. The precursor solution should not be 

exposed to light for a long time as THF has a tendency to decompose under the influence of 

direct light or heat. 
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The calculation of the exact mass of each compound is performed based on the molar 

concentration (solute moles per liter of solvent) of solution and the specific molar ratio of each 

element needed as per the requirement of the specific experiment. The total solution quantity is 

determined by the duration of the experiment which, in turn, is based on the total length of 

tape and tape speed used in the experiment. The calculation for 200 ml of 0.05 mol/L solution 

having molar ratio of Gd : Y : Ba : Cu :: 0.6 : 0.6 : 2 : 2.3 + 15% Zr dopant, is shown below. 

Total molar concentration = 0.05 mol/L. 

Corresponding total number of moles (ntotal) is 

        
        

 
                . 

Since, the molar ratio of each element is known, the moles of each element can be 

calculated as 

     
   

               
                   . 

Similarly, moles of other elements (Y, Ba, and Cu) are also calculated and multiplied by 

corresponding compound’s molecular weight in order to obtain the exact mass of each 

compound. 

Since Zr is added as a dopant, this is not included in the calculation of the total moles 

value. The moles of Zr are then calculated as (the same way as other elements mentioned 

above) 

     
    

               
                   . 

The mass values of all the elements are shown in Table 2-1. 
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Table 2-1: Precursor mass calculation for 200 ml of 0.05 mol/L solution having individual  
                   element mol ratio as Gd : Y : Ba : Cu :: 0.6 : 0.6 : 2 : 2.3 + 15% Zr dopant. 

Compound No. of Moles Molecular Mass (g/mol) Mass (g) 

Gd(TMHD)3 0.001091 707.07 0.771 

Y(TMHD)3 0.001091 639.72 0.698 

Ba(TMHD)2 0.003636 864.55 3.144 

Cu(TMHD)2 0.004182 430.08 1.799 

Zr(TMHD)4 0.000273 824.29 0.225 

2.1.4 MOCVD System 

A schematic of the MOCVD system used in this study is shown in Figure 2-3. The 

precursor solution is delivered by a liquid pump to the evaporator. The flow rate of precursor 

delivery is controlled by piston stroke length, synchronous rotation and reciprocation of the 

piston in the cylinder liner. Two bottles of precursor can be placed in the precursor delivery 

system at the same time and they can be switched on/off by a valve. This helps smooth delivery 

during changing of the bottle. The precursor is then injected, through the injector tubing, onto a 

heated domed surface located inside the evaporator. The temperature of the dome is 

maintained at 270 oC. The vaporized precursors are then transported by argon gas. Vapors from 

the evaporator can either be directed towards the chamber or by-passed to the vacuum pump, 

controlled by pneumatic valves. The delivery system from evaporator to the chamber is kept at 

a temperature of ~260 oC. Just before entering the chamber, the vapors are mixed with oxygen 

gas. These vapors are then dispersed through the showerhead onto the moving tape heated by 

the susceptor. The showerhead has guides around it in order to maintain a controlled dispersion 

of vapors. The showerhead is wrapped with heating tape and the temperature is maintained at 

285 oC. The temperature is measured by means of thermocouples at different locations on the 

dispersion plate. All gas flow rates are controlled by mass flow controllers.  
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Figure 2-3: Schematic of the MOCVD system used in this research. 

A spool containing samples to be processed is placed in the pay-off side of the MOCVD 

reactor. A blank spool is placed on the take-up side of the reactor where the tape is wrapped 

after REBCO deposition. The tape moves on an inconel susceptor. The susceptor temperature is 

maintained as the deposition temperature. Halogen lamps are used as heating elements for the 

susceptor. A total of 13 lamps are used and divided into 7 zones. The temperature of each zone 

is controlled by a proportional power supply. In order to ensure uniform heat transfer, the tape 

is placed in tension to make firm physical contact with the susceptor. To avoid heat loss, the 

susceptor is surrounded by insulating plates on all four sides and the bottom. The entire 

susceptor assembly is mounted on an aluminum base frame, which is continuously cooled in 

order to avoid any thermal expansion. During the experiment, both the susceptor and chamber 

are continuously water cooled.  

A vacuum pump is used to remove the residual vapors after deposition. Exhaust vapors 

from chamber are passed through particulate filters before they go through a gate valve to the 
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pump. When vapors from the evaporator do not go through the reactor and are bypassed, they 

are still passed through particulate filters before passing through a smaller gate valve to the 

pump. The two gate valves are installed in order to avoid any back flow from the chamber to the 

evaporator. A throttle valve and a manometer are used for controlling and monitoring the 

chamber pressure. Residual oxygen concentration in the chamber after vapor deposition is 

measured by using an oxygen gas analyzer. 

2.1.5 MOCVD Process 

Once the spool with substrate tapes is loaded into the chamber and all the connections 

are checked, the chamber is closed. Both the large and small gate valves are closed in order to 

avoid any back flow from the chamber to the evaporator. The large gate valve is then opened to 

vacuum the chamber. When the chamber pressure is stabilized, the large gate valve is closed 

and the small gate valve is opened in order to vacuum the evaporator. Once the pressure is 

stabilized, the large gate valve is also opened. In a few minutes, chamber pressure stabilizes to 

0.05-0.1 Torr. The susceptor heating source is then turned on. The showerhead power supply is 

also turned on at this point. Once the desired temperature has been reached, those gas flow 

rates needed for the experiment are set up. The liquid delivery pump is turned on and the THF 

flow is switched on in order to purge the delivery lines and to calibrate the liquid pump. THF is 

allowed to flow until the system stabilizes at the desired chamber pressure. Once all the 

temperatures and pressure conditions are reached and stabilized, (which usually takes 1-2 

hours), the precursor flow is switched on. The tape is then set in motion through a LabView 

program, at the speed of 2.1 cm/min. The chamber pressure used is 2.3 Torr and oxygen 

pressure is 1 Torr. The exact position of a specific sample in the long tape is monitored by 

measuring the time from the start of the run. Whenever the temperature is changed owing to 

different temperature requirements for different samples, it was ensured that there was 
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enough leader tape between the two samples for deposition conditions to have stabilized by the 

time the sample came under the showerhead. The delivery line pressure, chamber pressure, all 

temperatures, and residual oxygen concentration are monitored regularly throughout the 

experiment to ensure that the system is running under the desired conditions. Once all the 

samples are deposited, the tape is moved for some more time to ensure that the last sample has 

been wrapped on the take-up spool, and then tape motion is stopped. The precursor is then 

replaced by THF to clean the delivery lines and the heating source is turned off. The bypass valve 

is opened so that the evaporator is under vacuum when the system is not in use. Once the 

susceptor temperature has fallen below 100 oC, the chamber can be opened. All the gases are 

then set to idle condition. 

2.1.6 Post MOCVD Processing – Sputtering and Oxygen Annealing 

Once the samples have been taken out of the chamber, they are marked with a 

diamond pen and cut into different pieces. Out of the total 15 cm sample length, 11 cm is used 

for transport current measurement and the remaining 4 cm is used for other structural and 

compositional analyses of the films. The 11 cm sample is sputtered with Ag. The Ag layer 

provides an alternate current path during transport current measurements and reduces the 

chances of sample burn-out at high currents in case of local hot spots due to defective regions 

inside the superconducting film. A DC magnetron sputtering system is used for Ag deposition. 

The chamber is pumped down to a pressure of 8 × 10-6 Torr. Ar gas is then used to generate 

plasma at a chamber pressure of 6 × 10-3 Torr and a power of 150 Watt. The thickness of 

deposited Ag is ~2 μm. 

Ag sputtering is followed by oxygen annealing of sputtered samples. The unit cell of as- 

deposited REBCO (YBa2Cu3Ox, RE=Y) film contains just over 6 atoms of oxygen and the REBCO 

film is therefore non-superconducting at 77 K. After Ag sputtering the samples are annealed in a 
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tube furnace in pure oxygen gas. The temperature is increased at 180 oC/hr to 500 oC and held 

there for 0.5 hr.  The samples are then cooled to room temperature at a rate of 150 oC/hr. The 

oxygen flow rate used during the annealing process is 70 sccm. These samples are then ready to 

be tested for Ic. 

2.2 Transport Critical Current Measurement 

A four-probe method is used to measure the Ic of the Ag sputtered samples. Both self-

field Ic (no external magnetic field is applied to the sample) and in-field Ic (when an external 

magnetic field is applied on the sample) measurements are performed. A 3 cm piece of the Ag-

sputtered sample is used for self-field Ic measurement. Due to the high current carrying capacity 

of superconducting tapes, there is a high probability of sample burn-out during Ic 

measurements. This burn-out may be caused by a significant increase in resistance during the 

transition of superconducting sample to normal state or by heat generation associated with 

soldered joints. To avoid this, the tape sample is patterned by chemical etching so that current 

does not flow through the entire tape width and thus the Ic measured is constrained within a 

safer limiting value. A typical bridge of 2 mm width is patterned in the center of the tape as 

shown in Figure 2-4. To pattern the bridge, the whole sample is covered with Kapton tape 

(except the green region shown in Figure 2-4) and the sample is then dipped in a chemical 

solution (mixture of 50 % ammonium hydroxide and 50 % hydrogen peroxide) to remove the Ag 

layer from the uncovered region. Once the Ag layer is removed, the superconducting layer is 

etched away by dipping the sample in 10 vol% nitric acid. Following this, the sample is rinsed in 

water and the Kapton tape is removed from the sample. A bridge is thus formed through which 

current can flow during Ic measurements. A DC current is passed through the sample by a 

current source (TDK-Lambda, GEN 8-600) and the voltage is measured by a nanovoltmeter 

(Keithley, Model: 2182A). The voltage criterion used for Ic measurement is 1 V/cm. The sample 
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is soldered with Ag tape (Lucas-Milhaupt, Model: Fine Silver) at both ends using a solder (Alfa 

Aesar, Model: Indium Tin Eutectic Ingot) and the sample attached to the sample holder 

assembly. The Ag tabs are connected to Cu plates through the holder assembly which is 

attached to the electric current source. Voltage tabs are soldered between current tabs as 

shown in Figure 2-4 and are connected to the nanovoltmeter. During the measurement, the 

entire sample holder assembly is placed in liquid nitrogen. 

 

Figure 2-4: Schematic of four-probe method used for transport current measurements. 

For in-field Ic measurements, a custom-designed system is used with a 1.6 T 

electromagnet (Walker Scientific). Ic measurements are conducted by a four-probe method. A 

DC current is passed through the sample by a current source (TDK-Lambda, GEN 3300W 400A) 

and voltage is measured by a nanovoltmeter (Keithley, Model: 2182A). A schematic of the in-

field Ic measurement system is shown in Figure 2-5. The sample is mounted at one end of the 

probe. A Hall sensor (LakeShore, Model: HGCT-3030) is mounted close to the sample and 

measures the orientation of the sample with respect to the applied field. The probe is inserted 

into a cryostat during measurement. The cryostat is located between two poles of the 

electromagnet. A stepper motor at the other end of the probe rotates the sample to control the 

angle between sample and applied magnetic field. A MATLAB program is used to control all the 

parameters and to collect data generated from the Ic measurements. Ic measurements are 
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performed at different values of applied magnetic field at a particular sample orientation and at 

different sample orientations with respect to a constant magnetic field. 

 

Figure 2-5: A schematic of in-field Ic measurement set-up. 

Ic measurements at applied magnetic fields higher than 1.2 T and temperatures below 

77 K (limitations of the system depicted in Figure 2-5) are conducted in a custom-designed 

system. Applied magnetic fields as high as 9 T and temperatures as low as 4 K can be used in this 

system. A schematic of this system is shown in Figure 2-6.  

The system depicted in Figure 2-6 can broadly be categorized into three parts: cryostat, 

probe, and control system. The cryostat contains a superconducting 9 T magnet, cryocoolers for 

cooling the system, and resistive heaters, in order to maintain the required temperature. Due to 

the condensation of He gas by cryocoolers, He gas gets converted into liquid, which is circulated 

into the vessels and hence continuous feeding of cryogen is not needed. One end of the probe 

consists of a rotating sample stage on which the sample is mounted. The other end of the probe 

consists of a rotator, which controls the sample stage movement. The sample stage has the 

ability to be rotated up to 200o. The control system consists of a power source (up to 600 A), 
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nanovoltmeter (Keithley, Model: 2182A), and temperature controller (LakeShore, Model: 336). 

Control of all these devices is accomplished by a LabView program. 

 

Figure 2-6: Schematic of Ic measurement system at high applied magnetic fields (up to 9 T) and  
                     low temperatures (down to 4 K). 

2.3 Superconducting Critical Temperature Measurement 

Superconducting materials have the property of not only having zero resistance below 

Tc but also exhibiting the Meissner Effect below Tc. Tc measurement also provides qualitative 

information about the secondary phases present in the film as well as the oxygen content of the 

unit cell. Tc measurement is performed by magnetic induction using a lock-in amplifier (Signal 

Recovery, Model: 7265). The lock-in amplifier is an AC voltmeter that measures both amplitude 

and phase of the input voltage at a certain frequency. In this measurement, the sample is 

sandwiched between two coils (excitation coil and pick-up coil) made from Cu wire, but with 

different numbers of turns. A temperature sensor (LakeShore, Model: DT-670-SD), placed 

adjacent to the Cu coil and in contact with the sample, is used to measure the instantaneous 
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sample temperature. This temperature is recorded by a temperature monitoring device 

(LakeShore, Model: 330). During the experiment, an AC voltage is applied to the excitation coil 

and an AC magnetic field is generated. The source of AC voltage is the oscillator in the lock-in 

amplifier (0.5 V and 60 kHz). The voltage on the pick-up coil is measured by the lock-in amplifier 

at the same frequency. During the measurement, the sample holder assembly is inserted into a 

dewar with liquid nitrogen until the sample temperature stabilizes at 77.62 K. The sample is 

then pulled out to just above the level of the liquid nitrogen and the temperature starts to 

increase slowly. Initially, sample screens all the magnetic field from the excitation coil at low 

temperature, and above Tc, the pick-up coil detects a strong signal since the screening effect of 

the metal layer in the sample is much weaker than the superconductor. The voltage at the pick-

up coil, as a function of temperature, provides information about the Tc of the sample and this is 

observed as a transition in the pick-up voltage during the measurement. 

2.4 Superconducting Film Structure Characterization 

Several techniques have been used for structural characterization of the 

superconducting film samples. These techniques are described below. 

θ-2θ X-ray Diffraction (XRD) (Bruker, Model: D5000) measurements were conducted to 

analyze epitaxy of REBCO films and the presence of secondary phases. The XRD data obtained 

were also used to calculate lattice parameters of the unit cell of the textured phases. The x-ray 

source used in these measurements was CuKα (λ = 1.5418 Å) radiation. The X-ray tube was 

operated at 40 kV and 30 mA. A 0.1 mm wide detector slit was used. To obtain the XRD pattern, 

angle between the sample and incident x-ray beam was varied by an angle θ and the angle 

between incident beam and detector was varied by 2θ. Each peak in the XRD pattern obtained 

indicates a set of planes satisfying the Bragg’s diffraction condition. Rocking curve measurement 

was conducted for the out-of-plane texture analysis (grain-to-grain misorientation). Rocking 
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curve about any specific peak, satisfying Bragg’s condition, was obtained by fixing the detector 

at the 2θ position of that peak and the rocking the sample was over ±Δθ (Δθ typically chosen as 

3o) from the position of that peak. In epitaxial films, the rocking curve about any (00l) peak 

shows the Gaussian distribution for the peak intensity. FWHM of the Gaussian distribution 

provides the information about the film quality. Higher the value of FWHM, more is the grain-to-

grain misorientation. In this study, rocking curve measurements on REBCO films was conducted 

about the (005) peak. 

General Area Detector Diffraction System (GADDS) (Bruker AXS) was employed to 

study orientations other than out-of-plane orientations which are not observed in θ-2θ powder 

diffraction (one-dimensional) measurements. In these measurements (Ω-scan), the detector was 

fixed and sample stage was moved continuously from 2o to 32o. The x-ray source used in these 

measurements was CuKα (λ = 1.5418 Å) radiation. The X-ray tube was operated at 40 kV and 40 

mA. GADDS was also used for pole figure measurements which provided information on the in-

plane grain-to-grain misorientation. A pole figure is a two-dimensional distribution of the 

diffracted intensity over a part of reciprocal space of sample for a single family of 

crystallographic reflections (say {103} of REBCO). During the pole figure measurements, χ was 

fixed at 54.74o and sample was fixed at a constant θ value such that (103) peak of REBCO would 

satisfy the Bragg’s condition. A complete pole figure was obtained by rotating the sample by 

360o in the in-plane φ orientation. The FWHM of the peaks in the φ-scan is an indicator of the 

in-plane texture of the REBCO films. 

Scanning Electron Microscope (SEM) (LEO Gemini 1525) was used to image 

topographical surface features, which exhibit qualitative information about surface roughness, 

grain size, and secondary phases present on the sample surface. REBCO samples were attached 

to the sample holder by carbon tape to avoid charging during imaging process. A beam of 
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electrons produced by field emission hits the sample surface, resulting in generation of 

secondary electrons and X-rays from the sample. The acceleration voltage used for the electron 

beam was 15 kV. Imaging was performed under very good vacuum with chamber pressure of 

less than 2 × 10-5 Torr. The secondary electrons emitted from the sample surface were used to 

obtain microstructure information of the sample surface.  

 Focused Ion Beam (FIB) (FEI 235) was used extensively for measuring the sample 

thickness by ion milling. FIB was also used to deposit Pt nanorods by assistance of electron beam 

and Pt injection system. This system incorporates dual beam (SEM/FIB). The electron beam 

allows the secondary electron imaging, while Ga ion beam allows the milling of the sample. The 

acceleration voltage used was 30 kV and the ion emission current at the source was set as 2 μA. 

Imaging was performed under very good vacuum with chamber pressure less than 2 × 10-5 Torr. 

Before milling the sample along the cross-section for thickness measurement, a Pt layer of 

almost 0.2 μm was deposited on the sample surface (over an area of 5 μm × 5 μm) through the 

Pt source in the system. This layer protects the sample surface during ion milling process. An ion 

current of typically 500-1000 pA was used to make initial cross-section of the sample and then, a 

lower ion current of typically 30-50 pA was used to obtain the cleaner milled surface. After 

cleaning the surface, all the layers could be clearly seen in the cross-section and the exact 

thickness of the various layers were measured.  

 Transmission Electron Microscope (TEM) (JEOL 2000FX) was used to study secondary 

phases, defects such as dislocations & stacking faults, elemental composition and 

crystallographic orientation in REBCO films. Samples for cross-sectional TEM analysis were 

prepared by FIB milling using a small piece of REBCO (5 mm × 5 mm)  A Pt layer was deposited 

on the sample first (over an area of 25 μm × 2 μm), as a protective layer. This was followed by 

sequential milling steps, starting from the highest current (20,000 pA) for first milling to the 
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lowest current (10 pA) for the final cleaning process. The resulting slice of the sample was less 

than 100 nm thick with a 4 μm slot. This slice was then plucked from the sample (by a probe 

installed in FIB) and welded onto the TEM grid (with Pt source). This TEM grid (containing 

sample) was then taken into the TEM column for analysis. In TEM, electrons are emitted 

thermionically from a LaB6 source and accelerated at 200 keV towards sample. This TEM is 

equipped with a low-background, double-tilt specimen holder, three size objective and 

diffraction apertures, and an Oxford EDS system with Li-drifted Si detector. Interaction of 

electrons with sample results in an image, which is then magnified and focused onto an imaging 

device, such as a florescent screen, film tape or CCD camera. 

Inductive Coupled Plasma – Mass Spectrometry (ICP-MS) (Agilent Technologies 7700 

Series) was used to study the elemental composition of the REBCO film with precision at the 

level of parts per billion (ppb). It is known [141] that in MOCVD, the composition of the film is 

significantly different from the composition used in the precursor, and therefore, the ICP-MS 

measurements help us determine the actual composition of the film and thus provide a better 

understanding of the influence of film composition on the properties of the REBCO films. 

Multiple elements can be detected simultaneously through ICP-MS, providing the opportunity of 

rapid processing rate. Sample ionization was done by inductively coupled plasma (Ar gas was 

used for plasma generation) and then, a mass spectrometer was used to separate and quantify 

those ions. 

REBCO samples of 3 mm were dissolved in 25 ml of 2 % nitric acid and resulting solution 

was pumped into a nebulizer to form an aerosol. These aerosol droplets were passed through 

the heated plasma (~7,500 K), where they were immediately dried, decomposed, and ionized by 

removal of single electron from each atom. A beam of focused ions was then passed through 

the mass spectrometer (MS) and a detector. At any given time, only one mass-to-charge ratio 
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(m/z) will be allowed to pass through MS. Separation of ions based on their m/z was achieved by 

a combination of DC and AC electric fields. The software compares the intensities of detected 

signal to that from standard. 

Once the concentrations of all the elements (Zr, Gd, Y, Ba, and Cu) were measured (in 

ppb quantities), their relative concentration was obtained by dividing the measured 

concentration with its atomic weight. The normalized concentration of individual element was 

then calculated by dividing the individual element’s relative concentration to the sum of relative 

concentrations of all five elements mentioned above. 

Secondary Ion Mass Spectrometry (SIMS) was used to investigate diffusion in the 

REBCO films. SIMS measurements were performed on a Physical Electronics instrument (Model: 

PHI 6600 SIMS System). A 5 keV Cs ion beam of 50 nA beam current was scanned over an area of 

1 mm × 1 mm. All the spectra were acquired under very good vacuum conditions with chamber 

pressure of 2 × 10-9 Torr or lower. 

2.5 Experimental Study: Research Work Presented 

This section outlines the experimental work performed as part of this research, in which 

all the above-mentioned processes and characterization tools have been used. This section is 

further divided into several sub-sections based upon the different types of experimental work 

performed. 

2.5.1 MOCVD Deposited Thin REBCO Film with Thickness Gradient 

 This subsection outlines the experimental procedure to deposit thin REBCO films with a 

gradient in thickness. The purpose of this study is to understand structural changes during very 

early stages of nucleation and growth of REBCO films deposited by MOCVD. A LaMnO3 tape of 

60 cm length is used as the starting substrate for this purpose. REBCO film is deposited with a 

gradient in thickness, starting from zero thickness to a certain maximum value, within the span 
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of deposition zone, which is 25 cm. To deposit the REBCO film in this form, when the sample is 

in the deposition zone (25 cm of the total 60 cm sample length), the precursor vapors entering 

the deposition chamber are bypassed and there is no longer any REBCO deposition on sample 

tape moving over the susceptor. This process results in a tapering film on LMO substrate, since 

the leading end of the tape (here, ’tape’ is used for the 25 cm within deposition zone) is exposed 

to the precursor vapor throughout its travel in the deposition zone, while the trailing end has no 

film deposition since at the time of its entry into the deposition zone, the precursor is bypassed 

from entering the chamber. Despite the deposition zone span of 25 cm, a sample length of 60 

cm is used to make sure that when precursor vapors are bypassed, any 25 cm of the sample is 

within the deposition zone region. The precursor recipe used for REBCO film deposition contains 

both Y and Gd as rare earth elements and Zr as dopant, with molar ratios as Gd : Y : Ba : Cu :: 0.6 

: 0.6 : 2 : 2.3 + 7.5% Zr dopant. A molarity of 0.05 mol/L and liquid precursor delivery rate of 2.5 

ml/min are used. The susceptor temperature and tape speed are 975 oC and 16.8 cm/min, 

respectively. This results in a REBCO film with a gradient in thickness from 0 nm to ~130 nm in 

the span of 25 cm. Due to optical interference of the oxide REBCO film, the color of the 

deposited film is different at the different locations on the 25 cm deposited sample, as shown in 

the Figure 2-7. Other tapes have also been deposited with REBCO film as a thickness gradient, 

wherein the precursor recipe contains one rare-earth element rather than two rare-earth 

elements. Therefore, precursor recipes with the mole ratio of  rare earths as (Gd : Y :: 0.6 : 0.6), 

(Gd : Y :: 1.2 : 0), and (Gd : Y :: 0, 1.2) have been used in this study. Following REBCO film 

deposition, this 25 cm deposited tape is cut into small pieces along the length of tape and those 

samples are then analyzed by various measurements such as θ-2θ XRD, GADDS, ICP-MS, Tc, TEM, 

FIB, SIMS, and SEM. 
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Figure 2-7: REBCO tape grown with a gradient in thickness. 

2.5.2 MOCVD REBCO Film Growth Study: Thickness Variation 

This section outlines the different process parameters and procedures describing 

deposition of REBCO films of different thicknesses. To study the growth phenomenon of REBCO 

films deposited by MOCVD, samples of varying thicknesses are deposited. The precursor recipe 

used for REBCO film deposition contains both Y and Gd as rare earth elements and Zr as dopant, 

with molar ratio as Gd : Y : Ba : Cu :: 0.6 : 0.6 : 2 : 2.3 + 7.5% Zr dopant. A molarity of 0.05 mol/L 

and liquid precursor delivery rate of 2.5 ml/min are used. The susceptor temperature used is 

975 oC. Films were deposited on a total of four samples of LaMnO3 by reel-to-reel MOCVD. All 

four samples were processed under identical conditions except for tape speed. A different tape 

speed was used to achieve a different thickness of REBCO film with the same growth rate. The 

tape speeds used were 16.8 cm/min, 4.5 cm/min, 2.2 cm/min, and 1.5 cm/min. The growth rate 

of the deposited REBCO films is measured to be ~80 nm/min. A portion of the deposited 

samples were Ag sputtered for Ic measurements and critical temperature measurements. The Ag 

sputtered and non-sputtered samples were oxygen annealed to convert the tetragonal non-

superconducting phase into the orthorhombic superconducting phase. The samples without 
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silver are used for various structural characterization and compositional analysis, such as θ-2θ 

XRD, GADDS, SEM, FIB, and ICP-MS. 

2.5.3 Thick REBCO Films: Multilayer (Multipass) Approach 

 This section outlines the deposition procedure used to deposit thick REBCO films with a 

thickness of up to approximately 5 μm. It has been observed that the surface morphology of 

REBCO film begins to deteriorate with an increase in film thickness owing to formation of 

different secondary phases. These secondary phases cover a significant portion of the REBCO 

surface and potentially act as nucleation sites for subsequent REBCO film deposition, thus 

affecting the epitaxy of the film. Therefore, in order to understand the effect of this 

phenomenon, the REBCO films are deposited by a multipass approach where film is deposited 

on the LaMnO3 tape substrate in the form of multiple layers (multipass) of almost the same 

thickness for each layer. A total of five such layers are deposited with identical process 

conditions for all layers except for a slight change in temperature. The deposition temperature 

of each subsequent film is increased by 2-10 oC. The susceptor temperatures used for the 

deposition of the five layers are 960 oC, 970 oC, 970 oC, 972 oC, and 975 oC, respectively. One 

reason for an increase in deposition temperature with the number of passes is that the 

susceptor surface gets coated with precursor with each pass, which may have an effect on the 

heat transfer from the susceptor to the tape. Before the first pass, a clean and smooth susceptor 

is used, and to compensate for the material deposition on susceptor, the temperature is 

increased slightly for each subsequent REBCO film deposition. Another reason for increase in 

deposition temperature with increasing number of passes is to accommodate the growing 

thickness of the film since the heat transfer to the growth surface has to occur from the bottom 

of the substrate. A film of approximately 0.9-1.0 μm thickness is deposited during each pass, and 

then the surface of the deposited film is polished by the Chemical Mechanical Polishing (CMP) 
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method. For the CMP method, an alumina powder (particle size: 0.25 μm) is suspended in an 

isopropanol solvent in a specific ratio, and the resulting slurry is used to mechanically polish the 

tape in a unidirectional motion. This polished surface is cleaned and subsequent layer of REBCO 

film deposited on it. Two sets of samples, each with a total of five layers, were prepared by 

MOCVD. In the first set, each REBCO film was polished by CMP before the subsequent layer 

deposition, while in the second set of samples, each subsequent layer is deposited without 

polishing of the preceding layer. A liquid precursor delivery rate of 2.5 ml/min and a tape speed 

of 2.1 cm/min are used in each deposition step. Portions of the samples are Ag sputtered for 

transport Ic measurements (with the custom designed 9 T system described above). The Ic 

criterion used for transport current measurements with this 9 T high field system is 5 μV/cm. 

The Ag sputtered and non-sputtered samples were oxygen annealed to convert crystal structure 

from tetragonal to orthorhombic. The samples without silver were used for various structural 

characterization and compositional analysis such as θ-2θ XRD, SEM, FIB, and TEM analysis. 

2.5.4 Pre-fabrication of Nanodefects for REBCO Superconducting Films 

This section outlines the methodologies used to grow pre-fabricated nanodefects as 

pinning centers and subsequent deposition of intermediate layers and the superconducting 

layer, followed by structural and physical properties measurements of the superconducting 

films. The two methodologies used for pre-fabrication of nanodefects are ‘E-beam Assisted 

Deposition’ and ‘Electrodeposition’. These methods are discussed below. 

2.5.4.1 E-beam Assisted Nanorod Deposition 

Pt nanorods were deposited in a specific pattern using a dual beam (SEM/FIB) FEI 235 

system equipped with a Pt gas injection system, by introducing metal vapors in the vicinity of 

the desired nanorod location. Metal vapor is generated by bombarding the Pt source with an 

electron beam in a high vacuum environment (2 × 10-5 Torr). The deposition rate is ~0.015 
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m3/min. The Pt nanorods are deposited on a LaMnO3-capped biaxially-textured IBAD template 

on a flexible hastelloy substrate, as described above. Triangular patterns of nanorods with unit 

cell size ranging from 250 to 750 nm are grown with length up to 1 m, over an area of 120-150 

m2. These nanorods are reproducible (with almost 100% precision) as per the parameters 

(nanorod size, spacing, height, and orientation) specified in the input pattern file. Deposition of 

nanorods with this system has limitations; it is difficult to deposit nanorods of diameter less 

than 40-50 nm and beyond a length of 1 m, the nanorods tend to bend at the top. Nanorods 

with spacing less than 250 nm can be deposited, but depending upon the diameter of nanorods, 

if they are too close to each other, then the REBCO growth is adversely affected. In order to 

assess the exact location of nanorod pattern after superconducting film deposition, marks were 

created in the vicinity of the pattern, using Ga ion beam milling. (Gd,Y)BCO was then deposited 

on them using a reel-to-reel MOCVD system, followed by Ag sputtering and oxygen annealing. 

Transport current measurements were carried out at liquid nitrogen temperature of 77 K using 

the four-probe method and Ic values determined using the 1 V/cm criterion. In order to limit 

the transport current measurements only to the nanorod-patterned region, a microbridge was 

made around the nanorod patterned area by ion milling using the FIB system. A Reference 

sample (R), processed under identical conditions as the Pt nanorod-containing sample (Pt) but 

without any nanorods, is used for comparison. Ic of the R was also measured across a 

microbridge of the same dimensions as that for the corresponding Pt. Cross-sectional 

microstructural analysis was done in the FIB. The samples for TEM analysis were also prepared 

by FIB. 

2.5.4.2 Electrodeposition Method for Nanorod Growth 

MgO deposited biaxially-textured IBAD templates were used as substrates for nanorods 

deposition. LaMnO3, which is commonly used as a cap layer for IBAD MgO, is not suitable for the 
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growth of Ni nanorods by electrodeposition because of its high resistivity and surface 

smoothness. Therefore, the buffer layer architecture is changed from the one discussed earlier. 

This is done by depositing some intermediate layers on the substrate before deposition of the 

superconducting film. Figure 2-8 depicts the schematic of all the layers involved.  

 

Figure 2-8: Architecture of all the layers involved in REBCO HTS tape with prefabricated Ni  
                     nanorods deposited by electrodeposition. 

The buffer layer used for Ni nanorod electrodeposition in this work is Ni, formed by 

sputtering NiO on an epitaxial MgO layer in the presence of Ar-4% H2. The thickness of the Ni 

layer deposited is approximately 70-100 nm. This Ni layer is then dip-coated with a 

polycarbonate polymer film by reel-to-reel solution coating. Polycarbonate pallets (ACROS 

Organics, Item: 17831) were dissolved in chloroform and then stirred for almost 1 hour to 

produce a homogeneous polycarbonate solution. The thickness of the polymer film was chosen 

based on the length of the pre-fabricated nanorods needed, and this can easily be controlled by 

varying the polycarbonate solution concentration and tape speed used during dip coating. 

Immediately after being removed from the solution bath during dip coating, the tape was 

passed through a heating tube maintained at 100 oC. This immediately dries the film before it 

was wrapped on the spool at the receiving end. As-deposited polymer film has very poor 



 

65 
 

adhesion to the substrate. So, it is heat treated at 150 oC for 1 hour under an Ar gas flow of 50 

sccm [142]. This was followed by creation of ‘damage’ tracks in the polymer film by ion 

bombardment using Ni7+ ions with 11.12 MeV energy [143]. The density and orientation of the 

damage tracks are controlled by the dose of the bombarded ions and their angle with respect to 

the sample surface, respectively. The tracks were widened by chemical etching at room 

temperature using a 6M NaOH solution. The NaOH solution was prepared by dissolving NaOH 

pallets (Spectrum, Item: S1295) in deionized water. Addition of NaOH to water is exothermic at 

room temperature, so pallets are added slowly to water to avoid a large amount of heat 

generation. The diameter of the tracks was determined by the etching time used [144], [145]. 

Figure 2-9 shows the images after etching of damage tracks created with two different levels of 

ion irradiation dose. 

 

Figure 2-9: Tracks in polymer films on Ni surface after ion implantation followed by chemical  
                     etching: (a) High irradiation dose, and (b) Low irradiation dose. 

The cylindrical holes thus created were then electrodeposited with the desired material, 

resulting in nanorods embedded in the polymer matrix. Electrodeposition is performed using 

three-electrode potentiostat/galvenostat. The buffer layer with etched tracks acts as a working 

electrode. Pt mesh wire was used as a counter electrode and an Ag/Ag+ electrode used as the 

reference electrode. For the deposition of Ni nanorods, NiCl2.6H2O was dissolved in deionized 

water to create an electrolyte solution. Boric acid (H3BO3) was employed as an additive to 
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relieve stresses generated during electrodeposition. The electrodeposition experiment was 

carried out at a constant potential of -0.7 V vs. Ag/Ag+ electrode, using a 

potentiostat/galvanostat (Princeton Applied Research, Model: 263 A). Deposition of nanorods 

was followed by removal of polymer by dissolution in chloroform, leaving free-standing 

nanorods on the biaxially-textured buffer substrate. 

Nanorod deposition is followed by sputtering MgO and LMO layers, as intermediate 

layers, in order to obtain a surface compatible for REBCO film deposition. MgO film was 

deposited by magnetron sputtering at 820 oC and a chamber pressure of 8.2 × 10-5 Torr. This was 

followed by LMO deposition by magnetron sputtering with a LaMnO3 target at 820 oC and a 

chamber pressure of 6.5 × 10-6 Torr. LMO deposition was followed by deposition of a (Gd,Y)BCO 

layer by MOCVD at a susceptor temperature of 970 oC, chamber pressure of 2.3 Torr and oxygen 

pressure of 1 Torr. The liquid precursor used for (Gd,Y)BCO film deposition was prepared by 

mixing the organometallic tetramethyl heptanedionate (tmhd) compounds of Gd, Y, Ba, and Cu 

in the desired ratio in THF. In addition to vapor deposition processes for growth of epitaxial 

buffer layers on the Ni film, as well as on the Ni nanorod surface, MOD of STO is also explored. A 

STO layer is deposited by solution spin coating [146]. Stoichiometric amounts of strontium 

acetate (Sigma-Aldrich) and titanium IV butoxide (Sigma-Aldrich) were dissolved in acetic acid 

(Alfa Aesar). This mixture was then diluted with 2-methoxymethanol (Alfa Aesar) and stirred at 

~50 oC in order to produce a homogeneous solution. Ni nanorod samples are spin coated with 

the resulting solution at 3000 rpm for 30 seconds. This is followed by low temperature baking on 

a hot plate (300 oC, 30 minutes), followed by a high temperature heat treatment (600 oC, 4 

hours) in a tube furnace under 20 sccm (Ar+4% H2) flow.  
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3. Results & Discussion 

This chapter details the findings of this research work. The chapter is broadly divided 

into two sections, each section focusing on a different aspect of the RE-Ba-Cu-O 

superconducting films. The first section discusses the structural, compositional, and physical 

properties of thin and thick REBCO films deposited by MOCVD. This section is then further 

divided into three subsections. The first subsection is a structural and compositional study of 

thin REBCO films (<150 nm). The second subsection is an extension of the first subsection, and it 

addresses the structural and compositional aspects of REBCO films from 0.13 μm to 1.3 μm. The 

third subsection is an extension of the second subsection, and it addresses the structural and 

physical properties of REBCO films of thickness ~3 μm. The second section of this chapter 

discusses the growth of long-length pre-fabricated nanodefects as pinning centers for REBCO 

superconducting films. Pre-fabrication of nanodefects is different from the conventional method 

of in-situ growth of nanodefects since it is independent of the growth of the REBCO 

superconducting film. 

3.1 MOCVD Deposited Thin and Thick REBCO Films  

3.1.1 MOCVD Deposited Thin REBCO Films with Thickness Gradient 

The results discussed here are from a MOCVD REBCO film with a range in thickness from 

0 nm to approximately 150 nm deposited on a biaxially-textured flexible LMO substrate. Various 

structural and physical properties are discussed from different sections of the tape gradient. 

3.1.1.1 Microstructure Analysis 

 The microstructure of REBCO film deposited with a thickness gradient is studied by 

techniques such as SEM, FIB, θ-2θ XRD, and GADDS. The deposited tape is cut into pieces of 2 

cm each for measurements of the various properties.  
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A θ-2θ XRD pattern of REBCO film, containing only Y as a rare earth element, is shown in 

the Figure 3-1. The tape deposited as a gradient is also shown in Figure 3-1. 

 

 

Figure 3-1: XRD θ-2θ plot exhibiting (00l) peaks for different sections of the MOCVD REBCO film  
                     with thickness gradient. 
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 As seen in the XRD plot, all the sections of the tape are epitaxial in nature, and exhibit 

out-of-plane (00l) orientation peaks of YBCO. The (00l) peaks appear from almost the beginning 

of deposition (sample 24-26 cm). The intensities of these (00l) peaks increase with increase in 

thicknesses of the film. As seen in Figure 3-2(a), there is no deposition of REBCO film in sample 

22-24 cm, as indicated by the presence of only LMO-derived peak. It will be shown later in 

Figure 3-4 that this position (sample position 22) reveals no deposition on the LMO substrate. 

With the first deposition of REBCO, the LMO (001) peak shifts towards lower 2θ. At 

temperatures above 477 oC, the LMO lattice is cubic with a lattice parameter of 3.95 Å [139] and 

YBCO has a- and b- lattice parameters as 3.882 Å and 3.887 Å, respectively. Thus, a- and b- 

lattice parameters of YBCO have a compatible lattice match with LMO lattice parameter. 

 

Figure 3-2: XRD θ-2θ plot exhibiting: (a) Shrinkage of LMO in-plane lattice parameter with the  
                     first deposition of YBCO on LMO substrate, and (b) Shrinkage of in-plane YBCO  
                     lattice parameter with buildup of YBCO thickness. 
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compared to standard REBCO (003) peak position, the peak shift  towards lower 2θ in sample 

24-26 cm relative to sample 22-24 cm indicates expansion in out-of-plane lattice parameter of 

LMO. Therefore, with the first deposition of REBCO, the out-of-plane lattice parameter of LMO 

expands and consequently, its in-plane lattice parameter shrinks. This shrinkage of the LMO can 

accommodate the strain associated with mismatch in the in-plane lattice parameters of LMO 

and REBCO at the starting stage of YBCO film deposition (nucleation) on LMO substrate. Due to 

the convolution of YBCO (003) peak with the LMO (001) peak, REBCO (005) peak is used to 

examine the lattice parameter changes of REBCO with film thickness. It can be seen in Figure 3-

2(b) that the REBCO (005) peak shifts towards lower 2θ from sample 26-28 cm onwards. This 

indicates that the c-axis lattice parameter of REBCO expands and hence the in-plane lattice 

parameter of REBCO shrinks with increasing film thickness. The c-lattice parameter of YBCO 

changes from 11.753 Å (26-28 cm) to 11.853 Å (42-44 cm). The bulk YBCO c-lattice parameter is 

~11.85 Å in the tetragonal phase [29]. The XRD patterns mentioned in Figure 3-1 are for the as-

deposited films (without oxygen annealing) and hence are tetragonal in structure. This indicates 

that with increase in film thickness c-lattice parameter of YBCO (42-44 cm) approaches to c-

lattice parameter of bulk YBCO, exhibiting strain relaxation with increase in thickness. 

The thickness of REBCO film at different sections of the tape gradient was measured to 

understand the dependence of the microstructural properties on thickness. Precise 

measurement of the thickness was performed using a cross-section of the film prepared by 

focused ion beam milling. Figure 3-3 shows that the thickness of the REBCO film does not 

change linearly with tape position. The REBCO film thickness increases rapidly at the beginning 

of deposition indicating fast crystal growth, followed by a slower rate of growth up to a 

thickness of approximately 100 nm. This slower rate of growth is then followed by an even 

slower growth or almost no increase in the film thickness (at approximately 100 nm film 
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thickness region), at the tape position ~35-41 cm. The REBCO film growth rate then increases 

again following almost no growth. This is a clear indication that the film growth rate is non-

uniform when gradient tapered film is deposited. Two different curves for thicknesses in Figure 

3-3 are for two different samples, exhibiting reproducibility of thickness pattern including region 

of almost zero growth rate for a section of tapered tape. In the following discussion, structural 

properties of the tape are based on the blue curve shown in Figure 3-3. 

 

Figure 3-3: REBCO thickness dependence on sample position on tape, exhibiting variation in  
                     growth rate. 

There are a couple of factors that are believed to be the cause for the non-uniform 

growth rate. The SEM micrographs (shown in Figure 3-4) indicate that at the tape region of 

almost zero growth rate (tape position ~34-42 cm), the growth fronts seem to be merging 

together laterally. This growth is primarily in the in-plane direction, rather than in the out-of-

plane direction, thereby filling in the cavities and spaces between precipitates. Another 

possibility, and probably the more likely case for uneven growth rate is associated with the 

nature of the deposition process. During a crossover run (explained in Chapter 2), when a 
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tapered film is deposited, the vapors are bypassed from entering into the chamber as soon as 

the area of tape to be deposited on is under the showerhead. Since, vapor flow into the 

chamber is stopped abruptly, the flow pattern of vapor from the showerhead to the sample 

surface is probably disturbed. During continuous vapor flow, unlike in a crossover run, there is 

no disruption of the flow pattern. This disturbed flow pattern probably leads to more vapor 

being instantaneously deposited at one end of the tape versus the other end, thereby causing 

non-uniformity in film thickness along the tape length.   
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Figure 3-4: SEM micrographs of samples at different position on tape revealing changes in  
                     surface morphology with increase in REBCO film thickness. 

SEM micrographs at different stages of the REBCO film gradient are shown in Figure 3-4. 

The surface morphology of the substrate provides an understanding of how nucleation and 

growth occur during REBCO deposition. Micrographs at tape positions 21 and 23 indicate that 

there is no deposition of REBCO, and the surface observed in the SEM micrograph is LMO. At 

tape position 23.5, a slight change in surface morphology is observed compared to position 23, 

indicating the formation of REBCO nuclei. At tape position 24, the substrate surface is 

completely covered with deposited material indicating rapid growth. Tape positions 24.5 and 25 

also exhibit identical surface morphology similar to tape position 24. This is followed by the 

growth of small precipitates (~20 nm in diameter), observed at tape position 26. With 
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subsequent deposition, the density of these precipitates increases, and they start to coalesce 

together as shown at tape position 27. The growth is then followed by an increase in film 

thickness by the lateral advancement of grain growth fronts and their coalescence, along with 

encompassment of precipitates in these growth fronts, as exhibited at tape positions 31-43 cm. 

Due to the impinging of growth fronts with each other, and also due to the high density of 

precipitates, these growth fronts generate cavities, and thus a significant density of precipitates 

can be found in those cavities at tape position 47. Also, the deposited surface looks smoother 

with increase in film thickness, as shown at tape position 47. 

The formation of RE2O3 defects can be understood from the peak integral intensity of 

the RE2O3 (004) peak observed in θ-2θ XRD measurements. The relationship of the RE2O3 (004) 

peak intensity with sample position on tape is depicted in Figure 3-5(a). An increase in the 

intensity of RE2O3 (004) peak with increase in REBCO film thickness is observed, indicating 

increased formation of rare earth oxides in thicker films. At the sample positions on tape ranging 

from almost 35 to 41 cm, no significant change is observed in the intensity of RE2O3 (004) peak. 

This is also reflected in the thickness measurements of the REBCO film (as shown in Figure 3-

5(b)). At this stage of the deposition (35 to 41 cm), the film growth rate is extremely slow 

compared to the beginning stage of the film deposition (as explained above), leading to almost 

no increase in film thickness and hence almost no increment in RE2O3 (004) peak intensity.  

Figure 3-5(c) exhibits the peak area intensities of RE2O3 (004) peak and REBCO (005) peaks along 

the tape position. It is observed that REBCO (005) increases almost linearly with increase in 

thickness, except at the region of almost constant REBCO thickness (Figure 3-3). Figure 3-5(d) 

shows the ratio of RE2O3 (004) to REBCO (005) peak intensities. It can be observed that RE2O3 

(Y2O3) is formed preferably in the early stages of REBCO film growth (a high Y content is 

observed in ICP compositional analysis as well). This is followed by a significant decrease in ratio 
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of two peaks indicating a sharp decrease in RE2O3 growth rate followed by an almost constant 

value in the remainder of the tape. In the region of constant thickness, there is almost no 

deposition of RE2O3 as well. 

 

 

Figure 3-5: (a) RE2O3 (004) peak intensity, (b) Relationship between thickness and RE2O3 (004)  
                     peak intensity, (c) Relationship between RE2O3 (004) and REBCO (005) peak  
                     intensities, and (d) Ratio of RE2O3 (004) to REBCO (005) peak intensities. 

 In-plane texture measurements on different sections of the tape were performed by 

GADDS by measuring φ-scan. The φ-scan was measured for the (103) pole and at χ = 54.74o. A 

total of 721 frames were measured for the complete φ-scan covering 360o with a step size of 
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0.5o and measurement time of 120 seconds, for each step. Figure 3-6 shows the typical φ-scan 

pole figure and the intensity of <103> peaks from a sample with tape position 34-36 cm.  

  

Figure 3-6: (a) (103) φ-scan pole figure measurement on a sample at tape position 34-36 cm and  
                    (b) Intensity of the four <103> peaks from the φ scan measurement. 

In-plane texture values from measurements on all samples are shown in the Table 3-1 in 

terms of the average FWHM values of all four <103> peaks. Deviation from average values of 

FWHM is calculated based on the maximum and minimum values of FWHM (Table 3-1). Also 

shown in Table 3-1 are corresponding thickness values of REBCO at different sections of tape.  

Table 3-1: In-plane texture and REBCO thickness values at different sections of the REBCO tape  
                   deposited as a thickness gradient. 

Texture Measurement Thickness Measurement 

Sample Position on 
Tape (cm) 

φ-scan <103> Peak 
<FWHM> (o) 

Sample Position on Tape 
(cm) 

REBCO Thickness 
(nm) 

24-26 5.66±0.62 26 31 

26-28 5.59±0.44 28.5 46 

28-30 5.33±0.24 31 82 

31-32 5.20±0.39 33.5 98 

34-36 4.75±0.72 36 109 

36-38 4.87±0.49 38.5 103 

38-40 4.70±0.37 41 105 

40-42 4.64±0.58 43.5 117 

42-44 4.47±0.85 46 131 
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As shown in Table 3-1, average FWHM decreases with increase in film thickness, 

indicating improvement in in-plane texture. These values are also plotted in Figure 3-7. An 

increase in REBCO film thickness correlates with the preferred in-plane texture, as seen in Figure 

3-7. Figure 3-7 also indicates that at a REBCO thickness around 100 nm, there is no preferred in-

plane texture due to almost no growth (~ 35-41 cm).  

 

Figure 3-7: Relationship between in-plane texture (<FWHM>) and REBCO thickness, with respect  
                    to sample position on tape. 

Formation of secondary phases is observed near the buffer interface. This could cause 

the tilting of REBCO near interface as shown in previous studies as well [147]. Figure 3-8(a) 

shows the formation of a layer at the interface between LMO and REBCO. Energy-dispersive x-

ray analysis (EDS) exhibits that this thin layer at the interface is BaZrO3, as shown in Figure 3-

8(b). A significantly higher percentage of Ba is observed in the interfacial layer than is observed 

in the film region away from this layer (Figure 3-8(c)). Such a layer could affect the beginning 

stages of film deposition, and thus also influences the superconducting properties of very thin 

REBCO films. It is shown in our earlier studies [147] that (001) planes of REBCO grown on BZO on 
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LMO and (001) planes of REBCO grown directly on a LMO surface are tilted with respect to each 

other. This tilting is observed to be more prominent in films containing a high content of 

external dopant, as shown in our earlier studies [124]. 

 

Figure 3-8: (a) A layered growth at the interface of LMO and REBCO, (b) EDS analysis indicates  
                     significant presence of Ba and Zr in the interfacial layer, and (c) EDS analysis of the   
                     REBCO film away from the interface shows less Ba and Zr than in (b). 

3.1.1.2 Secondary Ion Mass Spectrometry (SIMS) Analysis 

Secondary ion mass spectrometry (SIMS) analyses are performed to understand the 

diffusion in thin REBCO films deposited with a gradient in thickness. Though, SIMS is not a 

quantitative measurement tool, due to its good sensitivity and resolution, it provides the 

opportunity to qualitatively understand diffusion in thin films.  

Depth profiles of two samples with different thicknesses are shown in Figure 3-9. Depth 

profiles for all the REBCO elements at the interface region are almost similar for both samples. 

Ba exhibits some diffusion into the LMO film. The depth profiles of Ba and Zr almost follow the 

same trend. The Y concentration rises sharply near the interface whereas the Gd concentration 
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increases at a slower rate with increase in thickness. This also confirms findings with ICP 

measurements (shown below) and θ-2θ XRD measurements, discussed in this chapter. 

 

Figure 3-9: SIMS measurements exhibiting normalized elemental intensity (intensity normalized  
                    to maximum intensity of that element) for REBCO samples of different thicknesses:  
                    (a) REBCO thickness: ~20 nm, and (b) REBCO thickness: ~105 nm. 

3.1.1.3 ICP-MS Compositional Analysis 

ICP-MS analysis provides an insight into the significantly different incorporation rates of 

rare earth elements into the REBCO film during deposition processes, especially during the very 

early stages of nucleation and growth of the film. Three different recipes of precursors were 

used for three different samples, all of which were processed under identical conditions. Table 

3-2 exhibits the normalized percentage concentration (concentration of each element divided 

by total concentration) of rare-earth elements for all three samples. Samples from different 

sections of the tape length were measured for compositional analysis. A sample length of almost 

2 mm is used for ICP measurements, at the tape positions mentioned in Table 3-2. A tape 

position of 0 cm indicates the beginning of deposition. The normalized percentage 

concentration of RE elements in Table 3-2 shows completely different incorporation rates in the 

three samples deposited. (It is to be noted that one of the buffer layers in the substrate used is 

Y2O3. There is a Y contribution from this layer during ICP measurements and so the contribution 
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of buffer Y is subtracted from the measured value to obtain the Y from REBCO film. Y values 

listed in Table 3-2 are after subtraction of Y from the buffer.) 

The normalized atomic percentage concentration of rare earth elements are plotted 

with respect to sample position on tape in Figure 3-10(a). Also, multiple samples with rare earth 

content Gd : Y :: 0.6 : 0.6 were measured to access error margin from sample to sample. The 

results are shown in Figure 3-10(b). It is observed that samples exhibit almost constant error 

margin, except in the very low thickness regime. Considering that low thickness regime (sample 

tape position ~0-5 cm), the significantly different behavior of pure Y and pure Gd samples in 

Figure 3-10(a) is well beyond the error margin and thus is attributed to behavior of samples and 

not to the measurements or sample-to-sample variation. (Errors associated with the ICP 

measurements are within ±5 %). 

Table 3-2: Normalized atomic percentage concentration of RE elements, measured by ICP-MS, in  
                   MOCVD deposited REBCO films with thickness gradient. 

RE = 1.2 (Gd or Y or Gd+Y) 

Gd : Y :: 0 : 1.2 (RE = Y) Gd : Y :: 0.6 : 0.6 (RE = Gd+Y) Gd : Y :: 1.2 : 0 (RE = Gd) 

Sample 
Position 

(cm) 

RE  
(%) 

Sample 
Position 

(cm) 

Gd  
(%) 

Y  
(%) 

RE (Gd+Y)  
(%) 

Sample 
Position (cm) 

RE  
(%) 

0  33.4 0  6.4 7.1 13.5 0  16.8 

2  30.1 2.5  8.4 4.8 13.2 2.5  18.0 

4  25.2 5  9.0 10.1 19.1 5  18.4 

6  26.1 7.5  9.0 10.6 19.6 7.5  18.6 

8  23.5 10  9.3 9.3 18.6 10  18.9 

10  22.3 12.5  9.4 10.2 19.6 12.5  19.0 

12  21.9 15  9.3 10.1 19.4 15  19.0 

14  21.2 17.5  9.4 9.5 18.9 17.5  19.1 

16  22.1 20  9.4 9.8 19.2 20  19.0 

18  20.6       

20  20.5       

It is observed from Figure 3-10(a) that incorporation rate of Y is significantly higher in 

the film than is that of Gd, almost throughout the measured thickness gradient. In the very early 

stages of the growth, Y incorporated into the film is even higher (when RE = Y = 1.2) and then 
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decreases with increase in REBCO thickness. Y incorporation behavior in (Gd : Y :: 0.6 : 0.6) 

sample is more similar to that of (Gd : Y :: 1.2 : 0) than (Gd : Y :: 0 : 1.2). The incorporation trend 

of pure Gd in the film is completely reversed to that of pure Y. With the increase in REBCO 

thickness, pure Y percentage composition in the film decreases, while, pure Gd percentage 

composition in the film increases. Various XRD and TEM studies conducted by our group (not 

discussed here) on MOCVD REBCO films seem to indicate that Y contributes to the formation of 

RE2O3 (Y2O3) while Gd doesn’t form any RE2O3 (Gd2O3). XRD θ-2θ results from different sections 

of tape and containing only Gd as rare earth element, also indicate no presence of the RE2O3 

(004) peak irrespective of film thickness, as shown in Figure 3-11 below. It should be reminded 

that Figure 3-1 (containing only Y as rare earth element) indicates presence of Y2O3 for all tape 

thicknesses. 
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Figure 3-10: Normalized atomic % concentration of RE: (a) Three samples with varying Gd/Y ratio  
                       (Inset exhibits Y and Gd contribution in the tape containing both RE), and (b)  
                       Multiple samples with Gd : Y :: 0.6 : 0.6, exhibiting sample-to-sample error margin. 

 

Figure 3-11: XRD θ-2θ plot exhibiting (00l) peaks for different sections of the MOCVD GdBCO  
                       film with thickness gradient. 
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3.1.1.4 Critical Temperature Measurements 

 Analysis of physical properties, especially Ic measurements, are difficult due to the low 

thickness of the REBCO films studied here. The critical temperatures of different sections of the 

tape have been measured as shown in Figure 3-12(a). Also shown are the data from a reference 

LMO substrate processed under identical conditions to the REBCO film, but with no REBCO. All 

samples were measured for identical applied voltage signal. The measurement procedure was 

discussed in Chapter 2.  

 

Figure 3-12: (a) Critical temperature measurements on different sections of the REBCO film  
                       deposited in a thickness gradient. Inset shows the magnified view of the same plot,  
                       and (b) Relationship between Tc and ΔTc with sample position on tape. 

It can be observed from Figure 3-12(a) that all tape samples are superconducting. 

Normalized voltage is voltage value of a sample divided by maximum voltage value for that 

particular sample. Tape position 24 cm indicates the beginning stage of REBCO deposition in the 

gradient (indicating REBCO thickness of ~30 nm) and then samples are measured at the interval 

of 5 cm in tape gradient and each sample is 2.5 cm in length. The transition ends at 77.5 K in the 

first sample (24-26.5 cm) and is the broadest of all the transitions measured. With increase in 

thickness, the end of transition (Tc,end) moves to a higher temperature until the tape position 39-
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41.5 cm. Then Tc,end drops to a lower temperature in sample 44-46.5 cm which is just after the 

position on tape where the region of almost zero growth rate ends (referred to Figure 3-3). The 

reason for the anomaly is unknown at this point. Then as the REBCO growth rate increases again 

(as shown in Figure 3-3), the Tc,end also increases, as shown for sample 49-51.5 cm in Figure 3-12. 

The widths of transition in all samples, except the first sample of lowest thickness and the 

sample 44-46.5 cm, are almost identical. These observations indicate that superconductivity in 

REBCO films occurs in first few nanometers of film thickness. Figure 3-12(b) shows the Tc and ΔTc 

values of samples on tape gradient. The Tc and the width of transition (ΔTc) are measured as 

described below. 

If V is the detected output voltage, then: 

                                                                            , 

                                                                               , 

                                                                               ,  

                                                                 
        

 
    and                                                                       (3-1) 

                                                                                       (3-2) 

Tc is the temperature value corresponding to voltage Vc, and ΔTc is the temperature 

difference corresponding to voltage difference ΔVc. It is observed that an increase in Tc is 

accompanied by a decrease in ΔTc. This could be due to relaxation of the lattice. Anomaly 

observed in Tc is also reflected in ΔTc for sample 39-41.5 cm and the reason for that is unknown 

at this point. 
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3.1.1.5 Summary 

This section discussed the structural and compositional aspects of MOCVD thin REBCO 

films (<150 nm), deposited as a thickness gradient. In summary, the following conclusions can be 

made: 

1. The film was deposited with a non-uniform growth rate, beginning fast, then slowing 

before increasing again, leading to a non-linear thickness increase with respect to 

sample position. The effect of thickness non-linearity is reflected in the in-plane texture 

and RE2O3 (004) peak intensity. All the REBCO films on tape gradient are observed to be 

epitaxial in nature. 

2. The influence of in-plane lattice parameter mismatch (between REBCO and LMO) is 

indicated by peak shift in θ-2θ XRD data. It is shown that LMO lattice shrinks with very 

first deposition of REBCO. Then with the buildup of REBCO thickness, c-lattice parameter 

of REBCO expands and a & b parameters shrink. 

3. The ICP-MS analysis exhibits that during initial stages of film growth, Y is preferred over 

Gd for incorporation in the film. The percentage composition of Y in the film decreases 

with increase in REBCO thickness, while the percentage of Gd increases with increase in 

thickness. 

4. Sometimes formation of a layer between LMO and REBCO does occur at the interface, 

especially in films which have a high Zr content. This layer can tilt the REBCO layer with 

respect to the buffer surface.   

5. Critical temperature measurements exhibit that superconductivity in REBCO films occurs 

within few nanometers of film thickness (~30 nm). 
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3.1.2 MOCVD REBCO Film Growth Study: Thickness Variation 

This subsection outlines various structural and physical properties of superconducting 

films at different stages of growth for film thickness up to 1.3 μm. Four samples of REBCO film 

were processed at different tape speeds at identical growth rates, on LMO tape by MOCVD, 

which results in different REBCO thicknesses. Tape speeds used were 16.8 cm/min, 4.5 cm/min, 

2.2 cm/min, and 1.5 cm/min. All the process conditions, except tape speed, are identical in the 

four samples. The deposition rate in each sample is ~80 nm/min. 

3.1.2.1 Structural and Physical Properties Analysis 

Structural and physical properties of REBCO films of different thicknesses were studied 

by techniques such as SEM, FIB, θ-2θ x-ray diffraction, GADDS, and self-field Ic measurement by 

four probe method.  The key parameters of these samples are listed in Table 3-3.  

Table 3-3: Structural and physical properties of MOCVD REBCO films of varying thicknesses. 

Sample  Tape 
Speed 

(cm/min)  

Growth Rate 
(μm/min)  

REBCO 
Thickness 

(μm)  

Self-field Ic 
(A) (77 K) 

Jc 

(MA/cm2)  
In-plane 
Texture 

(FWHM) (o)  

1  16.8  0.087  0.13  59  3.78  3.53±0.56  

2  4.5  0.081  0.45  243  4.50  2.64±0.29  

3  2.2  0.080  0.91  497  4.55  2.47±0.62  

4  1.5  0.079  1.31  687  4.37  2.58±0.41  

The thicknesses of REBCO film in all the samples were measured by the FIB system, by 

ion milling a cross-section of the samples. θ-2θ XRD measurements (scan parameters:- 2θ range: 

5 – 65o, step size 0.02o, scan time for each step: 1 second) were performed to evaluate the out-

of-plane orientation of the REBCO film. The GADDS system was used for both Ω-scan (on-axis 

and off-axis orientations), and φ-scan (in-plane texture) measurements. The φ-scan was 

conducted for the (104) pole and at χ = 54.74o. A total of 721 frames were measured for the 

complete φ-scan covering 360o with a step size of 0.5o and measurement time of 120 seconds 

for each step. The average FWHM of all four <104> peaks, a measure of the in-plane texture, are 
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shown in Table 3-3. Self-field Ic measurements were performed by the four-probe method, and 

critical temperature measurements performed by magnetic induction, as described in Chapter 2. 

From the self-field Ic measurements, it is observed that the Jc of REBCO film increases 

from 0.13 to 0.45 µm, remains relatively constant up to 0.9 µm, and then decreases with further 

increase in thickness. The reduction in Jc from 0.9 μm to 1.3 µm thick film is within the 

experimental reproducibility of samples made by MOCVD. As shown in Figure 3-13, the increase 

in Jc is directly associated with improving in-plane texture with film thickness.  

 

Figure 3-13: Effect of REBCO film thickness on self-field Jc and in-plane texture of REBCO films  
                       deposited by a continuous MOCVD. 

As can be seen in Figure 3-13, the in-plane texture improves sharply with REBCO film 

thickness from 0.13 to 0.45 μm. As shown in Table 3-3, the average FWHM for the <104> peaks 

for 0.13 μm thick REBCO film is 3.53o. The difference between this value and the value of 4.47° 

measured in the 0.13 µm thick sample presented in Table 3-1 may be due to the different 

process settings used for REBCO film deposition. The sample in Table 3-1 was deposited as part 
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of a tapering whereas that in Table 3-3 was deposited through continuous vapor deposition, 

resulting in uniform thickness.  

All the REBCO films discussed in this section with thickness up to 1.31 μm are highly 

(00l) textured, as shown in Figure 3-14. The out-of-plane (00l) peaks of REBCO films are indexed 

in Figure 3-14.  

 

Figure 3-14: XRD θ-2θ plot exhibiting (00l) peaks of MOCVD REBCO films of different thicknesses,  
                      deposited by MOCVD. 

In the sample with thickness 1.31 μm, peaks for a-axis grain growth (REBCO (200)) and 

off-axis rare-earth oxide growth (RE2O3 (440)) are also observed (Figure 3-15). Figure 3-15 also 

exhibits the increase in BZO (002) peak intensity with increase in thickness, but saturates 

beyond a thickness of 0.9 μm. Appearance of a-axis grain growth is seen in the 0.9 μm sample 

and becomes significant in the 1.31 μm sample, indicating microstructural deterioration beyond 

0.9 μm. Formation of RE2O3 with other than out-of-plane orientation, as indicated by presence 

0 10 20 30 40 50 60 70

10

100

1000

10000 RE
2
O

3
(004)

008

007

006005

004

003

002

001

In
te

n
si

ty
 (

C
o

u
n

ts
)

2 Theta (Degree)

 0.13 m

 0.45 m

 0.91 m

 1.31 m



 

90 
 

of RE2O3 (440) peak shown in Figure 3-15, begins with the 0.9 μm sample and increases in the 

1.31 μm sample. 

 

Figure 3-15: XRD θ-2θ plot exhibiting peaks of secondary phases and a-axis REBCO orientations  
                       in MOCVD REBCO films of different thicknesses. 

GADDS measurements exhibit orientations, of the phases present in the film, in angles 

other than at χ = 90° (not observed in θ-2θ XRD measurements), and data from measurements 

on the four samples of different REBCO thickness are shown in Figure 3-16. Figure 3-16(a) 

indicates all on-axis and off-axis peaks observed during Ω-scan (scan parameters:- 2θ: 30o, θ: 2 – 

32o, scan time: 480 seconds). With an increase in thickness, intensity of REBCO peaks increases 

and more orientations are observed. The polycrystalline ring of (103) orientation in Figure 3-

16(d) clearly exhibits the random orientation growth beyond a certain thickness of REBCO film. 

Also seen is a peak of the Ba-Cu-O secondary phase in the 1.3 µm film. The presence of BZO 

(110) peak in Figure 3-16(d) indicates that BZO is aligned not just parallel to substrate surface 

normal but in other orientations as well, beyond a certain thickness of REBCO film. Off-axis BZO 
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orientations have also been observed for samples with high Zr dopant level [148], where BZO 

platelets are extended along the a-b-plane orientation.  

 

   

Figure 3-16: GADDS measurements indicating both in-plane and out-of-plane orientations in  
                       MOCVD REBCO films of different thicknesses. 

The changes in degree of orientation, RE2O3 growth structures and Jc with increase in 

film thickness are exhibited in Figure 3-17. An increase in REBCO (103) peak intensity (owing to 

polycrystalline ring in Figure 3-16(d)) may have contributed to the slight decrease in Jc value as 

shown in Figure 3-17(a).The polycrystalline nature of REBCO (103) peak indicates a loss of 
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epitaxy which can cause a reduction in Jc. Figure 3-17(b) shows that both the RE2O3 (004) peak 

areal intensity and the Jc increase with increasing film thickness up to 0.9 μm. The formation of 

RE2O3 particles and/or layers along the a-b-plane has been shown to enhance pinning in a-b-

plane orientation [141]. There is slight decrease in both RE2O3 (004) peak intensity and Jc values 

in the thickest film (Figure 3-17(b)). 

 

Figure 3-17: Effect of REBCO thickness on: (a) Self-field Jc and (103) peak areal intensity  
                       (exhibiting random orientation), and (b) Self-field Jc and RE2O3 (004) peak areal  
                       intensity, in REBCO films deposited by MOCVD. 

The surface morphology of these samples exhibits an increase in the growth of 

secondary phases such as Ba-Cu-O and a-axis grains with increase in the film thickness (Figure 3-

18). The 1.31 μm thick sample seems to have significantly higher density of Ba-Cu-O phases and 

a-axis grains, in comparison with the sample of thickness 0.13 μm. Further increase in thickness 

may require surface treatment to remove secondary phases as these rough surface features 

potentially adversely affect further growth of REBCO film and its texture.  
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Figure 3-18: SEM micrographs of MOCVD REBCO films of different thicknesses. 

3.1.2.2 Internal Strain Analysis: Williamson-Hall Plot 

The Williamson-Hall equation is used to study the effect of film thickness on size and 

strain broadening in the REBCO film. Strain in the film is associated with imperfections in the 

crystal lattice. These imperfections may be vacancies, dislocations, stacking faults, poor 

crystallinity, etc. To evaluate strain in the REBCO film, (00l) diffraction peak positions of θ-2θ 

XRD patterns are used along with their integral breadth values, as shown by 

                                                                                    (3-3) 

where, β is the integral breadth of the peak, λ is the wavelength of CuKα radiation (1.5418 Å), L 

is the REBCO film thickness, ε is the internal strain, and θ is the location of the Bragg peak.  
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The first term on the right hand side of equation 3-3 is associated with peak broadening 

due to the grain size while the second term is associated with peak broadening due to strain. 

Since the film thickness is significantly greater than the wavelength used, the first term on the 

right hand side of equation 3-3 can be ignored. The Williamson-Hall relationship in all four 

samples at different (00l) peaks is exhibited in Figure 3-19.  

 

Figure 3-19: Williamson-Hall plot for MOCVD REBCO films of different thicknesses. 

The slopes in Figure 3-19 show the internal strain in the films. Figure 3-20(a) indicates 

that with increase in REBCO thickness, internal strain in the film is initially reduced but increases 

slightly in the 1.3 µm film. This trend appears to match the change in Jc with increasing 

thickness. A similar comparison is shown between internal strain and in-plane texture of REBCO 

film (Figure 3-20(b)). The reduction in strain with increase in REBCO thickness is most likely 

associated with the relaxation of the lattice. The lattice is strained at the beginning of nucleation 

and growth, due to lattice mismatch between substrate and deposited film and then with an 

increase in thickness of REBCO, the strained REBCO lattice seems to relax.  
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Figure 3-20: Comparison of internal strain with: (a) Jc, and (b) In-plane texture, in REBCO films of  
                      different thicknesses deposited by the MOCVD. 

3.1.2.3 Critical Temperature Measurements 

The Tc of REBCO samples with thicknesses ranging from 0.13 μm to 1.43 μm was 

measured by magnetic induction, as described in Chapter 2. Five samples of REBCO film were 

processed at different tape speeds, at identical growth rates, on LMO tape by MOCVD, which 

results in different REBCO thicknesses. Tape speeds used are 16.8 cm/min, 8.4 cm/min, 4.2 

cm/min, 2.1 cm/min, and 1.5 cm/min. All process conditions, except tape speed, are identical in 

the five samples and are same as for samples discussed earlier in this subsection.  

Dependence of Tc and ΔTc with film thickness is depicted in Figure 3-21. It is observed 

that with an increase in REBCO thickness, Tc increases. Even at an REBCO thickness as high as 

1.43 μm, Tc seems to increase. The results in Figure 3-21 show that an increase in Tc is 

accompanied by a decrease in the ΔTc. This could be due to relaxation of the lattice. Beyond 0.5 

μm, the increase is probably associated with increasing Gd/Y ratio in the film, since GdBCO has a 

higher Tc than YBCO.  
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Figure 3-21: Critical temperature and width of transition for MOCVD REBCO films of different  
                       thicknesses. 

3.1.2.4 ICP-MS Compositional Analysis 

Compositional study of REBCO films is performed by ICP-MS system. The cation 

percentage of each element is shown in Table 3-4. 

Table 3-4: Compositional analysis by ICP-MS on MOCVD REBCO films of different thicknesses. 

Sample REBCO 
Thickness 

(μm) 

Jc 
(MA/cm2) 

Zr  
(%) 

Gd  
(%) 

Y  
(%) 

Ba  
(%) 

Cu  
(%) 

1 0.13 3.78 0.9±0 8.9±0.42 10±0.38 30.3±0.85 49.9±1.67 

2 0.45 4.50 0.9±0 8.7±0.44 9.1±0.40 30.7±1.11 50.6±1.94 

3 0.91 4.55 0.9±0 8.8±0.43 9±0.40 30.8±0.69 50.5±1.53 

4 1.31 4.37 0.9±0 8.8±0.37 9±0.34 30.6±0.82 50.7±1.55 

 

Y percentage in the film changes with film thickness. The sample with thickness 0.13 μm 

has a significantly higher Y percentage composition than for sample of 0.91 μm thickness. Gd 

percentage remains nearly constant with increasing thickness. Contents of Ba and Cu remain 

fairly constant with film thickness. 
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3.1.2.5 Summary 

 This subsection discussed the structural and physical properties of REBCO films 

deposited by MOCVD and the following conclusions can be made: 

1. The Jc of the REBCO films increases from 0.13 μm to 0.9 μm and then decreases slightly. 

The change in Jc with thickness is correlated with change in in-plane texture. 

2. Surface morphology, θ-2θ XRD measurements, and GADDS measurements exhibit that 

beyond a REBCO thickness of ~0.9 μm, there is increase in secondary phases and growth 

of REBCO with random orientation, and reduction in RE2O3 (004) peak intensity. 

3. A decrease in internal strain in the REBCO film with increasing thickness is attributed to 

lattice relaxation. 

4. ICP-MS analysis exhibits decrease in Y percentage concentration and a nearly constant 

Gd percentage concentration with increase in REBCO thickness.  

5. The critical temperature of REBCO films increases with increase in thickness. The width 

of transition increases with decrease in film thickness. 

6. This study suggests that beyond a certain thickness of REBCO film (~0.9 μm), the film 

surface needs to be treated to remove large features before further deposition  of 

REBCO layers. 

3.1.3 Thick REBCO Films: Multi-Pass (Multi Layer) Approach 

 Several practical applications of HTS thin film tapes require large Ic, especially when 

used in the presence of high magnetic fields. In the presence of magnetic fields, such as in 

generators and motors, the maximum operating current of HTS tapes is determined by 

minimum value of the Ic at the magnetic fields that are oriented at various angles to the tape 

surface. This necessitates the need for REBCO films thicker than the typical 1 μm. A multi-pass 

(multi-layer) technique is utilized in this study to grow films with thicknesses of up to ~ 5 μm. 
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This multi-pass technique is applied by two different approaches. In the first approach, the 

layers are deposited one after another, while, in the second approach, each layer is polished by 

CMP before deposition of the next layer.  

3.1.3.1 Structural and Physical Properties Analysis 

Structural and physical properties analysis was studied by techniques such as SEM, θ-2θ 

x-ray diffraction, and self-field Ic measurement by four probe method. Both polished and 

unpolished samples were analyzed. 

In the polished sample approach, after each layer deposition, a sample ~ 15 cm long was 

cut from the long tape deposited with REBCO film, and various structural & physical properties 

measurements were performed. The remaining tape was then polished and used for subsequent 

REBCO deposition. Table 3-5 gives the Ic values of polished and unpolished samples for up to 

four passes. With up to three passes, there is not any significant difference in self-field Ic at 77 K. 

But after three passes, both self-field Ic and structural properties of polished samples 

significantly differ from those of unpolished samples. After the fifth pass, samples are found 

delaminated during the transport current measurement. Delamination occurs due to the brittle 

nature of the thick (~5 μm) ceramic film. Also, higher Ic in thick films could lead to delamination 

and burning of sample during transport current measurements. 

Table 3-5: Self-field Ic values (77 K) of both polished and unpolished samples after up to five  
                   passes of REBCO films deposited by MOCVD. 

Number of Passes Polished Sample Ic (A) Unpolished Sample Ic (A) 

1 Pass 447 447 

2 Pass 822 791 

3 Pass 1011 1019 

4 Pass 1242 1074 

5 Pass - - 

 The texture of the REBCO films in both polished and unpolished samples was analyzed 

by θ-2θ XRD. θ-2θ XRD data (scan parameters:- 2θ range: 5 – 65o, step size 0.02o, scan time for 
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each step: 1 second) clearly shows differences in texture of the deposited films (Figure 3-22). 

Even though all the films show strong (00l) texture in both polished and unpolished samples, 

several secondary phases and random orientations were observed in unpolished samples. 

 

Figure 3-22: θ-2θ XRD plots from multi-pass REBCO films deposited by MOCVD: (a) Polished  
                       samples, and (b) Unpolished samples. 

 Polished samples do not show any peak for a-axis grain growth (REBCO (200)), while 

unpolished samples exhibit a consistent increase in the intensity of a-axis grain growth peak 

with more passes, especially after the fourth and fifth passes. Also, the BZO(002)peak intensity 

consistently increases in polished samples, while the BZO (002) peak intensity increases up to 

three passes for unpolished samples and then decreases in fourth and fifth passes. BZO growth 

in the unpolished samples could be hindered in the fourth and fifth passes by increased growth 

of a-axis and randomly-oriented grains. Intensity RE2O3 (004) does not significantly change with 

number of passes in polished samples but, for unpolished samples decreases after the third pass 

(Figure 3-23). Figure 3-23(b) also shows the appearance of random orientation growth REBCO 

(103) in the fourth and fifth passes for unpolished samples. 
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Figure 3-23: θ-2θ XRD plots for multi-pass REBCO films deposited by MOCVD: (a) Polished  
                       samples, and (b) Unpolished samples. 

 For up to three passes, the structure of polished and unpolished samples is not 

significantly different except for increased growth of a-axis grains in the latter. In the fourth and 

fifth passes, unpolished samples exhibit significantly higher peak intensities of a-axis and 

random orientations, than do polished samples. Polishing of the tape improves the 

microstructure of subsequently deposited REBCO films, when deposited as a multi layered 

structure, especially in films thicker than 3 µm. 

 Figure 3-24 gives SEM micrographs of polished and unpolished samples after each pass. 

Following each layer’s deposition, the substrate surface contains several μm-scale features, 

mainly CuOx, BaCuOx and a-axis grains. The sample surface becomes coarser with increase in 

number of passes (Figure 3-24). The surfaces of the unpolished samples are significantly coarser 

than those polished ones. Polishing removes almost all large secondary features and leaves a 

smoother surface while creating track mark and pits due to plucking (Figure 3-25). These pits 

probably contribute to formation of secondary phases in the next layer’s deposition, as shown in 

Figure 3-24. In the case of unpolished samples, it appears that a-axis grains from the preceding 

layer contribute significantly to the formation of a-axis grains and other secondary phases in the  
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Figure 3-24: SEM micrographs after each of the five passes in polished and unpolished REBCO  
                       tapes deposited by MOCVD. 

subsequent layer, as evidenced by large agglomerations and volumes of secondary phases in 

fourth and fifth passes. Comparing surface morphology of polished and unpolished samples, it 

appears that a-axis grains in the preceding layer, rather than holes generated by polishing the 
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tape, contribute significantly more to formation of a-axis grains and secondary phases in the 

subsequent layer’s deposition. 

 

Figure 3-25: SEM micrographs of samples after polishing the REBCO film surface by chemical  
                       mechanical polishing method (AP – after polishing). 

3.1.3.2 Three-Pass Sample: Cross-sectional Microstructure Analysis 

Figure 3-26 exhibits cross-sectional FIB-SEM micrographs of the three-pass polished and 

unpolished samples. The cross-sections of both polished and unpolished samples exhibit cavities 

and voids (few hundred nanometers in size) and statistically these features are more prominent 

in the case of unpolished samples (Figure 3-26(a-b)). In Figure 3-26(b), cavities occur 

approximately at the interfaces and within the second layer. The most likely reason for 

formation of these cavities is the multiple, large-size features present at the surface of the 

preceding layer. These features then contribute to non-uniform deposition during subsequent 
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layer growth, thereby generating cavities. A probable reason for the occurrence of these 

features in polished samples is creation of holes in the surface and formation of some track lines 

by mechanical polishing. Figure 3-26(c) shows both in-plane and out-of-plane secondary phases 

in the third-pass layer of the polished sample, while, mostly out-of-plane features are seen in 

the unpolished sample in the third-pass layer (Figure 3-26(d)). Therefore, it appears that with an 

increase in thickness, the formation of secondary phases may be influenced by the nature of 

REBCO film surface morphology before the subsequent layer’s deposition. 

The thickness of both polished and unpolished samples is exactly identical, a value of 

2.86 μm. Depending upon the density and size of the surface features, if large size cavities are 

formed at the interface, then for the same deposition rate, the thickness of the film should be 

higher in the case of the unpolished sample. Therefore, the identical thickness in polished and 

unpolished samples is surprising.    
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Figure 3-26: Cross-sectional SEM micrographs of three-pass samples: (a) Polished tape sample  
                       with no cavities, (b) Unpolished tape sample showing cavities, (c) Third layer of the  
                       polished tape, and (d) Third layer of the unpolished tape. 

3.1.3.3 Three-Pass Polished Sample: Microstructure Analysis 

Transmission electron micrographs of a polished, three-pass sample can be seen in 

Figure 3-27. Figure 3-27(a) exhibits the low magnification, cross-sectional view of the sample. 

Multiple kinds of features are observed throughout the three-layered structure. A significant 

growth of BZO nanocolumns (parallel to surface normal) is observed through all three layers. 

Perfectly grown BZO nanocolumns in the third pass region are shown in Figure 3-27(b). Also 

observed is the growth of secondary phases, mainly oxide phases, such as RE211 (RE2BaCuO5), 

CuOx, and RECuOx, as seen in Figure 3-27(c). Growth of BZO nanocolumns in the region 

surrounding the oxide phases seems poor. Also in Figure 3-27(d) are a-b plane aligned defects at 

the interface between two layers. Despite the formation of defects in the interfacial layer, there 

is formation of BZO nanocolumns above the interface. This suggests that the growth of BZO 

nanocolumns may be independent of the nature of the interface. 
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Figure 3-27: TEM micrographs of three-pass polished sample: (a) Low magnification cross- 
                       sectional view, (b) BZO nanocolumns in the third pass layer, (c) Formation of oxide  
                       secondary phases, and (d) Formation of defects at the interfacial layer. 

 The in-plane texture of the three-pass-polished sample was determined by GADDS 

determining of the (104) pole with χ = 54.74o. A total of 721 frames are measured for the 

complete φ-scan covering 360o with step size of 0.5o and measurement time of 120 seconds, for 

each step. The pole figures for one-pass, two-pass and three-pass, polished samples can be 

observed in Figure 3-28.  
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Figure 3-28: (104) Pole figure from REBCO polished MOCVD samples: (a) 1 pass, (b) 2 pass, and  
                       (c) 3 pass sample. 

The average FWHM of all four <104> peaks are plotted in Figure 3-29. The in-plane 

texture improves slightly from first-pass to second-pass and then degrades slightly with further 

increase in thickness. 

 

Figure 3-29: In-plane texture, exhibiting <104> peak FWHM, for up to three pass polished  
                       samples. 

3.1.3.4 Three-Pass Polished Sample: Transport Current Measurements 

Transport Ic measurements on a three-pass polished sample were performed in the high 

field Ic measurement system described in the Chapter 2. Measurements were performed at 

different applied magnetic fields (0 T to 9 T) at a particular field orientation with respect to the 
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sample and at different angles between the field and the sample at a particular applied field 

value and at temperatures of 77 K to 30 K. The applied field was parallel to sample tape surface 

normal (H||c). The pinning force then can be calculated by  

                                                                                        (3-4) 

where, Fp is the pinning force, Jc is critical current density, and B is the applied magnetic field. 

The thickness of the sample is 2.86 μm. Both, the Ic results and calculated pinning force 

data are plotted in Figure 3-30 with respect to applied magnetic field. An increase in applied 

field causes the maximal drop in Ic at 77 K and the minimal at 30 K. Similarly, the magnetic field 

value at which the pinning force peaks increases with decrease in temperature. At a 

temperature below 50 K, the pinning force almost saturates after a certain field value, and the 

Fp value does not reduce further with increase in applied magnetic field.  

 

Figure 3-30: Ic and pinning force dependence of three-pass polished sample on applied magnetic  
                      field in H||c orientation. 
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 Figure 3-31(a) displays the Ic dependence on temperature, and Figure 3-31(b) displays 

the pinning force dependence on temperature for applied field values ranging from 1 T to 9 T 

(H||c). 

 

Figure 3-31: (a) Ic dependence on temperature, and (b) Pinning force dependence on  
                       temperature of polished three-pass REBCO film sample at H||c. 

 As shown in Figure 3-31(a), as the applied magnetic field is increased from 1 T to 8 T, the 

drop in Ic is maximum at the highest temperature used, 77 K. At 30 K, Ic drops by 75 %, while at 

77 K Ic drops by 98 %. As shown in Figure 3-31(b), at 77 K the maximum pinning force is at 2 T 

applied field while at 30 K the maximum pinning force is at 6 T applied field. The minimum 

pinning force for 77 K is at 8 T while at 30 K it is at 1 T. Over the applied field range of 1 T to 8 T, 

at 77 K, the pinning force reduces by 88 % from a maximum of 15.25 GN/m3 (2 T) to 1.77 GN/m3 

(8 T), while, at 30 K, the pinning force increases by 97 % from the minimum of 126.7 GN/m3 (1 T) 

to 249.57 GN/m3 (6 T). This indicates the effect of nanodefects acting as effective pinning 

centers at low temperature and high magnetic fields. 

 In-field angular dependence of Ic of three-pass polished sample at 3 T applied magnetic 

field, and at varying temperatures is exhibited in Figure 3-32. A peak in Ic is observed at H||c at 
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all temperatures and at the 65 K, the Ic at H||c is the maximum over the entire angular range, 

indicative of strong pinning by BZO nanocolumns. 

 

Figure 3-32: In-field angular dependence of Ic of 3-pass, polished MOCVD tape at 3 T applied  
                       field at different temperatures. 

 The minimum Ic that the material can carry at any applied field orientation at a specific 

temperature and applied field value is a limiting factor in many applications. The dependence of 

the minimum Ic with temperature is exhibited in Figure 3-33(a). An increase in temperature 

above 50 K results in the minimum current value (Ic,min) at 3 T applied magnetic field decreasing 

more slowly than the decrease of Ic at H||c orientation. The ratio of these two Ic (Ic, H||c and 

Ic,min) values is exhibited in Figure 3-33(b). The ratio increases rapidly from 30 K to 50 K and then 

nearly saturates. This indicates that pinning at H||c is prominent, especially at higher 

temperatures.  

Figure 3-34 shows the ratio of Ic at H||a-b to self-field Ic at 3 T and different 

temperatures. The maximum Ic observed in angular dependence measurements is at H||a-b 

except at 65 K, and is associated with pinning along a-b plane. In addition to intrinsic pinning 
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defects (weakly superconducting layers between CuO2 planes), nanodefects contributing to in-

plane pinning are mainly associated with RE2O3 (both particles and thinly layered structures 

along the a-b plane) and stacking faults. It is observed that with a decrease in temperature, Ic, at 

H||a-b increases rapidly, which indicates that these nanodefects are more effective pinning 

centers at lower temperatures. 

 

Figure 3-33: Dependence of Ic of three-pass, polished tape on temperature at 3 T: (a) Ic,min and Ic  
                       at H||c, and (b) Ratio of Ic (H||c) and Ic,min. 

 

Figure 3-34: Dependence of Ic of 3-pass polished tape on temperature at 3 T exhibiting ratio of Ic  
                      (H||ab) and Ic,self-field. 
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3.1.3.5: Three-Pass Polished Sample: Engineering Current Density  

The engineering critical current density (Je) is an important metric for superconducting 

coil applications since it determines the magnetic field that can be generated in a given coil 

volume. The Je of a three-pass polished sample, along with Ic values, is plotted in Figure 3-35. 

The total thickness of tape assembly (including Cu stabilizer) of 0.1 mm is used for the Je 

calculation.  

Angular dependence of Ic and Je at 50 K and 65 K for applied fields of 3 T and 5 T are 

shown in Figure 3-36. As can be seen in Figure 3-36, a strong peak at H||c is observed at 50 and 

65 K, at both 3 and 5 T, indicating prominent pinning by BZO nanocolumns at these conditions. 

At 65 K and 3 T, the H||c peak is even stronger than the H||ab peak. The minimum values of Ic 

and Je at any particular orientation are given in Table 3-6. 

 

Figure 3-35: Dependence of Ic and Je of 3-pass, polished tape on applied magnetic field at H||c. 
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Figure 3-36: Angular dependence of Ic and Je of 3-pass, polished REBCO film at 65 K and 50 K, in  
                       applied magnetic fields of 3 T and 5 T.  

Table 3-6: Minimum values of Ic and Je at 65 K and 50 K in applied magnetic field values of 3 T  
                   and 5 T. 

 Critical Current (Ic,min) 
(A/12 cm) 

Engineering Current Density (Je,min) 
(kA/cm2) 

65 K, 3 T 331.7 27.6 

65 K, 5 T 195.2 16.3 

50 K, 3 T 771.2 64.3 

50 K, 5 T 531.2 44.3 

 As can be seen from Table 3-6, Je,min of 28 kA/cm2 (for MOCVD deposited REBCO film of 

2.86 μm thickness) at 65 K, 3 T is suitable for several HTS coil-based applications.  

3.1.3.6 Summary 

This section discussed the structural and physical properties of thick REBCO films 

deposited as a multi layered structure by MOCVD. The following conclusions can be made: 

1. Two approaches are adopted for multi layered structure growth of up to 5 HTS layers 

with total thickness of approximately 5 μm. In the first approach, after each layer’s 
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deposition, the tape surface is polished, while, in second approach, the tape is directly 

used for subsequent REBCO deposition. 

2. For up to three passes, both polished and unpolished samples exhibit almost identical 

self-field Ic values at 77 K, while the polished REBCO sample exhibits slightly improved 

texture. However, after third pass, both texture and self-field Ic performance are 

significantly improved in the polished sample as compared to the unpolished sample. 

3. Polishing of the sample significantly reduces formation of secondary phases, such as a-

axis grain growth. Even though holes and surface tracks generated by polishing 

mechanism do contribute to formation of some secondary phases, this occurs at a 

significantly lesser extent than that in the unpolished samples. 

4. The peak pinning force occurs at a higher applied field (H||c) with decrease in 

temperature.  

5.  Pinning at H||c is prominent especially at higher temperatures. 

6. A Je,min of 28 kA/cm2 at 65 K and 3 T has been achieved for 2.86 μm thick multilayered 

REBCO film deposited by MOCVD. This Je value is within the range of wire requirements 

for several HTS coil-based applications. 

3.2 Pre-fabrication of Nanodefects for REBCO Superconducting Films 

 This section discusses the growth of pre-fabricated nanodefects as pinning centers for 

REBCO films, by two methods other than the conventional in-situ growth of nanodefects. These 

methods are ‘electron beam assisted deposition’ and ‘electrodeposition’. 

3.2.1 Electron Beam Assisted Nanorod Deposition  

3.2.1.1 Nanorods Growth 

Nanorods are deposited in a specific pattern with different lengths, diameters, spacings, 

and orientations to the sample surface, as shown in Figure 3-37. Figure 3-37(a-b) shows SEM 
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micrographs of a nanorod pattern covering an area of 12 μm × 10 μm with unit cell size (spacing 

between nanorods) of 600 nm and nanorods grown parallel to the surface normal, while the 

micrograph in Figure 3-37(c) shows a pattern with nanorods grown at 30o relative to the surface 

normal. 

 

Figure 3-37: (a) 12 μm × 10 μm pattern of nanorods parallel to substrate normal (top view), (b)  
                       Nanorods parallel to substrate normal (60o angular view), and (c) Nanorods at an  
                       angle (30o) to the substrate normal (60o angular view). 

3.2.1.2 Effect of BaZrO3 Coating on Pt Nanorods 

In an attempt to provide a nanorod surface more compatible with REBCO and to avoid 

any direct interaction between Pt and REBCO during MOCVD, nanorods are coated with a thin 

film of BZO by magnetron sputtering at 670 oC. SEM micrographs of BZO coated nanorods are 

shown in Figure 3-38. An initial concern was that the nanorods may not survive the sputtering 

process due to elevated temperatures used, which can cause deformation and detachment of Pt 

nanorods from the buffer surface. It is evident from Figure 3-38 that creep-induced deformation 

has an effect on the shape of the nanorods. However, nanorods seem to survive the coating 

process and remain in their original locations. Due to bending of nanorods during sputtering, 

which is more prominent for nanorods of very high aspect ratio, BZO coating is observed only on 

the top curved portion of the nanorods, which is in line-of-sight relative to the sputter 

deposition direction. The extent and direction of bending is non-uniform among the nanorods, 

which could potentially be exploited for more isotropic pinning due to the curved shape of the 
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nanorods. It is also concluded that the sputtering process is not optimal for uniform and 

complete coating of nanorods due to the highly directional nature of the process. 

  

Figure 3-38: SEM micrographs of Pt nanorods after BZO deposition by sputtering: (a) Top view,  
                       and (b) Angular view (52o). Arrows point to locations where BZO is deposited on the  
                       curved portion of nanorods. 

3.2.1.3 (Gd,Y)BCO Deposition by MOCVD Process 

Samples with pre-fabricated Pt nanorods, both with and without BZO coating, are 

deposited with (Gd,Y)BCO film by MOCVD without addition of any dopants such as Zr. The 

resulting texture of the (Gd,Y)BCO film grown on nanorods (without BZO coating) is shown in 

Figure 3-39. The thickness of the (Gd,Y)BCO film was chosen to be slightly more than the length 

of Pt nanorods so the nanorods are completely embedded in the (Gd,Y)BCO matrix. The 

formation of a-axis oriented platelets of (Gd,Y)BCO, which form a network interspersed in the c-

axis oriented (Gd,Y)BCO matrix, is evident in Figure 3-39. The pronounced growth of a-axis 

oriented grains is likely a combination of incompatibility of Pt with the (Gd,Y)BCO matrix, as well 

as the relatively large size of nanorods in relation to the unit cell size of the nanorod pattern.  
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Figure 3-39: Microstructure of (Gd,Y)BCO deposited on Pt nanorods pattern (600 nm unit cell) by  
                      MOCVD: (a) Top view, and (b) Magnified angular view (52o). 

In order to further study the way in which the nanorod parameters affect the epitaxy of 

(Gd,Y)BCO film, including formation of a-axis grains, samples with different nanorod length and 

similar unit cell size are compared for (Gd,Y)BCO film growth. It is observed that when nanorods 

are longer, it is more difficult to grow c-axis oriented (Gd,Y)BCO between the nanorods, as more 

a-axis grains are formed in REBCO film. The same phenomenon is observed by varying the Pt 

nanorods unit cell size, while keeping the nanorod length unchanged, as shown in Figure 3-40. 

More a-axis grains are present in the sample with nanorods of 400 nm unit cell than in the 

sample with nanorods of 600 nm unit cell. It is worth noting that even though the unit cells of 

Figure 3-39 and Figure 3-40(b) are identical (600 nm), the a-axis grain growth is quite prominent 

in the former. The reason for this is probably that the length of the nanorods is shorter in the 

case of Figure 3-40(b). And, also the thickness of (Gd,Y)BCO in Figure 3-40(b) is higher beyond 

the nanorods length than it is for sample shown in Figure 3-39. Furthermore, the higher growth 

rate of (Gd,Y)BCO in the case of Figure 3-39 contributes to the formation of more a-axis grains. 

The effect of nanorod orientation on the a-axis grain growth is also examined in this study. 
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Samples with nanorods inclined to the surface normal show poor texture (more a-axis grain 

growth) than samples with nanorods grown parallel to the surface normal. 

  

Figure 3-40: Pt nanorods pattern area exhibiting the effect of unit cell size of nanorod pattern on  
                      a-axis grain growth during (Gd,Y)BCO deposition: (a) Unit cell size 400 nm, and (b)  
                      Unit cell size 600 nm. 

Despite the formation of a-axis grains, an encouraging finding is that a c-axis oriented 

matrix still forms in the form of a smooth film even in the presence of a relatively high volume 

fraction of nanorods. This demonstrates the potential for growth of MOCVD-REBCO film with 

prefabricated nanorods as pinning centers. With optimization of type and size of nanorods, as 

well as the MOCVD conditions, a-axis free growth of REBCO with high density of pre-fabricated 

nanorods could potentially be achieved.  

3.2.1.4 Transport Critical Current Measurements 

Transport Ic measurements on Pt and the corresponding R were performed by the four 

probe method, as described in the Chapter 2. An SEM micrograph of a typical microbridge 

created around the Pt nanorods patterned area for these measurements is shown in Figure 3-

41. The in-field angular dependence of Ic is measured under an externally applied magnetic field 

of 0.23 T and 1.0 T, at 77 K.  
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Figure 3-41: SEM micrograph of microbridge across the Pt nanorods patterned area (52o angular   
                       view) shown by two parallel lines through which current passes. Markers used for  
                       locating the nanorod deposited area can also be seen in the figure. 

The in-field (in the presence of applied magnetic field) transport current measurements 

of a Pt nanorod sample (Figure 3-39) with a unit cell size of 600 nm, nanorod length of 280-360 

nm, and diameter of 75-80 nm are compared with R (Figure 3-42). The Jc of the samples with 

and without nanorods, at 77 K, in the presence of zero applied magnetic field are measured to 

be 1.63 MA/cm2 and 4.93 MA/cm2 respectively. Jc values are lower in the case of the Pt nanorod 

sample, and this is believed to be due to the presence of a high volume fraction of a-axis 

oriented grains in the REBCO film. However, Jc of the nanorod sample is found not to decrease 

rapidly when the magnetic field is moved away from B||a-b orientation, which is in contrast to 

the sample without nanorods. In order to obtain a better perspective on the retention of Ic with 

respect to magnetic field orientation, the values of Jc normalized to the respective zero-field Jc 

value of the sample are shown in Figure 3-42(b). It can be observed from the Figure 3-42(b) that 

while both samples exhibit a similar level of retention of Ic at B||a-b, the nanorod sample shows 

a much better Ic retention over a wide range of magnetic field orientations at both 0.23 T and 
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1.0 T. This finding indicates that nanorods could after all be contributing to better pinning over 

wide angular orientations of the sample with respect to applied magnetic field. 

 

Figure 3-42: Jc of Pt and corresponding R measured at 77 K at applied magnetic fields of 0.23 T  
                       and 1 T: (a) Absolute Jc values, and (b) In-field Jc values normalized to the respective  
                       zero field Jc values (R – reference sample, Pt – Pt nanorod sample). 

The field dependence of Jc of samples with and without nanorods for B||a-b and B||c 

orientations are shown in Figure 3-43. While Jc of the Pt nanorod sample is lower than that of R, 

its rate of decrease of Jc with applied field is lower. 

 

Figure 3-43: Field dependence of Jc at different applied magnetic fields for Pt (unit cell 600 nm)  
                      and corresponding R: (a) B||c orientation, and (b) B||a-b orientation (R –  
                      reference sample, Pt – Pt nanorod sample). 
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The rate of decrease of Jc with applied magnetic field can also be represented by α, 

given by  

                                                                                                                                            (3-5) 

where, Jc is the critical current density, K is constant, and B is the applied magnetic field. 

The α values are calculated to be 0.85 and 0.66 for R and for Pt respectively, for B||c 

(Figure 3-44). This indicates a faster decrease in Jc in R than in Pt with increase in the applied 

magnetic field value. The same phenomenon is observed for B||a-b, with α values of 0.62 and 

0.36 for R and for Pt, respectively. 

 

Figure 3-44: Rate of decrease of Jc with applied magnetic field in B||c orientation: (a) Reference  
                       sample, and (b) Pt nanorod sample. (Blue color indicates the complete curve, while  
                       maroon curve indicates the linear portion of curve, used to obtain slope). 

Though the lattice spacing of Pt nanorods used in this study is quite large for those to 

act as effective pinning centers at an applied magnetic field as high as 1.2 T, any pinning effect 

at high fields is probably contributed by two primary factors: nanorods, if very long, tend to start 

bending from the top (while still fixed at their base) due to the very high processing 

temperature used for (Gd,Y)BCO film deposition. This causes reduction in the lattice spacing and 

thus the distribution of nanorods becomes more isotropic. The second factor, which is probably 

more significant, is pinning associated with strain induced at the interface between the Pt 

nanorods and the superconductor due to the lattice mismatch of Pt with REBCO. 
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3.2.1.5 Top Down Milling of (Gd,Y)BCO Deposited Pt Nanorod Sample 

One potential concern about the pre-fabricated nanorod approach is that even if the 

nanorods survive the BZO coating process, they might get detached, or be otherwise 

compromised during MOCVD. While a-axis oriented grains were seen on the top surface of the 

Pt nanorod sample following (Gd,Y)BCO deposition (Figure 3-39), they are not direct evidence of 

nanorod survival, since they may have formed even if the nanorods disintegrate in shape to 

form a partially-covered film on the buffer surface. To understand this, a post-deposition 

examination of the sample was performed by continuous top-down milling of a (Gd,Y)BCO-

deposited nanorod-containing sample (unit cell size 500 nm, inclination angle to surface 60o) 

using a Ga ion beam in the FIB. The findings of this milling process are shown in Figure 3-45. It is 

evident that nanorods remain at their expected locations and are not detached or otherwise 

destroyed during MOCVD. With further milling, both nanorods and (Gd,Y)BCO matrix are 

eventually milled away, and the buffer layer underneath is exposed as shown in Figure 3-45(b). 

Even after complete milling of nanorods, a-axis grains are still seen. This is likely due to different 

rate of milling along different orientations by the Ga ion beam and because the a-axis grain seen 

in the figure appears to be rooted on the buffer surface which is at the end of the milling 

process. These findings are direct evidence that Pt nanorods survive MOCVD, and remain in 

their expected locations. This is encouraging evidence in support of the pre-fabricated nanorod 

approach, and an indication that more stable, e.g., oxide nanorods with smaller diameter are 

likely to survive MOCVD and potentially provide strong pinning. 
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Figure 3-45: Continuous milling by Ga ion beam for a section of Pt nanorod deposited region: (a)  
                      Pt nanorods are clearly visible, and (b) With further milling, nanorods are milled    
                      away and a-axis grains of (Gd,Y)BCO are still seen. 

A cross-sectional TEM micrograph of the interface between the LMO buffer and 

(Gd,Y)BCO film is shown in Figure 3-46, which reveals a section of an embedded Pt nanorod 

extending from the buffer into the (Gd,Y)BCO film. It is also seen from the figure that c-axis 

oriented (Gd,Y)BCO grows in the immediate vicinity of the nanorod, which does not shed light 

into the mechanism about the role of Pt nanorods in formation of a-axis grains in samples with 

nanorods. 

 

Figure 3-46: Cross-sectional microstructure of a nanorod sample examined by TEM showing Pt  
                       nanorod (indicated by arrow) at an angle of 30o from surface normal, and at the  
                       interface of LMO and (Gd,Y)BCO. 
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It should, however, be noted that MOCVD is performed at nominal processing 

conditions optimal to (Gd,Y)BCO films without nanorods, i.e., no attempt was made to study the 

effect of MOCVD processing conditions on the resulting microstructure and performance of 

nanorod-containing samples. Varying the processing conditions could further improve the 

performance. 

3.2.1.6 Summary 

This section discussed pre-fabrication of nanorods as pinning centers for REBCO 

superconducting films. The following conclusions can be made: 

1. The approach of pre-fabrication of nanorods as nanoscale defects for HTS tapes has 

been demonstrated by growing Pt nanorods on a LMO buffer surface by e-beam 

assisted deposition. 

2. REBCO film deposited on Pt nanorods by MOCVD is superconducting. Although Jc of the 

nanorods sample is lower than that of its corresponding reference sample without 

nanorods, the slower rate of decrease of Jc with increase in magnetic field in both B||c 

and B||a-b field orientations indicates favorable modification of the in-field dependence 

of Jc. 

3. Top-down milling of the Pt nanorod deposited sample reveals that nanorods survive the 

high temperature REBCO film growth by MOCVD. 

3.2.2 Electrodeposition Method for Nanorod Deposition 

 The pre-fabricated nanorod approach discussed above has been extended to a larger 

area by growth of nanodefects of higher density and smaller size by high-energy ion 

bombardment of polycarbonate films for template formation followed by metal 

electrodeposition and polymer removal. This process is described below. 
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3.2.2.1 Nanorods Growth 

Electrodeposition of Ni nanorods is conducted by three-electrode 

potentiostat/galvanostat. Figure 3-47 shows a typical current-time curve for Ni 

electrodeposition at -0.7 V, with respect to a Ag/Ag+ reference electrode. As shown in the 

figure, after double layer charging, there is an incubation period before growth of nanorods 

begins. With a lower negative value of the potential used for electrodeposition, the time 

required for incubation increases [149]. If continued for a very long time, the deposited material 

fills the tracks completely, and further deposition results in the formation of ‘mushrooms’ on 

top of the nanorods and on the polymer film surface. This is evidenced by an increase in the 

current density value, owing to increase in the deposition area. The deposition time is controlled 

to limit it to a value above which ‘mushrooms’ start forming. The nanorod height can be 

controlled by the deposition time. 

 

Figure 3-47: Typical current-time curve during electrochemical deposition of Ni on Ni buffered  
                       substrate at potential of -0.7 V with respect to Ag/Ag+ electrode. 
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After electrodeposition, the polymer film is removed by dissolving in chloroform, 

resulting in free-standing nanorods on the buffer surface. Free standing Ni nanorods with a 

density of 5 × 109/cm2 viewed at a substrate normal orientation, and at an inclination angle of 

52o to the substrate surface, are shown in Figure 3-48. Nanorods with ‘mushrooms’ caused by 

overgrowth are shown in Figure 3-48(c). 

 

Figure 3-48: SEM micrographs of Ni nanorods on the buffer surface after removal of the polymer  
                       film: (a) Top down view, (b) 52o inclined view, and (c) Nanorods with mushrooms  
                       (circled), generated by overgrowth during electrodeposition. 

Ni nanorods of length up to 2 μm and diameter as low as 20 nm have been grown by 

electrodeposition. In order to match the density of magnetic flux lines in the mixed state of the 

superconductor at high magnetic fields, nanorods with density as high as 5 × 1010/cm2 have 

been grown successfully during this research work. 
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3.2.2.2 Thermal Stability of Nanorods 

Electrodeposited nanorods will experience temperatures of 700-980 oC during 

deposition of intermediate layers and the superconducting layer. Therefore, it is important to 

ensure that the nanorods survive the high temperature environment without significant change 

in their shape and orientation. One concern was that the high temperature and high surface 

tension due to the high aspect ratio of the nanorods could be a driving force for transformation 

of nanorods into spherical particles. For this reason, an experiment was carried out where a 

sample with nanorods is exposed to heat treatment at the susceptor temperature of 920 oC in a 

process environment used for HTS film deposition, but without depositing any HTS film on the 

sample surface. SEM micrographs of nanorods before and after heat treatment are shown in 

Figure 3-49. The shape of the nanorods did not change significantly. Nanorods are still standing 

in their positions on sample surface, and did not disintegrate or degrade into spherical particles. 

 

Figure 3-49: SEM micrographs of Ni nanorods: (a) As grown nanorods, and (b) Nanorods after  
                       exposure to a susceptor temperature of 920 oC. 

3.2.2.3 MgO Intermediate Layer Deposition 

In order to provide a suitable interface between nanorods and REBCO film, as well as to 

create a barrier between the Ni film and the REBCO film, an epitaxial MgO layer was deposited 
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by magnetron sputtering. The MgO layer deposited is ~ 80-100 nm thick. An MgO coating covers 

not only the Ni film but also the Ni nanorods. A significant increment in size of the nanorods is 

observed (Figure 3-50), which is likely due to preferential deposition of MgO on nanorods as a 

result of the line-of-sight directional deposition associated with sputtering. 

 

Figure 3-50: SEM micrographs of Ni nanorods after MgO deposition: (a) Top down view, and (b)  
                       52o inclined view. 

3.2.2.4 LaMnO3 Intermediate Layer Deposition 

LMO is the intermediate layer commonly used for lattice match with the REBCO film, 

and is epitaxially deposited on a previously-deposited MgO film. The thickness of LMO layer 

deposited is approximately 40-50 nm. It is observed that the line-of-sight issue became more 

prominent, likely due to the larger size of nanorods compared to pristine nanorods before MgO 

deposition. As a result, the nanorods coarsen. Since nanorods are enlarged at their tops during 

deposition, coalescence of nanorods occurs easily if their density is high, which likely affects 

further deposition of the REBCO film. Such coalescence constraint the maximum density of 

nanorods that can be used during processes involving line-of-sight directional deposition, such 

as sputtering. Figure 3-51 exhibits microstructures of nanorods after LMO deposition with a 

starting density of nanorods of 5 × 109/cm2. 
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Figure 3-51: SEM micrographs of Ni nanorods with sputtered LMO: (a) Top down view, and (b)  
                       52o inclined view. 

Figure 3-52 displays data from θ-2θ XRD measurements (scan parameters:- 2θ range: 20 

– 60o, step size 0.02o, scan time for each step: 1 second) after MgO and LMO deposition on the 

Ni film with Ni nanorods. Ni, MgO and LMO films are (002) textured with MgO exhibiting some 

(111) orientation as well. The MgO and Ni peaks are strong compared to those of LMO. The peak 

intensity of Ni (002) is likely from the epitaxial Ni film on which the Ni nanorods grow. The 

contribution of the Ni nanorods to the Ni (002) peak intensity is not known. While (002)-

textured Ni nanorod growth is not anticipated from the electrodeposition process employed in 

this work, it is interesting to note that no other orientations of Ni are seen in Figure 3-52. 



 

129 
 

 

Figure 3-52: XRD θ-2θ plot of Ni nanorods sample with sputtered LMO layer. 

3.2.2.5 REBCO ((Gd,Y)BCO) Layer Deposition 

(Gd,Y)BCO films were deposited on LMO buffer by MOCVD. The thickness of the 

(Gd,Y)BCO film is approximately 500 nm. Due to significant increase in the size of nanorods after 

deposition of the intermediate layers, the (Gd,Y)BCO film deposited is non-uniform and rough in 

surface morphology. The Ni nanorod sample is then compared with the corresponding reference 

sample processed under identical conditions but without any nanorods. As shown in SEM 

micrographs in Figure 3-53, the reference sample surface is more uniform and smoother than 

that of Ni nanorod sample surface. This is also reflected in the θ-2θ XRD measurements (scan 

parameters:- 2θ range: 5 – 65o, step size 0.02o, scan time for each step: 1 second) of both 

samples (Figure 3-54). As indicated in Figure 3-54, reference sample is (00l) textured, while the 

Ni nanorod sample doesn’t show any (00l) peaks of (Gd,Y)BCO, except for very low intensity 

peaks of (001), (005), and (007). 
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Figure 3-53: SEM micrographs of (Gd,Y)BCO films deposited by MOCVD: (a) Reference sample,  
                       and (b) Ni nanorod sample. 

 

Figure 3-54: XRD θ-2θ plot of MOCVD-deposited (Gd,Y)BCO film on substrates with and without  
                       Ni nanorods. 

These results indicate that deposition of intermediate layers by sputtering does not 

provide a suitable template for REBCO film deposition for pre-fabricated nanorod approach. 
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Hence, an alternate non-line-of-sight method is explored to deposit STO as an intermediate 

layer by MOD. 

3.2.2.6 Strontium Titanate (SrTiO3) Layer Deposition 

Due to difficulties associated with line-of-sight issues with plasma deposition, for buffer 

layers growth after nanorod deposition, solution coating method is explored. STO was chosen as 

the buffer layer for the solution coating process. The STO unit cell has an optimal lattice match 

with REBCO unit cell (STO lattice parameter = 3.905 Å, YBCO in-plane lattice parameters: a = 

3.82 Å and b = 3.88 Å). Also, STO can provide a diffusion barrier between Ni nanorods and the 

REBCO film as well as between the biaxially-textured Ni film surface and REBCO. Figure 3-55 

exhibits micrographs of Ni nanorods on an epitaxial Ni film surface before and after solution 

coating of STO. The thickness of the spin coated STO film is almost 80 nm. Coalescence of 

nanorods is observed, especially in samples where the nanorod density is greater. 

 

Figure 3-55: SEM micrographs of nanorods: (a) Ni nanorods just after electrodeposition, and (b)  
                       STO spin coating followed by baking and heat treatment. 

The STO coating is found to completely cover the nanorods, and also results in a smooth 

film overall. θ-2θ XRD data (scan parameters:- 2θ range: 20 – 60o, step size 0.02o, scan time for 

each step: 1 second) from a STO-solution coated sample are exhibited in Figure 3-56. The STO 
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film is found to be perfectly (002) textured without any other random orientations. Additionally, 

no orientations of Ni other than (002) are observed.  

 

Figure 3-56: XRD θ-2θ plot exhibiting epitaxial STO film, with (002) orientation, on biaxially- 
                       textured template with prefabricated nanorods. 

3.2.2.7 Summary 

This section discussed pre-fabrication of long-length nanorods as pinning centers for 

REBCO superconducting films. The following conclusions can be made: 

1. The pre-fabricated nanorod approach is implemented over larger area with Ni nanorods 

of higher density and smaller diameter by electrodeposition. 

2. Electrodeposition required change of substrate from oxide (LMO) to metallic (Ni) for 

nanorod deposition. The change of substrate then again required deposition of 

intermediate layers, following nanorods deposition, to obtain a surface compatible for 

REBCO deposition. 
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3. It is found that magnetron sputtering is not a suitable method to deposit epitaxial MgO 

and LMO intermediate layers, owing to the line-of-sight directional deposition nature of 

sputtering. 

4. An alternate and simpler method of MOD is used to obtain an intermediate layer for 

REBCO deposition following Ni nanorod deposition. An epitaxial STO layer was 

deposited successfully as an intermediate layer following Ni nanorod growth. 
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4. Conclusions and Future Work 

 Fabrication of thick REBCO films to achieve high Ic is supported by an understanding of 

film texture development in the earlier stage of growth (tens of nanometers). There has been in-

depth study of nucleation and growth mechanisms in PLD- and MOD-deposited REBCO films, but 

no such detailed study exists for REBCO films deposited by a high-rate MOCVD on biaxially-

textured flexible substrates. 

 In this work, REBCO films are deposited with thickness ranging from 0 nm to almost 150 

nm on biaxially-textured flexible LMO templates to study the structural properties in the earlier 

stages of film growth. θ-2θ XRD measurements indicate the changes in lattice parameter of the 

substrate and the deposited film due to lattice mismatch. It is observed that the deposited film 

is highly (00l) textured throughout its thickness and in-plane texture also improves with increase 

in thickness. The spread in the in-plane texture reduces from 5.6o FWHM (~30 nm thickness) to 

4.6o FWHM (~100 nm thickness). TEM analysis shows that REBCO lattice fringes get tilted near 

the substrate interface due to the presence of secondary phases at the interface. Compositional 

analysis of these tapes indicates that Y incorporation rate into the film is higher than Gd, 

especially in the earlier stages of film growth. 

 Films thicker than 150 nm and up to 1.3 μm thick were studied to understand structural 

and physical property development with increase in thickness. Jc increases with thicknesses up 

to 0.45 μm and then it almost saturates which is directly associated with in-plane texture 

improvement with film thickness. Beyond 0.9 μm, film microstructure starts to deteriorate due 

to growth of a-axis grains and micrometer scale secondary phases such as Ba-Cu-O.  

 Due to REBCO film surface microstructure and texture deterioration beyond the 

thickness of 0.9 μm, thick films were deposited by multi-layer approach to achieve high Ic. After 

deposition of each layer, the film surface was polished by chemical-mechanical polishing 
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method to obtain an improved substrate interface for the next layer’s deposition. It has been 

shown that polishing of tapes significantly reduces the growth of a-axis grains and micrometer 

scale secondary phases. A three-layered REBCO film thus obtained with a thickness of 2.86 μm 

exhibits in-plane texture of grain-to-grain misorientation of almost 3o. Ic measurements show 

that, in the presence of an applied magnetic field, the peak pinning force (H||c) occurs at a 

higher magnetic field at lower temperatures. At 3 T applied magnetic field, pinning at H||c is 

prominent at higher temperatures of 50 – 77 K. A minimum engineering critical current density 

(Je,min) of 28 kA/cm2 at 65 K and 3 T has been achieved in the 2.86 μm thick REBCO film which is 

suitable for several HTS coil-based applications.  

 Another aspect studied as part of this work is pre-fabrication of nanodefects as pinning 

centers to achieve high Ic in the applied magnetic field applications. Pre-fabrication of nanorods 

provides the opportunity to deposit nanodefects independent of film growth process. Two 

approaches have been used for nanodefects growth, namely, electron-beam-assisted deposition 

and electrodeposition. 

 Metallic nanorods were grown on LMO flexible substrates by e-beam-assisted 

deposition method. Pt nanorods of length up to 1 μm and diameter of 50-120 nm are grown 

with varying unit cell size and angle to the substrate normal. While this method yields nanorods 

that are significantly larger than that of BZO precipitates formed by in-situ self assembly (~5-10 

nm), this method has been used to explore and demonstrate that long-length nanorods can be 

pre-fabricated in a controlled manner on biaxially-textured flexible substrates. It has been found 

that longer nanorods, those that are grown with a smaller unit cell size and those oriented at an 

angle to the substrate normal, adversely affect the epitaxy of (Gd,Y)BCO and a-axis grains are 

formed. (Gd,Y)BCO films with pre-fabricated Pt nanorods exhibit Jc of 1.63 MA cm-2 (unit cell 600 

nm, nanorod length 300–350 nm, and diameter 75–80 nm) at 77 K in zero applied magnetic 
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field, which is lower than the Jc of 4.93 MA cm-2 of samples without nanorods and is likely due to 

the abundance of a-axis grains in the former. Lower values of α are found during in field 

dependence measurements of Ic of the Pt nanorod sample compared to the reference sample, 

indicating that Jc decreases at a slower rate with increasing magnetic field in both B||c and 

B||ab field orientations. 

 The approach of pre-fabrication of nanorods was then extended to deposit nanorods of 

higher aspect ratio and higher density, by an inexpensive electrodeposition method. Ni 

nanorods of length up 2 μm, diameter as small as 10-20 nm, variable orientation and density as 

high as 5 × 1010/cm2 have been grown successfully on flexible metal substrates. In order to 

provide a suitable interface between metal nanorods and the subsequently deposited REBCO 

film, intermediate layer deposition was performed by both sputtering and MOD. Due to line-of-

sight deposition associated with the sputtering method, MOD is preferred for intermediate layer 

deposition. STO film as an intermediate layer deposited by MOD has been found to be perfectly 

epitaxial in nature, with (002) orientation.  

 

Based on the findings of the presented work, further research listed below could lead to 

better performance of superconducting tapes in applied magnetic fields: 

1. Perform HRTEM and HRXRD studies in REBCO films with thickness below 50 nm to 

understand the development of strains and role of substrate in REBCO film texture 

development. 

2. Extend multi-layer approach discussed in this study to other rare-earth combinations in 

REBCO to achieve higher Ic in thick films. 
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3. Develop a better understanding of the influence of MOCVD parameters (such as 

deposition temperature, and oxygen partial pressure) and precursor composition on the 

structural, physical, and compositional properties of the deposited films. 

4. Optimize MOD process to deposit REBCO films on electrodeposited pre-fabricated Ni 

nanorods. 
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