
 

Prepared for NATURE REVIEWS | MATERIALS | 1 

Advances in processing and application of high temperature 

superconducting coated conductors 

Judith L MacManus-Driscoll 1,* and Stuart C Wimbush 2 

1 Department of Materials Science & Metallurgy, University of Cambridge, 27 Charles Babbage Road, 

Cambridge CB3 0FS, United Kingdom. 

2 Robinson Research Institute, Victoria University of Wellington, PO Box 600, Wellington 6140, New Zealand. 

* e-mail: jld35@cam.ac.uk 

 

Abstract | REBa2Cu3O7−δ (REBCO, where RE is a rare earth element) high temperature superconducting (HTS) 

materials in the form of coated conductors offer energy-efficient, high power density delivery of electricity 

making them essential components of clean energy generation, conversion, transmission and storage 

systems. HTS materials of this type have now been researched for more than 30 years and multi-$bn have 

been invested across government and industry with the goal of achieving practical coated conductor wires 

in kilometre lengths with high performance (high current-carrying capacity from low to high magnetic field) 

at low cost. Two challenges remain: improving the wire performance in order to operate at as high a 

temperature as possible under a given magnetic field, and even more importantly, lowering the cost of the 

wire to enable broader applications uptake. Here we review the status of HTS coated conductor processing 

and applications. First, we compare contemporary commercially sourced conductor wires, and then we 

assess recent advances in laboratory-scale conductors with commercial potential. We show that the nature 

of the resulting materials’ nanostructures and the consequent wire performance across different applications 

regimes are related to the inherent supersaturation levels of the different processing methods employed in 

production. Subsequently, we outline ways to lower wire cost and improve wire performance in the most 

critical applications regime, from 20 K to 40 K in temperature and above 1 T in magnetic field. Finally, 

emerging applications that are reliant upon HTS coated conductors and may therefore break the cost-

demand cycle are briefly discussed. 

1 History of HTS wire development 

Since the discovery of high temperature superconductivity1 at above liquid nitrogen temperature2 in the 

cuprates in the late 1980s, there have been enormous efforts to create practical superconductors that meet 

industry needs, and to do this at sufficiently low cost for the resulting applications to be economically viable. 

At the same time, as the technology has progressed, a rich understanding of the physics of these exotic, quasi 

two-dimensional materials has been gained, hugely benefitting the broader field of strongly correlated oxides 

that has emerged in parallel. Numerous cuprate superconductors have been identified, having critical 

temperatures ranging up to 135 K at ambient pressure,3 but for reasons of either poor tolerance to applied 

magnetic fields, high toxicity, or excessively complex processing routes, only the Bi-based cuprates (Bi-2223 

and Bi-2212) and the rare-earth based cuprates (RE-123 or REBCO) are of present technological interest.4 At 

low enough temperatures, the Bi-based cuprates perform sufficiently well in field and owing to the mature 

manufacturing process of Bi-2223, its steady improvement in properties over time,5 consistency, 

predictability6 and availability of supply, they have been and continue to be used for high field magnet 

applications.7,8 However, greater performance at lower cost remains necessary for broader application, and 

REBCO conductors offer the promise of being able to be operated at more accessible temperatures or in the 

generation of still higher magnetic fields.9,10,11,12,13,14 That said, after 30 years of intensive worldwide effort 

and enormous financial investment, challenges in this area remain. This is not surprising. 
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Comparing superconductors with other functional materials (e.g. semiconductors, ferroelectrics, dielectrics 

and magnetics), the vastly greater complexity is apparent: they require simultaneous high precision 

engineered perfection and imperfection, rather than simple perfection as in the other cases. By way of 

comparison, it took almost 50 years from the first demonstration of semiconductor rectification for detecting 

radio waves by Bose to the invention of the semiconductor transistor by Bardeen and Brattain,15 and this 

technology involves a comparatively simple elemental material. Even comparing against the technological 

low-temperature superconductors, it is instructive to note that it took 30 years of development to bring Nb–

Ti, a binary metallic alloy, up to a production capacity of 20,000 km per year at a pricing level of $1 per kAm 

(when operated at 4.2 K), driven by the mass uptake of magnetic resonance imaging (MRI) technology.16 

REBCO, in contrast, is neither an elemental material nor a simple alloy but rather a quaternary system with 

variable oxygen stoichiometry having a decisive impact on its functional properties, which are also strongly 

anisotropic and highly correlated. Furthermore, its physical properties are complex with its high critical 

temperature being concomitant with a low superconducting coherence length, causing grain boundaries 

within the material to form weak links and requiring flux pinning defects to be of nanoscale size and 

distribution to be effective. The 2D nature of the superconducting planes also causes complications as it 

makes electronic transport perpendicular to the planes poor and requires very high grain alignment in the 

material to permit current to be transferred without obstruction along the length of a conductor. Finally, 

targeted nanoscale pinning defects need to be engineered into the material without disrupting the 

superconducting planes or causing blocking of supercurrent transport through the grain boundaries. To 

achieve the required grain alignment and nanoscale defect microstructure, REBCO conductors must be 

manufactured by epitaxial thin film growth methods. Also, the conductor tapes must be long and flexible to 

facilitate application. Consequently, brittle, epitaxial REBCO films must be deposited on a lengthy, flexible 

metallic substrate which is a complex and ultimately costly process. 

The intention of this review is to take an overarching look at REBCO conductors, comparing the performance 

of highly validated industrially-produced wires prepared using different processing methods, explaining the 

underlying reasons for the different performance profiles achieved, listing the unknowns, highlighting new 

approaches which show the potential for performance enhancements over standard industry methods, and 

proposing new ways to improve future performance at an acceptable cost. Even after 30 years of effort, there 

is new understanding to be gained and unexplored directions to be followed. Within this timeframe also, the 

climate emergency has become very real, and with it has grown the need for new energy-efficient power 

devices if we are to mitigate the worst of its effects whilst maintaining our energy-intensive technologically 

advanced lifestyles. Superconductivity is a key enabling technology in this area and it is therefore imperative 

that new science capable of meeting the performance and cost challenges be pursued. 

Before discussing the different processing methods used to produce coated conductors and the different 

performance profiles that stem from each, we briefly consider the crucial energy-related applications that 

could be enabled by the development of cost-effective high-performance REBCO coated conductors.17 We 

then return to discussing emerging applications towards the end of the review. The range of potential 

applications of HTS promising a step change in efficiency, performance and/or functionality is vast – 

essentially all aspects of power infrastructure from generation through distribution and grid resilience to 

consumption, including transportation in all forms from personal vehicles through mass transit to shipping, 

aircraft and beyond to space travel.18 Many of these applications have already been demonstrated in 

principle and several are now being actively developed for commercial implementation, as illustrated in the 

timeline of Fig. 1. Examples include power cables, fault current limiters, transformers, wind turbine and other 

generators, magnetic energy storage devices, motors for transportation including marine propulsion systems 

and magnetic levitation systems for trains.19 Beyond the energy sector lie other applications in high-field 

magnets for medical applications such as MRI20 and ion21 or proton22 therapy, research applications such as 
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NMR spectroscopy23 and accelerator magnets,24 and other purposes such as induction heaters25 and current 

leads26 or busbars.27 

 

Fig. 1 | Timeline of significant events in the development of HTS coated conductors for application. 

2 Applications performance requirements 

Fig. 2a plots the critical surface for a typical REBCO wire, showing the maximum current (Ic) that can be carried 

per unit width of wire (w) at different temperatures (T) and magnetic fields (B), applied in the conventionally 

least favourable direction perpendicular to the superconducting planes (parallel to the crystallographic c axis 

of the superconductor). Ic falls steeply with field (plotted here on a logarithmic scale) and somewhat more 

gradually with temperature from its peak value at 0 K and zero field. This decay in Ic highlights a key detriment 

of HTS materials: their inability to carry high current near their critical temperature in moderate fields due 

to the positive curvature of the irreversibility line. Obviously, to minimise the cooling burden and to 

potentially make use of simple and cheap cryogenic cooling systems based on liquid nitrogen, it would be 

desirable to operate at 77 K, but for most applications, the required level of in-field performance cannot be 

attained because it has not proved possible to adequately pin the magnetic flux vortices against the action 

of the Lorentz force resulting from the electromagnetic interaction of current and field. Consequently, lower 

operating temperatures are required to provide deeper pinning potentials through the increased 

condensation energy of the superconductor. 

The regions within the Ic-T-B space where key applications lie are shown. Where applications requirements 

fall above the critical surface, presently available conductor performance is inadequate. For many 

applications, use of cryogen-free electrical refrigeration to 20–40 K is both practical and acceptable, enabled 

by the simultaneous steady development of cryocooler technology in terms of both performance and 

reliability over the last 30 years.28 Cryocooler efficiencies are greater at higher temperatures, and this is 

compounded by the underlying Carnot efficiency which also drops off towards lower temperatures. So, while 

at 77 K, the Carnot efficiency is 3 W/W (3 W of input power required to give 1 W of cooling power) and a 

modern cryocooler may have an efficiency exceeding 10–15% of Carnot, at 4.2 K the Carnot efficiency drops 

to 70 W/W and cryocooler efficiencies may be as low as 1% of Carnot.29 In practice, this means that mid-scale 

practical applications can presently be adequately cooled using electrical cooling down to around 20 K, 

although these efficiencies are improving all the time. As with the superconducting wire itself, increasing 
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application demand can be expected to lead to further improvements in cryocooler technology as well as a 

reduction in the associated cost. 

  

Fig. 2 | Critical surface diagram and routes to improving conductor performance. a | Critical surface of a typical commercial REBCO 
conductor with regions of common application of high temperature superconductors and performance requirements outlined. The 
material is superconducting only below the surface. The central region, REGION 2, is where most potential HTS applications lie, and 
where new opportunities for performance optimisation exist. b | Routes to improving the performance of coated conductor wires 
(expressed in terms of the engineering critical current density, Je, which is the Ic divided by the total cross-sectional area of the 
conductor). The effect of these improvements is to push the critical surface upwards, as indicated by the brown arrows on part (a). 

Below, we identify the three distinct regions labelled on Fig. 2a within which the main applications lie and 

describe briefly the nature of the defects and the form of the processing which benefits each, summarising 

how Ic is optimised under the different conditions. We include how the inherent supersaturation of the 

process (the concentration of the REBCO chemical species which is above the equilibrium level and thereby 

drives the nucleation – high supersaturation resulting in increased nucleation and therefore finer crystallites) 

is suited to the different regions, and the potential ways of increasing Ic (with reference to Fig. 2b). Later, we 

discuss further details of the supersaturation of the different processes and how this influences 

microstructure and vortex pinning. 

REGION 1A: 65–77 K, self-field (< 0.1 T). Here, the performance of industrial conductors is highly optimised. 

To achieve high Ic at 77 K and self-field, highly perfect, highly aligned grains with few pinning defects are 

required. The critical temperature should be kept as close as possible to its maximum value of 92–95 K 

(dependent on the rare earth constituent) as small reductions have a relatively large effect on performance 

at high temperature. Low supersaturation processing is ideal for this region. Thicker films are more 

challenging to produce by lower supersaturation methods and hence there is a natural limitation to the 

achievable Ic. 

REGION 1B: 65–77K, 0.1–1 T. This region is desirable for transformers, which typically operate in liquid nitrogen 

both for cost-effectiveness and as a substitute for the oil that is commonly used as a dielectric and coolant 

in conventional transformers. It is the most challenging region as the high degree of thermal activation at the 

elevated temperature makes effective pinning difficult, particularly as the field strength increases. 

REGION 2: 20–40 K, > 1 T. This region is critical for many important applications, but historically less attention 

has been directed to this temperature regime. Achieving high critical currents that can be sustained in high 

magnetic fields at operating temperatures of 20 K and above is challenging. A complex defect landscape is 

required as well as greater understanding about both the optimal nature of this landscape and how to 

engineer it effectively. Later, we show that moderate supersaturation processing is ideal for this region. 

REGION 3: up to 10 K, above 10 T. This region encompasses high-field magnet applications. Current wire 

performance is exceptional here, with commercial conductors already able to exceed 1000 A cm−1 at 4.2 K, 
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10 T, and laboratory-scale conductors indicating significant improvement potential – a factor two or more – 

over this. A high density of very fine point defects is required to adequately pin the high number of flux lines 

resulting from the high field. High supersaturation processing is ideal for this region. 

3 Coated conductor architecture and cost 

The complexity of the coated conductor architecture (Fig. 3a) is remarkably high compared to other industrial 

materials in use today, whether they be for electronics (e.g. Si-based, organic) or for power and magnetic 

applications (mainly metallic alloys). At the same time, the superconducting material itself, a complex 

quaternary oxide, is arguably one of the most chemically advanced materials in industrial production today. 

Adding to this the requirement for conductor flexibility, and the need for shunting, strengthening and 

insulating layers and post-engineering of the conductors, it is clear that much new thinking and great 

innovation has been brought to bear on the successful manufacture of high-performance coated conductors. 

  

Texturing method IBAD RABiTS 

Advantages 
Thinner buffer layers 

Improved texture 
Wider substrate choice 

Non-vacuum process possible 
Large areas possible 

Disadvantages 
Vacuum process required 

Large areas challenging 

Careful heat treatment required 
Magnetic substrate (typically) 

Poorer texture 
Lengthy processing 

Fig. 3 | Coated conductor architecture, routes to reducing conductor cost, and comparison of texturing methods. a | A generic 
coated conductor architecture, highlighting the functional elements. In all cases, a metal tape substrate is rendered suitable to 
support the growth of a highly textured, biaxially aligned REBCO superconductor layer, aided by the deposition of a stack of 
intermediary buffer layers providing planarization, passivation and texturing as required. The superconductor is protected from the 
environment through a silver passivation layer, and a copper coating serves as electrical stabilisation. A laminate is often used to 
afford increased mechanical strength to the conductor, which may be insulated from its neighbours via a paper or polyimide wrap or 
coating. b | Routes to lowering the cost of coated conductor wires. Here, production rate combines throughput and yield, process 
efficiency includes such factors as lower-vacuum processes and simpler wire architectures, while the possibility of lowering cost 
through increasing performance (Fig. 2b) is also recognised. c | Advantages and disadvantages of the ion beam assisted deposition 
(IBAD) and rolling assisted biaxially textured substrates (RABiTS) methods used to achieve an epitaxial REBCO layer. 

The coated conductor architecture has been developed over many years, some steps through trial and error, 

others by extensive research and still others cross-adopted from other fields. There are an increasing number 

of commercial suppliers around the world (around a dozen at present) involved in manufacturing coated 

conductors. Each of the different layers in the stack has a specific purpose and a range of processing methods 

are needed to fabricate them all, many involving state-of-the-art thin film deposition methodologies which 

we do not attempt to describe in detail here. However, a key aspect to emphasise is the two different types 

of substrate used to generate biaxial alignment of the superconducting film, either ion beam assisted 

deposition (IBAD)30 of a biaxially aligned buffer layer onto an untextured substrate, or a rolling assisted 

biaxially textured substrate (RABiTS).31 Each substrate has its advantages and disadvantages (Fig. 3c). In the 

IBAD process, an oxide layer, nowadays almost universally MgO due to its rapid processing,32 is deposited 

onto a polycrystalline non-magnetic alloy of Ni such as Hastelloy or a stainless steel metal substrate under 
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the simultaneous action of an ion beam which induces a biaxial texture in the growing layer through 

orientationally-selective etching. Variations of the IBAD process include alternating beam assisted deposition 

(ABAD)33 in which the deposition and etching processes are alternated rather than simultaneous and inclined 

substrate deposition (ISD)34 in which the biaxial texture is achieved through the fast, anisotropic growth and 

self-shadowing of the deposited material itself. Subsequent growth of the REBCO layer achieves a 2°–3° 

average grain misorientation, comparable to what is achieved by growing on single crystal substrates. Vapour 

deposition is inherent to the IBAD process and is typically also used for the other buffers and the REBCO layer 

when this method is adopted.35 For RABiTS, the substrate (a Ni–W alloy) is rolled to induce a biaxial texture 

with a 5°–7° average grain misorientation. The subsequent buffer layers can either be vapour deposited36 or 

solution deposited.37 The REBCO layer is always solution deposited in this case, followed by thermal 

processing to crystallise and biaxially texture the grains. Solution deposition is better suited to RABiTS 

because the heat treatment to form the REBCO grains leads to large meandering grain boundaries.38 Such 

meandered grains can accommodate higher angle grain boundaries for high current flow and thereby 

overcome the poorer substrate texture compared to IBAD. 

For many applications, particularly those involving magnet coils, the parameter of overriding importance is 

the critical current averaged across the entire conductor cross-section. This so-called “engineering” critical 

current density, Je, depends not only on the actual critical current density of the few micrometre thick REBCO 

layer but also on the overall architecture of the conductor. Doubling the thickness of the superconducting 

layer or doubling the critical current density of the superconductor will directly double Je. But the same 

practical performance enhancement can also be achieved by halving the overall conductor thickness, giving 

consideration to substrate, stabiliser, laminate and insulation. This opportunity for significant performance 

gains has driven efforts to reduce substrate thickness, which has seen the former standard of 100 µm drop 

to 30 µm39 and even less.40 This capability has not yet, however, been reported for RABiTS substrates. 

In addition to performance, cost is a vital consideration for widespread coated conductor deployment. It 

should be noted, however, that for some niche applications cost is not a key concern. These applications can 

only use HTS to give the required performance, and so the technology does not have to compete against 

established conventional alternatives. Cost is normalised by performance and can be reduced by increasing 

demand, production rate or process efficiency (Fig. 3b). Today, conductors of more than 100 m piece length 

are manufactured at rates exceeding 1000 km per yr annual global production. However, the cost remains 

too high (around or above $100 per kAm) for widespread uptake. If production rate were increased by an 

order of magnitude, the cost could drop below $10 per kAm41 which would give a conductor half the price of 

copper, and equal to the cost of Nb3Sn operating at 4.2 K. This rate of production is the product of the raw 

throughput of the process together with the yield. (Manufacturers don’t report their yield, but it is 

anticipated to be around 80% in the best case.) Process efficiency depends on the choice of process and the 

architecture of the wire. The route to decreasing architecture complexity is not straightforward and is not 

addressed further here. 

4 The different REBCO processing methods 

As shown in Table 1, many different processing methods exist for making high quality REBCO conductors, 

each having different features, notably whether they involve in situ or ex situ REBCO formation, vacuum 

processing, liquids and line-of-sight deposition, as well as their relative throughput and typical maximum 

layer thicknesses. Above the Table, we show schematic cross-sections of REBCO containing artificial pinning 

centres and intrinsic defects, and show relative grain sizes, as well as the defect types, dimensions and 

densities typically present. We discuss the reason for the different microstructural forms and their relation 

to the in-field current carrying performance later. At the bottom of the Table, we qualify the potential for 
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performance improvements in REGION 2 where many important applications lie and again we discuss this in 

more detail later. 

  

Table 1 | The different processing methods used in the production of the superconducting layer of HTS coated conductors, and 
the defect structures that result. A range of correlated and uncorrelated defects (nanorods, grain boundaries, stacking faults, 
nanoparticles, and associated strained regions around defects) are present in varying amounts, dimension and spacing for each 
method. The blue vertical lines represent correlated defects (nanoparticles from the addition of artificial pinning additives, which 
self-assemble into nanorods) while the red vertical lines indicate columnar grain boundaries. The density of these correlated defects 
increases with increasing supersaturation and is much higher for line-of-sight methods. Blue circles represent uncorrelated 
nanoparticle pinning centres and red stars uncorrelated 0D defects. In general, larger and less correlated pinning centres are formed 
for the non line-of-sight growth methods or when growth kinetics are limited (high rate, low temperature). The red horizontal lines 
indicate stacking faults that are particularly prevalent in CSD films. 

From right to left, i.e. from highest to lowest degree of supersaturation, the different methods are: 

▪ pulsed laser deposition (PLD),42 where we distinguish a high rate growth > 0.2 µm min−1 from the more 

standard ca. 0.1 µm min−1.43 We also include the non-commercial high rate PLD + liquid process because 

it is a straightforward modification of PLD with the potential to yield thick films with similar performance 

to PLD but at higher growth rates; 

▪ metal organic chemical vapour deposition (MOCVD),44 in which a precursor gas mixture undergoes 

pyrolysis before adsorbing onto the substrate surface and reacting to form REBCO; 

▪ reactive co-evaporation: cyclic deposition and reaction (RCE-CDR)45 which involves the thermal 

evaporation of metal oxide precursors with in situ reaction46 at elevated temperatures; 
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▪ chemical solution deposition (CSD)47 which involves slot die coating of a metal organic precursor followed 

by a post-reaction ex situ heat treatment to crystallise the REBCO; 

▪ reactive co-evaporation: deposition and reaction (RCE-DR)48 which involves the electron beam 

evaporation of amorphous metal precursors in a reactive atmosphere to form oxides that are deposited 

at low temperatures followed by ex situ reaction to form REBCO by rapidly increasing the oxygen partial 

pressure at elevated temperatures, via a liquid phase reaction; 

▪ liquid phase epitaxy (LPE)49 which involves growing REBCO from a melt. LPE enables very rapid growth of 

highly crystalline REBCO with good self-field values at 77K. While it is not practical for commercial use 

owing to the need for high temperature growth and the use of a chemically aggressive melt, as the lowest 

supersaturation process it serves to complete the picture of how REBCO performance is related to the 

degree of supersaturation, all other factors being equal (e.g. same level of pinning additions). 

We order the different methods in sequence of increasing supersaturation since this reflects the 

thermodynamic driving force influencing the film microstructure, both the intrinsic microstructure arising 

from the growth process and the extrinsic microstructure arising from artificial pinning centre additives. Even 

though the growth methods used for coated conductors can be very different – for example, growth of 

REBCO from an amorphous precursor via a liquid (RCE-DR) is very different to growth from a chemical vapour 

phase (MOCVD) – the same principles of nucleation and growth apply, i.e. how easy it is to nucleate the 

REBCO and how fast and in what direction the grains grow. These factors depend on supersaturation, and on 

the kinetics and directionality of the growth process. 

For the case of coated conductors where artificial pinning centres are added or where inclusions form from 

the components of the REBCO itself (e.g. RE2O3), the supersaturation is directly applicable only to the majority 

phase, i.e. the REBCO phase which nucleates heteroepitaxially on the top buffer layer and forms the film 

matrix. The nucleation density of the REBCO grains depends closely on the supersaturation of the REBCO 

species.49 The inclusions, on the other hand, are of low concentration relative to the REBCO (typically <10% 

of the film) and so supersaturation is not directly relevant to their growth. However, there is an indirect link 

between supersaturation and the kinetics of film growth50 and hence to the microstructure of the inclusions. 

For example, for PLD if the repetition rate of the laser is high, the supersaturation of the REBCO will be high 

(a high concentration of vapour species is delivered to the substrate surface), but then the film growth rate 

is also high. This means that there is insufficient time for the inclusion material to diffuse within the film to 

find another inclusion to nucleate on. The inclusions then nucleate and grow as isolated 3D nanoparticles50 

instead of extended 1D nanorods.51 

Coated conductor performance in the different regions of the Ic-T-B space has not previously been linked to 

the degree of supersaturation of the growth method, and yet this provides important insight necessary for 

comparing and understanding current wire performance, and also for devising new ways to achieve further 

performance improvements. 

In Fig. 4, we show each processing method on a generic diagram plotting degree of supersaturation against 

crystallographic lattice misfit with the upper buffer surface on which the REBCO is grown. Most buffer misfits 

lie around 0.5–2% and hence, except for LPE, the processes typically involve 3D nucleation. High 

supersaturation is achieved by having a high concentration influx of precursors during growth.52 This is the 

case for PLD where a large amount of material is ablated rapidly with each laser pulse. It is very low for LPE 

where the rare earth content is low in the liquid phase. Columnar growth following 3D nucleation is ensured 

by the line-of-sight processes.53 Here, a constant flux of material is delivered normal to the substrate. As we 

discuss later, defects associated with columnar grain boundaries are effective pinning centres in REGIONS 2 

and 3. In the following sections, we summarise the merits of the high, moderate and low supersaturation 

processes for the different operating regions. 
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Fig. 4 | Growth mode resulting from different supersaturation processing methods and crystallographic misfit. 3D nucleation and 
columnar growth is the preferred growth mode for producing REBCO coated conductors with strong pinning in REGIONS 2 and 3. Figure 
adapted from [54]. 

4.1 High supersaturation methods 

The key advantages of the high supersaturation methods (standard and high rate PLD) are: 

1) Production of more disordered material owing to the fast delivery of highly energetic atomic species and 

consequently fast growth inducing a high density of 3D nuclei, as well as disorder associated with the fine 

columnar grains.55 A wide-ranging defect pinning structure is achieved while still creating highly epitaxial 

films. Grain alignment is not compromised by the fast growth owing to the strong driving force for vertical 

growth. For high field pinning in REGION 3, the very high supersaturation process (high rate PLD) is ideal. 

2) Formation of very fine, highly columnar grains. This means that at lower temperatures there can be 

pinning from the grain boundaries and associated dislocations,56,57,58,59 which is particularly effective in 

REGIONS 2 and 3. 

3) Ability to deposit thicker films (> 2 µm)60 because homogenous nucleation of misaligned material is less 

likely with a high supersaturation columnar growth process. Also, since the 3D nucleation regime extends 

over a wide range of supersaturation, reproducible microstructures are achieved over a wider range of 

processing conditions than is the case for low supersaturation methods, i.e. there are less rigid constraints 

on the growth conditions, precursor composition and substrate condition. This is important in REGIONS 1B, 

2 and 3. It is also important for commercial production of coated conductors where process uniformity is 

critical. 

The key disadvantage of the high supersaturation methods is that they require vacuum deposition. Combined 

with the requirement for laser ablation to achieve the highest degree of supersaturation, this results in the 

costs of both plant and operation being relatively high. Although laser costs have been steadily reducing, and 

their reliability and operational characteristics have recently been greatly enhanced, the overall process cost 

and complexity still cannot compete with the chemical methods. That said, these factors are no longer the 

barrier to commercial operation that they used to be and the wide-ranging advantages listed above have 

meant that PLD has become more popular in recent years, particularly for those applications where low cost 

is not as important as high performance and reproducibility. 

4.2 Moderate supersaturation methods 

While the moderate supersaturation methods RCE-CDR and MOCVD do not offer the full advantages of the 

high supersaturation methods – their process windows are narrower and there may be more limitations on 

film thickness – the performance of industry conductors is generally as good as PLD conductors, with the 
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possible exception of REGION 3. Another moderate supersaturation method that is emerging is high-rate PLD 

+ liquid.61 As shown in Table 1, this method lies between MOCVD and standard PLD in terms of 

supersaturation, and hence it should be applicable across REGIONS 1B, 2 and 3. We discuss this method briefly 

in section 6.1. 

4.3 Low supersaturation methods 

A key advantage of the low supersaturation methods is that they don’t necessarily require vacuum; CSD does 

not, although RCE-DR does. The REBCO is formed by post-deposition reaction. As shown in Fig. 4, in the 

absence of a moderate substrate misfit, 2D nucleation would prevail. In general for line-of-sight (in situ) 

methods there is a driving force for columnar growth but in non line-of-sight (ex situ) methods such as CSD, 

there is not and the resulting grains have a strong planar character.62 In an exception to this general rule, the 

RCE-DR process does have a moderate driving force for columnar growth owing to large oxygen gradients 

perpendicular to the surface of the growing film which act to drive grain growth in this direction. However, 

there is also a driving force for lateral growth because the fast growth direction of REBCO is the ab-direction 

and the presence of liquids promotes lateral growth, so a hybrid grain structure results.63 

Low supersaturation methods are very well suited to REGION 1 applications. CSD uses solution precursors 

which are reacted post-deposition. Making high performance films much thicker than 1 µm without complex 

layering and prolonged heat treatments is challenging.64 This is because random homogeneous nucleation is 

more likely for the lower supersaturation methods, particularly for CSD where the reaction process of the 

precursors is very complex.65 Hence, slower growth rates are needed to give a controlled reaction, and to 

prevent random nucleation of misoriented grains. Such slow reactions mean that pinning centres coarsen 

during the reaction. Hence pinning particles are typically larger than in PLD growth and the pinning at higher 

fields is less effective. That said, liquid additions to the reaction step have recently been demonstrated with 

CSD, enabling greater speed of growth.66 

While the RCE-DR method is also a low supersaturation method, in practical-thickness films (~2 µm), it gives 

similar pinning performance to CSD at much higher REBCO growth rates; up to 6 µm min−1 for RCE-DR67 

compared to 10–30 nm min−1 for CSD,68 hence over 200 times faster. This is because the reaction is much 

simpler both chemically (no organic materials or fluorine present) and mechanistically (a liquid layer is 

continuously present and resides on the surface of the growing film, rather than being transient and disposed 

throughout the film). However, while the RCE-DR REBCO growth rate is extremely fast, its deposition rate is 

somewhat less at around 1 µm min−1 for the amorphous precursor. This gives an overall RCE-DR production 

rate which is around 50 times faster compared to CSD or PLD conductors. 

5 Performance regimes and flux pinning 

For most of the first quarter of a century since the discovery of HTS, all the focus was on optimising pinning 

at 65–77 K, the temperature range accessible to liquid nitrogen. In the last decade that focus has shifted to 

lower temperature operation. The reason is two-fold: firstly, the lack of ability to achieve adequate flux 

pinning at 77 K to attain the in-field performance required by applications and secondly, the developing 

capability to cool to 20 K or lower relatively easily using closed-cycle electrical cooling systems. 

There exists a general relationship between the performance of the different processing methods, their 

supersaturation level, and their optimal operating regime (Fig. 5a). A clear trend line of negative slope shows 

the dominating influence of supersaturation, typically governing this correlation beyond the level of any 

engineered pinning present in these commercial conductors. Hence, higher supersaturation processes result 

in better high-field, low-temperature performance but worse low-field, high-temperature performance. 

Thus, the lower supersaturation processes (RCE-DR and CSD) are best suited to 77 K, self-field applications 
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(REGION 1A) while the highest supersaturation process (high rate PLD) is best suited to 4.2 K, high-field 

applications (REGION 3). 

The moderate-to-high supersaturation processes show intermediate values of both the 77 K, self-field Jc and 

the 4.2 K, high-field Jc, yielding their optimal performance in the moderate temperature and field regions 

(REGION 2). We note that engineering different artificial pinning centres into particular conductors will lead 

to a shift in a given process towards a higher region, but the overall trend remains. This explains the deviation 

of the PLD and MOCVD samples from the strict supersaturation sequence of Table 1. The PLD samples have 

no pinning additives while the MOCVD samples have strong pinning additives which make them artificially 

appear to have higher supersaturation compared to PLD. However, when comparing MOCVD and PLD of 

similar performance it is important to weigh up the advantages and disadvantages of each process, as 

previously described. We discuss more about applicable performance regimes and supersaturation levels 

next. 

 

Fig. 5 | Current-carrying performance metrics of commercial conductors in different temperature regimes. a | Jc(4.2 K,~20 T) 
correlated with Jc(77 K,self-field) for different processing methods as well as the application regions to which they are best suited. 
Data taken from [69] and supplemented with data from panel b (diamond symbols) assuming a superconductor thickness of 2 µm. b 
| Magnetic field dependence of the critical current for three representative application temperatures, 77.5 K, 30 K and 4.2 K. Data 
sources: [70] (77.5 K, 30 K), [71] (4.2 K). c | Schematic of the effective flux pinning defect structures in each application region of 
temperature and magnetic field, against the range of commercial Ic values at each representative application temperature transferred 
from panel b. 

5.1 Conductor performance 

The critical current per unit width of conductor (Ic/w) at the different representative temperatures of 4.2 K, 

30 K and 77.5 K is plotted on Fig. 5b for a range of commercially-manufactured conductors available in long 

lengths from industrial suppliers, produced using each of the processing methods listed in Table 1. It is 

important to show commercial conductor performance because it represents a validated benchmark for a 

long conductor. Hence, the data shown is not intended to be necessarily the best conductor obtained using 

a particular process but is rather generally representative of differences between the different processes and 

typical for commercially marketed wires of the last three to five years. The actual suppliers of the wires 

featured are not stated as the purpose of the plot is not to compare the performance of conductors from 

different manufacturers, but rather to show what is possible across the different application regimes for a 

given processing method. 

The performance data clearly demonstrates the trends noted earlier when relating the degree of 

supersaturation of the processing method to the Ic for the different application regimes for the conductor. 

The optimal types of pinning defect for the different regimes are illustrated schematically in Fig. 5c. All 

regimes require nanometre spaced imperfections of nanometre dimension (even at zero applied field, since 

the self-field generated by the current-carrying conductor is already enough to produce flux lines having a 

sub-micrometre spacing). It is the subtleties of the sizes, distributions and combinations of the pinning 

defects that determine the pinning behaviour at any given temperature and field.72 Currently, those 

commercial conductors that are pinning-enhanced have 3D (nanoparticle) and 1D (nanorod) pinning defects 
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intentionally engineered into them,73 rather than the range of other defects, targeting 65–77 K performance 

enhancement. 

5.1.1 Low-field, 77 K (REGION 1) performance 

As already mentioned, by far the greatest effort to date has been expended by research groups and wire 

manufacturers alike on enhancing the 77 K low field performance of the conductors. In part, this is due to 

the simple accessibility of this regime for iterative testing, and in part to the persistent aspiration that this is 

the regime in which these high temperature superconductors should be utilised. Laboratory samples74 have 

been demonstrated with critical current densities of up to 7 MA cm−2 at 77 K while commercially mass-

produced conductors can reach specified values of 4–5 MA cm−2 in the best cases,75 noting that there are 

good reasons why the current density in the thicker conductors required for application is diminished 

compared to very thin research samples.76 For a long time, the depairing current of the REBCO material of 

around 30 MA cm−2 at 77 K, zero field, was held up as a goal for these efforts but as further advancement 

stalled, it became clear that a lower limit resulting from a fundamental limitation on the possible strength of 

an idealised pinning site had already been reached, and represented the true performance limitation of the 

materials.77 Further performance enhancement must rely on the development of thicker high-performance 

films or must focus on higher-field lower-temperature regimes where a gap between the present 

performance and the depinning critical current remains. 

As we see from Fig. 5b, for the least favourable field direction, B∥c (where no pinning resulting from the 

blocking layers along the ab planes of the crystal structure contributes to the performance), PLD is universally 

optimal across all regimes, except at the lowest fields (< 0.2 T, REGION 1A) where the low supersaturation, 

uniform RCE-DR process wins out. Above 0.2 T (REGION 1B), PLD is the best performing conductor, with the 

next best being MOCVD, then RCE-CDR, with CSD and RCE-DR following. While each conductor has not 

necessarily been optimised for its performance in this regime, all things being equal, that is if the same 

amount of artificial pinning centres were added to each conductor, this order is as expected based on the 

degree of supersaturation of Table 1. However, in this regime, very slight modifications to sample 

composition and processing conditions will yield large changes in the pinning behaviour, as the number and 

sizes of the pinning defects will be easily modified. From the point of view of tuning conductors for different 

applications requirements, this can be beneficial but in terms of controlling the process, it is challenging. The 

easiest method with which to achieve consistent, reproducible behaviour is PLD because the high 

supersaturation means a high density of columnar pinning centres, in addition to a highly reproducible REBCO 

microstructure. 

As shown in Fig. 5c, all the way to the irreversibility field at around 7 T, strong correlated defects (1D 

nanorods) and weak random defects (3D nanoparticles) contribute to the pinning, with the nanoparticles 

being more effective at low fields and the nanorods being effective from there on. The optimal compositions 

of these artificial pinning centres have been researched for nearly 20 years, and a broad range of perovskites 

and rare earth oxides have been developed for this purpose.78 

5.1.2 Mid-field, 30 K (REGION 2) performance 

As the temperature is lowered to 30 K, the reduction in coherence length and reduced thermal fluctuations 

mean denser, smaller pinning centres are more effective for pinning with respect to their behaviour at 77 

K.79 The question is which pinning centres are optimal in this regime. This is a difficult region since a complex 

defect population comprising strong correlated defects along both ab and c directions, columnar grain 

boundaries, extended 1D nanorods, 0D defects and stacking faults all act together as effective pinning 

centres (Fig. 5c).72 It is not yet clear exactly what balance of mixed pinning defects is optimal or indeed how 

to achieve that balance.78 
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PLD enables the most straightforward defect engineering of films, since it can easily be tuned with deposition 

temperature and rate to produce a wide range of pinning defect structures in a reproducible way.50,80,81 

Fig. 5b shows that the vapour processed conductors produced by PLD, MOCVD and RCE-CDR all behave 

similarly at 30 K, although MOCVD exhibits a slightly improved performance across the intermediate field 

range from 0.1 T to 4 T. This may be because of a more optimised concentration of extended 1D nanorods. 

PLD, in contrast, because of its higher supersaturation growth and energetic deposition, will have a higher 

concentration of 0D pinning defects (i.e. more sub-nm disorder). The ex situ CSD and RCE-DR conductors 

have lower in-field performance than the in situ conductors discussed above. The post-deposition heat 

treatments for these processes typically result in both larger and less columnar pinning defects (although 

there has been significant progress at the laboratory scale in engineering-in very fine nanoparticle pinning 

centres82 which are important for low-temperature, high-field pinning). CSD conductors retain moderate 

pinning in this region, likely because of the high density of stacking faults. For the RCE-DR conductors, pinning 

comes from a different source, likely a higher concentration of 0D defects arising from local disorder from 

the very rapid reaction. Overall, at 30 K, while there is good pinning from the non line-of-sight methods, in 

the absence of fine columnar grains and associated defects, it is ultimately less effective than that provided 

by the line-of-sight methods. 

5.1.3 High-field, 4.2 K (REGION 3) performance 

On Fig. 5c, we show that 0D defects play a more dominant role than mixed pinning defects at the lowest 

temperatures and highest fields. It is noted that to match flux densities of 10–30 T, the 0D defect spacing 

should be of the order of 8–15 nm. 

Fig. 5b shows that at 4.2 K as at 30 K the in situ PLD and MOCVD conductors exhibit the best performance, 

accounted for by the secondary 0D defects arising from the dense columnar grains and extended 1D 

nanorods.83 PLD slightly outperforms MOCVD, as is expected for the higher supersaturation, highly energetic 

process capable of producing more 0D defects. 

Again similar to the case at 30 K, the non line-of-sight, lower supersaturation CSD and RCE-DR conductors 

have lower (by around a factor of two) in-field Ic/w values than the line-of-sight PLD and MOCVD conductors. 

For RCE-DR, the decay of Ic/w is slower than for CSD, whereas at 30 K it was similar. This is likely related to a 

higher concentration of 0D defects in RCE-DR arising from the very rapid reaction process. For CSD, different 

kinds and densities of 0D defects arise from strain fields around the edges of stacking faults which form 

during the growth process around 3D nanoparticle additions.84 Hence, these are secondary-effect 0D 

defects.78 

It is important to note that applications operating at 4.2 K can tolerate a much higher density of 0D defects, 

since at 4.2 K it doesn’t matter if the critical temperature is substantially reduced as a result of disorder 

induced by the high concentration of defects. However, a very high density of defects can cause significant 

buckling of the superconducting CuO planes85 which will impede supercurrent flow. Overall, there has been 

little work to date on controlled 0D defect engineering in combination with quantitative 0D defect 

concentration determination, and this is an important area for further work. 

5.2 In-field behaviour 

To learn more about the different mixed pinning mechanisms that are effective in the different application 

regimes, we explore the in-field behaviour of the commercial conductors in greater detail. Fig. 6 shows the 

trend in α value with temperature for the different processing methods for which complete data is available. 

α is the power-law exponent characterising the decay of the critical current with applied field, Ic ∝ B−α, which 

as can be seen on the plots of Fig. 5b is broadly maintained between the low-field plateau (due to single-
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vortex pinning and/or self-field effects) and the drop-off in Ic towards zero on approaching the irreversibility 

field. We summarise in Table 2 the major contributing pinning defects for each method at low and high 

temperatures. Below, we discuss the behaviour observed either side of 40 K (being the approximate mid-

range temperature, below which lie REGIONS 2 and 3 and above which lies REGION 1B). 

 Effective at low temperatures Effective across all temperatures Effective at high temperatures 

CSD 3D nanoparticles, effective strain fields around 3D nanoparticles and 2D stacking faults 
RCE-DR 0D defects resulting from fast growth  3D nanoparticles 
MOCVD 0D defects associated with 1D nanorods high density of 1D nanorods  
PLD 0D defects 1D dislocation lines along columnar 2D grain boundaries   

Table 2 | Defect species providing the most effective flux pinning in the different temperature regimes for the optimum 
performance coated conductors produced by the different processing methods of Fig. 5. 

 

Fig. 6 | In-field performance of commercial conductors in different temperature regimes. Power law exponent (α) of the field decay 
of Ic versus temperature for the different processing methods (except RCE-CDR where insufficient data is available). Values are 
extracted from the data shown in Fig. 5b, as well as additional data from the same source [70]. 

5.2.1 Low-temperature regime below 40 K (REGIONS 2 and 3) 

The low temperature α value varies by a comparatively small amount across the processing methods, ranging 

between 0.55 and 0.75. We recall Fig. 5c which shows that 0D defect pinning and columnar defect pinning 

are both operative in this region, with the presence or absence of 0D defects becoming increasingly 

important towards the lower temperatures. Of course, both defects intrinsic to the processing route and 

artificial pinning additives play a role in determining α.86 We note that a lower α value does not necessarily 

imply a higher Ic because of the variable extent of the single-vortex pinning (plateau) region, as well as 

inherent variations in the self-field Ic achieved by the particular processes. Hence, although MOCVD exhibits 

a higher α value than PLD, its Ic remains similar (slightly higher at low fields and dropping off at high fields) 

due to an extended single-vortex pinning region. 

Across the low temperature range from 4.2 K to 40 K, CSD exhibits the highest α value of just above 0.7, 

reflecting weak collective pinning originating from nanoscale strain fields around the nanoparticles and 

stacking faults present.84 PLD produces the lowest low-temperature α value of around 0.55, consistent with 

pinning from 0D point defects arising from the high supersaturation growth. From 4.2 K to 40 K, its α value 

remains the lowest, decreasing to around 0.4–0.5. Dislocation lines along its highly columnar grain 

boundaries act as a linear array of strong columnar pinning centres,87,88,89 around which the shearing of 

unpinned flux lines nucleated at the grain boundary by the increasing field leads to the observed α value.69 

The RCE-DR process yields a similar 4.2 K α value to PLD, consistent with 0D defect pinning resulting from the 

very fast growth process. By 40 K, the value has risen to around 0.7, similar to that for CSD and consistent 

with weak collective pinning. At 4.2 K, MOCVD has a similar α value to CSD, again indicative of weak collective 

pinning. There are fewer 0D defects present in MOCVD than PLD, likely because of the lower supersaturation 
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of the process. However, upon increasing temperature to 40 K, like PLD, the α value reduces for MOCVD as 

pinning from columnar defects takes over. RCE-DR and CSD don’t have these columnar defects which means 

their α values do not decrease with increasing temperature. 

5.2.2 High-temperature regime above 40 K (REGION 1B) 

At higher temperatures, the pinning efficacy generally improves due to the existence of well-established 

effective pinning structures and the process optimisation steps that have served to encourage their 

formation, even in samples for which no artificial pinning centres have been introduced. Consequently, α 

typically drops. The notable exception is RCE-DR, for which α rises quite rapidly from its low-temperature 

value above 40 K. Hence, while RCE-DR has a lower α value than CSD at low temperatures, it is higher above 

about 60 K and reaches the vicinity of 1, reflecting pure collective pinning, around 77 K. We noted that there 

exists some measure of effective 0D pinning at low temperatures in RCE-DR; however, the pinning strength 

of such defects will not be sufficient to remain effective at the higher temperatures. The operative pinning 

defect structure is now 3D nanoparticles but using conventional processing their density is not high enough 

to effectively pin all the flux lines present in-field. That said, in laboratory-scale RCE-DR samples made with 

precise compositional tuning,67 the films behave similarly to CSD samples at 77 K, demonstrating the 

possibility of achieving similarly effective defect structures at much higher growth rates. This reiterates the 

important influence of precise compositional tuning and process specifics on the pinning behaviour above 

40 K, as noted previously in section 5.1.1. 

The CSD process maintains a broadly constant α value of around 0.7 across the full temperature range. The 

pinning centres present, predominantly 3D nanoparticles and associated stacking faults and their strain fields 

are not as effective as others at low temperatures, but they maintain their effectiveness to high 

temperatures, likely as a result of the strain fields dominating at lower temperatures, transitioning to the 

stacking faults themselves dominating at higher temperatures.90 Both MOCVD and PLD conductors exhibit 

an improvement in their already good low-temperature α value as the temperature is increased, dropping to 

around 0.5 and 0.4, respectively. These values reflect the extended 1D nanorods and/or columnar grain 

boundaries dominating at the higher temperatures. In the case of MOCVD we note, however, that for 

different conductors prepared using the same method, there exist wide variations in behaviour in the high-

temperature region, including a complete reversal of the trends observed here. This again reinforces the fact 

that above 40 K, the precise form and density of columnar defects has a decisive influence on the pinning 

behaviour.91 

In summary, for the measured contemporary commercial conductors the operative pinning mechanism is 

broadly the same from 4.2 K to 40 K, with a range of mechanisms, but the columnar microstructure of PLD 

conductors is particularly effective. Above 40 K, for all methods, there is great sensitivity of α to the precise 

balance of the different pinning defects. PLD produces the lowest α values over the widest temperature 

range. This is not to say, however, that the other methods can’t be made to reproduce the low-α PLD 

behaviour across a wide temperature range, as has been closely achieved by MOCVD in some cases. More 

insight into this is given by recent results on laboratory-scale samples, as discussed next. 

5.3 Best laboratory-scale performance data 

We now consider recent progress in laboratory-scale samples synthesised by industry-proven methods. The 

critical current density, Jc, rather than Ic, is the performance metric used here because it shows what may be 

possible in terms of enhanced pinning and therefore in terms of performance enhancement for commercial 

conductors in the future. 

We focus on performance enhancement at the temperatures of interest of 4.2 K and 30 K (Fig. 7a) where 

there is still strong scope for optimisation. We highlight key examples of the most significant advances 
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reported in recent times, comparing these laboratory results with the previously presented commercial wire 

Ic ranges, shown as shaded regions on the plot. It is immediately apparent that recent laboratory-scale 

samples are able to outperform commercial wire at these temperatures quite significantly. Broadly speaking, 

laboratory-scale conductors perform at 30 K equivalent to the best commercial conductors at 4.2 K, with 

their performance at 4.2 K being correspondingly higher. 

  

Fig. 7 | Best laboratory-scale REBCO wire performance. a | Comparison of various state-of-the-art laboratory techniques for 
producing high-performance conductors, compared with contemporary commercial conductor performance. Laboratory-scale 
samples broadly perform at 30 K equivalent to the best commercial wires at 4.2 K, albeit with a lower irreversibility field, whilst 
samples at 4.2 K exhibit a 3–5 times improvement over that. Data sources: Au-irradiated CSD [92]; Advanced MOCVD [93,94]; Hot-
wall PLD [95]; PLD+BYNTO [96]; Double-disordered PLD [103]. b | Transmission electron microscopy examples of mixed 
dimensionality defects engineered into the REBCO layer of laboratory-scale samples through different deposition techniques. Images 
reproduced from [102,95,104] with permission. 

5.3.1 Advanced metal-organic chemical vapour deposition  

The first demonstration of strongly enhanced pinning at low temperatures in MOCVD samples was reported 

in 2014. Xu et al. showed97 in MOCVD laboratory-scale samples on metal substrates that high volume fraction 

(15 mol.%) additions of Zr into REBCO yielded record performance (exceeding 10 MAcm−2 at 4.2 K, 16 T∥c). A 

complex mixed pinning microstructure of fine extended 1D BaZrO3 nanorods with 25 nm spacing and 9 nm 

diameter were present as well as RE2O3 (3D) nanoparticles and planar (2D) stacking faults of CuO. At 4.2 K, 

the films had a high α value (close to 1) indicating pinning from a high density of weak 0D uncorrelated pins, 

but they also had a much enhanced Jc. From field angle dependent measurements of Jc at 30 K in films with 

dense extended nanorods, isotropic behaviour was observed, consistent with the predominance of 0D pins.98 
The origin of these uncorrelated pinning centres is uncertain but is likely from secondary-effect point (0D) 

defects arising from the 2D and 3D defects, as well as from strain fields around the high-density 1D nanorods. 

The strain may give rise to 1D misfit dislocations99 as well as to cation disorder.100 Evidence for the possibility 

of cation disorder comes from measurements of highly extended c lattice parameters in Zr-added 

conductors.93 The important role of dislocations for low-temperature pinning has also recently been 

considered101 and warrants further detailed investigation for differently nanoengineered conductors. 

More recent work93,94 has demonstrated remarkable improvements in Jc via this method (Fig. 7a). To 

understand what the optimum Zr doping level is and why, different amounts of Zr addition were studied. At 

30 K, a lower Zr level of 5 mol.% gave a better Jc for fields below 14 T, but the higher Zr level of 15 mol.% 

tended towards better performance above 14 T.102 The microstructures in both cases were qualitatively 

similar (Fig. 7b, upper panels), i.e. long continuous nanorods as small as 3.5 nm diameter – close to the vortex 

diameter – passing through the entire film with 10 and 30 nm spacing for 15% and 5% doping, respectively, 

intersected by regular RE2O3 nanoparticles. For the 15% doping, there is possibly too much structural disorder 

(cation disorder and perturbation of the CuO planes) to achieve a good lower-field performance. We discuss 
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later how a mixed pinning microstructure might be optimised without compromising the microstructural 

integrity of the film. 

5.3.2 Advanced pulsed laser deposition 

Advanced PLD techniques show similar low-temperature performance enhancements to those seen in 

advanced MOCVD (Fig. 7a). The Fujikura company together with other researchers in Japan have shown 

excellent pinning at both 4.2 K and 30 K in laboratory-scale samples of REBCO with BaHfO3 artificial pinning 

centres prepared using hot-wall PLD on metal substrates.95 Hot-wall PLD likely enables more uniform heating 

and highly uniform columnar grains and hence an evenly-distributed high density of dislocations, explaining 

why Fujikura wires have some of the highest in-field Ic values of any coated conductor even in the absence 

of artificial pinning centres.42 With BaHfO3 addition, a dense array of nanorods aligned with the c-axis is 

observed in the better-performing slower-grown samples (Fig. 7b, lower left panel). The performance results 

lie somewhat below the advanced MOCVD conductors, particularly at intermediate fields. The reports did 

not specify the amount of BaHfO3 added to the films, but it appears from Fig. 7b that while fine (few nm 

diameter), dense (10 nm spaced) rods are obtained, the density of RE2O3 nanoparticles is lower than that 

present in the MOCVD samples. (This is because stoichiometric BaHfO3 is added rather than elemental Zr as 

in the MOCVD case and so the REBCO matrix is not rendered RE2O3-rich by Ba consumption.) 

Thus, the pinning microstructure for the hot-wall PLD sample is less complex than for MOCVD, although 

complex defect structures have been obtained by PLD in other reports. A notable example comes from the 

Bruker company (as-reported high field data only shown in Fig. 7a) who created fanning extended 1D 

nanorods of BaZrO3, and certainly high levels of secondary 0D disorder along with this.103 Consequently, the 

performance resulting from this complex “double-disordered” microstructure exceeds that of both the hot-

wall PLD and the advanced MOCVD at high fields. 

Another complex microstructure arises from double perovskites of the Ba2RE(Nb,Ta)O6 series, most typically 

Ba2Y(Nb,Ta)O6 (BYNTO).96,104,105 Here, extended 1D nanorods with hammerhead spacer regions giving a 3D 

pinning structure are obtained (Fig. 7b, lower right panel) and excellent Jc performance is achieved (Fig. 7a). 

While low temperature data has only so far been acquired for samples prepared on single crystal substrates, 

and hence is not directly comparable with that obtained for samples on technical substrates, there is strong 

potential as the BYNTO compositions have shown strong performance on technical substrates at 77K.105 

5.3.3 Chemical solution deposition plus ion irradiation 

As already discussed, the relatively low supersaturation of the CSD process means that achieving 0D defects 

is challenging. One way around this is to introduce columnar defects post-growth. This has been done 

successfully using gold ion irradiation in a reel-to-reel process,92 giving rise to 5 nm diameter columnar 

defects, with performance at 4.2 K and 30 K similar to PLD (Fig. 7a). The results are highly promising, but it is 

unclear if the costs associated with the processing could ultimately produce commercially viable wire.106 The 

direct introduction of point defects into coated conductor materials through proton irradiation has also been 

a subject of investigation, both for CSD107 and RCE.108 

5.3.4 Summary of approaches to pinning optimisation at low temperatures 

Point defect engineering for optimising the high field, low temperature performance of REBCO is still at a 

relatively early stage of development. As already noted, 0D defects are most effectively engineered as 

secondary defects and hence they are not formed in a well-controlled manner. Also, the question of whether 

quasi-0D defects (very fine nanoparticles or nanoscale strain fields) are beneficial for high-field pinning at 

low temperatures remains uncertain.78 At the same time, the evidence for enhanced pinning from true 0D 

defects has been questioned recently.98 More work is needed on both the understanding of the nature of 
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point-like pinning and the means to controlled engineering of a high density of point-like defects. Whatever 

the means and whatever point-like defects are engineered, maintaining flat CuO planes, highly aligned grains 

and clean grain boundaries is also necessary to achieve the highest possible Jc, although these ideal 

microstructural features will inevitably be sacrificed somewhat to structural perturbations caused by the 

other-dimensional defects required to engender them. 

6 Outlook 

6.1 Future approaches for coated conductors 

As far as pinning at 77 K goes (REGIONS 1A and B), a huge amount of work has already been done and 

conductors have been well optimised. At 30 K and 4.2 K (the critically important REGIONS 2 and 3), less work 

has been done and there is certainly room for more materials nano-engineering to further optimise 

performance. An optimised 4.2 K / 30 K conductor for high field applications would consist of a material 

having a mixed defect landscape, including defects of all dimensionalities ultimately leading to a high fraction 

of secondary-effect point-like defects processed as a thick conductor.109 For widespread uptake, particularly 

for applications in REGION 2, this ideal defect landscape must be engineered-in by a method that is as low 

cost (and hence fast) as possible. While there has been a huge effort directed towards defect engineering in 

general, there has been less attention paid to developing fast, low-cost processing methods with high yield 

resulting from broad processing windows. 

To meet both performance and cost requirements, it would be ideal to combine the performance benefits 

of a high supersaturation process such as PLD (which gives reliable and reproducible properties over long 

lengths in thick conductors and enables a wide range of pinning nanostructures and dimensionalities) with 

the cost benefits of a low supersaturation process. Looking again at Table 1, and moving down in 

supersaturation from PLD, but retaining a line-of-sight in situ process so that critically important extended 

1D nanorods can easily be engineered, one might consider the moderate supersaturation processes. 

However, their lower supersaturation will always mean that process variability will be more challenging than 

it is for PLD. With PLD, the driving force for nucleation and columnar growth is very high, and the formation 

of unwanted and misaligned phases is much less probable even at large thicknesses. Possible modified 

approaches to the current processes to give higher supersaturation and higher speed include: 

▪ A high supersaturation process with liquid added to speed the process.61 Overall this would yield a 

moderate supersaturation process. Such a method is listed as high-rate PLD + liquid in Table 1. The high 

degree of supersaturation allows for the creation of a complex mixed pinning microstructure as well as 

higher speed of growth to minimise process cost. 

▪ A moderate supersaturation process (MOCVD or RCE-CDR) with increased rare earth content to increase 

the supersaturation level. This could be achieved by using rare earth containing pinning centre additives. 

Increased supersaturation will facilitate growth over a wider range of processing conditions and enable 

more 0D defects to be formed, similar to high-rate PLD. For these moderate supersaturation processes, 

in order to grow thicker films while preventing unwanted phase formation or misorientation, the use of 

higher growth temperatures (or lower oxygen partial pressures) will ensure more perfect extended 1D 

defect formation. 

▪ A low supersaturation process which is line-of-sight to enable stabilised columnar growth and extended 

1D nanorods to be formed. This would be possible if RCE-DR and RCE-CDR were merged, combining the 

advantages of both the presence of liquid and the line-of-sight growth. Also, for the fast liquid-assisted 

processes, pinning centres which have relatively low melting points should be studied as these will be 

able to self-assemble more readily into columns during the rapid growth. 
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6.2 Emerging applications 

Recently, several applications have arisen on the near-term horizon that depend critically on coated 

conductor technology for their viability, and that represent potential transformations both of their respective 

industries and of the superconductor industry itself. In contrast to the established range of applications of 

high-temperature superconductors summarised at the opening of this review, these emerging applications 

are unable to be realised using either low-temperature or BSCCO-based high-temperature superconductors. 

They therefore represent the genuinely new capabilities, rather than incremental opportunities, offered by 

this technology as it approaches maturity. Given their importance, it is also likely that once achieved, one of 

these may become the “killer application” that will drive volume production of coated conductors in the 

same way that MRI drove the production of low temperature superconductors, lowering costs to the point 

where the economic balance tips in favour of the more conventional applications also. 

6.2.1 Compact fusion reactors for power generation 

The prospect of man-made fusion power – harnessing the power of the sun here on Earth – is a game-changer 

in many respects. The provision of essentially limitless clean energy would allow humanity to break free from 

its reliance on the Earth’s stored energy reserves of the last billion years, in any case now approaching 

depletion, and to continue its industrial and societal growth that is intimately dependent on its exponentially-

increasing consumption of energy. 

There are now several significant commercial enterprises striving to develop compact fusion reactors based 

on high-temperature superconductors.110 There are two approaches to confining the fuel plasma sufficiently 

for fusion to occur: the first, adopted by the major publicly-funded $20bn international project ITER and its 

planned successor DEMO, is to increase the size of the reactor; while the second, newly possible with the 

advent of commercial-scale REBCO manufacture, is to increase the strength of the magnetic field. While the 

fusion power increases in proportion to the volume of the reactor, it varies as the magnetic field to the power 

four.111 As a consequence, by doubling the field on the plasma from the roughly 5 T of ITER to roughly 10 T, 

the volume of the reactor can be reduced by more than an order of magnitude. Such “compact” fusion 

reactors are projected to be built by the mid-2020s and could potentially lead to operational power plants 

by 2030, before ITER itself is operational, and decades ahead of the ITER programme’s plans for an 

operational power plant.112 

The ITER magnets operate in liquid helium at 4.2 K. The most critical toroidal field coils must generate 5.3 T 

on the plasma and experience a maximum field on the windings of 11.8 T. Each of the 18 coils comprises 6.5 

km of cable formed from 1000 strands of low-temperature superconducting Nb3Sn wire, for a total of more 

than 100,000 km produced by nine suppliers between 2008 and 2015, requiring the ramp-up of global 

production from 15 to 100 tonnes per year.113 In contrast, the REBCO coils of proposed compact fusion 

devices would operate at 20 K and generate a field of 10 T on the plasma, being required to withstand fields 

on the windings in excess of 20 T, unachievable with other superconductors.114 A commercial-scale compact 

fusion reactor would require 5–10,000 km of coated conductor, again representing several years of annual 

global production at current rates. Alternative designs take advantage of the higher operating temperatures 

of high-temperature superconductors to alter the geometry of the reactor, achieving the same size gains at 

fields similar to that of ITER, opening the potential to operate at even higher temperatures.115 In this way, 

while large fusion reactors fall solidly within REGION 3, compact fusion reactors straddle REGIONS 2 and 3, and 

hence have the potential to utilise the REGION 2 enhancements outlined in this work – enhancements from 

which they could greatly benefit.116 

From the perspective of the compact fusion industry, REBCO has been described as an enabling technology 

the equivalent of the lightweight internal combustion engine for powered flight. From the perspective of the 

high-temperature superconductor industry, it is widely considered that fusion power may become the “MRI 
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of HTS,” that is to say the killer application, unachievable through other means, that propels the technology 

out of the laboratory and into the world at large, breaking free of the chicken and egg situation of demand 

being limited by the high price, but price being inflated due to a lack of demand. A single commercial compact 

fusion reactor would require more HTS wire than the current annual production, and once a proven 

technology, demand for fusion reactors can be expected to far outstrip demand for MRI machines. This 

increased demand can in turn be expected to reduce production costs, opening up other areas of application 

that are presently cost-limited. 

6.2.2 Electric aircraft motors and generators 

Turning from supply to demand, the greatest global challenge of the 21st century is the abatement of climate 

change to which transportation is a major contributor. In particular, the aviation sector contributes 2–3% of 

total greenhouse gas emissions (rising to 5% of “radiative forcing”, which accounts for the disproportionate 

effect of the emissions at altitude), the international component of which, crucially, is not even measured 

when assessing progress towards global emissions reduction targets due to the present intractability of the 

challenge.117 Consequently this source has the potential to rise with ever-growing demand to become a 

quarter of the total carbon budget by 2050118 as other sectors act to reduce their contribution to the total. 

The development of electrically-powered aircraft to reduce emissions through increased efficiency in the first 

instance, and ultimately – when electrical energy storage systems of sufficient capacity, energy density and 

lifecycle reliability become feasible – to eliminate point-of-use emissions as so successfully done by the 

adoption of electrical technologies across other sectors hinges on the availability of an electric motor of 

sufficient power-to-weight ratio.119 It is now broadly acknowledged that the necessary specification of 25 kW 

per kg (more than double the performance limit of conventional machines) can only be achieved through the 

adoption of superconducting technology,120 and that only high-temperature superconductors can feasibly be 

operated at the temperatures achievable by an on-board cryogenics system.121 In the hybrid turboelectric 

drivetrain proposed pending the development of adequate energy storage technology, a conventional fuel 

is burned to power a superconducting generator,122 the output of which is then distributed between multiple 

superconducting electric motors.123 This decoupling of the generator from the propeller allows both to 

operate independently at peak efficiency throughout the flight, increasing fuel efficiency (and reducing 

corresponding greenhouse gas emissions) by 30% and thereby largely counteracting the unchecked growth 

in aviation emissions since 1990, which has been double the rate of the rest of the economy. The adoption 

of distributed propulsion reduces both fuel consumption and engine noise, another significant area of 

concern. 

6.2.3 Space-based applications 

With the recent resurgence in space activity driven by the accelerating commercialisation of the space sector, 

a number of potential applications of high-temperature superconductors in space are being reconsidered in 

light of the considerable technological advancement in the field.124 These range from enhanced benefit re-

applications of terrestrial devices such as superconducting magnetic energy storage systems,125 

superconducting levitating bearings126 and research magnets127 to entirely new, uniquely space-based 

applications such as radiation shields to protect humans from solar and cosmic radiation during 

interplanetary space voyages or within extra-terrestrial habitats128 and novel electrically-powered motion 

systems such as superconducting helicon129 and magnetoplasmadynamic thrusters130 and magnetorquers.131 

All of these potential applications notwithstanding, reports of superconductors that have operated in space 

are vanishingly sparse. The high temperature superconductivity space experiment (HTSSE) launched a 

number of cryocooled small-scale electronic devices on the ARGOS satellite in 1999.132 In terms of large-scale 

devices, a small low-temperature superconducting magnet powered the adiabatic demagnetisation 

refrigerator of the soft x-ray spectrometer on the Hitomi satellite launched in 2016 but lost shortly 
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thereafter.133 The detector of the alpha magnetic spectrometer (AMS-02) was originally designed, built and 

tested to operate using a low-temperature superconducting magnet134 but this was ultimately replaced with 

a permanent magnet prior to launch to extend the runtime beyond that achievable using liquid helium as a 

coolant.135 The next-generation instrument, AMS-100, has a proposed design incorporating an HTS magnet 

formed from coated conductors, but is yet to be built.136 To date, no wire-based superconducting technology 

has been reportedly deployed on a space mission. However, the coming decade is likely to see a rapid 

expansion of development work targeting this area137 as the new application areas outlined above are further 

developed through proof-of-concept to prototype, accompanied by the ongoing adaptation and optimisation 

of ground-based cryocoolers for the space environment.138 In this way, the application of high temperature 

superconducting coated conductors promises to assist humanity in transcending the final frontier. 

6.2.4 Cable designs 

To build practical devices from our conductors, many additional engineering aspects need to be taken into 

consideration. Primary among these for ac applications is the need to limit the ac losses that are non-zero 

even for superconducting materials. Since many applications require more current than can be conveyed by 

a single conductor, there is a need to parallel conductors together to form a cable, and in this case it is 

necessary both for the reduction of ac losses and to ensure equal current sharing between conductors to 

transpose them along the length of the cable. Methods of achieving this include Roebel cabling or conductor 

on round core technologies, which simultaneously aim to resolve the issue of the hard-to-work-with high 

aspect ratio tape geometry of the conductors.139 Furthermore, conductor striation can be used to emulate 

the fine filaments of low temperature superconductors.140 

A second issue of critical importance to application is the mechanical strength of the conductor, ensuring 

that it can support the substantial stresses induced by the magnetic pressure without elongation (which 

reduces Ic) or delamination of any of the complex stack of thin film layers.141 Characterisation of conductors 

in this respect is at an early stage. Strengthening is through the use of different substrate materials or 

lamination with a high-strength material. 

Finally, adequate stabilisation of the superconductor in the geometry of the stack is a challenge exacerbated 

by the poor quench propagation characteristics of HTS, which lead to the formation of localised hotspots that 

are difficult to detect or mitigate before catastrophic failure occurs. The thermal isolation of the 

superconductor layer from the substrate by the insulating buffer layers is one aspect of the problem that 

could be overcome by the development of conducting buffer layers,142 but in the meantime, a one-sided 

stabilisation by a metallic capping layer is commonly utilised, unfortunately increasing the overall cross-

section of the superconductor and thereby reducing its Je. No-insulation coils, whereby turn-to-turn 

decoupling of the conductor is achieved simply through the higher resistance of the metallic layer, which 

provides improved thermal equalisation and thereby stability, are a promising but as-yet unproven approach 

to addressing this issue.143 

6.3 Summary 

The field of applied high temperature superconductivity has come a long way in the last 30 years, inventing 

and realising an amazing coated conductor and cabling technology that can and should be used on a large 

scale across a wide range of power and magnet applications. The low energy consumption of HTS is critical 

for a sustainable future and can be applied in multiple energy areas, all the way from generation to 

transmission to storage and ultimately consumption. Most recently, the fusion area has come to the fore, 

with compact Tokamak reactors being critically reliant on the use of coated conductor technology to achieve 

functionality. By comparing the many different conductor processing methods being used by industry today 

in terms of their degree of supersaturation, it is possible to understand and explain how and why the resulting 
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conductors behave as they do, over the wide range of temperatures and magnetic fields required by the 

different applications. The application regime of 20–40 K, above 1 T (termed REGION 2 in this paper) is 

highlighted as the most important one for the majority of proposed HTS applications. A complex mixed 

pinning landscape is required to achieve the goal of high performance in this region and it is still early days 

in terms of its optimisation, its emergence as a distinct entity having been learned only from the failure of 77 

K performance optimisation to achieve similar enhancements at 40 K and below. More effort needs to be 

focused on understanding and optimising the wide-ranging and interacting defect structures at lower 

temperatures where performance falls short of application requirements. All the while, lower cost, more 

efficient and highly reliable processing methods must continue to be developed as today’s coated conductor 

remains too expensive for widespread uptake and effective competition with conventional alternatives. 

Overall, a large effort needs to be maintained in novel materials design, engineering and processing to bring 

the labours of the past 30 years to fruition. 
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