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Abstract— In this review article, we focus on various 
co-evaporation technologies developed for the fabrication of 
high performance REBa2Cu3O7-δ (RE: Y and Rare earth 
elements, REBCO) superconducting films. Compared with 
other manufacturing technologies for REBCO films such as 
sputtering, pulsed laser deposition (PLD), metal-organic 
deposition (MOD), and metal organic chemical vapor 
deposition (MOCVD), the co-evaporation method has a 
strong advantage of higher deposition rate because metal 
sources can be used as precursor materials. After the first 
attempt to produce REBCO films by the co-evaporation 
method in 1987, various co-evaporation technologies for high 
performance REBCO films have been developed during last 
several decades. The key points of each co-evaporation 
technology are reviewed in this article, which enables us to 
have a good insight into a new high throughput process, 
called as a Reactive Co-Evaporation by Deposition and 
Reaction (RCE-DR). 
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1. INTRODUCTION 
Since the YBCO superconductor with the 

superconducting transition temperature (Tc) exceeding the 
boiling point of liquid nitrogen was first reported in March 
1987 [1], various fabrication technologies for producing 
REBCO films have been developed by many research 
groups [2-14]. At the moment, sputtering [2-4], 
co-evaporation [5-10], PLD [11,12], MOD [13], and 
MOCVD [14] are available for the fabrication of high 
performance REBCO films. Among these technologies, the 
co-evaporation method has the strongest advantage that a 
very high rate deposition can be achieved using relatively 
cheap metal sources as precursor materials although it has a 
difficulty in an accurate control of the film composition 
because of a different evaporation rate of each element. 

 Early 1990’s, REBCO films on the flexible metal 
substrates, called as coated conductors (CCs), have been 
developed for various electric power applications [15,16]. 
Up to date, long-length REBCO CCs with high critical 
current (Ic) have been successfully fabricated by various 
methods [17-22]. One of the key issues for a real  
 

commercialization of CC is to reduce its price. From this 
viewpoint, the co-evaporation method is very promising 
because, as previously mentioned, it has the advantage of 
high deposition rate, leading to the high throughput.  

There are two different growth processes of REBCO 
films which are in-situ and ex-situ growth processes. Since 
“in-situ” can be translated into “in position”, in-situ growth 
means that deposition and growth of REBCO films take 
place simultaneously. The PLD and MOCVD methods are 
the typical examples of in-situ growth of REBCO films. On 
the other hands, since “ex-situ” can be translated into “out 
of position”, ex-situ growth means that precursor films are 
firstly deposited on the substrates and subsequently 
converted into REBCO films, where samples normally 
move from their deposition position to another conversion 
position. The MOD process is a good example of ex-situ 
growth of REBCO films. On the basis of the 
co-evaporation method, however, both in-situ and ex-situ 
growth processes for REBCO films have been developed. 
In this paper, we first explain the progress in the 
co-evaporation technology utilized for REBCO thin film 
devices. Next, we describe the progress in the 
co-evaporation technology for long-length REBCO CCs, 
and the characteristic features of REBCO CCs fabricated 
by various co-evaporation technologies are summarized.  
Finally, we compare newly developed RCE-DR process 
with other processes developed for long-length REBCO 
CCs. 
 

2. PROGRESS IN THE CO-EVAPORATION 
TECHNOLOGY FOR REBCO THIN FILM 

DEVICES 
Early works by the co-evaporation method were 

performed for the fabrication of high performance REBCO 
films on single crystal substrates applicable to 
superconducting film devices, including high-Tc Josephson 
junctions and microwave filters [9,23]. A typical 
processing sequence in early works was as follows; 
amorphous precursor films were deposited, and 
subsequently annealed at high temperature of ~ 900°C  in a 
furnace (i.e., ex-situ post annealing) to form the YBCO 
phase [5-9]. For instance, IBM group [5,6] for the first time 
reported that YBCO thin films on sapphire (both c- and 
a-axis orientation) and MgO substrates (both with a <110> 
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and a <001> orientation) by e-beam co-evaporation. 
Substrate temperature during deposition was held at 
~450°C, and oxygen pressure was about 10-3 Torr. In order 
to obtain high-quality YBCO films, as-deposited samples 
were post-annealed at the temperature region of 900 - 
950°C. The highest Tc,zero value was 90 K, and its critical 
current (Jc) value was over 1 MA/cm2 at 4.2 K and over 0.1 
MA/cm2 at 77 K, respectively. As another example, 
Lathrop et al. [9] tried to produce YBCO superconducting 
thin films in-situ by high-pressure reactive evaporation and 
rapid thermal annealing. While the sample cooled in 0.65 
mTorr of oxygen (deposition pressure) exhibited a poor 
superconductivity, they could obtain the Tc,zero value of ~80 
K by backfilling a deposition chamber with 1 Torr of 
oxygen after deposition at 700°C or by additional rapid 
thermal annealing at 800°C for 2 min in pure O2.  

Since thermodynamic or kinetic information on the 
growth of REBCO films from amorphous films was 
unavailable at that time, the processing conditions were 
empirically determined so that it was hard to control the 
phase evolution from the amorphous phase to the REBCO 
crystalline phase during post annealing at high temperature, 
which might cause segregation of the secondary phases 
[5,6] and nucleation of randomly or a-axis oriented 
REBCO grains in REBCO films [6,7]. In order to 
overcome such barriers, in-situ growth of REBCO films at 
low temperature without post annealing was introduced. 
During the co-evaporation process, the evaporation of each 
element took place in a relatively high vacuum (typically, ~ 
10-5 Torr) for retaining a suitable mean free path of each 
element and also for maintaining a stability of the 
deposition system. Unfortunately, however, this 
evaporation condition was generally not coincident with 
the growth conditions of REBCO films thermodynamically 
determined by many groups [24-29]. As it were, while 
lower oxygen pressure (PO2) was preferred for the 
“deposition” of each element by co-evaporation, higher 
PO2 was required for the “growth” of REBCO films.  

To overcome such a dilemma, a deposition chamber was 
specially designed to maintain the vacuum level adequate 
for the co-evaporation of metals including each element 
while a sufficient oxygen gas was simultaneously 
introduced to the substrate side of the deposition chamber 
[30-40]. With this reactive co-evaporation process, 
Terashima et al. [30] first reported a successful fabrication 
of the YBCO film. They introduced the oxygen gas to the 
substrate side of the deposition chamber (PO2 ~10-2 Torr) 
while a high vacuum (PO2 ~10-5 Torr) state was sustained 
near the co-evaporation unit. With the substrate 
temperatures of 500 - 600°C and a high deposition rate of   
6 Å/s, they could obtain the Tc,zero value of 90.2 K from the 
YBCO film. Further systematic study on the reactive 
co-evaporation of YBCO films was reported by 
Matijasevic et al. [34]. In their work, various processing 
variables, including oxygen pressure, composition, 
substrate temperature, type and orientation of substrate, 
total thickness of film, and cooling procedure, were studied 
to investigate their effects on the YBCO films. They also 
found that in the case of deposition at low temperature, the 

c-axis lattice parameters of YBCO films were expanded in 
comparison with that of YBCO bulk. Even though the 
YBCO samples were further annealed in oxygen 
atmosphere at the temperature of ~500°C, the c-axis lattice 
parameter of YBCO film could not reach that of YBCO 
bulk. According to these results, they suggested that the 
c-axis lattice parameter of YBCO film could be expanded 
not only due to the oxygen contents of films, but also due to 
an anti-site disorder between Y and Ba. One more 
important point of their work was that atomic oxygen, 
oxygen ion or ozone gases were used instead of molecular 
oxygen gas. This technique was also employed by other 
groups [37-40] since atomic oxygen, oxygen ion or ozone 
gas acted as more reactive oxidizer rather than molecular 
oxygen gas, and hence a small amount of gas could be used 
for supplementing oxygen into the YBCO film to secure the 
stability of the deposition system. 

Meanwhile, since the Ba metal is highly unstable in air 
and easily converted into BaCO3, there has been an effort 
for using BaF2 as the precursor material instead of the Ba 
metal [10,41-44]. This method was firstly reported by 
Mankiewich et al. [10]. After deposition without heating 
the substrates, they obtained brown insulating precursor 
films. These precursor films were very stable so that after 
exposure in air for 18 h and even after immersion in 
de-ionized water for 5 min, they exhibited the Tc,zero value 
of over 80 K when those had been annealed at the 
temperature higher than 800°C. In contrast, using the Ba 
metal as the precursor, only the Tc,zero value of 60 K was 
obtainable. Later, Feenstra et al. [42] reported a systematic 
study for the effect of oxygen pressure on YBCO thin films 
by post annealing. Their post-annealing conditions include 
a wide PO2 region of 8.0×10-5 - 1 atm and also a wide 
temperature region of 650 - 890°C. They utilized the 
stability phase diagram of YBCO in order to interpret the 
grain alignment of YBCO films, and found that 
predominantly c-axis oriented YBCO films were 
obtainable using specific annealing conditions which could 
be represented as a region between two lines on the log PO2 
vs 1/T (K-1) diagram. The slopes of these lines were very 
close to that of the YBCO stability line, where the YBCO 
stability line indicates the upper limit conditions of its 
stability, and the lowest temperature in this region was 
about 720°C. The highest critical current density (Jc) of   
2.3 MA/cm2 (77K, self-field) was achievable from a        
194 nm-thick YBCO film annealed at 835°C in PO2 of 
0.028 atm for 30 min. In their work, moisture was supplied 
during high temperature heat treatment for the 
decomposition of fluoride releasing HF gas, which is 
similar to the trifluoroacetate (TFA)-MOD process 
originally developed by Gupta et al. [13]. 

Solovyov et al. [43] firstly reported the properties of 
thick YBCO films on SrTiO3 substrates deposited by the 
co-evaporation of Y-BaF2-Cu and followed by a 
subsequent ex-situ post annealing process. The high 
deposition rate of 10 nm/s was achieved using e-beam 
co-evaporation for Y and Cu and thermal evaporation for 
BaF2. From the YBCO sample with ~ 3 µm thickness, the Jc 
value of 1.8 × 105 A/cm2 at 77 K, 1 T (H//c) was obtained.        
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Fig. 1. Schematic of co-evaporation deposition system 
combined with an oxygen pocket heater and rotating 
sample holder (ref. [46]). 

 
With a modification of annealing conditions, including 

temperature, oxygen pressure and partial pressure of 
moisture, they could obtain higher Jc of 2.0 × 105 A/cm2 at 
77 K, 1 T (H//c) from much thicker YBCO film with ~ 5 µm 
thickness [44]. This process was applied to produce YBCO 
CCs, which will be described in section 3. 

In 1993, another innovative ex-situ process enabling 
large area REBCO films was reported by University of 
Munich group [23,45-48]. They established a “rotating disk 
substrate holder” which could separate a co-evaporation 
zone from a reaction zone as shown in Fig. 1. In this figure, 
the co-evaporation deposition system is combined with an 
oxygen pocket heater and rotating sample holder. By 
separating the deposition zone from the reaction zone, the 
stability of deposition unit could be achieved. In addition, 
since a thin layer deposited during one cycle was 
immediately converted into YBCO, and segregation of the 
secondary phase, unavoidable in early works by ex-situ 
post annealing, could be suppressed. Therefore, they could 
successfully fabricate 4 inch diameter YBCO films with the 
Tc,zero value over 86 K and the Jc value over 2 MA/cm2 (77K, 
self-field) on various substrates, including MgO, LaAlO3, 
YSZ, sapphire, Si, and GaAs [46]. 

 

The co-evaporation technologies developed for the 
fabrication of long-length REBCO CCs may be divided 
into the following three categories: 1) a BaF2 ex-situ 
process [49-53], 2) a cyclic ex-situ process [54-66], and    
3) a two-step ex-situ process [20-22]. All these processes 
are ex-situ growth of REBCO since an in-situ deposition of 
REBCO is limited by slow growth kinetics and thus 
inappropriate for fabricating long-length CCs with high 
throughput. While both the BaF2 and the cyclic ex-situ 
processes are originally from the co-evaporation 
technologies developed for REBCO thin film devices, the 

two-step ex-situ process is a newly developed one through a 
co-work between our group and Superconductor, Nano & 
Advanced Materials Corporation (SuNAM Co.). Details on 
each process are reviewed in this section. 

The BaF2 ex-situ process for YBCO CC had been 
developed mainly by the research group of Oak Ridge 
National Laboratory (ORNL). In 2001, Lu et al. [49] first 
reported 1 m-long YBCO CC with 5 µm thickness 
fabricated by the BaF2 ex-situ process employing the 
e-beam co-evaporation of Y, BaF2 and Cu precursors. 
Although they carefully adjusted the film composition to 
the cation ratio of Y : Ba : Cu = 1.05 : 2.10 : 3.0 with a 
standard deviation of less than 2.0 %, the end-to-end 
transport Jc was 0.1 MA/cm2 at 77 K and the highest Jc of 
0.77 MA/cm2 was achievable from a short section within 
the tape, indicating that their sample was inhomogeneous 
and thus Jc might be degraded. After four years later, 
Feenstra et al. [51] reported high-Ic YBCO CC with over 
350 A/cm-width (77K, self-field) on RABiTS (rolling 
assisted biaxially textured substrates). In their work, a fast 
conversion of as-deposited precursor into YBCO film 
could be achieved by heating it to 780°C with the heating 
rate of 130°C/min in gas mixtures containing 1-2 % water 
vapor. With this fast heating rate process, a random 
nucleation of YBCO at low temperature during heating 
could be suppressed, resulting in the Jc value of 2.3 
MA/cm2 (77K, self-field) even for 1.7 µm-thick YBCO 
film. 

The separation idea of the deposition zone from the 
reaction zone in the chamber, developed by University of 
Munich group [23], was applied to the fabrication of 
YBCO and DyBCO CCs [54-57]. Since it was impossible 
to rotate long-length coated conductors within the 
deposition chamber, a small container for supplementing 
oxygen gas below the substrate, named as a “oxygen 
shuttle”, was designed. With this method, Kinder et al. [58] 
produced YBCO films on MgO single crystal (1cm × 1cm 
size) distributed over 20 cm × 20 cm area, and found 
uniform Tc,zero values of 83.8 - 85.0 K for their films. Based 
on this method, THEVA [55-57] could fabricate high 
performance DyBCO CCs on an ISD (inclined substrate 
deposition)-MgO substrate. More recently, they reported 
the DyBCO film having high Ic value of 1018 A/cm (77K, 
self-field) with 5.9 µm thickness [57]. 

With the concept of the cyclic ex-situ process, a new 
batch-type facility, called as evaporation using drum in 
dual chamber (EDDC), was developed by KAIST and 
KERI groups [59-65]. This facility consisted of a dual 
chamber in which high oxygen pressure was set in upper 
part for conversion into REBCO films while low pressure 
was maintained in lower part for deposition of metal 
precursors by co-evaporation. In addition, a cylindrical 
holder with heating elements was located inside the 
chamber. For fabricating CCs by EDDC, the substrate was 
firstly wound to a cylindrical holder located at the drum 
surface, and then rotated at the temperature of ~ 700°C. At 
the lower chamber, each element was deposited to form an 
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amorphous precursor layer in low oxygen pressure, and by 
rotating drum holder, the amorphous layer was converted 
into the REBCO phase in upper chamber which was set in 
high oxygen pressure. With this procedure, high-Ic values 
of 90-130A/cm-width at 77 K were achieved from SmBCO 
CCs with 7.5 m long and 9 mm width [59]. Ha et al. [60] 
reported the effect of composition on the superconducting 
properties of SmBCO CCs fabricated by the EDDC method. 
With an optimal composition region of Sm : Ba : Cu = 1.0 : 
1.9-2.0 : 3.2-3.4, high Jc value of 2.6 MA/cm2 at 77K was 
obtained. Furthermore, Kim et al. [64] introduced a shield 
with parallelogram open zone in the deposition system to 
investigate the effect of composition on superconducting 
properties in the same batch for SmBCO CC. They 
reported that the optimum nominal compositions for 800 
nm-thick SmBCO films were 0.01≤x≤0.05, –0.23≤y≤–0.46 
in Sm1+xBa2-xCu3+yO7-δ, leading to high Jc value of 1.6 
MA/cm2 (77 K, self-field). More recently, SmBCO CC 
with very high Ic of 1,530A/cm-width (77 K, self-field) 
could be fabricated by the EDDC process [65]. 

Los Alamos National Laboratory (LANL) and 
Superconductor Technologies Inc. (STI) groups [66] also 
developed a cyclic ex-situ process, called as a Reactive 
Co-Evaporation by Cyclic Deposition and Reaction 
(RCE-CDR), which was essentially identical to the EDDC 
process except the alteration of the batch type to the 
reel-to-reel type. In their works, 5.3 µm-thick YBCO film 
with high Jc value of 1.2 MA/cm2 (77 K, self-field) was 
obtainable. 

Recently, a novel technology for ex-situ growth of 
REBCO films, called as Reactive Co-Evaporation by 
Deposition and Reaction (RCE-DR) process, has been 
developed through a co-work between our groups and 
SuNAM Co. [20-22]. The RCE-DR process is a two-step 
ex-situ process as shown in Fig. 2. In this process, an 
amorphous precursor film was firstly deposited on a metal 
substrate tape by a multi-turn reel-to-reel motion using 
e-beam co-evaporation at low temperature in low PO2 
(~10-5 Torr), and subsequently converted into GdBCO 
crystalline films within a minute by passing the tape 
through a tube furnace set at high temperature (~ 850°C) in 
relatively higher PO2 (~100 mTorr) as shown in Fig. 2. 
While a layer-by-layer growth of REBCO took place in the 
cyclic ex-situ processes of both EDDC and RCE-CDR, the 
amorphous precursor film was rapidly converted into 
Gd2O3 plus liquid and finally grown to the GdBCO film by 

 

 
 

Fig. 2. Schematic of the RCE-DR process. 

TABLE I 
THE JC AND IC × L VALUES AT 77 K FOR REBCO COATED CONDUCTORS 

FABRICATED BY VARIOUS CO-EVAPORATION TECHNOLOGIES. 

Name of 
Process 

Type of 
REBCO 

Jc (MA/cm2)/ 
Film 

thickness(μm) 

Ic × L 
(A/cm- 

width × m) 
BaF2 

ex-situ 
post 

annealing 

YBCO 2.7 / 1.7 [51] 
2.3 / 3 [52] unknown 

 
Oxygen 
shuttle 
process 

DyBCO 2.43 / 2 [56] 
1.7 / 5.9 [57] unknown 

EDDC SmBCO 
2.48 / 2.13 [63] 
2.12 / 3.22 [63] 
3.06 / 5.0 [65] 

305 × 27 
[62] 

1011 × 16 
[65] 

RCE 
-CDR YBCO 

1.2 / 5.3  
4.1 /0.98 (75 K) 

[66] 
unknown 

RCE-DR GdBCO  ~ 4.6 / 1.55  
[22] 

421 × 1000 
[22] 

 
the peritectic recombination reaction [21,67] in the 
RCE-DR process. Interestingly, this new process is 
somewhat similar to the early studies for YBCO thin films 
by the co-evaporation method [5-9] in the sense that 
as-deposited film is converted into YBCO film by ex-situ 
post annealing. However, while the amorphous films were 
annealed in high PO2 of 760 Torr so that randomly oriented 
YBCO films were formed during heating in the early 
studies by the ex-situ co-evaporation process, highly 
textured GdBCO films were successfully grown at low PO2 
of ~100 mTorr by the two-step RCE-DR process [21].  

The superconducting properties of REBCO CCs 
produced by various co-evaporation technologies are 
summarized in Table 1. Among these technologies, the 
highest throughput is achievable from the RCE-DR process 
since other processes like EDDC and RCE-CDR employ 
the cyclic deposition for precursor layers which limit the 
deposition rate. In addition, the high Ic value (> 400 
A/cm-width) could be successfully obtained from                   
1 km-length GdBCO CC produced by the RCE-DR process. 
Therefore, one can see that the RCE-DR process is the most 
promising one for the commercialization of high 
performance REBCO CCs. 
 

Long length CCs with high performance have been 
successfully fabricated by various methods such as MOD 
[17], MOCVD [18], PLD [19] and RCE-DR [20-22], etc. 
Among these methods, the RCE-DR process exhibits the 
highest throughput over 360 m/h [20-22] in comparison of 
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MOCVD (~180 m/h) [68], MOD (~100 m/h) [69], and 
PLD (40 m/h) [19]. The throughput is defined by the 
processing area times the growth rate of REBCO film. If 
the processing area is assumed to be identical, the 
throughput is dependent only on the growth rates of 
REBCO films. Since the growth rate of REBCO films        
(> 100 nm/s) by the RCE-DR process is much faster than 
those of other methods (PLD, MOCVD < 10 nm/s, MOD    
< 1 nm/s), the highest throughput can be obtained by the 
RCE-DR process. The reason for the highest growth rate of 
REBCO films by the RCE-DR process is considered to be 
due to a melt-textured growth of REBCO on the LaMnO3 
buffer layer [21]. However, further study is required for a 
better understanding of such a fast growth mechanism. 

From the view point of flux pinning, the PLD method is 
known to be very effective for introducing the flux pinning 
centers because the secondary phases within the REBCO 
matrix can be refined into several nm size.  Though not so 
effective as the PLD method, the MOCVD and MOD 
methods are also effective since the secondary phases can 
be refined into several tenth nm size. With the RCE-DR 
process, the second phases have ~100 nm size, and hence 
the flux pinning properties are not so good at the moment. 
However, since the pinning control in the RCE-DR process 
is at the early stage, improvement of the flux pinning 
properties of REBCO films may be possible by discovering 
a novel route enabling further refinement of the secondary 
phases. 
 

5. SUMMARY 
We reviewed various co-evaporation technologies 

developed for high performance REBCO superconducting 
films. After the first attempt of co-evaporation for REBCO 
films in 1987, various techniques employing 
co-evaporation have been developed. In the early stage, the 
co-evaporation technology was used for the fabrication of 
REBCO thin film devices. Recently, however, it has been 
employed for the fabrication of REBCO CCs. For the 
fabrication of REBCO thin film devices, ex-situ 
post-annealing processes, including usage of BaF2, in-situ 
growth process and ex-situ conversion by multi-step 
growth, were developed. The BaF2-post annealing process 
and ex-situ conversion by multi-step growth were also 
applied for the fabrication of REBCO CCs. More recently, 
the new two-step process, called as the RCE-DR process, 
was developed. Since this process exhibits the highest 
throughput (> 360 m/h) due to the high growth rate of 
GdBCO (> 100 nm/sec), it is considered very cost-effective 
process for the commercialization of REBCO CCs. 
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