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REBCO is the opportunity and the challenge at high Y ICMAB

magnetic fields

Cu (50 um) + Ag protection (0.5-1 um)

Buffers (0.5-1 um)

Metallic substrate (50-100 um)

. (77K, sf) ~ 500 Alcm-w (for 500 m -1 km piece length)
. (4.2 K, 20 T) ~ 1000 A/lcm-w (with nanocomposites)

25-yr of Coated Conductor technology development

INSTITUT DE CIENCIA DE MATERIALS DE BARCELONA

EXCELENCIA i
SEVERO oo
OCHOA e et et e e

Pros:

e High T,
* HighH_,
e HighJ,
e High IL

Cons:

e Grain boundaries

* Anisotropy

* Small coherence length
(nanometric pinning
centres)

e High thermal excitations

* Robustness

e Biaxial texture = high cost
Cost= €/ kA-m


Moderador
Notas de la presentación
There are many pros for the use of coated conductors (CC) but also some cons had to be overcome and have been overcome. Now, one of the main issues is the cost of CC.
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How to decrease cost of Coated Conductors W' ICMAB
What would be an aceptable cost ? ?x i;g:écs ]C
NANOCOMPOSITES
COST PLD (also for MOCVD)
CHEAPER | (s €/kAm | m====) | BETTER o
=) -t

 High performance J (B, T)
» Thick REBCO films
e Good homogeneity
» Mechanically robust
 Thin substrates (J¢)

Fast growth

Simple processing
Simple architecture
High yield

Low capital investment « Customized for Applications

S. Kang, Science 311 (2006), J. Guiterrez, Nat Mat 11 (2007)


Moderador
Notas de la presentación
In order to  boost CC penetration we need to decrease the cost/performance ratio, i.e. making them cheaper and better.
There are several issues to tackle to get them cheaper, I will concentrate on fast growth processes.
There are several issues to tackle to get them better. Different companies are pursuing different initiatives. The workhorse has been the use of nanocomposites to increase the performance at high fields. Nowadays, thin substrates is one of the most standarized one. Improved homogeneity is a must.
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Present state in Industrial Coated Conductor growth %

MOCVD PLD Evapora- RCE-DR TFA-CSD TLAG- CSIC
tion CSD Jﬂ?

NanocomPOSite ----- -
growth
feasibility
Throughput
(m/h) Transient
Liquid Assisted

Fabrication Growth - CSD

costs

ultrasupertape

Growth rate
(nm/s)

nanoschicht

Superfyer. apGren THEVA  SUNAN U208 oxaiuia

Bruker HTS GmbH

SUPFACONDUCTOR TRCHNOLOGIES INC

T. Puig —-EUCAS 2019

SHANGHAI SUPERCONDUCTOR


Moderador
Notas de la presentación
Different growth techniques exhibit different capacities towards the feasibility to grow nanocomposites, throughput or cost, but today I want to concentrate on growth rate. Growth rate can differ very much depending on the growth technique used.
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Growth mechanisms for epitaxial REBCO films crystallization %

5

Growth from vapour phase Growth from high temperature supersaturated CSIC
equilibrium liquids

Y -specie feeding

_ P L D . L .. ’ ’
MOCVD ** liquid
. . = Slux
- Evaporation I @ e
l l f . * /
] » .
T . *a +

PLD : 5-12 nm/s (Superox), 14 nm/s (SST) s 0

A-MOCVD:3 nm/s (U. Houston), Evapor.: 4 nm/s (THEVA) _T -RCE-DR (ex-situ)

_HLPE, VLS, TPE HLPE: ~10 nm/s (UCAM)
Growth from amorphous precursor solids ‘ RCE-DR: 30-100 nm/s (SUNAM)

- CSD (ex-situ) | k Growth from transient liquids derived
' from amorphous precursor solids

¢ \" -
»'45@ ﬁ __\E: s - TLAG-CSD (ICMAB)

Growth rates from liquids : ~100 nm/s

CSD - ~1nm/s Scalable and low cost

T. Puig ~EUCAS 2019
Low cost


Moderador
Notas de la presentación
We can distinguish several growth mechanisms: Deposition of atoms from a vapour phase (like in PLD, MOCVD or evaporation) with rather modearte growth rates in the range of few nm/s or tens of nm/s, deposition from amorphous  precursors like in CSD with very low growth rates of the order of 1 nm/s, or growth from high temperature supersaturated liquids like in HLPE or RCE-DR (Reactive co-evaporation deposition and reaction) with the highest growth rates which could possibly reach even 100 nm/s thanks to high atomic diffusion in liquids. Here, I want to present another growth mechanism that combines the CSD approach with líquids: the use of transient liquids from amorphous precursor solids.


IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), November 2019.
Invited presentation 1-MO-CS-02I given at EUCAS, 01 - 05 September 2019, Glasgow, UK.

Fast growth processing of CC and its compatibility (W ICMVMIAB
with high currents

Instrinsic factors:
Growth mechanisms
Materials growth rate (YBCO, GdBCO,..)

Extrinsic factors:

for ex-situ growth methods (RCE-DR, CSD, TLAG-CSD)
Independent deposition and growth processes

High deposition velocity

High deposition area

Multi-plume

Multi-lane

PLD high power and frequency laser,...
Nanocomposites might be compromised

Multi-turn deposition

Furnaces dimensions

High deposition area

Nanoparticles may not be compromised

Some high growth rate processes are being used

=) High growth rates

High manufacturing rates
for in-situ growth methods (PLD, MOCVD, evaporation)

NSTITUT DE CIENCIA DE MATERIALS DE BARCELONA

EXCELENCIA ﬁg!‘,
SEVERO i

OCHOA

In-situ growth methods
Simultaneous deposition ag:l growth

o ® o _ ",
. A 4

PLD@Bruker and PLD@SST
V

Ex-situ growth methods
Sequential deposition and growth

RCE-DR@SuNAM and TLAG@ICMAB


Moderador
Notas de la presentación
We can distinguish two type of factors to get fast growth processing. The intrinsic factors associated to high growth rate mechanisms and the extrinsic factors associated to high manufacturing rates. The latter will be slightly different if we are talking about in-situ growth methods or ex -situ methods. Both types of factors have to be high if we want to maximize fast growth processing.
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BRUKER HTS GmbH

The processing speed of long length DD YBCO films by Pulsed Laser Deposition is performed
in a dynamic mode. Main impact factors on the processing speed are:

* Target properties
¢ Beam scan parameters
 Substrate rotation and movement
* Process environment (T, p)
The deposition rate in the static mode exceeds
150 nm/s at the maximum of the local film thickness distribution !

laser beaq’:/’/,x"g substrate
Multi-plume, multi-turn, high  wgee 7 5
power and high frequency N\ 2 ]
laser ¢

B

.=1200 A/cm-w at 42K @ 20 T ! m

All Rights Reserved

Innovation with Integrity

k.
-
= Scanning mirror
-
Imaging lens 3 Quartz window
in vacuum chamber
Tape substrate \/\ 6 7

ug heater
A i_seamscan_ i 4

21 /Target scan

180° target turns

PAGE 8


Moderador
Notas de la presentación
An example of high manufacturing rate is that of Bruker using a dynamic mode, substrate rotation, multi-plume, multi –turn, high power laser and high frequency laser. 
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.I Strategy for “fast growth” in PLD at SST

Multi-plume- Multi-lane PLD: typical growth rate in a mass-production is Average rate=
20nm/sec between 10-50nm/sec (tape speed 120m/hr)

Need to balance between I_ and production speed

High deposition rate makes more stacking faults and high /_ at
low temperatures. — favorable for realistic industry operation

High /. with SF without columnar structutre

.=1200 A/lcm-w at 4.2 K @ 17 T!

Material: Y—Gd (production speed was

doubled.)

Next strategy:
Material: Y->Gd, APC

—

W
(=]
T T

~
o
T

deposition rate (nm/s)
o [F8]
< . o

—_
=)
: T

6 8 10
position (cm)

Compromised between rate and area

12

Re-survey for high rate, wide
temp. range, PO2 (stability in
production)

—

Next
MBCO+APC’



Moderador
Notas de la presentación
Another strategy is that followed by Shangai Superconductor Technology also with multi-plume and multi-lane.
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Introduction of RCE-DR process & system

Reaction u
Metal taps 29 Multi-turn R2R

@ _ _©

acm I:I_

CCD camera

" Deposition
\ A E-gun(30 kW)

QCM Feedback ~ - -
program -~
Gd cu I8 s

m RCE-DR : Reactive Co-Evaporation by Deposition & Reaction (SUNAM, R2R)

m High rate co-evaporation at low temperature & pressure to the target thickness(> 1 um) at once in
deposition zone (6 ~ 10nm/s) — 120 m/h tape speed

m Fast conversion(up to 100 nm/sec) from amorphous glassy phase to superconducting phase at
high temperature and oxygen pressure in reaction zone

m Simple, high deposition rate & area, low system cost

m Easy to scale up :single path 1.=750 A/lcm-w at 77 K,sf !

m Verified for Gd, Y, Sm, ... ...

Superconductor,
S ‘J NA N Nano & Advanced Materials

10



Growth rate

(nm/s)

Deposition velocity

Deposition area

Reel-to-reel adaptation

Tape speed

Average
manufacturing rate
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PLD RCE-DR

* Cambridge Liquid-assisted PLD variant

TLAG-CSD

T. Puig -EUCAS 2019
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Moderador
Notas de la presentación
Overall, we can see in this table the differences and similarities of the different techniques just mentioned.
I want to include TLAG-CSD; which I will explain later, whereby the growth can be performed at 100 nm/s while the pyrolysis can be done using multi-lane and multi-turn approaches.


IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), November 2019.
Invited presentation 1-MO-CS-021 given at EUCAS, 01 - 05 September 2019, Glasgow, UK.

YBCO-CSD Growth methods 'ICMAB
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Tomd EXCELENCIA ’
SEVERO .

Solution +
| . DEpOSItiON
[
3 . Decoupled processes
 Subsgrgy, Pyrolysis Crystalization
(<00°0) L o
R/ . 2 . 0
TFA- route “*Gas-solid conversion reaction
s»Slow growth rates (~1 nm/s)
Trifluoroacetate » Ba,,Y,F,,0, - %»Slow HF removal — complex
based + CuO - reactor
pI‘eCUI'SOI‘S +Y203 .....................................................................
TLAG- route “#Liquid-solid conversion reaction
R BaCO - % Fast growth rates-100 nm/s
uorine kree E - ]
based » +CuO3  “#Dependent on BaCO; decomposition
precursors +Y,0, - *#Simple reactor —environment

friendly

TLAG = Transient Liquid Assisted Growth
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BaCO; decomposition is not an issue ?MW%CS]C
After g

A t / H OCHOA
(T, P02 Piotals heating ramp, composition...) fter pyrolysis rowth

<&
In-situ XRD at Soleil sync. $ §‘° & 003)1\(/1%%3(010)
Temperature / OC QPO(.D% Q’O? ofo Ba (23u30
: "‘ r= 2 ”3 6
5 600 650 700 750 800 850 _ RRATE H
i ! ' ! ' T ' T T T ) HE
© A
- =
> D
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(- | -
5 <
C H 1
' 1 um thick
| BacO;orth. epitaxial layers
20 25 30 20 25 30

20/° - - 28/¢

600 650 700 750 800 85
Temperature / °C

Decomposition in seconds at high heating rates

- CuO
== 10-30rith

See 3-MO-CU-02S (J. Bancheswki), 3-MO-CU-04S (S. Rasi) [y
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Moderador
Notas de la presentación
The main difficulty was assumed to be the barium carbonate decomposition. However, we have demonstrated that different process parameters (T, Po2, Ptotal, heating ramp, composition of the layer) are able to tune BaCO3 decomposition. In particular, we have demonstrated that 1 micron thick epitaxial layers  can be grown with TLAG-CSD with full decomposition of BaCO3.


POz (Torr)
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YBa,Cu;0,_, phase diagram

5
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10000/T (K)
Transient liquids (BaCuO,-CuO) form much
faster than the equilibrium solid phase (YBCO)
No need of equilibrium liquid phases in the
phase diagram
Kinetically driven growth process

Transient Liquid Assisted Growth: TLAG-CSD
2BaCO,4(s)+3Cu0 (s)+1/2Y,0; — [2BaCuO, +CuO](l) +1/2Y,04 +2C0O,(g) — YBa,Cu,0,: +YO,(Q)

CSIC
Temperature (°C) ‘m,
10 1000 900 800 700 600 -~paaB
T\ T ' ' -
102 0 e0 ee ude
transient liquid
- 1034
(4]
2
ON 10'4-5
Q 1 O (2:3)60°C/s
1 @ (3:7)60°C/s
10°4 ¥V (2:3) 20°C/s
1 ¥ (3:7)20°C/s
1| B (3:7) pO,route
1076 +==

0.75 0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15

1000/T (K)

Very wide area of YBCO c-axis nucleation
if heating rates > 20°C/s (RTA furnaces)

T. Puig ~EUCAS 2019
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Notas de la presentación
This is possible because the eutectic reaction between  BaCO3 and CuO is able to form a transient liquid in the presence of dispersed Y2O3 solid nanoparticles, in the region of the phase diagram where solid YBa2Cu3O7-x is the equilibrium phase (grey region of the Figures). The idea is that to nucleate a crystalline phase there always exists a nucleation barrier which delays its formation, while a liquid is created without any barrier and so its formation is much faster. The key advantage is that the kinetics crystallization hindrances are used to induce a transient liquid retarding the thermodynamic equilibrium phases. This liquid is generated much below the expected binary BaCuO2-CuO equilibrium eutectic temperature, Te. Thus YBCO growth can be achieved below Te upon fast temperature or oxygen partial pressure increase (red and blue arrows, respectively). All points marked in the right figure show c-axis growth. Those inside the greyer region showed best physical properties.
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TLAG-CSD: [28acu0,+Cu0](l) +1/2Y,0, +2C0,(g) — YBa,Cu,0; . +y0,(q)

\\ 4

oV

1 oi(}’ ’ 1. Dissolution
St
2

2. Diffusion

3. Surface kinetics

Temperature (°C)
650 700 750 800

a,Cc-axis
mixed C,

AG (10™"%))

=y
o
PR

c-axis orientation

WWICMAB
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The driving force for nucleation
is supersaturation:

C
Ap = kTin—> = kTin(c + 1)

S

c-axis

]| = — a-axis

10"

Normalized Intensity (a.u.)
o
&)}

o
o

In-situ XRD at Soleil sync.

For YBCO c-axis growth,
low supersaturation is

needed
(Y (RE) concentration &
solubility, liquid composition)


Moderador
Notas de la presentación
Epitaxial heterogeneous ultrafast growth of YBCO occurs upon Y dissolution in the Ba-Cu-O liquid and Y diffusion towards the substrate interface (see schema). Y atomic diffusivity in the liquid is over 100 times faster than in the solid respectively, which makes liquid assisted processes so much faster than solid-solid or solid-gas reactions . 
Then, the driving force for nucleation is supersaturation and if we want c-axis epitaxial growth of YBCO we need to work with low supersaturations, that we can control with the liquid composition and/or the Y/RE concentration in the liquid.
In the lower left panel we see an insitu XRD obtained at the synchrotron of Soleil (Paris), where we see that BaCO3 and CuO solid phases disappear and how YBCO starts to nucleate. We also see that some YBCO homogeneous nucleation disappears to reinforce the epitaxial (005) reflection. 


-..51 FIL Ultrafast growth by TLAG-CSD
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See 3-MO-CU-02S (J. Bancheswki)

L. Soler et al, submitted

40

T. Puig ~EUCAS 2019
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Moderador
Notas de la presentación
With these synchrotron experiments at acquisition times of 100 ms, we could demonstrate growth rates of 100 nm/s following both routes (temperature route and PO2 route). In fact, we could even demonstrate 140 nm/s at 860 °C, but also more than 10 nm/s at the low temperature of 650 ºC.
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Transient Liquid Assisted Growth (TLAG-CSD) films .
g
CSIC
My
ICMAB
® .%‘?5 MAJem® 5,1 MA/cm®
Homogeneous pyrolysis 30_-
and compatible with 1JP c%\
Extremely low porosity o
. e < 20
and highly epitaxial s
TN -’
vvvvvvvvvvvv 10_
ittt . | | | \._
el nont et O 20 40 60 80 100
........ S Temperature (°C)
e e High performance demonstrated
e J(77K)~ 5 MA/cm?
200 nm High quality growth T.~90K

L. Soler et al, to be published T. Puig ~-EUCAS 2019


Moderador
Notas de la presentación
TLAG-CSD has enabled us to obtain extremely low porosity and highly epitaixal films with very high Tc and Jc.
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Nanocomposites by TLAG-CSD

European Research Council
Executive Agency
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Very high density of defects and small :
o . . : L. Soler et al, submitted
epitaxial nanoparticles in nanocoposites

See 2-MO-FP1-05S (X. Obradors) and 1-MPCC1-102 (A. Queralto) for opportunities with Ink Jet Printing T. Puig —~EUCAS 2019

In-field performances of TLAG nanocomposite outperform pristine films
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Moderador
Notas de la presentación
We have demonstrated that this process is compatible with the growth of nanocomposites. We have used pre-formed nanoparticles that we have dispersed in the precursor YBCO solution and then we have undertaken the TLAG process. 
The STEM image demonstrates that small BaZrO3 nanoparticles can be embedded in the YBCO. However, unexpectedly for CSD methods, these nanoparticles are epitaxial with the YBCO matrix. We also observe that this very fast process generates a lof of stacking faults in the YBCO matrix. 
Notice that Tc is kept rather high and that nanocomposites (though are still not fully optimized) exhibit higher Jc at high fields than pristince samples. These measurements were done by SQUID.
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TLAG-CSD Coated Conductors SUNAN
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High texture quality , no interfacial reaction
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Colab. between SUNAM, OXOLUTIA and ICMAB within “\Impact ERC- PoC T. Puig ~EUCAS 2019


Moderador
Notas de la presentación
We have demonstrated the compatibility of TLAG-CSD with coated conductors by using the SuNAM substrate. We obtained epitaxial films with good rocking and phi-scans. 


European

earch Council

Executive Agency
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TLAG YBCO coated conductor

TEM-EDX analysis: Homogeneous layers and clean interfaces wit

Ers ey

W ICMAB
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hout reactivity
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s

Hastelloy/Al,O,/Y,0,/Mg0O/LaMnO,/YBCO
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Moderador
Notas de la presentación
By TEM-EDX analysis we confirm that the different layers are homogeneous, with clean interfaces and without reactivity of the liquid with the underneath LMO buffer layer. Therefore, we could demonstrate that this architecture is compatible with TLAG-CSD.
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Conclusions and prospectives

HTS coated conductors have reached impressive performances also at high magnetic fields

Strategies are being followed to decrease cost/performance ratio. In particular by:

1. Increasing manufacturing rates
2. Using high growth rate processes like those assisted by liquids

Very good prospectives are envisaged for PLD, RCE-DR and TLAG-CSD concerning fast
fabrication rates

TLAG-CSD is a new opportunity combining very high growth rates of 100 nm/s with CSD
methods and nanocomposites growth

21
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