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Presenter
Presentation Notes
This talk presents recent progress in the study of the novel ultrafast growth of YBCO thin films and nanocomposites based on this process with particular focus on the control of vortex pinning properties.
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Presenter
Presentation Notes
The global objective in the area of coated conductors in order to boost the CC penetration is to decrease the cost/performance ratio, i.e. making them cheaper and better. This slide lists the main issues involved in achieving these objectives. This global objective is reflected in the figure of merit Cost/Performance.
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“Chemical Solution Deposition (CSD) HICMABY::

X. Obradors et al., SUST (2012); SUST (2018)
C. Pop, SUST (2019); B. Vallejo, ] Mat Chem C (2020)

Pyrysis

/ e
1<500°C) First step

Inks (Trifluoroacetates, low Fluorine)
Non-vacuum deposition

Colloidal solutions for nanocomposites
Industrially scalable: low cost manufacturing

Gas-Solid reaction Second step: film growth

Ba(O,F,),* 3/2 CuO + 1/4Y,0, + yH,0 (g9) — 1/2 YBa,Cu,04 5 + 2yHF (g)

* Supersaturation conditions highly dependent on P, and P,;,4
S * Growth rate for c-axis growth limited to =1nm/s
Crystalization * High performances (I.=400 A/cm-w)

(~800°C) * Complicated R2R gas flow furnaces
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Presentation Notes
CSD is a very general approach to achieve YBCO films through a low cost procedure. Up to now CSD was soley based on TFA inks and the reaction to form YBCO is complex due to the difficulties to manage the gas phase controlling the reaction. This process has a limited growth rate and so it is difficult to achieve a high throughput.
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~ CSD - Transient Liquid Assisted Growth VICMABY:"

L. Soler et al., Nat Comm (2020)

S. Rasi et al., J. Phys Chem C (2020)
S. Rasi et al., Adv Sci (2022)

L. Saltarelli, ACS Appl Mat Int (2022)

FirSt Step S ncs live Agancy net
Inks (Non-Fluorine)
Non-vacuum deposition
Colloidal solutions for nanocomposites
Industrially scalable: low cost manufacturing

Pyrojlwysis y
(<500°C)

o Subst" dte

Deposition

Inks
Non - fluorinated
metalorganic precursors

Metallorganic solution — BaCOz(s)+ CuOys) + Y203(s) — (Ba - Cuiyi-O)m + Y203() — YBa2Cus07- s
propionate based Transient liquid

Crystalization
(~800°C)

Second step: TLAG film growth :'_-";;".;‘-'::f‘f"f

**Non-equilibrium process: kinetic control
s Liquid-solid conversion reaction (high atomic diffusion in liquids)

Coated Conductor manufacturing (1-2 um)

- Typical growth time TFA: 30-60 min “sSupersaturation degree can be controlled through Ba:Cu ratio
] Kfc')cjglfgz\évﬁ:rgely‘rﬁih >-10s “*Ultrafast growth rates >100 — 1.000 nm/s
- Throughput TLAG: 3.000 -4.000 m/h *»Simplified R2R large area reactor for industrial manufacturing

*Environmentally friendly See T. Puig: 4MOr1C-01 (9:00 am)
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Presentation Notes
CSD can also be used with inks not including Fluor (Non-Fluorine precusrsors) and then the reaction route to form YBCO is completely different, with BaCO3 as an intermediate phase. TLAG is a novel approach based on controlling the formation of a BaCuO2-CuO transient liquid. Through this approach growth rates as high as 1.000 nm/s can be achieved and the control of the reaction is much easier than in the case of TFA inks. CSD-TLAG is a very appealing combination to achieve high throughput at low cost and keeping a high performance.


IEEE-CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), March 2023. Presentation 3MOr2A-01 was
er 26, 2022.

given at Applied Superconductivity Co$ference, Honolulu, HI, USA O?E)
EXCELENCIA
YICMAB " &

INSTITUT DE CIENCIA DE MATERIALS DE BARCELONA

®
Pyrolyzed F-free CSD films

v’ Propionate precursors + additives
v’ Optimised solutions of various BaCO,

Orthorhombic:

v Reduced sizes of the
nanocrystalline YBCO precursors
ik favour greatly atomic mobility,
e enabling ultrafast growth rates

%, Orthorhombic

stoichiometries yield homogeneous
nanocrystalline layers

BaCO; (orthorhombic): 10 - 30 nm
Cu0:10-25nm
Y,0;:5-6 nm

v' Nanoscale homogeneous
distribution of the phases
throughout the layer

Multifunctional colloidal ink (Patent EP22382741) L. Saltarelli et al., ACS Appl Mat Interfaces (2022)
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Presentation Notes
The first step is to have high quality F-free inks for CSD and achieve pyrolyzed films with a high homogeneity at the nanometric scale. This is demonstrated by cross section TEM-EDX images. The Ba:Cu stoichiometry can be tuned to modify the properties of the transient liquid and the degree of supersaturation to grow YBCO.
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»

Pyrolyzed F-free CSD films MICMAB

v’ Low porosity of the layers, decreasing with the
increase of the composition’s Cu content

SEVERO
OCHOA

Two layers

2-3 composition

Four layers

1.9+0.3%

3-7 composition

& 1+0.2% Eight layers

4-11 composition
0.8£0.2%

v’ Suitability for multideposition with no loss in homogeneity L Slfarlrrelliét é ~CS._pnAl héf;;ces (2022)
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Presentation Notes
Pyrolyzed films display a very high homogeneity, a very low porosity and multideposition can be used to achieve thickness beyond 1.5 microns.
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Transient Liquid Assisted Growth: TLAG-CSD e |
g erc
Non-equilibrium process kinetically controlled
Temperature
Solid-solid reaction
Transient ™ 1 o, , 1. Dissolution
. Liquid e o
>
%) 2 2. Diffusion

!
Through
transient liquid

AG"

Gibbs free energy

3. Surface kinetics

Po2

YBa,Cu;0,

INTERMEDIATES ".,’
time

Reaction coordinate

» Transient liquids (Ba-Cu-O) form much faster than the equilibrium solid * RE solubility in the liquid controls

supersaturation
phase (YBCO) . i '
» No need of equilibrium liquid phases in the phase diagram Ultrafast groyvth rates working at high
supersaturation

See T. Puig: 4MOr1C-01 (9:00 am)
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Presentation Notes
The concept of TLAG is based on the idea of creating a non-equilibrium process to grow YBCO films. A transient liquid is formed because there is no barrier to achieve this state while nucleation of YBCO crystals require surpassing an energy barrier. When achieving very fast a position in the PO2-T phase diagram a liquid is first formed with Ba-Cu-O composition and later the Y ions from Y2O3 nanoparticles are dissolved in the liquid and transported to the interface where epitaxial nucleation is originated. This process can be performed through two routes: temperature route (constant PO2) and P route where PO2 is modified and T is kept constant.
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Presentation Notes
The kinetics of intermediate phases transformation and YBCO nucleation and growth can be examined through in-situ X-ray diffraction experiments in a synchrotron radiation facility (Soleil in Paris or ALBA in Barcelona, adquisition times 2 - 100 ms). This tool is extremely useful to understand the TLAG growth process, it allows to determine precisely the film growth rate and to optimize the TLAG process at the industrials scale. Growth rates in the range of 1.000 nm/s have been demonstrated up to now.
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Presentation Notes
The kinetics of intermediate phases transformation and YBCO nucleation and growth can be examined through in-situ X-ray diffraction experiments in a synchrotron radiation facility (Soleil in Paris or ALBA in Barcelona, adquisition times 2 - 100 ms). This tool is extremely useful to understand the TLAG growth process, it allows to determine precisely the film growth rate and to optimize the TLAG process at the industrials scale. Growth rates in the range of 1.000 nm/s have been demonstrated up to now.
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TLAG-CSD films: microstructure and properties YICMABY "

INSTITUT DE CIENCIA DE MATERIALS DE BARCELONA

SEVERO
) OCHOA

Extremely low porosity and highly epitaxial YBCO grown layers

European Research Council
Executive Agency
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L. Soler et al, Nature Communications (2020)
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Presentation Notes
The final film quality of TLAG YBCO films is very high and the nanoscale defect structure can be tuned. The ultrafast growth rates are compatible with an attractive vortex pinning landscape and high critical current densities can be achieved.
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Use of complex solutions for spontaneous segregation of nanoparticles UrB
(BaZI’O3, Ba HfO3, BazYTaO6, BaCeO3) z[o Ba,YTaOg, Y,0,; or mixed compositions I e Barcelona

Nanocomposite

- J. Gutierrez et al,
Nat Mat (2007); é o
- A. Llordés et al, P : YBCO precursors
Nat Mat (201 2) @ : NPs precursors

eurotaopes

pn-Nanocomposites: Colloidal solutions with preformed nanoparticles (. chamorro, RSC Adv. (2020)
Suitable for TFA and TLAG

Nanocomposite - Spinel (MFe,0,)
. Mixed ®e - Fluorite (CeOz, ZrOZ)
. & — e O
L [0® { e + °%e - Perovskite BaMO,
'ﬁ : YBCO precursors \3 YBCO precursors .: Colloidal solution (M= Zr’ Hf)
. : Preformed NPs of preformed NPs - Bronze Ba(Ta' N b)206

. ) ) .. i - P. Cayado et al, SUST (2015
Need to stabilize np in the alcoholic and ionic environment of X Ob};adors et al. SUS(T (201)8)

YBCO precursor solution at high concentrations -D. Garcia et al., to be published
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Presentation Notes
A recent advance in the prepartion of YBCO nanocomposite films through CSD was demonstrated by using colloidal solutions using preformed nanoparticles. This approach allows a tigth control of the nanoparticles size, an issue difficult to handle in the case of spontaneously segregated nanoparticles. This approach was first demonstrated in the TFA route.


»

Nanoparticles for multifunctional colloidal solutions

Requeriments

NP solution

Small-size < 10 nm

Non-aggregation
in alcohol solution
High concentrations in

alcohol solution
(=100 mM)

Multifunctional colloidal ink
(Patent EP22382741)

Stabilization in YBCO
precursor solution

NPs compatible and stable in
YBCO precursor solution
-non- aggregation
-no precipitation
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Compatibility with
CSD-TLAG process

NP composition non-reactive
with YBCO

High-thermal stability of
NP composition

Reactivity-

2r0, NPs Pushing effect- ]

CeO, NPs

10 _nm

Ba(Zr,Hf)O,
Ba(Ta,Nb),O4

Aggregation

=1 Coarsening


Presenter
Presentation Notes
A very versatile chemical route to prepare preformed oxide nanoparticles has been developed with a very good control of the final size, shape and stabilization state. These nanoparticles solutions can be mixed with the inks containing the Y, Ba and Cu precursors to form stable colloidal solutions as precursors for CSD-TLAG YBCO nanocomposite film growth. All the difficulties associated to nanoparticle aggregation and creation of inhomogeneous nanoparticle distribution have been solved.


IEEE-CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), March 2023. Presentation 3MOr2A-01 was

given at Applied Superconductivity Co ference Honolulu, HI, USA, October 26, 2022.
EXCELENCIA

Nanoparticle synthesis process WICMAB =

Hybrid Hydrolitic-Solvothermal Synthesis (H2S2)
2 steps process for preformed BaMO; NP synthesis

1.Hydrolitic (sol-gel) step: nucleation 2. Solvothermal step: crystallization

Alcoxide M(OR), M= Zr Hf, Ta or Nb .
Hydroxide Ba(OH)," 8H,0 T,P =¢
Stabilizer: TREG

‘ Temperature < 250 °C
‘....,.,_%..§0Ivent: Alcohol media

Reaction Time < 24h

Hydrolysis M(OR), + H,O0 —— M — OH
Polycondensations M — OH + Ba — OH — M — O — Ba

Limiting step: hydrolysis reaction
Small sized NPs (3-15 nm)
High NP concentrations (> 100 mM)
Narrow range of size distribution: FWHM< 3nm
Stable colloidal solutions (for months)

Multifunctional colloidal ink
(Patent EP22382741)

ANANE NN

N. Chamorro et al., RSC Adv. 10, 2020, 28872-28878
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Presentation Notes
This slide presents a summary of the novel process created to prepare BaMO3 nanoparticles: the Hybrid Hydrolitic-Solvothermal Synthesis. 
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BaMO, (M= Zr and Hf) Nanoparticles YICMABY

INSTITUT DE CIENCIA DF. MATERIALS DE BARCELONA
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S 8004
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0
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v’ Stable solutions cubic phase
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Presentation Notes
Perovskite BaMO3 (M=Zr, Hf) have been prepared with a very high quality and narrow size distribution. A very tight control of the final size can be achieved which will be essential to analyse the effect on vortex pinning.
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v" Homogenous and reproducible multideposited films (up to 650 nm) v" Crystalline NPs and no NP coarsening for 10 and 5 nm NPs.
v" Thickness of ~ 450 nm (1 pristine layer +1 layer with 12%mol of NPs) v" Same YBCO precursor phases as pristine
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Presentation Notes
The pyrolisis process is not modifying the size and distribution of the perovskite nanoparticles included in the colloidal solutions, as demonstrated by TEM and X-ray diffraction analysis.
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@I‘FA BHO pn-nanocomposites by Flash Heatlng ““Vju,ch}'_\”“g e

°°°°°

[ Flash Heating
Il Conventional

Distribution of initial NP:

Number of nanoparticles

n,, =40 x10% m= (x2,5) (~ 8 % vol) Short SFs are promoted ' (20 30 nm)

NPs random fraction: 94% Vol density partial dislocation: = 2.3 %vol (+ 60 %)
= Flash Heating strongly avoids NP coarsening
= Higher concentration of short stacking faults: higher density of partial dislocations Z. Li et al, Sci Rep. (2019)

= NP size very close to the optimal size for vortex pinning (5-8 nm) J Mat Chem C (2019)


Presenter
Presentation Notes
In the case of the low F approach to YBCO films the colloidal route was used succesfully. We recently realized that a way to avoid coarsening of the NP during the heating process is to use high heating rates of 20 °C/s (Flash Heating, FH). In this way the final nanoparticle size is essentially preserved as well as the distribution homogeneity. Also a high density of secondary defects are created (stacking faults, SFs) which benefits the pinning landscape. A high concentration of nanoparticles could be achieved through this process.


IEEE-CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), March 2023. Presentation 3MOr2A-01 wa

Synergistic combination of Nps and nanostrain: enhanced ™" " Wiurchi\wﬁwbszi@”
vortex pinning

CTA: Conventional Thermal Annealing (0.4 2C/s)
FH: Flash heating (202C/s) - Enhanced vortex pinning
250
| @ 150nm pristine YBCO FH &
20| & mmecosmaen 5 1o
- 150_— * 150nm YBCO-BHO(5nm) I g | (sQuiD meas)
c _ <  |—e—FHPristine YBCO
= 100! cma e ® pristine —°  ——FHYBCO-BHO (10nm)
3::5, I o A —'A—FH YBCO—BHO (5nm)
504 ,ﬁ,s;t—,;;;" ‘ 1E-3 001 0.1 1
E—— uH(T)
012 0.15 018 021 024 027 Vortex
Nanostrain (%) —

I,-:l ." Intergrowth b f.-' I.'I Dislocation
A leap increase of H* beyond nanostrain [:—_1_—[::\' |_...:.l;,

\\ |\

NP diameter ~&_, (coherence length) . "‘5“"“""’"{"(’*

NP /1 Enhanced vortex pinning

i: | \. | Z Lietal, Sci Rep. (2019)

Nanostrain & NPs (4-8 nm) Synergistic \ Z. Liet al, J Mat Chem C (2019)
| I A. Palau et al., SUST (2018)

effect for enhanced vortex pinning l 1
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Presentation Notes
The FH process allows to enhance vortex pinning because the nanoparticles size is samll enough to pin efficiently the vórtices. A synergetic effect exists between the SFs defects (measured through nanostrain values) and the nanoparticles, both of them pin vortices.
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M ~/ EXCELENCIA
- SEVERO
& ocHoA
INSTITUT DE CIENCIA DE MATERIALS DE BARCELONA g

Prlstlne

Pristine

SOLEIL
= 0.8 ] . —12% BHO
© g 0.8 —— 24% BHO SYNCHROTRON
~ 0.6 —32% BZO

~ 06
x
SALLI £ une
s £ Aw < 0.6°
' Universitat Autbnoma
0.0 0.0 de Barcelona
5.0

180 185 190 195 200 205
o/°

(110) BZO pole

1000 -

32% BZO
124% BZO
12% BZO
12% BHO

100

Intensity / counts

270°

Pristine

25 30 35 40 Epitaxial nanoparticles in TLAG-
L. Soler et al, Nat Comm (2020) 2@ / 0 CSD contrary to TFA-CSD
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Presentation Notes
The fast kinetics of the liquid assisted growth permits that BaMO3 nanoparticles rotate within the liquid to minimize interfacial energies, i.e. growing epitaxially with the YBCO matrix. On the contrary, the reaction in the solid state of the TFA-CSD process hinders the rotation of the nanoparticles, i.e. nanoparticles do randomly orient. This conclusion is reached after X-ray diffraction analysis, particularly those performed in the synchrotron experiments.
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Nanoparticles orientation in TLAG-CSD VICMABT:"

Measurement: chi: 452, at BZO (110) most intense reflexion

32% BHO 6% BZO
) ; All NPs percentages:

YBCO (103) 0-10% random orientation

BCO (103) \ BZO (110)

\._BHO (110)

Low PO, route

Example of 80% random orientation
NPs (TFA)

100 ¥ 1 v 1 v 1 v 1 v I v 1

. P
YBCO (102) @©
2 0 BZO < 80} ’,.-' -
henaing YBCO (102) ‘g
B or ’ @ in-situ BZO A.Llordes
= [ @ ex-situ BZO/BHO TLAG
£ 40} -
Preformed NPs can rotate within the § |
=y4® liquid state to reach epitaxy with YBCO £ 20 10% ]
(v]
matrix T ' """""""""""""""""""""""""
sttt OF — 1 1 . T 1 ',| T |.' =
: - i L. Soler et al, Nat Comm (2020) 0 5 1020230 %
s NP percentage (%mol)

J. Banchewski et al, to be published
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Presentation Notes
2D X-ray diffraction patterns (GADDS) and high resolution TEM images show that the BaMO3 nanoparticles are essentially epitaxial with the YBCO matrix, even at very high concentrations, contrary to the TFA process.
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A simple experiment to quantify the efficiency of vortex pinning is to measure H*, the accomodation field: it signals the crossover from single vortex regime to a collective behavior (it is a measure of the density of pinning centers). Here we show that H* is enhanced when the nanoparticle concentration is increased.
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Measurements of the anisotropic behavior of Jc((H) through electrical transport measurements allowing to determine the effective anisotropy (isotropic contribution to pinning). We show that in nanocomposites the effective anisotropy is strongly reduced in the case of TLAG films, similarly to those previously prepared through the BaF2 route.
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An exhaustive analysis by TEM has been performed of the defect structure of CSD-TLAG YBCO nanocomposites. The comparison among TFA grown and TLAG grown films has been performed. The key defects are similar in both cases but the concentration and sizes can be modified.
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The formation of SFs continues to be essential in TLAG films and recent analyses of the properties of these intergrowths which include a high concentration of clustered vacancies suggests that they become non-superconducting and so play a key role in defining the vortex pinning landscape. It was shown that ultrathin films with a very high concentration of SFs become non-superconducting.
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This slide presents a short summary of the main defects existing in TFA and TLAG films.
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This slide provides measurements of H* in TFA and TLAG films and it is shown how it is correlated with the film nanostrain (a measure of SFs concentration). The TLAG nanocomposites display the highest H* values because they have a high concentration of short SFs and a high concentration of small nanoparticles.
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Vortex pinning efficiency phase diagrams are shown here for H//c in TFA and TLAG films. It is seen that pristine TLAG films already display a high vortex pinning efficiency (isotropic contribution) because they have a high concentration of SFs. The TLAG nanocomposites display even higher performaces.
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Transport measurements up to ultra-high magnetic fields (35 T) show that CSD YBCO nanocomposites keep high performaces at low temperatures and these magnetic fields and so they are very competitive superconducting materials.
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A schema of the vortex pinning landscape can be proposed for CSD YBCO films where the dominating defects at different H-T regions are signalled.
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An additional approach to enhance vortex pinning efficiency is through control of the doping state of YBCO. From fundamental principles it has been shown that the máximum pinning energy (condensation energy) is not achieved at the optimal Tc but at the Quantum Critical Point p*. An effort has been made to reach this overdoped state by precise oxygenation procedures which has been monitored through Hall effect measurements at the normal state. 
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The carrier concentration n and the degree of doping p do not display a linear relationship. Actually a Fermi surface reconstruction occurs beyond p*. Tc only slightly decreases while n strongly increases.
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Dependence of Jc on charge carrier density: Self-field inductive critical current density, Jc, at 5 K versus charge carrier density nH(100 K) in self-field and an applied magnetic field of 7 T of YBCO thin films obtained by CSD (red circles, 250 nm) and PLD (cyan diamonds, 200 nm). Jc is strongly enhanced by increasing the charge carrier density far into the overdoped regime. A strong increase of Jc is demonstrated when n increases.
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Extension of TLAG-CSD to produce CCs has been performed using slot die coating for ink deposition and an IBAD metallic substrate. A very similar behavior has been demonstrated in terms of growth process.
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We have demonstrated the compatibility of TLAG-CSD with coated conductors substrates by using the SuNAM substrate. We obtained epitaxial films with good rocking and phi-scans and competitive critical currents. 


Advantages TLAG-CSD vs TFA-CSD

Growth mechanism
Growth rate
Supersaturation control
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J. (T7K) 11 (77K)
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Cap layer and reactivity

Thickness
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Large scale manufacturing
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Slow (~1 nm/s)

Pior T

narrow

Spont. Segregat., preformed nanoparticles

Random

Nanostrain, np

100 mT (200 mT in FH-NC)
2 - 5 MA/cm? (thin film) / 600 A/cm-w
Low (coarsening) or Flash Heating

CeO,, weak reactivity

Single deposition : ~ 0.8 - 1 um
Multideposition: ~ 2.5 um

Limited volume / complex furnaces

European Research Council
Executive Agency

Liquid-solid

Ultrafast (~100-1.000 nm/s)

[Y], Liquid composition, T, PO,

Wide and versatile (T and PO, routes)
Preformed nanoparticles

Epitaxial

Nanostrain, np, new possible defects

600 mT in NC

2 - 5 MA/cm? (thin film) / 150 A/cm-w
High (no coarsening)

LMO, LSMO, no or weak reactivity
Single deposition : ~ 0.5 um
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Higher throughput / simplified furnaces
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This table summarizes the similarities and differences of TFA-CSD and TLAG-CSD in three areas: growth process, nanocomposite characteristics and performance and features related to scaling and high performance achievement.
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CONCLUSIONS Wimpact B2

» TLAG-CSD is a novel low cost and ultrafast film growth methodology.
> Stable, reproducible multifunctional non-fluorine propionate inks have been

developed.

» Knowledge of kinetic phase diagrams is essential: outlined through in-situ
synchrotron X-ray diffraction.

» T and PO,-routes processing paths are based on a fast kinetically-controlled
formation of a Ba-Cu-O transient liquid.

» TLAG-CSD nanocomposites with preformed nanoparticles lead to
outstanding vortex pinning properties. Epitaxial nanoparticles and a high
concentration of intergrowths are generated.

» Several industrially produced CC metallic substrates have been tested
successfully.

» TLAG-CSD is foreseen as a game changing high throughput R2R CC
m a n Ufa ct u ri ng p rocess ° |IEEE-CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), March 2023. Presentation 3MOr2A-01 was

given at Applied Superconductivity Conference, Honolulu, HI, USA, October 26, 2022.


Presenter
Presentation Notes
These are the main conclusions achieved.
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