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(1) Favorable orientation of REBCO films

1000 :L
Stabilized layer, several pm-t !
[ S c-axis || & c-mixed

Epitaxial REBCO layer 2 100} || orientation

Several pm-t s
© g
g2
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X i
2 o W
r = S
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= = C-axis nucleus
_ (- —g-axis nucleus
ealaps, sevrd 100um< ot st O .
’ ( Ce0,, MgO, SrTiOs...) 0.1 1 10
-19
Fig. Schematic drawing of REBCO coated conductor. Ap [107 ]
Fig. Critical nucleation energy of REBCO
For large current carrying capability, as a function of supersaturation.
Favorable orientation = c-axis of REBCO L current ref. Y. Ichino et al., [EEE TAS 13 (2003) 2735

Previous study
) : ion = nucleation in initi .
Preferential orientation = nucleation in initial growth stage - Supersaturation (Az)

c-axis nuclei = low supersaturation < Au*
I (high substrate temperature, low growth rate...). _




(2) Self-organization of Ba-M-0O

In order to clarify self-organization mechanism of BMO - Monte Carlo simulation
Ref. Y. Ichino et al., Jpn. J. Appl. Phys. 56 (2017) 015601, IEEE TAS 27 (2017) 7500304

Substrate temperature = 1,193 K N
B > ot ‘ \
20 nm ,‘ | ;
(50 sites) éz::E::_:
(200 sites) aan B EEREMESRERENET
SRR o

Fig. Bird’s view of BMO self-organization. BMO particles were expressed Fig. Magnified cross-sectional view of a nanorod
by red cubes. REBCO particles were transparent for ease of viewing. in the left movie. Red cubes correspond to BMO and

agua blue ones are REBCO.

» BMO particles aggregated due to the unstable boundary between BMO and REBCO.

» BMO grew up 3D-island mode. REBCO was 2D-island growth mode.
» Top of the BMO is higher than the REBCO layer. - Consistent with experimental results
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Fig. Cross-sectional views of nanorods.
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Phase diagram of Ba-M-0O nanostructures

For suppression of flux motion =2 Control of BMO nanostructures

(a) 300 nm/h (b) 3,000 nm/h

30 30
Og 3\0 coalescence
S S
= 20 = 20} 2 ‘
= O
q:: 10¢ "'q—) 10F © O A
= - % O A
=) > X ®) O O
— O — O
g o I [7 L . g 0 i .OCCQ.D ) § . f S
1000 1050 1100 1150 1200 1000 1050 1100 1150 1200
Substrate temperature [K] Substrate temperature [K]

Fig. Simulated phase diagrams of the nanostructure morphologies for substrate
temperatures and volume fractions at deposition rates of (a) 300 and (b) 3,000 nm/h.

Ref. Y. Ichino et al., Jpn. J. Appl. Phys. 56 (2017) 015601, IEEE TAS 27 (2017) 7500304

Previous study Monte Carlo simulation for BMO+REBCO crystal growth

BMO self-organization = substrate temperature, volume fraction, depo. rate
- BMO nucleation and growth = surface diffusion -
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Objective

Supersaturation and surface diffusion are important
for high-performance REBCO coated conductors.

Estimation of supersaturation and
surface diffusion constant
via surface morphologies of
SmBCO thin films

SmBCO thin films were deposited by pulsed laser deposition (PLD) method.

Detailed observation of surface morphologies of the SmMBCO films

Surface diffusion constant >
diameter of central 2D-island (top terrace of pancake-like island)

. Supersaturation = terrace width .
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2. Experimental

Table. Deposition conditions
K excimer laser (1 = 248 nm) ‘Parameter  Condition
Laser KrF excimer (A =248 nm)

Laser repetition rate, fi 1~ 100 Hz

Substrate and heater
Laser energy density 1.0~ 1.7 J/cm?

0, ganIIOW Substrate temp., T, 760 ~ 880°C

substrate LaAlO, (100) single crystal
target SmBa,Cu;0, sintered bulk
O, pressure 400 mTorr

Clearance between 52.5mm

Target and substrate

Film thickness Approx. 200 nm

Table. Evaluation method

vacuum Orientation X-ray diffraction (XRD)

Target (SmBCO)

Fig. Schematic drawing of PLD chamber and the photograph is Surface morphologies  Atomic force microscopy
plume of SmBCO. (AFM)

Composition Energy Dispersive
X-ray spectroscopy (EDX)
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(1) Surface diffusion constant

Ay = 7+/D(T,)/ £,

Ap - maximum diameter of the top layer
T, : substrate temperature

f_ : laser repetition rate

D(T,) : diffusion constant ata T,

“In the case of 2D-island and growth, the
size /A, of the central 2D-island is

a measure for (D/f,)¥?, since new nuclei
form only if adatoms are unable

to reach the step edge.”

[Ref. B. Dam et al., Physica C 305(1998)1]
Fig. Estimation of surface diffusion constant from 2D-islands growth.

Surface morphologies of SmBCO thin films
deposited at various T.s and fs

D(T,) depending on
T.and f,

Activation energy of
Surface diffusion
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Surface morphologies of SmBCO thin films

Laser repetition rate, f, [Hz]

>

800 820 840 860 880

Substrate temperature, T, [2C]

Fig. A part of surface morphologies of SmBCO thin films deposited at T, = 800~8802C and f, =1 ~10 Hz.
Morphologies of 2D-island growth are enclosed by blue lines.

- D(T,) are estimated by using 4, =z,/D(T,)/ f, -
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D(T,) as a function of T_
T, [°C]

— 1 0° & 8530 8(.)0 7‘::)0 7(..)0
N

g fu [Hz] > In spite of f, D(T,) are on the same
— m 1 straight line.

— A5 » From the slop of the straight line,

= ® 10 L —

e A A activation energy of D(T) is estimated.
= U, =25100K @

S 10°F =216ev '

o -

(7p)

c

o

O

_5 Activation energy of surface diffusion
3 [ In D(Ts) =-25,147 / Ts + 0.7926 U,.=257100K =2.16 eV
= L, | R =0.9343

O Yoss 09 095 100 105 LRjef. Y'-’;C;) t\*/”” films

-3 t— 4£.0€
1/Ts [x10™ / K] B. Dam et al,, Physica C 305 (1998) 1

Fig. Arrhenius plot of the diffusion constants depending on T, and f,.
‘ Some data pointed by open arrows are out of trend. _
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(2) Supersaturation and preferential orientation

r* : critical radius in nucleation

*
19 r = ﬂo A, : terrace width of spiral growth
v : unit cell volume
. VO o . surface free energy
r =—— We used o= 0.82 J/m? for (100) of YBCO.
A ,U Ayt supersaturation

Ref. T. Nishinaga et al., Adv. Supercond. 8 (1996) 33

h

VG . .
Aps = 192 Estimation of Au |
From surface morphologies

Fig. Surface image of a SmBCO thin film
having spiral growth mode.

0

Surface morphologies of SmBCO thin films - ® Audependingon T and f,
deposited at various T.s and fs ® Effect of seed layer
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&)
Preferential orientation for 7, and f,

SmBCO (b) w/ seed layer (c-SmBCO)

(a) w/o seed layer
(200 nm-t)

Upper SmBCO

2.0 2.0 (200 nm-t)
@® 1Hz
a, c-mixed A 5Hz : A 5Hz Seed
Orientation substrate | 1 10Hz B 10Hz Al (c-smBco,
S G 15| semsfl o
— — o -19
27 [ Amy* = 0.75x107 o || [P = LOA0T spn)
o o L DN / e
— —
-E. 10k y %‘ — 1.0 - X
~ J) L 2‘ | c-axis
l J % Orientation
I i (XRD)
05 c-axis 0 o) é 0.5
|| Orientation o %; % - u
¥ (XRD) v
0.0 ' ' ' ' ' 0.0 . ' . :
600 700 800 900 600 700 800 900
T, [°C] T, [°C]

Fig. Substrate temperature (T,) and laser repetition rate (f,) dependence of Ay. (a) without seed layers and (b)
with seed layers. The seed layers are c-axis oriented SmBCO layers deposited at relatively high T..

» With increasing T, and decreasing f,, Ax decreased.
» From XRD, g-axis oriented grains grew, when Au became larger than a threshold A (Agr*).

‘ » Au* is increased by seed layer (c-axis oriented SmBCO) = Suppression of g-axis grain growth
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a-axis and Ay for high f, up to 100 Hz

Surface morphologies of SmMBCO thin films deposited at T, = 8509C and f.: up to 100 Hz

X 100 2.5
—~ - | —O— wi/o seed - | O wi/oseed
..g 80 L —@— w/ seed 20k ® w/seed
c
> I
= /
= 60 = 1.5f
D o A/,lwith*:l.OXlo-lg O
o ' © '
X 4o} S 1.0 -
S | ~ o ¢
S 20+ 05t 5 & K
.(é) g 4///’ . r A/,IW/O*=O.75><10'1 -‘
CF O — O/. L @—T . OO \ | \ | \ | , ] , ] l
© 0O 20 40 60 80 100 0O 20 40 60 80 100
fL [Hz] fL [Hz]
Fig. f, dependence of g-axis ratio, where a-axis ratios Fig. f_ dependence of Ay, where Ay are estimated
are estimated from XRD intensity ratio. from terrace width of the films. Here, the Ay*s are

The values estimated in the previous slide.

» @-axis grains increased with increasing f,. A also increased with increasing f,.

» a-axis oriented grains grew, when Au became larger than Au*.
. —> Seed layer can suppress a-axis grain growth even at high f, due to the high Az*. .




w 17
4, Summary

We estimated surface diffusion constants and supersaturation
of SmBCO thin films via the surface morphologies.

» Surface diffusion constant

* Surface morphologies are affected by deposition conditions such as T, and f,.

* From 2D-island growth mode, D(T;) are estimated.

* In spite of f, there are D(T,) in the same straight line in Arrhenius plot of D(T,).
* Activation energy of surface diffusion is estimated and the value is 2.2 eV.

» Supersaturation and preferential orientation

* Auare also estimated from surface morphologies of SmBCO thin films.
* g-axis oriented grains grew, when Au became larger than threshold Au (A*).
* With increasing T, and decreasing f, Au decreased.
* Au*isincreased by seed layer (c-axis oriented SmBCO)
— Suppression of a-axis grain growth
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Quasi Homo-Epitaxial Nucleation (QHEN) model

ref. Y. Ichino et al., IEEE TAS 13 (2003) 2735

o : surface energy
v :unit cell volume

interface : Ginter 1000

€ >
a, c-mixed
orientation

c-axis

100

Nucleation on c-axis oriented underlying layer

Critical nucleation energy,
AG* [10™° J]

Critical nucleation energy 10}
2
* w(ho,)
(N/V)(Ap = Aur') "
Critical supersaturation of nucleation 0.1 1 10
A x Y 1
H = H (Gbase t Ointer — O-U.L.) A'u [10 J]

Fig. Critical nucleation energy of REBCO

Table Surface free energy densities of YBCO for different orientation of as a function of supersaturation.

nuclei and estimated critical supersaturation of nucleation.
Orientation  opase[J/IM?] 015 [I/M?] Ointer[/M?] oy [IIm?] A [J]

of nuclei . . .
o-axis 0.59(=%01)) 0.82(:0(100)) 0 059 0 c-axis orientation is encouraged at lower Az

(high T, low deposition rate)

0.23 0.59 2.1X1019

(= O'(100)'0'(001))

a-axis 0.82(=0(100) 0.59(=0g01))
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a-axis grain growth with thickness

Ref. T. Watanabe et al, IEEE TAS 15 (2005) 2620

An g-axis grain nucleates
on the CeO, surface.

\

The a-axis grain enlarged with
increasing film thickness.

Fig.4. Cross-sectional TEM dark-field electron micrograph of the YBCO film
on PLD-C'¢O; using the (206) of YBCO reflections.
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Nanorods morphology (Experimental)

BHO-dope SmBCO films by PLD method

c-axis orientation \
[001]

TS

Fig. DFM images for 3.0 vol.% BHO-doped SmBCO films Fig. Cross-sectional TEM image around film surface of 3.0 vol.%

deposited at T, = 8702C (1,143 K). BHO-doped SmBCO film.
(left figure) Many particle-like nano-structures. ‘ Consistent with 3D-MC

I (right figure) Nanorod threw out from REBCO. h . Simulation results .
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Growth temperature dependence of number density

& 3000 8.5 mol.% (3.0 vol.%)

% ® MC - The T, dependence of the number
& ® @ experiment density was reproduced well.

8 ® (SMBCO+BHO)

:CED 2000 k - The simulation parameters which can
o reproduce our experimental results
5 ° are chosen.

>

i)

‘2 1000}

S 8

| -

(¢B)

£

O M 1 M 1 M 1 M
2 1000 1050 1100 1150 1200 We can reprOd'UC?
Substrate temperature [K] the self-organization

by the 3D-MC simulation.
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Simulation model (two-components system)

particle A » Energy state of the particles
particle B - Isotropic bond energy density
A - Counting bonds between the nearest neighbors
a] -$a AE=E,-E E, : initial state
2 Za E; : final state
desorption / /
_ » Particle motions
adsorptlon - Two types of particles are deposited onto
| the substrate.
24 - One of adsorption and diffusion motions is
randomly chosen by a probability of R.
Substrate (# of adsorp. in unit time)
e —
£ (particle As) (# of diffu. in unit time)
_ Fa? _ Fa* F: incident flux [/m3s]
23 D/a? D D: diffu. const. [m?%/s]

diffusion , , ,
- Moving only to a nearest neighbor site.
- A desorption of a particle occurs a probability
Fig. Schematic illustration of MC events in our simulation. Two types of exp(-E../kyT)
. . . . . . des/ *B" /-
of particles are used in this model. Substrate is consisted of particle

As - Periodic boundary conditions (x, y directions)
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Energy state (bond energies)

Table Bonding energy densities per a?.

,E\ vapor EAA (A'A) 2,000 K
" { Egs (B-B) 2,500 K
; N E es
Baes [—R v E.; (A-B) 500K
E, a, B=A, Bor subst. Particle A or B
'Eaﬂ X ’ & EAS (A'SUbSt) EAA

t
@7 on terrace EBS (B-SUbSt.) EAB
-2E 5 A at step
Eq., 50,000 K
-3E,4 X |i ];at kink
p Table Simulation conditions
AEp X in step Diffusion const., D  ~1013-101 cm?/s*

-5E -/ = /embedded in terrace a 0.4 nm

Molar fraction of B 8.5 mol.% (3 vol.%)
-6E .5 VY [ / embedded in solid
B Depo. rate, vy, 10 ~ 3,000 nm/h
* B. Dam et al., Physica C 305 (1998) 1

Fig. Energy state diagram of the adsorbed particles on the substrate.

- » The initial and final states are calculated based on the bond-counting model. -
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Deposition rate in this simulation

Number of adsorbed particles on one site of substrate in unit time

dep N2 a : lattice constant [m]
3a3 a F : incident flux [m-2s1]
Vgep - deposition rate [m/s]
D : surface diffusion constant [m?2/s]

Adsorption frequency : r.y = Fa% =

Number of diffusing particles from one site of substrate in unit time

D

Diffusion frequency : ryies = P

Probability of adsorption to surface diffusion at a site on the substrate

r 4 Vy..d
Growth kinetic factor : R = 24 FaZ = Zdep

Faig = D 3D

R

Low High

Layer-by-layer 3D-island
(FM mode) - Growth mode ‘ (VW mode)

- —> We changed the deposition rate by changing the R. I
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Deposition rate dependence

T, =1,193 K (9202C) REBCO particles are transparent in these movies.

Vgep = 300 nm/h Vgep = 3,000 nm/h

20 nm

(50 sites) ‘,’)
N

80 nm

200 sit
( site S) 80 nm ( 200 sites ) N o step_000000000000000000 .csv

Fig. Deposition rate dependence of nanorods growth at T, = 1,193 K.

Table. Specifications of the nanorods under each condition.

30 625 Straight
300 2,031 Straight

3,000 7,031 inclined
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Deposition rate dependence

T, =1,023 K (7502C) REBCO particles are transparent in these movies.

Vgep = 300 nm/h Vgep = 3,000 nm/h

80 nm

200 sites)
step_00000 0000. csv ( ) "-1,_,————’"'_} 80 nm (200 Sites) | step_000000000000000000. csv

Fig. Deposition rate dependence of nanorods growth at T, = 1,023 K.

Table. Specifications of the nanorods under each condition.

30 2,188 Straight
300 4,531 inclined

3,000 -- Particle




Comparison of growth (7, = 1,023 K)

Vgep = 3,000 nm/h

14 nm X 14 nm X 20 nm

Vep = 30 nm/h: BMOs were able to aggregate into one 3D-island due to low advanced speed
of REBCO growth front.

Vgep = 3,000 nm/h: There were many small BMO clusters. The BMO clusters were capped

by the REBCO due to the high advanced speed of the REBCO growth front.

Higher deposition rate leads to insufficient nanorods growth.




Growth temperature dependence

Vgep = 100 nm/h, mgyo = 8.5 mol.% (3 vol.%)
- Particle As are transparent in these movies.

T,=1,023 K (R =107) T,=1,113 K(R=7X10%) T,=1,193 K(R=2X10°)

20 nm
(50 sites)

80 nm
(200 sites)

80 nm (200 sites)

<tep_000000000000000000. cev step_000000000000000000. csv

Fig. Time dependents of nanorods-growth in different substrate temperatures.

» Particle Bs grew up into nanorod shape within particle As.
» The number density of the nanorods decreased with increasing T..
> At T, =1,023 K, there were tilting nanorods.
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Phase diagram of surface morphologies

(a) w/o seed layer

900

(b) w/ seed layer (c-axis-SmBCO)
900

800 800
O O
= 700F X /\ rough — 700
v spiral
(O 2Disland A rough
X a-axis @ 2D-island
€@ 3D-island
600 s 600 L X a-axis
0 2 4 6 8 10 0 2 4 6 8 10
fL [Hz] fL [Hz]

Fig. Phase diagrams of surface morphologies of SmBCO films depending on substrate temperature (T,) and laser
repetition rate (f,) (a) without seed layers and (b) with seed layers.
The seed layers are c-axis oriented SmBCO layers deposited at relatively high T..




