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m Introduction

m Requirements from market : performance & price.

m Strategy to achieve the requirements : throughput & yield

m RCE-DR : The highest throughput unigue SUNAM'’s process

m RCE-DR : Amorphous deposition & fast conversion at once.

m Understandings of RCE-DR process

m SUNAM'’s results

B Summary
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Padradigm chisngein:Electrical Power Industry

In communication(or IT) industry,

Optical fiber

In electocal power industry,

Cu wire vs. HTS 2G wire
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Farreal industrialZation, o v « o

" For practical application of HTS(high Tc superconductor) ceramic material,
high performance and low cost conductor is essential .

" It's a big challenge to make a km long tape using coating technology, but
almost all obstacles have been solved through years.

" And now the price & the availability of 2G wire is the real issue for
iIndustrialization. Not only material cost, but throughput and yield is the very

Important factors for practical wire production.

» “ Throughput” & “Yield”
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Complex.problem.of.Perfotifidnce, Rrice and Capacity

= Critical Current (denisty)

Performance = Magnetic properties (Pinning)
/ \& = Mechanical properties

&
g /7 n i
N \96 Joint ...

& 1 Ky
é‘f Yield %

Capacity
(Availability)

Necessary technical breakthrough

= Simplified process

= New process

= Wide web compatible process

= Large volume ( > 10,000 km/yr-line)
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m Total Cost = Equipments + Labor + Materials

T
U L@

m Cost/length =Total cost/ Total production length

m Total production length = Throughput X Time X Yield
m Low materials cost

m High Throughput

m Engineering / Q.C for high Yield

SUNAN



Cobst-ARNalysis cihats the limiting factor?

m Assume 500 A/cm-width CC & 4 mm width equivalent wire.
m  Assume throughput/single line & 100 % yield.

Through Annual Equipment | Labor (Depreciation
-put | time/week | Production | depreciation/| cost + labor)/length
(m/hr) (km) yr (M$) (M$) ($/m)  ($/kA-m)

50 60 150 1.5 1.5 20 100
100 100 500 2 2 8 40
500 60 1,500 2 2 2.7 13.3
3,000 100 15,000 4 4 0.53 2.7

m Considering yield, the minimum cost increases much higher value.
m In large volume case, material cost & yield is much more important.
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" Throughput means volume production rate.

“ P =|A (processing areaj X|R (thickness growth rate)

Wide web » RCE DR : ~ 100 nm/sec or faster (SUNAM)
process.
» PLD, MOCVD ~ 10 nm/sec, MOD ~ 1 nm/sec

" RCE-DR process : easy to scale-up to wide strip.
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> If we were to make 100 chips in a wafer, and
there are 3 defects, yield can be as low as 97%
(loss as high as 3 %) (at most, 88 %)

> If there are 3 defects in a 1 km wire and
minimum piece-length is 100 m, yield can be as
low as 70% (loss as high as 30 %)

» Thing get worse if customer wants longer piece-
length wire

» Even though we reduce the defect density,
customer’s demand for ever-longer wire could
over-‘compensate’ our efforts

» This yield 'trap’ would persist until we reach 1
km defect-free wire(for many applications) or 2 km
wire(for the most of the applications)

» Or, we need a new definition of yield for CC

Keep up QC(quality contrql) & develop new QC tools.

SUNAN
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RCE- DR

(Reactive Co-Evaporation
by Deposition & Reaction)

11 of 52

SUNAN



Semi.insli ﬁé@ﬁi‘l’ﬁﬁ]}fﬁ .50 KCZG Wlir, B)27v0 4 o415 con

._ = I i - I
A0 ';gll' 3 !
{ e L

e

= |

= Sjte area : 5,500 m?,
Building area : 1,750 m?,
Gross floor area : 3,050 m2.

® Class < 10,000 clean room
area : 1,000 m?2 .
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SUNANS. 2G Wire Artchitecture —.12,mm width

Buffer layer ~20 nm sputter
Homoepi-MgO layer ~ 20 nm A
IBAD-MgO layer ~ 10 nm IBAD
> (sputter & —

Sfe7dn :?]yer (Y,0,) E-beam)
Diffusion barrier (Al,O,)

~ 40 nm J or SD_P

.: ................................ (Solu'non

Hastelloy C276 (Ni-alloy tape) Electro Deposition
or > _polishing Planarization)
Stainless Steel-tape P

( + Cu electroplating (+ lamination))
* Linear speed of each process : 120 m/hr or more.

u i — - £ _ >
SuUNAN Typical I, ~ > 600 Af2Z mm at 77 K self-field (J, ~ > 4 MA/cm?)
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m Reactive Co-Evaporation (RCE) : I VON ARDENNI

Using inherently least expensive sources
High deposition rate can be used & adjustable composition
Especially easy to scalable to large deposition area

Very promising methods for HTS wafer production : Theva, STI

Wafer Deposition
1996 1995 2 @ RCE @

ﬁ RCE-CDR

process
Conductus/STI process

Kinder, TU Munich develops process:
Continued by Theva GmbH ‘\A

Coated Conductors 1995 2000

Theva s__huttle"prccess

]

i
Korean EDDC process

1 c

T 0102

SUNAN I:> SuNAM develops RCE-DR process.
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m RCE-CDR : Reactive Co-Evaporation
by Cyclic Deposition & Reaction
(EDDC(KAIST/ KERI, batch) & STI,
R2R(planned))

m CDR : Co-evaporation at low O,
pressure followed by reaction in high
PO, in cyclic manner.

m Pulsed deposition : low average
growth rate.

m High speed(> 100 rpm), high
temperature(> 800 °C) mechanically
rotated drum is required : complexity,
cost, difficult to scale up

SUNAN

>Halogen heater

oIr

KAIST/
KERI

Differential

Pumping

—— ——

Sm (S=2G) Ba (L=G) Cu(L=2G)

Deposition d, (= 44) Massive(> 100's of
i T 1 kg on scale-up)
o _. _ &ve_rage_raleg_ _ :
LANL/
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RCE-DR : Reactive Co-Evaporation
by Deposition & Reaction (SUNAM,
R2R) : Patent pending(PCT)

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

Fast (<< 30 sec. ) conversion from
amorphous glassy phase to
superconducting phase at high
temperature and oxygen pressure in
reaction zone

Simple, higher deposition rate & area,
low system cost

Easy to scale up :single path

SUNAN

Metal tape Multi-turn R2R Low PO, High PO,
QCHD_ ﬁ\ Furnace
computer

-
¥(Sm) Cu_ Ba

:;lexx

Diffarentially
pumped
Pierce type
E-gun (30 KW)

Feedback program

o)

Upto
2 km
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Comparison-of-valiols depositionmethods
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RCE = DR Process 'Phase Diagram
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107 BaO g

; / F .
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" Understanding of phase diagram at low PO,

" Liquid phase is very important
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RCE'= DRResilts  XRD. ¢-scan (103)
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T& XRD: for optimized tape.by RCE - DR
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Stability-phase-diagram:of. GABCO

85 9.0 95 10.0
L 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1

920 900 880 860 840 820 800 780 760 740 720 700 (°C)
I I I 1 I I I I I 1 I I

log PO,(Torr) =10.85 - 13,880/T(K)
0.1 . N

] \\ / [20<PO,<100mTorr] | 1E-4
— N pre 1 =
o) N ] E
I9 y 3 \§. o0 b ..,S_U_,
T~ N GdBCO | <
O A A\u s @)
Q Gd,0; + L, ™ | ] &
0.01 AlaLw 4\\\ .

\\ log PO,(Torr) = 9.263 — 12,150/T(K)
N
N [1<PO,<10mTorr]
&+ B . L B I\’\\ L ] -
\\
Gd,0, + Gd163 +L, N

1E-3 . Amorphous T—H——l f f .2;

A D T P T T EEEECEEEEEEEE 1E-6

8.5 9.0 9.5 10.0
10,000/T (K)

Electronic Materials & Devices Laboratory Seoul National University

Department of Materials Science & Engineering




O

sunderstanding of.Gd123 Phase diagram
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Groewth-mechanism-ef-theGdBCO film by RCE-DR

Paper based on this presentation was published by Superconductor Science & Technology (SuST, IOP) 27, No. 4, 044018 (2014)
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* Very low PO, zone (~ 10~ Torr): Amorphous Film
» Lower PO, zone (~30 mTorr): Gd,0; + Liquid (< 5 sec)
 Higher PO, zone (~100 mTorr): GABCO Film (< 20 sec)

500 nm

GdBCO growth mechanism: a seeded melt-textured growth!!!

.
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A% Seoul National University

Electronic Materials & Devices Laboratory A
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SuNAM’s Results
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b DiR-Results-on-Stainless steel-substrate (2011. 10)

500

400
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200

Ic(A/10mm)

100

lc X L:
0 200 400 600 800 1000

Length (m)
Length Ave Ic Max Ilc Min Ic 1 sigma (1) 275AX 11005m — 277,380

SUNAMN (m) &) A A %) (2) 355Ax 920m = 326,600

1005 402 439 276
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R-Restk

RGE D

ts-on-Hastelloy-substrate (2012. 01)
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300
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Tot.Length
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1000.2

lcx L:
200 300 400 500 600 700 800 900 1000

Length (m) 422A x 1,000m =421,700
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Developmient o TS 2G Wire... ..
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Quality:ControlREHEED: Vision.System

" An appropriate feedback algorithm can keep the shape of the RHEED spot in the

specific range, while QCM monitoring to adjust the e-gun power.

/M etal tape 3 Multi-turn R2R g l,l'l'

lon gun(1.5 keV Ar*) .-~

—

]
E-gun(12 kW)

SUNAN
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Quality. Control, .. RCENMISIoh.System

" RCE Vision System will be introduced for increasing the uniformity of composition in
RCE-DR process. The control computer takes (RGB) values in three-dimensional
vector space which is transformed from the color of the tape surface.

cor T -~

Start color

v

Color detection [€

Is the (RGB) vector
in the range?

Control End color 180 L

70
the power 160

(79,166,189) 150

SUNAN
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29 Multi-turn R2R
ELLTELTEL T =

Metal tape

~U7

CCD camera

E-gun(30 kW)

" An appropriate feedback algorithm can keep the color of the tape surface

32 0f 52

SUNAN inthe specific range, while QCM monitoring to adjust the e-gun power.



Quality:-Comtrol s Visuatinspectlon, ..

a |
b
a. 2GCcCtape d. LED light
b.  Tape support e, f. Guide roller
c. Inspection camera g. Dark room box

> Defect information is taken from the binary image.
2 Matlab program converts images into data real-time. 12 mm width can be sliced as 55 lines with the resolution 0.22 mm size.

12 mm

Matrix data image

244 m

* Installation of the inspection equipment for zero surface defect on the silver sputtering process.
» Digitalize the silver sputtered surface of 2G CC tape.

SUNAN
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Optimization-properties-of-LdBCO €CG-on STS substrate

800 ' ' ' ' ' Thickness : ~1.32 um
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Ic(A/cm)

Y NEWS FORUM

RCE.~DR.Résulis-oi.Hastélloy.substrate
900 — — —— . 900 . . . .

1

o0 s0l
700 -{iif 700
600 600
500 & 500
&)
400 < 400
300 © 300
200 200
100 100
0 0
O 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600
T m————— Mean | Standard Deviation Minir:uhr: Ic;laxu:ur:
Tot.Length | Avg.lc | Max.lc | Minlc | 1sigma o (A) 510 10.3 452 570
(m) (A) (A) (A) (%) , —
Min-Max Uniformity (%) COV (%) COV|min-max| (%)
1000.2 692.5 796.2 421.7 10.7
88.2 45 23.2
_ |IC,max - IC,min 0
lc x L : 422A x 1,000m =421,700 COVinnas = <100(%)
o : Standard Deviation, y:Mean I
COV/(coefficient of variation) = = x100(%)
4
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RCE = DR.Results.on.Hastelloy substrate

Paper based on this presentation was published by Superconductor Science & Technology (SuST, IOP) 27, No. 4, 044018 (2014)

900 . . - . - T - T - T
800
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& 500 =
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= 400 -
5 300 5
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200
100
0
0 100 200 300 400 500 0 100 200 300 400 500 600
Length ( m ) This shows the vl f h1 Length ( m ) This sh h Vi fi h1
Mean | Standard Deviation | Minimum | Maximum Mean | Standard Deviation | Minimum | Maximum
Ic (A) 594 22.7 519 640 Ic(A) 619 18.8 506 667
Min-Max Uniformity (%) COV (%) COV|min-max| ( %) Min-Max Uniformity (%) COV (%) COV|min-max| ( %)
87.5 4.6 20.4 81.8 3.6 26.0
‘IC max IC min
CO\/\min-max\ = ' — X:Loo(%)
X

NCOV(coefficient of variation) = = x100(%) 37 of52
S U NA o : Standard Deviation, J : Meaﬁf Ic



RC Eiﬁfﬁuﬁﬁgﬁ&%ﬁﬁ?ﬁﬁ >tainless-steel-substrate

Ic (A/12 mm)

900 — 00—
g0} 800-
700- 700
600 600
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400 400
300 300
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100 100
0 0
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Mean | Standard Deviation Minimum | Maximum Mean | Standard Deviation Minimum | Maximum
Ic(A) 678 40.3 542 761 Ic (A) 762 28.5 686 810
Min-Max Uniformity(%) COV (%) COVmin-max| (%) Min-Max Uniformity(%) COV (%) COVimin-max (%)
79.9 5.9 32.2 90.0 3.7 16.4
COV i max| = "C"““% lc.min x100(%)

NCOV(coefficient of variation) = = x100(%) 38 of 52
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lc(A/12mm)

RCE=PRResyuitsonStaintess steel substrate

Paper based on this presentation was pu llsh by Superconductor Science & Technology (SuST, IOP) 27, No. 4, 0 4018 (2014
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Ilc(A/12mm)

RCE.=DR.Results.oh.Staitiless.ste

el.substrate
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Ic / dmmand jointirgsistancefor.-brass.laminated CC

300 ' 1 ' 1 ' 1 1 1 1
5_
| 1 7007 Jgint Resistance(R) = 24 nQ
250 °
— l ointl joint2 S
= 200 Jon o
& g
< ' S
< 1
N
(__) 100 T T T T T T T T T T T
0 50 100 150 200 250
| 1 Current (A)
50 T T T T T T T T T
7-0X10_5'_ Joint Resistance (R) = 38 nQ
-5 |
0) N 6.0x10
O 100 200 300 400 500 600
Length (m)
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Ic(A) 253 5.6 236 264 R —
93.2 x 112 Current (A)

Typical overlap joint length is 100 mm ~ 150 mm.

SUNAN o



Flux prnging.mprovenent by:contraolling Gd,O, particles

- 840°C sample :
Particles are
aligned with
arrow direction.
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Angtl

ardependence.ofsat. 7K & 65 K(840,,860, and 880°C)
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RCEDRin-Bfield-Properties add APC (Short sample)

O s S s B S
-..‘.’. rrrrr o | & ..:0. rrrrrrrrrrrrrrrrrrrrrrrr R — “,,'9, ]
0.9 s Py P s s s o ® s
. ? 'o::‘.o‘O.O.‘:‘O o’_:c'.’.‘33 e -
o 08 ? ? —o | % ‘
S 07 8 S
E ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, .' ,,,,,,,,,,,,,,,,,,,,, ®%
< %71 AL s
2 05 ;o "t
E AL LI TYY YY) &“ See gggeoc0e0®
g ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
£ 03
L e N S S
0.2 1 1 1 1 1
o1d S S IS S B 77K,6300gauss |
00— — — — ’ ************ S S —
0 30 60 90 120 150 180
Angle: (degree )

SUNAN



Sim ﬁiffﬂ&ésawﬁﬁN fﬁﬁﬁaﬁﬁéﬁ ;ab;:sécl?utbgvgfr;r Peposition+Planarization (SDP)
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Structural properties of GABCO on SDP substrate
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Sim pjplrfals@rds Dutter. Ayl ~-SolutionsDepositionPlanarization (SDP)
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|,=523 A/ 12mm

Jc ~ 3.4 MA/cm?
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AT, 203 Wi didistal RT:0dte cryogen free magnet

| ‘:W - . =

Width; Thickness [mm] 4.1(12.1); 0.21(0.1)
Conductor
lc@ 20K,BL1=15T [A] > 180A
# of DP coils, .
28; 2 -
(AmmW; 12mmW) —
turn per pancake 133
Windingi.d.; 0.d; [mm] 245(274); 300.9
Coil Overall height [mm] 452
Conductor per DP
232; 255
(AmmW; 12mmW) [m]
Total Conductor
6,496; 510 I ! - : = 2nd stage
AmmW; 12mwW m agnet To
( ) [ ] 72hr to 8K ma:nc: :nigdlc
Magnet bottom
BC [T] 4.0 =} 1st stage
e K EaTL:aliun sttlilelddt;)pﬁ 1
Operatio n Iop [A] 205 E Nk \ HTS current lead right lEp
s HTS current lead right bottom
A \ Radiation shield bottom
e K] 8 E \
=
Clear bore [mm] 203 g
Cryostat E-
Cold bore [mm] 245 e
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Development of 1¢ (B, T, 0).lficasurement system

Canler_olfsal Foeim

Cryocooler R 120ET
et fermnal block ", Ratary Motion_Maraol bpe o
& Sugpot temind T [ — Maximum current 1000A
| L el ! | Bectriesl Fesdihroush(13 DW)
i%lﬁ [ Temperature 12K ~ 70K
z i 1 Fﬁ”
——— Ljf{J = Angle 0~135°
T leeringl blsek /,Mau
& Supgart fermin i Sample length, 30 ~ 90mm, <15mm

width

s =
S 1

j1:%1]

48 of 52



IEEE/CSC & ESAS SUPERCOND?J
p

Direction-of-lechnology-bevelopment in the Future

Price Reduction

“Increasing Demand for HTS -
2G wire has surpassed the

100

kAm is the threshold ” 25

10

120 mm 360 mm
15,000 km/y 75,000 km/y

Width : 12 mm
“Price Reduction will ignite i
an exponential growth of Capacity : 1,000 km/y

demand for HTS 2G wire”

[ “For market entrance $ 50/

]
Max Revenué : $ 20 Mil. $ 75 Mil. $ 150 Mil.

|
CAPEX{: $ 7 Mil. $ 20 Mil. $ 30 Mil.
“High throughput, low
material cost, High yield is 3

Critical Success Factor”

I

| Achievable with
I Existing Line of
' SuNAM

I

| NG N

* Capital Expense : Required Investment in Production Line
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Al,O4 (40 nm)

SUNAN

m Superconducting layer : RCE-DR
m Low material cost, high throughput process
m Easy to scale up

m Typical Ic : ~ > 150A/4 mm width (t = 1.3 ym), & max. Ic
~ 318 A/4 mm width (t = 1.8 m)

m Textured buffer based on IBAD-MgO
m Fast & reproducible process

m Because of small thickness(~ 100 nm total), process
cost is relatively low

m Possible to use various kind of substrates

m Low cost(~1/5 of Hastelloy), high performance non-
magnetic STS substrate

m High Ic tape (for ac & dc cables) & good in B-field
property tape with APC(for rot. machines & magnets)
are available.
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m SuNAM : W. S. Jeong, J. H. Lee, H. K. Kim, G. H. Choi ,C. Y. Jang, J. S. Yang,
G. H. Shin, H. W. Cho, B. I. Park, Y.S. Yoo, J. H. Lee2, G. H. Lee, D. G. Park, D.
W. Song, S. J. Ahn, W. G. Cho, J. W. Choi, S. W. Yoon, S. J. Ahn, G. T. Jang, W.

Kwon, H. J. Lee.

m Seoul Nat’'l Univ. : J. W. Lee, S. M. Choi, S.I. Yoo.
m KERI:H.S. Ha, S.S. Oh.

m Korea Polytech. Univ. : G. W. Hong.

m Stanford University : R. H. Hammond.

m |Beam Materials : V. Matias.
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Thanks for
Attention !
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