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Screen printing Si solar cell

> HA A2 2 YRR 578
“Screen printing process” A-83]] Z|tf] -8 20%2] EJLH X A| =75

1) Single crystal Si wafer 2) doping-> PN junction 3) Plasma etching

Screen Ag
printing
4) SiNx deposite with PECVD 5) metallization
- anti reflection layer 53}

» Screen printing process
fine-mesh 0]-85}0] Ag pasteZ U]A] =X 5= 3 E

o PbO + Silver'/ = > Ag paste

= (Silver) ¥= : silver + oxide + 57| &
800 °C
a5 22 1) Screen printing process
: Ag paste O] A| =3
2) =15 Ag paste?] &2
2 AS-EreA A28 A
1) Screen Printing-& -3l 2) 22 S 2 AF/SivteA|
Ag pasteQ] O|A| &% 718 FE 7Fs

2016-03-21 ESPark Research Group



Role of Pb0,A| Oxide glass
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Metallic glass& X823t A1 7]'d Ag paste 7|2t

L3 Metallic Glass

ref: APL, 98 (2011) 222112
Bulk Ag Bulk Ag

Thin wetting layer: 20~30 hm

A
YYy YY vYVYYy vy
/ Siemitter
\ Fine Ag crystaliites 10~50 nm

Non-conductive thick layer: ~100 nm

A‘_I' rvsialite

= rrugated Si si
Penetration dept ) nm

Shallow penetration depth: 10~30 nm

Ag/0G frit paste Ag/MG frit paste

Ag powder + Oxide glass + Organic vehicle Ag powder + Metallic glass + Organic vehicle

» back plane-& MG/Ag paste©]] Metallic glass B-& =3t solar cell & 0.1% 7|4 7}
L AlZ| U] A Al $H1 A 251 front plane& Ag paste 7|22 21 2 st
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Metallic glasses

4 Time-Temperature-Transformation diagram 4
UId T Melting Temperature
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Metallic Glass l Glass Transition/" :Z“d order transition
Temperature R I I R
Time i Tg Temperature T,

Glass forming ability

-> Activation energy for nucleation T
—> High initial viscosity of liquid

- High increase rate of viscosity

Glass transition
- Reversible 2" order transition
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Thermo-plastic deformation
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Thermo-plastic deformation
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Metallic glasses
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Elastic modulus (GPa)

For the conventional application

— relatively low cost elements (Al>80at%)

— Good mechanical properties (Strength > 1GPa)

Fracture Strength (GPa)
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New Concept for Al-based MG design

» Bonding nature of Al-based MG

i 50
TEM image of ALY, @)
45T AILNILY, Co,
sl CJAILNLY, Cola,

Coordination #
8 Al-TM: 7~8

Fraction, %
n N
o
T

Al-RE :16~18

o

Al-Ni Ni-Ni Al-Al Ni-Y Al-Y Y-Y

Ref: scripta, 65 (2011) 755

» Addition of multi-component rare earth elements

AH_. Al Ni Ce La Nd Y Gd Er
e Al N
J . Al - -22 38 -38 -38 -38 -39 -39
.’/ \\ Ni - - 28 27 -30 -31 -31 -31
1
i AHmiX<Ok]/moli
: : High entropy effect by multiple RE
1 1
! AT, < 20K ! 1. complex RE - complex bonding nature
Ni —----mmmme RE 2. liquid stability T

3. Dramatic increase of AT,
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Al-Ni-RE ternary system

» Alg,Ni, ,RE, amorphous alloy system

T, T, 22_ v/A
LR ! <
= | La E 01 A Y
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b= Nd e 20
5 2 Gd
Bl : Ce
% Gd t _________ _l\ glg— A
= O
Y
4§ \ %18_]_“a
e E
Heatinglrate : 40Kl/min . . . 17 1 1 1 1 1 1 1
500 520 540 560 580 600 620 1.10 112 114 116 118 120 1.22

Temperature (K) Electronegativity of RE (Pauling units)

— AT, has linear relationship with s of RE elements.
(Alg,Ni, Y, AT, = 21.5K)
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Multicomponent Al-based MG

» Alg,Ni, ,RE, amorphous alloy system
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Electronegativity (Pauling units)

— AT, increase with number of RE elements
(Alg,Ni,,(LaCeNdGdY), AT, = 25.5K)

LazocezoNdzoGdonzoo/'/
High entropy effect
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Q: Increase of AT, = Liquid stability & viscosity change?
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Thermomechanical analyzer (TMA) @
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Viscosity in compression : Parallel plate rheometer (10°~10%pa-s)

)

» Applied Stefan equation

Load pan
LVDT
Compensation Thermio: -Ill i F
rod couple
| p“*ﬁ"'-ﬁ"i“‘&‘*“’1‘«!‘3‘3‘5“5"‘;‘?‘;
16 o S S R
a
d
r
)
Convection d Case (a). f ial i d
shield \ //Sample excess of material Is squeeze out
o h l F
Alugigz,/ jVPA Inconel or T
P e \ alumina L 2 ]
d support ]
e plate ki -
ts [ i |
1
] P
IJ
1
Furnace Case (b).

Squeezing sample of constant volume

n=o/3¢

ov 1
pa+pv- Vv = —|7p+r)l72v+§nl717-v

The general vector eq. of motion of a Newtonian fluid

) U, /Ot = (XSteady state flow)
R > 10 h (Thin plate sample)

dh3
F= —Zn——n

R
(R?—7r?)rdr
dt h3 ]O

For case (a),R = constant

3mnR*dh
2h3 dt

(Stefan equation)

For case (b),R changes with t but V = constrant

_ 3nV2dh
2mhd dt

(From Dienes and Klemm)
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Viscous flow of Super cooled liquid

» Strain of Super cooled liquid

2h
—
—

1
olel uleis
il
L=

_ Case (b). Squeezing sample of constant volume

Heating rate : 10K/min

0.00 -TMA mode : expansion

Heating rate 10K/min | Tg. TMA | Tx. TMA

-0.02 Alg,Ni,Lag 546.5 557.9K
Alg,Ni;o(LaCeNd), 539.9 | 552.1K
. -0.04
) Alg,Ni ,(LaCeNdGdY), | 538.3 | 549.3K
£
£ 006
7p]
| ——  Alg,Niy(LaCeNd), By applying of Stephan equation
010 f=—— Alg,Ni,(LaCeNdGdY), —> Calculation of viscosity
1 1
450 500 550
Temperature (K)
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Viscous flow of Super cooled liquid

1E12 ¢
Heating rate : 0.167K/sec (.
TMA mode : expansion ,
L} ,‘h‘ |
il
: l ‘ ”.‘
1E11 7"‘:;;74, ".' 1 S ] 'I ? a "'(;’ d
oS T RO, (e Mo f 4
T{)\ |
©
e
2
2
o 1E10 |
2 .
>
1E9 | AlgsNi;oLaCeNdGdY,
; 1 I 1 I 1 I 1 I 1
510 520 530 540 550 560

Temperature (K)

Increase of AT, = Decrease of viscosity
> Good for TPF & precise fabrication
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Kinetic fragility

» Strain of Super cooled liquid

Fragility
: liquids are classified as strong glass & fragile glass (by D. angell)
—> good glass forming alloy : strong liquid with a high viscosity

Relatively Strong Glass Former

1E12 r
( D* To) A“//
= eXplm/——
N = Noexp(r—7,
1E11 | Strong
0 - —O-La —
©
& LaCeNd Relatively Fragile Glass Former
2 -0-LaCe
& 909 T 8 000
R
> 1E10 F —0-LaCeNdGdY Fraglhty O}%SQ%%OQ\
X [ ™!
1E9 T 1 T
0.90 0.95 1.00

Fragile glass
1. Softening effect
2. Multiple shear band

T *T
9
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Effect of free volume on mechanical properties

-> Statistical analysis by complexity(SOC)



Plastic deformation of BMG

» Shear bursting : Sum of free volume

Free volume

(a)

:

2
z

:

24 3.2 4.0

Engincering strain (%) |
—_—2 10
—2x 10"y

4 1
—z.l“‘

Engineering stress (MPa)
E
Ifn;;inrerlns stress (MPa
S

0 1 2 3 4 5 6 7
Engineering strain (%)

<Serration by shear band deformation>

Interaction between matrix & Free volume & 2"d phase

-> Control the ductility of metallic glass
: multiple shear band or decrease the cut off size
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Self-organization

» Self organization
A7 2R3t > RAA BaA4] A4

"

“oq o Ay

AP F7 |0 ME S= -

= 3 B ) 0 o ) N
<12 J
o o
I

8 <

)

I
Chai f Mic n,

Plan & Design -> Organization

Ex) parts + parts + parts + = machine

A28} 5k U 7] 53

Interactions of local parts - Organization

Ex) Cells + Cells + Cells = Organics

oS o] x| 2 LpA £A)5}

> Z1zko] e e 33 &L AR
ex)earthquake, Comet impact, car crash,

N 23] Je FA] ghort, 2 5204
5 oheu, A LA ] 1Al o] ek,

-> complexity & SOC
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Self-organized critical

» Grain size effect the dislocation avalanche size

Single crystal ($=1), >> grain with 1.92(3=0.35)

- High beta value : close to self-organized state

Pi=Ay)

101

0=

108

=035

T T TTTIT

u .26 mm, 0.67 MPa
& 1,05 mm, 0.57 MPa
#1.02 mm, 0.54 MPa
= Zingle crystal

T T TTT0

T TTTT]

P(>S) = AS~Pexp(3)

Beta : scaling exponent
Sc: cut off of strain

Jamming state : statistically high level of interactions btw disl, matrix

- Low beta value : relatively chaotic state
Unjamming state : low level of interactions
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Evaluation SOC in metallic glass

» Pop-in of nano-indentation

—— 0.2 mN/s — 0.6 mN/s — 1 mN/s

——2 mN/s ——3 mN/s
a (b)
( )500 e 2501 _
180 —0.2 mN/s @
400 60 200 —0.6 mN/s T
= 4 = — 1 mN/s g
Z 300140 £ 150} —2mN/s 5
= f12 < —3mNJs =
g 500l 800 700 800 90 2 100t %
= = z
100 F 50F %
- SXI. Jé
L L L A o
0 300 600 900 1200 1500 0 500 p 1000 1500 2000 2500 0
Displacement (nm) Displacement (nm) £
(©) = g
2000} Mg-based 1 mN/s (d)O'M o 8
E — Experimental data 0.12f o Co-based 1E-3 P —— '02)1
At — Pol ial fit i o Fe-based . )
E 1500 AL 0.10 0.6 mN/s o Zr-based Strain burst size S
£ 220 = 0.08F o & Mg-based
£ 1000} E B 2 006l § o Ce-based _B =S\ 5
Z =5 0.04} P(> S) :AS eXp —
a 0 : S
500} g5 c
= 0.02}
1700 1800 1900 200(1 >
0 . . , h(nm) 0.00 . ; v
0 50 100 150 200 250 0 400 800 1200 1600 2000 B - scale exponent
Load (mN) h (nm)

- high 3 value = SOC state
: Jamming state

- low 3 value = Chaotic state
: Unjamming state
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Kinetic fragility

» Strain of Super cooled liquid

Fragility
: liquids are classified as strong glass & fragile glass (by D. angell)
—> good glass forming alloy : strong liquid with a high viscosity

Relatively Strong Glass Former

1E12 r
( D* To) A“//
= eXplm/——
N = Noexp(r—7,
1E11 | Strong
0 - —O-La —
©
& LaCeNd Relatively Fragile Glass Former
2 -0-LaCe
& 909 T 8 000
R
> 1E10 F —0-LaCeNdGdY Fraglhty O}%SQ%%OQ\
X [ ™!
1E9 T 1 T
0.90 0.95 1.00

Fragile glass
1. Softening effect
2. Multiple shear band

T *T
9
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Statistical analysis depending on fragility

» Effect of free volume on

09 | < 0.025
g\)\ F -B LAY os|
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. Sec I 4 0.020
5 0.7 —
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g | g oer <
2 t 0= La = A H o010 3
o I $ 03|
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$ |- LaCeNd = 02l
% i 0.2 - - 0.005
S 10 3 o1 '_
§ F -o- LaCeNdGdY '
) 0.000
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Strain burst size S_
\ S \ N -
= = S S =
-, - - e e N=mtw=m
e - - Fragility T P L A
- \ \.\ 1\ -\ \.\ ‘\\ 1\
= = Free volumeT T - =
(o = - =_ Chaotic deformation e = =
~ S S ~ e ~
-~ S -z ]
S - - — S - = -
- S - - ~ . - ~- b= ~
_ . T Multicomponent EPcd N
— . s - @ —
- High entropy effect . -

Aly,Ni, La, Alg,Ni,,LaCeNdGdY,
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Al-Pb phase diagram
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1= SF1 O S
Al-Pb 2] ¢F5 2 0] 83t Ag paste
» Al - Pb /22| v| A =3 7iE

- AINiMM H|Z A A AE0]| Pb A% F71= E5]| Pb-rich phase A&2] 715 &9l

- 300 nm $%2] Pb-rich phase t}4~ A% : SiN, 714 o]} 7} 5o] R &Ql @
Al-Pb 22| 2 SEM ©| 0] K] (Alg,Ni;(MM),y,Pb; DSC B4 2t

X A Annealed

’ 1
_ T, :314.73C
e S 2 T,:267.35C

o P;l;:scéh » E ¢ As-quenched

Heating rate : 40K/min
200 300 400 500

Temperature (°C)

> Fo AA e Pb AL X187 Ag paste 7|
Pb rich Al-Pb 4&2] &= 7L PbO, &A TF] 715 Al-Pb AHE2] §2 7fut
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Bending / Fatigue test for flexible

» Al - Pb AH&-2] "] QA gt : Flexible Ag paste 2% 2] 7154

Bending test REE
| ‘ Ag paste
/
Q SUS 7@/
|
oul.tzl-
Fatigue test
i — @musus
Ag paste
/
Q SUS 7| =k v
!
H} = H &
e ) o
FH : t (pm)
£(%) = >t AE S / D:platezt 747

(D-t)
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Bending / Fatigue test for flexible

» Bending / fatigue T& Ag paste?] X1 7| x| g HS}

T T T T T T T T T T T
Closed point : ™7| M& Lo
o Opened point : strain -
@ I 0.08 |
o ’ —
o 0.06 4 - ] c
< (1)Oxide frit & / ;4 -08 g
= (N [ [ [ '10 3QI t Q
= _— R S 006k
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()] = ~ o
? g 2 004}
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- Oxide glass frit & &
: brittle oxide 2 Q13f] 32 €1 51HA 4 u] 2 A3y

> Pb 422 AUJ ¥ 93

: Pb AFO] Lr2 & 0 Ecﬂa—“ SRS A Ar&-2] Pb Al-based MG & & =]
: S E7NAE ol 9t 5 571 > | 9914 =2 Agpaste] 7 75
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