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IMC growth and interdiffusion in leadfree solder joints
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[J. Mater Sci: Mater. Electron (2007) 18:155 ]

GP4: Modeling of microstucture evolution in the interdiffusion zone

Use COST-531 thermodynamic database in phase-field simulations
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Phase-field model
COST - 531 database
4 approaches to model phases with low solubility

Model |: Stoichiometric
Model Il: Parabolic composition dependence
Model II: Order-disorder model

Model IV: Extended sublattice representation

Concluding remarks
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Phase-Field Model: Variables

(5n)-solder
Xeweg = 0,999

sy

g atis
g = 0.45

ot s 7

Chiz
Xam e = U.25

Howim s

(C11)-substrate
Keneg = 0.05
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Grains and phases

Mot 1+ Mot 2s -« -» Moet,i (X, Y, Z, 1), ...
NCu6Sn5,1: - - -

NNCu3Sn,1, - - -

MNfceds - -

NAg3Sn,1s - - -

With (Dbet 1, Mbet,1s - -« Npjis - - -) =
(1,0,...,0,...),(0,1,...,0,...),...,(0,0,...,1,...)

Composition: ¢y, Tsn, (Tag = 1 — oy — Tsn)
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Phase-Field Model: Diffuse interface
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Tlbet,ir NNCu6Sn5,ir NNCu3Sn,ir Nfce,ir NAg3Sn,i
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Phase-Field Model: Diffuse interface
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Interface : Mixture of 2 phases

(5n)-solder
Xeweg = 0,999

sy

g atis
sweg = (.45
ot s 7
Chiz
Xeeg = 0.25
Howtm i
(C11)-substrate
Keneg = 0.05

Miow 2

6/25



g
ac
o
=
m
=
m
c
=

Phase-Field Model: Diffuse interface
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Interface : Mixture of 2 phases

(5n)-solder
Xeweg = 0,999

sy

g atis
g = 0.45

N wti s i
Chiz
Ko eg = 0.25
Nowim i

| o 0-,7:

hoa Phase compositions % (g, ¢,)
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Phase-Field Model: Free energy functional

(5n)-solder
Xeweg = 0,999
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Ftotal — /V fint(np,ia Vﬁp,z)dV + /V fbulk(np,iyxk)dv
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Phase-Field Model: Free energy functional
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(5n)-solder Ftotal — /V fint (np,ia Vﬁp,z)dV + /V fbulk (np,iy xk)dv

Kieg = 0.999

Fisa £ Bulk contribution

Go (o
Sty foutk = D bpfP(@h) = > bp— i)
p P

(
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Keneg = 0.05
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Phase-Field Model: Free energy functional
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(5n)-solder Ftotal — /V fint (np,ia Vﬁp,z)dV + /V fbulk (np,iy ka)dv

Kieg = 0.999

Fisa £ Bulk contribution

Go (o
Sty foutk = D bpfP(@h) = > bp— i)
p P

(
sneg = 0.45 Vi

Hwti s 5
Chiz
Ko ep = 1,25
Hewzs i
(Cu)-substrate
Keneg = 0.05

Miow 2

D"

Phase fractions ¢, = S I
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Phase-Field Model: Free energy functional

=
m

1) B
@«
="
u

B

(5n)-solder Ftotal — / fint (np,ia Vﬁp,z)dV + / fbulk (np,iy ka)dv
Xipeq = 0.999 4 4
Ty 2 Bulk contribution
GP ()
Cuens foutk = D bpfP(ah) =D ¢pp——F
sneg = 0.45 > > Vi
i 35 5
Chiz
Faeg = 0.25 Phase fractions ¢, = 2y o
] Za Z,L No,i
(Cu)-substrate Phase compositions 2, (2, ¢,)
Keneg = 0.05
LT
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Phase field model: Evolution equations

Diffusion
Oz _ p oF°
o | (S v ()]
ox MY
Within each phase: at"’ = V- [Zl [(V—:f> V (g — MAg)

Link with atomic mobilities (37

My, =z (1 —2p)B°, My, kAl = —zjxy B

Link with Interditffusion coetficients: [Vl;, = W = st
ka ] axef
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Phase field model: Evolution equations
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Diffusion

g, [; (Son)v (55)]]

P

Interface movement

Mp,i _ L5F(770,j7 Tk
ot 0N,
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COST-531 tdb: Cu-Sn
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Phase diagram Molar Gibbs Energies at 450 K
4
1400 05 x10 ‘
—fcc
1200 - _ —Dbct
LIQUID E 1t x Cu68n5-L 1
1000- L e x CuBSn
> . .
3 D.15¢ —liquid 1
ht 2 ---Cu.Sn,-H
m_ — (6] 6 5
2 2
2 ol
600 Cu,.8n,—» 1 i (5
-+— Cu,Sn ‘:U
2 .25} "
400- —Cusn, BT = x «
DIAMOND ., |
I I I I I I I I I B | | L L
A 0 01 02 03 04 05 08 07 08 08 1o '30 0.2 0.4 0.6 0.8 1
WL% Sn Cu Molar fraction Sn Sn
P (P
(;nm(xk)

Bulk contribution phase-field energy:  fpur = Zp ®p

Vim

2
Diffusion equation: ,uk ,LLAg — %g: gxfxpl k,l = Cu,Sn
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COST-531 tdb: Ag-Sn
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Phase diagram Molar Gibbs energies at 450 K
s, x10°
| ! ! ! -1. — ‘
1400 T=450K —tec
1.4 1
1200 .
>-1.6
= liquid >
> 1000 n S gl
v fcc ©
m 2
¥ 800 N g 2
= 2 Q
< i~ I G -2.2
@ 6004 (O Ag,Sn+liquid - 5
o o = 24
= n ~£.
H 400 Ad.Sn+bct u
g5nToe 2.6
200 2.8 x x 1
A0 02 04 06 08 10 0 0.2 04 06 0.8 1
Ag  MOLE_FRACTION SN Sn Ag Molar fraction Sn Sn

Sublattice representation AgsSn: (Ag)o.75(Ag, Sn)o.25
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Model I: Stoichiometric phase
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Bulk contribution phase-field energy

Gﬁ,&(x’o) Gfgoich
Joulke = Z ¢pv—mk + ¢stoz‘chv—m

Parallel tangent for solution phases

0ff(zy) _ 0f7(af)

P - o
Oz, o0z

Vk, p # o solution phases

Mass balance

T — xztoich _ Z ¢p(££ . xztoich)) VEk

p=sol

Dstoich — Mstoz'ch — 0
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Model I: Stoichiometric phase

Simulation precipitation IMC
Phase fractions

1
0.8r
[
kel
©
£ 0.6¢ — Interface position |
o —initial
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c
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m—
Ji

V Hy

= GP(zp) needed to model V g
the driving force for diffusion

LELUER
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Model II: Parabolic composition dependence
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_ Astoz’ch '
mestozch — T(xSn — xstoich,Sn)2 =+ Gqsﬁ,owh(T — 450K) (1)
x 10*
0 | B ;Iécc stoich
Bt Steepness A

—Cu,Sn, (A=1e6)| | - '
—Cu,Sn (A=1e6) I.nd.uces small shift in equi-
— Liquid librium

~_]—Cu.Sn, (A=1e9)||

. D toich
Z‘{stozch _ %ﬁ”c
7Cu3Sn (A=1€9)

Sn —  Astoich
(Composition independent)

Molar Gibbs Energy [J/mol]

0 0.2 0.4 0.6 0.8 1
Cu Molar fraction Sn Sn

[S.Y. Hu, J. Murray, H. Weiland, Z.-K. Liu, L.-Q. Chen, Comp. Coupl. Phase Diagr. Thermoch., 31 (2007) p 303 ]
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Model II: Results
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Model II: Results

LELUER

With grain boundary diffusion Grainisaieniie

5

16x10
14+
_____ Cu,D =
5127 CUBSn, DS=0
% o Cu68n5, DS =0
% Sn, DS =0
E ol | |—Cu, Ds=2e—9
_ memosmroooomes Cu,Sn, D_=2e-9
g 3 s
E 6! 1 _Cu68n5, DS =2e-9
Sn, DS =2e-9
4_ il
N T
N
2 . . .
0 5 10 15
Time”z (81"2)

DL = 2.107% m¥s; DSU35™ = 2107 1% m?is; DSH6575 = 2. 10715
m?/s; D%t = 2. 10712 m?/s;

Wit = B 1079 m?/s, 0gp = 1nm .
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Model II: Parabolic composition dependence
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, Astoich
meStOZCh — 9 (xSn - lestoich,Sn)2
Astoich .
g (Tag — Tshi 11)? + GOt (T = 450K)

Steepness Astoich

Small shift in equilibrium

. toich
Mstozch _ D}Zlow
kl —  Astoich

Lshift, ©.9. = 0.001

Ag3Sn + Cu6Sn5 + (Sn)

Cu X(SN) Sn
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Model Ill: Order-disorder CALPHAD description
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Sublattice representation CusSn: (Ag, Cu, Sn)g.75(Ag, Cu, Sn)g.25

Molar Gibbs Energy

Cu3S 0 0 0
Gmu o= :CAQGAg + xCUGCu + xSnGSn

+xAnguLAg,Cu =+ xAngnLAg,Sn
+xCuxSnLCu,sn

ord

+<yé’uy%n - xCuxSn)chgsn
+RT[0.75(yh, In(yh,) + v, ()

+ys, In(ys,,))
+0.25(y% , In(y4,) + Yo ()

+93, In(y3,)|

G%g = GHSER 45000 and L ag cu.Lag,sn.Lcu,sn and thcblBSn optimized

[N. Dupin, | Ansara, B. Sundman, Comp. Coupl. Phase Diagr. Thermoch., 25 (2001) p279] 18 /25



Model Ill: Order-disorder CALPHAD description

LIFLISHIAINN IMIITOHLIVM

Cu-Sn, T=450K Ag-Sn-0.01%Cu, T=450 K
4 4
05X10 ‘ ‘ ‘ 05X10 ‘ ‘
—Fcc
T =450 K, =0.0001
% % XCU —Bct
£ g -1 _ ___Cu.Sn_|
i E. \\\\\\\\\\ 6 5
> > 7Cu38n
S - 5 -1.5 —Ag3Sn |]
(T (0 — Liquid
[72] _8 <
5 s 2
O O
T ks .
- O -
S s <
-3 : ! L ! -3 L ! L |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8
Cu Molar fraction Sn Sn Ag Molar fraction Sn Sn

Miscibility gap is inherent
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Model IV: Extended sublattice CALPHAD description
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Sublattice representation CusSn: (Ag, Cu, Sn)g.75(Ag, Cu, Sn)g.25

Molar Gibbs Energy
Cu3S 1 2 0 1 2 0 1 2 0
Gmu " yAgyAgGAg + yC’uyCuGCu + ySnySnGSn
1 2 0 1 2 0
_I_yC’uySnGCuBSn + ySnyC’uGSnSCu
+RT|0.75(yhy In(yhy) + y&, I(yds)

+ys, I0(ys,,))

+3, In(v3,)]

- 0 0 0 0
using GSn3Cu — GC’u + GSn - GCuSSn
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Model IV: Extended sublattice CALPHAD description
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Cu-Sn, T=450K Ag-Sn-0.01%Cu, T= 450 K
)X 10° | | | )X 10" | | |

= —Bct = — Bct

£ 1+ T =450 K _Cu68n5/’ g 1+ T=450K, x,,=0.0001 _Cu68n5’

e )

= _Cu38n =
>

S o o
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n

=R 2

< o

ks ks

O - L
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\/
_3 L L L L _3 I I I I
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Cu Molar fraction Sn Sn Ag Molar fraction Sn Sn
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Comparison: Growth Cu gSns from supersaturated Bct
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Comparison stoichiometric (I) — Comparison stoichiometric (I) —
parabolic (1) sublattice (I1)
1 J— 1
& 0.8} & 0.8}
S S
O O
S 0.6 — stoichiometric| | S 0.6/ — stoichiometric| |
B — parabolic B - - -ext sublattice
S —initial S X initial
5 0.4f = 0.4¢
g Cu,S Bcet g
02l ° 09  CUSMs Bet
| N — ! | ~— !
%O 25 30 35 40 %0 25 30 35 40
Distance [0.1 um] Distance [0.1 1 m]
MC’u6Sn5 £ ()
bct bct bct bet bct bet ..bct ,.bet
L gl (1 — a7, )Mklk;él_ — 07w )
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Model IV: Growth Cu gSns between Fcc and Bct

Molar fraction Cu, Sn
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= 1e8 s Diffusion equation
—1t=3.4e8s
7 dux _ o . ar”
oo | (o) < (35)|
L p
Fcc Cu,Sn, Bct

50 60 70 80 90 100
Distance [0.1um]

bet bet
My 18 = ot/ feeqy (1 — . ); Mkzczfizcc = — (1

MOUOSNE = EuO5TS(0.545y; (1 — i) + 0455y (1 — y)).
Mg = —p357(0.545y,y} + 0.455y3y7)

(P estimated based on interdiffusion coefficients of [A. Paul, C. Ghosh and W.J.
Boettinger, Metall. Mater. Trans. A, 42A (2011) p952].
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Model IV: Growth rate Cu 3Sn and Cu gSn5
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1D system 2D system
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CusSn grows faster than CugSns !
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Form of the Gibbs energies influences microstructure simulations of
interdiffusion phenomena at interfaces (diffusion couples)

Determines which IMC grows fastest/first

For a general coupling of phase-field with CALPHAD, an extended
sublattice model is most suitable

Or order-disorder model if based on physics

Presented approaches also valuable for sharp interface diffusion
techniques, e.g. DICTRA

Databases with extended sublattice representations can be improved
iteratively
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