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Introduction

A theoretical method to describe intermetallics
disappearance rate in double multiphase systems was
proposed in [1], and intermetallics disappearance rates in
the Al-Cu system at temperatures from 175 °C to 225 °C
were analyzed. Ref. 2 reported on another theoretical
method of calculation the ratio of intrinsic diffusivities in
double multiphase systems, and intrinsic diffusivities
ratios of copper and aluminum in the Al-Cu system were
calculated at temperatures from 400 °C to 535 °C and at
temperatures less than 100°C. Both methods are
confirmed experimentally during the investigation the
Cu-Zn system at temperature 400 °C [5, 8].

The soldered copper/tin based contacts are the
weakest part of the chip that can be related to
intermetallics and the Kirkendall-Frenkel porosity
formation in the contact zone [3, 4, 7]. One of the most
common reasons for chip failure is the soldered. The
typical range of packaging and operation of the
integrated circuits is from room temperature up to
250 °C [32]. Therefore, it is very important to analyze
the intermetallics disappearance rates and intrinsic
diffusivities ratios in the Cu-Sn systems at temperatures
from 190 °C to 250 °C .
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I. Intermetallics disappearance rate
analysis

I.1. The Zn-Cu system

We didn’t analyze intermetallics disappearance rate
in the Zn-Cu system [5, 8], so we can do it now. Three
phases (e-brass, ZnsCu, C; ~ 0.83; y-brass, ZngCus,
C., = 0.62; and B-brass, ZnCu, Csz = 0.5, C = Cz,) are
formed during diffusion. Reaction rates of phases
formation at temperature 400°C were measured:
Ki=2025 wum?h, K= 14400 um?h, Kz= 160 um?h,
Ko= 7K1, K3=0,08K;~0,011K,. Initial Zn covering
thickness was Xa=115 um. Egs.9 in [1] give:

Kypg = (\/K71+\/K72+\/K73)2: 31500 pm?/h,
Ky, = ( NEENCS )2 ~ 27200 um?h

(Ks<<K; and Ks3<<Kj). Zinc disappearance time, to, at
temperature 400°C can be estimated by Eq.11 [1]:
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t
0~ (C\/_+cz\/_+03\/_)

The value t=0.94h exactly corresponds with the
experimentally obtained one [8] t=0.92h in planar

~0.94h ~ —ZN_ ~0.7h. (1)

samples. Phase 1 (e-brass, ZnsCu) disappearance time, t,
can be estimated by Eq.13 [1]:

2 2
X X
Zn ~2h=~ 22” ~1.3h. @)
(C \/K(Z phases) _ \/K(Z phases)) C5Ky,H
Such values correspond to experimental result [8]: D — 1.55x10 8 549kImol */(RT) ;2 /s, 4)

t: = 1.64 h in cylindrical samples.

1.2. The Cu-Sn system

Two phases are formed in the Cu-Sn system during
isothermal annealing of Cu/Sn samples at temperature
T=200°C [3,6,9]: e-phase CusSn (phase 1,
Ci1= % =0.753, AC1=0.012, C =Ccy [6]) and n-phase
CusSns (phase 2, Cy=6/11=0.547, AC,=0.021,
C=Ccy[6]), at temperature T=210°C [10], and at
temperature T =250°C (Sn is liquid) [11]. Parabolic
growth constants for the layer thicknesses were measured
in [6], also the range of homogeneity of each phase were
measured, and the values of the mutual diffusion
coefficients for the CusSn (phase 1) and CusSns (phase 2)
phases between 463 K and 493 K (190 °C and 220 °C)
were calculated too:

D —1.43x10" -8 —707kJmoI’1/(RT)m2 /s 3)

3

1
Dy ~ 3G

Mutual diffusion penetrabilities of phaseland phase
2 can be calculated by “constant flux method” (data are

[

Dy =5 (G-

3 3
K
32 1N

1) Kl +C2 Q-

and for phase 1 only (Cu/CusSns sample) between 630 K
and 677 K (357 °C and 404 °C):

Ijl*(lphase) 1. 09X10_6 —782k.Jm0|’1/(RT)m2 /s (5)

We can calculate the mutual diffusion penetrability
(or Wagner diffusivity [26]) of each phase, D;, taking
into account that D; = D{"4C;i and 4C; depends on
temperature [6]:
ACy = 0.014 (190 °C) = 0.018 (210 °C) = 0.010 (220°C),
4C, = 0.023 (190 °C) = 0.022 (210 °C) = 0.017 (220 °C),
AC,ehase) = 0005 (357 °C). Mutual diffusion
penetrabilities of phase lcan be calculated by Gibbs’s
method [12] or by “constant flux method” (Gurov’s and
Gusak’s method) [13-23] or by other methods [26, 28-
30] (data are from [6] as an example):

CpA-CpKy =Ky = 251071812 /5~ {2.1xlo—18 2 1 §[6], T =190° c} ©)

from [9] as an example):

C\JKK,) =

K K, ~29.4x10 8m2 /s z{19.4x10_18 m?2 /s[9]} @

%(c (1-Cy)K, +C,(1-C)) [K[K) =

~ Ky b KK z53.6x10_18m2/s:{56.4x10_18 2/s[g]} ®)

15 3

121 2 44 2

so we can see a good agreement between applied
methods (Table 1).

Initial Cu layer thickness [3] can be calculated using
mass conservation law (Fig. 1):

X o, (t=0) = 5um+Cy Xy () +Cy X, (1) ~12.4um.

Copper layer disappearance time can be calculated
using Eqg. 1 (Fig. 2):
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Table 1
Comparison of diffusion penetrabilities calculated by different methods
K K b b Kl(lphase)’ Kz(lphase)l
authors | T.oc | th | xa0% | xiow | K2 | xigi | wagie | D2 | X0mAs | x10%ndis
m2/s m2/s K1 m2/5 m2/5 D, CU/CUsSﬂs CU3SH/SI’I
couple couple
Onishi and | 190 | 400 27.2 88.2 3.2 2.1 18 8.6 - -
Fujibuchi 200 | 400 38.4 112 29 2.6 23.5 9.0 - -
[6] 210 | 400 52.1 142 2.7 5.7 34.4 6 - -
220 | 400 74.1 204 2.75 45 37 8.2 - -
357 16 - - - - - - 26900 -
Dl(lphase):
1800
This work 190 - - - - 6 14.3 2.4 - -
200 - - - - 8.1 18.3 2.2 - -
210 - - - - 10.7 23.5 2.2 - -
220 - - - - 15.3 33.7 2.2 - -
357 _ _ _ _ _ _ _ Dl(lphase): _
1500
Paul et al. 200 225 100 332 3.3 19.4 56.4 | 2.9 -
[9] -
This work - - - - - 29.4 53.6 1.8 - -
Kumar et 200 240 20 72 3.6 25 18.2 7.2 184 -
al. [3]
. - - - - - 4.5 11.5 2.6 D, (tPhase)= -
This work 10.3=D,
Liashenkoet | 250 8 820 6600 8.0 - - - - 10270
al. [11]
. Dz(lphase):
This work - - - - - 236 975 4.1 - 764~D,
ﬁ Cu  Xr=4.1lum Inert markers’
\ position (D*c,,>D*S,,)
! A
o L t=0 days
CI-ACy X7-7 9#m

— C>-AC |
=10 d.
1
|
1 11 >

o /s 10\

Microvoids Kirkendall plane
plane Imtlal interface
Xx=3um
Fig. 1. Change of copper concentration profile during isothermal annealing of a Cu(99.9 %)/Sn couple at
temperature T = 200°C within 10 days [3]: D"cy> D"sn, D"sn= 0.31D"cy ; X1 < Xa,
Xzz 2X1, XK = 3um; C1= 3/4; Cz = 6/11, C= CcU.

X um

X2 12 2 Phase 2 is formed between phase 1 and tin after
~ 154x10 ~“m~ 28days . disappearance of Cu, phase 1 homogenization occur after
/ +C / 2 6.4x10_17m2 /s this time, concentration decreases from C; to C1-ACy, and
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Fig. 2. Change of copper concentration profile during isothermal annealing at temperature T = 200°C within 28
days (calculation): D*cy> Dsn; X1 < X2; Xo= 2X1; Xk = 4.8um,; C1= 3/4;
C,=6/11, X2 is boundary between phase 1 and phase 2.

boundary between phase 1 and phase 2, Xi2, moves to of phase 1. We can calculate assuming C;=3/4 and
the left hand direction (see Fig. 2).The boundary moves C, = 6/11and taking into account Eq. 6:
to the left hand direction also after full homogenization

1phase)
C,(C;~Cy)KS
Délphase) ( 2) (lphase) ~ 764x10~18m?2 / (2phases) ©)

2
2C1 121

as should be expected. Phase 1 layer disappearance time can be calculated using Eq. 2 (Fig. 3):

2 system described in [11] (Fig. 4).

X
t :% ~ 39days . Two phases are formed in the Cu-Sn system during
C22K£ phase) isothermal annealing of Cu/Sn samples at temperature

T =250°C during t = 8 h (Sn is liquid): Xy = 3.97 um,
X2 = 12.75 um; Ky = 8.2x10 m?/s, K = 6.6x10%° m?/s;
C,=5/11, C; = 1/4, C = Csp. The thickness of tin layer
over the Cu and CusSn substrates varied from 20 to
200 pum. General phases formation rate can be calculated
by Egs. 9in [1]:

Phase 2 homogenization occur after this time,
concentration decreases from C, to C»-AC,;, and
boundary between phase 2 and Sn moves to the left hand
direction.

1.3. The Sn-Cu system

We can analyze experimental results in the Sn-Cu

2
Ky = (\/ K1(2 phases) | \/ Kéz phases) j ~12065x1018m? /s ~ K {PMA®) 1026831018 m? /s, 10)

so phase 2 growth rate, K, ') js approximately equal to initial general growth rate, Ki2 (Table 1). The disappeared
Sn thickness can be estimated: X, (8h) = C,X,(8h) + C,X,(8h) =~ 6.8 m . Tin layer disappearance time can be
calculated using Eq.1:

X 2
=20um) = ~57h ~ 2.4days ;

Sn c \/7+02\/>)

=200um) = ~ 240days = 8months .

tO(XSn C \/_+C2\/_)

to(X
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Fig. 3. Change of copper concentration profile during isothermal annealing at temperature T = 200 °C within 39
days (calculation): D¢y > D"sn; X2 = 23um; Xk = 5.7um; C2=6/11 = 0.55.

4 Sn
1
“/IZOh
Xo=13 um
C
— Cr-AC,
Cr = C
"F Ci-AC; R Y
1 1 >
0 5 \10 15 20

Initial interface

Fig. 4. Concentration profile of Sn change during isothermal annealing of a Cu (99.99 % purity)/Sn couple at
temperature T = 250°C within 8h [11]: Xo= 12.75um, X1 = 3.97 um, X> = 3X1, C,=5/11, C; = 1/4, C = Cq.

Il. Intrinsic Diffusivities Ratio Analysis
11.1. The Zn-Cu system

We didn’t analyze intrinsic diffusivities ratio in the
Zn-Cu system [5], so we can do it now. Three phases can
formed: ZnsCu (phase 1, C1~0.83), ZnsCus (phase 2,
C2;=0.62), and ZnCu (phase 3, C3=0.5, C=Cz)
(Fig. 5). Inert markers were in phase 2. Mutual diffusion
coefficient in phase 2, D*;, and Kirkendall shift, Xk, were
measured at T =400°C: D";=9.1x10"? m?/s, t=9h,
Xk=150um. Ratio of intrinsic diffusivities can be
calculated in such a way (Eq.16 in [2]):

N
o .§1Xj—XK(1—Ci)*/;
EU ~ JiN ~056<1:
Dz > X +C X N7
IE

Ci=8/13 = Czy, (11)
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where N =3 is formed phases quantity, X; is phase j’s
thickness, C; is is the average concentration of Zn in
phase i, or (Eq.15 in [2]):

* *
Deyy «/th ~ X @=Cy)N7
* *
D /
D2t+02xKJZ

Zn

Experimentally obtained ratio D*cy/D*zn = 0.6 in
a-brass [24] and in y-brass [25], so Egs. 11 and 12 can be
applied for other systems.

~0.62. (12)

11.2. The Cu-Sn system

Another experiment was described in [3]. Phase 1 is
formed between Cu and phase 2 during isothermal
annealing at temperature T = 200 °C within 10 days: X; =
12.6 um, Xk = 4.9 um; C; = 3/4, C, = 6/11. The mutual
diffusion penetrability of phasel can be calculated by
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Eq. 6:
(@phase) X3 _1g4.06-18,,2 _20-Co)b AG
- (1-C)(C -Cy) |
2
1-C,)(C, —C,) X
L~ CDE- X 3o 18m2 /s, (19)
2(1-C,) t
Di"= Dy/AC: = D1/0.012[6] = 860x108m?/s. Ratio
D's/Dcy  in  phase 1 can be calculated:
Y x.ox.a-c N
Dsp, J'El XK A G
el N ~0.74<1,
Dey jélxj +C X V7
C1=3/4=Ccy, N=2 (14)
Experimentally determined value in phase 1

according [3] is : D'sn =

=~ 0.4 = 0.5D"cy. Ref. [9] reported

C,=6/11=C¢y, N=2. (15)

Experimentally determined value is as follows [3]:
D"sh = 0.31 D"cy in phase 2. Otherwise, according [6, 9]
the diffusivity of Sn is higher than the diffusivity of Cu at
temperatures 150 °C +220°C, and markers moves
toward Sn side in phase 2. More precise estimation of
ratio D*sW/D"cy in phase 2 needs careful experiments
under hydrostatic pressure of Argon gas (= 10 MPa) [5,
8] or under hot isostatic pressing (p =100 MPa, Argon)
to decrease Kirkendal-Frenkel porosity formation [33].

I11. Diffusion activation energy
calculation in the Cu-Sn system

We can calculate the diffusion activation energies

that Cu has a higher tracer diffusion coefficient than Sn
in the CusSn phase (phase 1) at temperatures from 225 °C
to 350°C. Ratio D"si/D'cy in phase 2 can also be

and the pre-exponential factors combining experimental
results at the temperature T,=2357°C [6] and
experimental results at the temperature T; =200 °C [3]

calculated (X = 3um):
D;"'=Dy/AC5=18. 2x10‘18m25‘1 /0.021 [6] = 870x10°8 m?/s,

and combining experimental results at the temperature
T, =250 °C [11] and experimental results [3, 9, 6] at the
temperature T, = 200 °C (Table 2):

D > X=Xy @-CyNz R, (D))
S”z‘_l ~08<1 S )
- 27N 1
Dcu Z Xj+Cy J;
=
1 4 Zn /wliarkers’ position (D'c,<D"z)
o F — /) 1
Cs Crac Xi=110um i
C-AC: . X=330um )
o getsoum | o
Cs3-AC; ' Xg=150pm 1= Xe<10um
— |
I ..
Kirkendall plane -————D: _Inltla} Cu
. 4 interface
1 1 : 1 | >
0 100 200 300 400 X ym

Fig. 5. Concentration profile of Zn change during isothermal annealing at temperature T = 400°C within 9 h [5]:

D20 > D'cu; X1 < X2, Xo = 3Xy, X3=0; C1=5/6, C,=8/13, C3=1/2, C = Cz,.
Table 2
Comparison of the diffusion activation energies and the pre-exponential factors
Onishi and This Paul et al. Kumar et
Fujibuchi This work This work
[6] work [9] al. [3]
Qi, kJ/mol 1=CusSn 70.7 124 73.8 85.7 38.7 39.0
2=CusSns 64.8 142 81 119.5 47.3 43.4
Doi ,m?/s 1=CusSn 1.43x10% | 3.77 x10 2.7 x10°° 8.7 x10°8 - 9x106
2=CusSns 1.55 x10°8 4 5.6 x10°8 8.7 x10™* - 7x10°5
Q2/Q:1 Cu/Sn couple 0.92 8.2 x107? 1.1 1.4 1.22 1.11
1.15
Q(tphase) 1=CusSn 78.2 78.6 - - - -
kJ/mol (Cu/CugSns
(T,=357°C) couple)
Do1 ,m2/s 1.09 X].O'6 5 X].O'9 - - - -
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M My
Do; = D;j (Ty)e V=Dy(mye 27 (16)

We can use five points (T; = 190 °C, T, = 200 °C,
Ts=210°C, T4=220°C [6], and Ts=250°C [11]) for
calculation by the least square method:

52 lOOOID(I') zlnD(r)zlooo
=1 J =1 RTJ
Qi =- 5 5 [kJ / mol]
5 5 : 17
o) { )
j=1 j j=1 j
2
S | 1000 1000 4 | 1000
— | X InD, -y = ——InD;
Jél{ RTJJ SO 21 RTj El{ wr; T )J 2
DOi =exp 5 5 [m=/5s] )
5 5 .
53 1000 | 3 1000

Eqs.17 and 18 give Eqgs.16 only for two points.

The data points from the Sn/Cu couple are in good
agreement with thedata from the incremental couples
Cu/CusSns and CusSn/Sn [9]. We can see a good
agreement between calculations and results described in
[3, 6] for one phase 1 (Cu/CusSns couple). Really, the
ratio Q2/Q1 should be less than 1 if Do1 = Doy, as reported
in [6].

The Sn diffusion coefficients in a concentrated
solution (8 at. % Sn) are several times greater than Sn
diffusion coefficients in dilute solution (2 at. % Sn) at
temperatures from 500 °C to 650 °C [31], and diffusion
activation energy of Sn vary from 89 kJ/mol to
187 kJ/mol (isotope data on Sn diffusion in a pure
copper), therefore our calculated values should be
correct.

Conclusions

The Znatoms have higher intrinsic diffusivities than
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M.B. Ipmonenko

AHaJi3 KiHeTUKM 3HUKHEHHS IHTepMeTAaJi/liB Ta BiIHOIIEHHS BHYTPIIIHIX
koedinienTiB q1udysii y cucremax Cu-Zn ta Cu-Sn

Kuiscokuil nayionanshutl ynigepcumem mexHono2it ma ou3aiuny, paxyibmem punky, inpopmayitinux ma iHHO8ayiiHuxX
mexnonoeiti, Yepkacu, Yrpaina, yarmolenko.mv@knutd.edu.ua

TeopernuHO TpoaHai30BaHA KiHETWKA 3HHWKHEHHS iHTepMeTaminiB y cucteMiCu-Zn mpu TemmepaTtypi
400°C Ta y cucremi Cu-Sn mpm temmeparypax Binl90 °C mo 250 °C. OGuucieHO BifHOIICHHS BHYTPINIHIX
koeoimienTiB qudysii y cucremi Cu-Zn npu temneparypi 400 °C ta y cucremi Cu-Sn npu temmeparypi 200 °C.
3HalIeHO TaKOXK eHeprilo akTHBaIii qudy3ii Ta nepeneKCIOHEeHTHI MHOXKHHIKH 1 cuctemu Cu-Sn. J[nst ananmisy
OyJIM BUKOPUCTaHI JIITePaTypHi eKCIIEPUMEHTANbHI AaHi.

KirouoBi cimoBa:qudysis, iHTepMmeraniay, KiHETHKa yTBOpPeHHS (a3, Miib, LUHK, OJIOBO, MOPHCTICTH
Kipkennamna-Openkens, 3cyB Kipkennamnna.
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