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Copper and aluminum electric corrosion is investigated experimentally. It is founded that copper corrosion is
higher than aluminum corrosion. Intermetallics disappearance rate in Cu-Al system is analyzing theoretically.

Literature experimental data are used for analysis.
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Introduction

Mutual diffusion in B-phase (Cp = 0.24 +0.02) of
Cu-Al system was investigated at temperatures from
700 °C to 840°C (B-phase can exist at temperatures that
are higher than 565 °C) [1]. The phase formation kinetics
between a-phase (Ca =~ 0.15) and y-phase (Cp ~ 0.31)
was analyzed, and B-phase formation kinetics between
pure copper (99.99 % Cu) and y-phase (Cp = 0.31) was
analyzed too. The phase formation parabolic law was
observed. The pre-exponential factor and mutual
diffusion activation energy for diffusion in p-phase were
calculated: Dy = 1.3-10°m?/s, Q =~ 27 + (3 = 5) kcal/mol.
The pre-exponential factor and f-phase formation
activation energy were calculated: Dy~ 107+ 10™ m?/s,
Q~40 =+ 3 kcal/mol. It was proved experimentally that
mutual diffusion penetrability of B-phase does not
depend on annealing time and initial composition. It was
proved experimentally [2] that copper corrosion rate is
higher than gold corrosion rate, but intermetallics
formation rate in Au-Al system is much more higher than
intermetallics formation rate in Cu-Al system, so it is
possible to use Cu instead of Au for wire bonding in
microelectronics packaging, because thin Al pad (1.2 um
thickness) can prevent gold and copper corrosion, and Cu
has higher electric conductivity, higher thermal
conduction, and lower material cost than Au. Theoretical
method was proposed to describe intermetallics
disappearance rate in double multiphase systems [3].

294

Another theoretical method was described to calculate
intermetallics formation rate in double multiphase
systems [4]. Three phases growth kinetics (g-brass,
CuZng, C; = 0.83; y-brass, CusZng, C, = 0.62; and B-
brass, Cuzn, C; = 0.5) was analyzed theoretically and
experimentally at 230 °C, 340 °C, and 400 °C in planar
and cylindrical samples [5, 6, 13, 14], and theoretically
in spherical samples [15].

Electric current can destruct wire bonding in
microelectronics packaging, so we planned to investigate
copper and aluminum electric corrosion. Direct current
can dissolve metal anode into electrolyte, and we planned
to do experiments under the same conditions: initial radii
of Al and Cu anodes should be equal; electrolyte
concentration should be the same; anodes lengths
immersed into electrolyte should be approximately equal;
graphite cathodes should be the same; direct electric
current value should be practically the same.

I. Experimental results of copper and
aluminum electric corrosion
investigation

Cylindrical anodes (99.99 % Cu and 99.99 % Al)
were used for copper and aluminum electric corrosion
investigation. Sodium chloride (NaCl) solution was used
as electrolyte (Fig. 1). Direct electric current and anodes
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2R dm Mi
- dtzzF,dm=P'|—'ﬂ'd(R2(t)), (1)
graphite vyhere m is a_node mass dissolved into _ele(_:trolyte, t _is
cathode Al or Cu time of experiment, M is molar mass, | is direct electric
7'} anode current value, F is the Faraday constant (F=
e L 96485.33289(59) C mol™), z is charge of ions, R is anode
R radius, L is anode length immersed into electrolyte.
Sodium chloride (NaCl) Electric current value did not change, so one can
solution calculate:
MiIt
. Z= 2 2 @
Fig. 1. Scheme of experimental equipment. F7z’,0L(R (t = 0) —-R (t))

mass decreasing were measured. First of all, we need to
be assured that ions Cu* (or Cu®*) and AI** were present

in NaCl solution. Rate of anode dissolving into
electrolyte can be calculated using Faraday’s law of

where p is anode density. Charges of copper and
aluminum ions were calculated:

electrolysis:
63.55-1075K  .2.8A-12.10%
cu = 3L R 7 ) =091 ®
F.7.89-10 /n3 Loy - (RS, t=0)~RZ, (t.))
27.103K9 .31A.1.2.10%
N 3 kg ol 2 2 ~2.954~3 @)
F.z.2.7-10 43 Ly (R2, (t=0)~R2 (t,)
where  Ley=Lai  Leu=510%m,  Lpy=4.510"m; Chemical reactions took place near positive electrode
Rocu=Roar =2.8 m; Iy = gy i I = 3.1 A, Iy, =2.8A, s0 (anOde):
copper dissolved into NaCl solution as Cu® ions, and + -
aluminum dissolved into NaCl solution as AI** ions. Cu™ +CI" =CuCl J’ :
Anodes radii decreasing kinetics is shown on Fig.2. A|3+ +3Cl~ = AICI~ {4
Experiments were carried during t; = 5 min, t, = 10 min, 37
t3 = 15 min, and t; = 20 min. Experimental results are as + _ 24
follows: Ricy= 2.74 mm, Racu= 2.67 mm, Cu” —-e =Cu~",
Racy= 2.59 mm, Ricy= 2.5 mm; Ria= 2.77 mm, 2+ —
Roy=2.73mm,  Ray=268mm.  Rgy=2.62 mm. Cu™" +2CI" =CuCl, ‘2
Measurement precision was 0.01 mm. 0 0
cim-e =c¥ c”+c®=cl, T,
R.mm Chlorine gas was formed near anode.
L A - Cu Chemical reactions took place near negative
28 o Al electrode (cathode):
z = + - 0
27 | A o Na' —e =Na",
L e 2Na+2H,0=2NaOH +H, T (5
Hydrogen gas was formed near anode.
Anodes radii decreasing rate constants can be
25 [ A calculated as average value of four experiments:
4
2 2
= | | ] ] > 4R0 _Z Ri 2
0 5 10 15 20 {mn Koy = ——2—~1.25:10° ™/ (7)
>
i=1

Fig. 2. Al and Cu anodes radii decreasing
kinetics. ’
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so copper electric corrosion is much more higher than
aluminum electric corrosion, despite of I > lgy: Iy =
1.11¢g. It is need to point out that ke, and k have
dimensionalities as diffusion coefficient because the
anodes had cylindrical shape.

Il. Analysis of intermetallics

disappearance rate in Al-Cu system

There are three phases in Cu-Al system at
temperatures from 175 °C to 225 °C [2]: CuAl, (C; =
2/3 = 0.67), CuAl (C, = % = 0.5), and y-phase CugAl,
(C3=4/13=0.31), C = Cy. Phases 1, 2, and 3 formation
rates between thin Al layer and Cu can be calculated,
using so-called “constant flux method” (K.P. Gurov and
A.M. Gusaks’ method) [4]:

Xmz 1—C2 Dl_ 1 D2: Kl X2:Kt
dt ~ @-C)(C;-C,) X; C;-C, X, 2X;= "177°1,
dX2 N Cl—C3 D2 1 Dl 1 D3 B K2
dt ~ (C,-C,)(C,—-C3) X, C;-C, X; C,-Cg Xg 2X,° ©)
x% = Kat, d;<t3 e (CCZ—C )>[<)3_c 1c 2 :2f<3 ’ XB? = Kat.
3V72 3773 2 3 2 3
2
(X + Xy +Xg)? = X2 =Kypat Kypg=({K+ Ky + [Kg)
where D; (i = 1; 2; 3) is mutual diffusion penetrability of phase i (D; = D; -4C;), D; is mutual diffusion coefficient in

phase i, ACjis narrow concentration range of homogeneity. K; depends on D; and D,, K, depends on Dy, D, and D5, and

Kz depends on D; and D,. Aluminum disappearance time
law gives (Fig. 3):

X o1 (t=0)-1=C X, (tg) +Cy X, () + Ca X5t

:C1UK71+C(;2J§+
1

X

, to, can be estimated by the following way. Mass conservation

0)=

C
2 o~

and t, =

(CJK, +C, K, +C,K)?

(1)

Two phases (phase 2 and phase 3) are formed between phase 1 and copper after disappearance of aluminum:

A
Substance A
1
X1 t=0
C1 —
Ci-AC,
X2

G = CrAG,
G B oA

X3
t=to
Substance B

[

Xa

»

~2.1Xa

Fig. 3. Concentration profile change during isothermal annealing fromt=0to t =t,.
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dX, C,—C, D, 1 D, K,
dt (Cl_CZ)(CZ_C3) Xz Cz_C3 Xs 2Xz ,
dX, C, D, 1 D, K

dt C,(C,-C,)X, C,-C, X, 2X,’

4
(X, + X3)? = X2 = Kygt, Ky = (K, +4/K; | ~ 5 K i K, = K K

Mass conservation law gives (Fig. 4):

c
X a1 (t=0)-1=C5 X5 (ty)+CaX3(Y) :ECZ(J@“LCEJK?),

2

d L AL 9 ;( Al

an 2 .
CoKayg 4C5K g

XZ=Kt,

X 2

A

Substance A
1
G — t=0

C-AC,

Xz
G —  CAC,
X3
G [ CACs
=t Substance B
Xa =2.5Xa

Fig. 4. Concentration profile change during isothermal annealing from t=0 to t=t;.

Phase 3 is formed between phase 2 and copper after disappearance of aluminum and phase 1:

dX C D K
3 2 3 3 :KtzéK

2
~ = t

Mass conservation law gives (Fig. 5):

X p) (t:O)-1:C3X3(t2):\/§C3,/K3 . and
Xa . 9X4

t. ~ ~
’ C32 K3 C32 K123 .
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Substance B

1 t=t,

A
Substance A

1
C — _

! CrAG t=0
Cz — CZ'ACZ

X3
G EGaG
Xa

~3.2Xa

Fig. 5. Concentration profile change during isothermal annealing fromt=0to t = t,. '

We can analyze described experimental results [2].
The Au and Cu wires were bonded to the Al/0.5% Cu
pad of Xy =1.2 um thickness using the ASM Eagle
60AP wire bonder. The Au and Cu wires were annealing

2 _
X =Kjo3

where Kg; is constant related to initial IMC thickness.
General reaction rates of IMC formation were calculated:
Kios(T1) = 3.57-107 um®ls, Kus (T2) = 6.26-107 um?ls,
Kios (T3) = 7.15-107 um?®ls. The pre-exponential factor
and IMC formation activation energy were calculated:
Ko~ 3.52:10™ ,umZ/S, Q = 6.1 kcal/mol. We can calculate
aluminum disappearance time for different temperatures
using Equation (11):
t,(T,) = 2520h , t,(T,) ~1440h

480h
t ~1260h, t ~
o(To) 1260h

so all three phases are formed in diffusion zone (Fig. 6):

t, = 0.4t,,

X, (t =0.4t,) ~ C,. /K ,t, V1 0.4 = 0.77 X , (t = 0) .(16)

A  Substance A
1 t=0
G L
[— C1-AC1 XZ
CZ =
CrrAC, X3 Substance B
C; | Cs-ACy t=0.4t,

»
»

Xa ~1.6Xa

Fig. 6. Concentration profile change during isothermal '

annealing in Al-Cu system from t=0 to t=0.4t,.

Phase 1 disappearance time at temperature T can be
calculated using Equation (13):

tl(T3) ~ 5035h ~ 7months .
Phase 2 disappearance time can be calculated using
Equation (15):
t2 (r3) ~52390h ~ 6years .
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at temperatures T, = 175 °C, T, = 200 °C, and T,= 225 °C
during 120 h, 240 h, 360 h and 480 h. Phase layers
thicknesses for Cu/Al were calculated:

2/ (~3064.5
t+K01:3524D_4“m/é/e( /%%+044ym2,

By the way, assumption K;=K,=~Kj is incorrect [5,
6, 13], so obtained estimations should be less in several
times. Equations (11), (13), and (15) correctly describe
obtained experimental results [5, 6].

Conclusions

Copper electric corrosion is much more higher than
aluminum electric corrosion, kcu ~1, 72kAI , S0 thin

Al pad can prevent copper electric corrosion. Anodes
radii decreasing rate constants, ke, and k, , have
dimensionalities as diffusion coefficient, because the
anodes had cylindrical shape.

Thin metal covering disappearance time, to, can be
estimated by the following way:

2 2
2 2 '
(Cl /K]_+C2 /K2+C3 /Ks) Cl K123

where X, is initial metal covering thickness, C; is
concentration in phase 1, Ky, is general reaction rates of
Phase 1 disappearance time, t;, can be calculated:
T2

CoK 2 K123

t o~ Xi 9Xi

2
A.M.Gusaks’ method can be applied to describe phase

IMC formation, C; > C,> Cj; Ky, Ky, and Kj are phases 1,
2 2
Tl X N 9XA
2 °23
- C32|<3 ) C3)2K123 I
formation rate along GB with outflow in volume [7, 8, 9]

2, and 3 formation rates.
~ A L
4C2K
Phase 2 disappearance time, t,, can be calculated:
It is need to point out that K.P. Gurov and
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(J.C Fisher’s model [10]) and along dislocation pipe with Yarmolenko M.V. - PhD, Associate Professor, Head of
outflow in volume [11] (A.D. LeClaire and A. the Chair of Information and Computer Technologies and
Rabinovichs’ model [12]). Fundamental Disciplines.
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M.B. fpmosnienko

JociiazKeHHs eJIEKTPUYHOI KOPO3il Mi/li i a1I0MiHiI0 Ta aHAJII3 KIHETUKH
3HUKHEHHS iHTepMeTamiaiB y cuctemi Cu-Al

Kuiscoruil nayionanshuil ynisepcumem mexnonoaii i ouszainy, Yepracu, Yxpaina, yarmolenko.mv@knutd.edu.ua

ExcriepiMeHTanbHO JOCIIDKEHO eNeKTPUYHY KOpO3ilo Miai Ta amoMiHifo. OTpUMaHO TakUi pes3ysbTat:
eJNIEKTPUYHA KOPO3isl Mili 3HAYHO LIBHAIIA, HDK ENEKTPUYHA KOpPO3is AaNIOMIHII0, TOMY TOHKE alfOMiHi€Be
MMOKPUTTSL TOBIIMHOIO ONM3bKO 1 MiKpOoMeTpa Ha MiJHHX JAPOTHHKAaX MOXKE YIOBUIBHHTH KOPO3iI0 Milmi y
MprIIagax MikpoeneKTpoHiku. TeopeTnvHO MpoaHai30BaHo MPOIEC 3HUKHEHHs iHTepMeTanifiB y cuctemi Cu-Al.
s aHamizy Oy BUKOPHCTaHI JIiTepaTypHi eKCIIepUMEHTaIIbHI JaHi.

KiouoBi cioBa: Minp; amoMiHil; enekTpois; audys3is; iIHTepMeTanian; KiHeTHKa YyTBOpEeHHS (a3.
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