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Introduction

In modern microelectronic devices lead-free solders are
used for creating electrical and mechanical contact between
microelectronic circuit components. During the last few
decades technological progress relied heavily on the minia-
turization of electronic devices making it crucial to account
for the micro- and nanosized effects in solders. One of the
most common Pb-free solder is Sn3.0Ag0.5Cu [1]. After
soldering an Inter-Metallic Compound (IMC) layer forms
and establishes a mechanical contact between the tin-based
solder bump and the copper interconnect of the microelec-
tronic circuit, Fig. 1. During further use of the microelec-
tronic component, the IMC layer grows considerably, espe-
cially when the component is exposed to heat [2] and strong
electric current [3]. Intermetallics are brittle in comparison
to pure Cu or Sn materials. Also, IMC formation is based on
multi-component diffusion which may lead to fracture due
to Kirkendall voiding [4]. In addition, void formation may
be enhanced by electromigration [5]. Thus the reliability of
the solder joint highly depends on the thickness and the void
formation in the IMC layer.

Fig. 1. Schematic representation of a solder
joint cross-section.

This paper is organized as follows. In Section 2 we give
a concise overview of the IMC phase growth and subse-
quent Kirkendall void nucleation. In Section 3 an analytical
approach to the coupled problem of diffusion, mechanics,
and chemical reaction is presented. The growth kinetics of
the IMC is investigated based on the notion of the chemical
affinity tensor within the small strain approximation. The
influence of mechanical stresses is accounted for through
their influence on the chemical affinity tensor on which the
reaction front velocity depends. Electromigration is consid-
ered as an additional summand in the total flux of the diffu-
sive constituents. In Section 4 the kinetics of the IMC
growth under electrical current stressing in an infinite layer
is analyzed. A brief overview of void nucleation is given in
Section 5. Finally, conclusions and an outlook are provided
in Section 6.

1. Problem Formulation
As a result of melting and subsequent solidification of a

solder material an IMC layer forms between the Cu sub-
strate and the Sn-based solder. At the operating temperatures

of modern microelectronic devices with Sn3.0Ag0.5Cu sol-
der the formation of two intermetallic phases becomes possi-
ble: Cu;Sn, also known as the e-phase, and Cu¢Sns, also
known as the n"-phase. The growth kinetics of the 1" phase
was identified as predominant by several experimental and
theoretical studies [6-8]. Thus, in what follows only the
growth of the 1" phase is considered. A schematic representa-
tion of the solder interconnect is shown in Fig. 1. The for-
mation of the " intermetallic phase proceeds according to the
following chemical reaction between Cu and Sn:

6Cu +5Sn — Cu,Sn,. (1)

During use the microelectronic component is subjected
to high current stressing of approximately 10°-10* A/cm?
under typical operating temperatures of 22 °C — 100 °C, as a
result of which the IMC layer grows considerably. During
that process Cu atoms diffuse through the " phase to the n’-
Sn interface, where the chemical reaction (1) is taking
place. Simultaneously Sn atoms diffuse through the n’
phase to the Cu-n" interface, where the chemical reaction is
taking place as well. The diffusion in binary Cu-Sn occurs
by a vacancy mechanism [9]. Hence, there is a vacancy flux
of opposite sign and equal in magnitude to the total flux of
Cu and of Sn. Differences of these fluxes result in the ac-
cumulation of vacancies and, therefore, in the formation of
Kirkendall voids [6]. The diffusivity of Cu is greater than of
Sn. Hence, vacancies tend to accumulate near the n'-Cu
interface, see, e.g., [2]. These voids have been identified as
a primary cause of solder joint failure [10-12].

Multiple factors may affect the amount of the accumu-
lated vacancies: (1) Mismatch of the diffusivities of the
species; (2) Temperature; (3) Mechanical stresses; (4)
High current density in the solder interconnect. In general,
all of these factors are coupled. Mismatch of the diffusivi-
ties of the materials results in vacancy diffusion and ac-
cumulation near the IMC-Cu boundary due to the
Kirkendall effect. The diffusivities of Cu and Sn depend
on the temperature, e.g., D&, .. =4.32-10™° [cm’/s] [13]

and D ..=7.04-10"2 [cm?s] [7]. The high current

T=150°C
density results in mass transfer along the direction of the cur-
rent due to the presence of the electron wind force (momen-
tum exchange between the moving electrons and ionic atoms
due to scattering of valence electrons), which in turn affects
the diffusion. Depending on the direction of the electric cur-
rent it can expedite or retard the diffusion process. Strictly
speaking, the current distribution is not uniform in the solder
interconnect. This results in a current crowding effect and so-
called “back stresses” [14]. Additionally, the strong electric
current results in a nonuniform temperature distribution in the
solder ball (Joule heating effect). The temperature gradient is
the source of thermomigration. At operating temperatures (up
to 150 °C) thermal strains in combination with the transfor-
mation strains (as the result of the chemical reaction) result in
mechanical stresses. These stresses may influence the reac-
tion rate and the diffusion coefficient.
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2. Modeling

During modeling of the reaction front kinetics, the no-
tion of the chemical affinity tensor is used. It was obtained
as a direct result from the mass balance, momentum bal-
ance, energy balance, and the second law of thermodynam-
ics in terms of the Clausius-Duhem inequality for moving
reaction front in [15]. The normal component of a chemical
affinity tensor acts as configurational force on which the
reaction front velocity depends. Effects of stresses and
strains on the reaction front kinetics are accounted for by
their influence on the chemical affinity tensor. Detailed der-
ivations of the chemical affinity tensor are presented in [16].
The validity of the chemical affinity tensor approach for the
modeling of the reaction front kinetics was demonstrated in
bodies of various rheology [16, 17, 19-21].

Furthermore, the chemical reaction (1) can be general-
ized as:

nB +nB, —>nbB, 2)

where n_, n,, and n, are the stoichiometric coefficients,
B , B,,and B, are the chemical formulas of the constitu-

ents in the reaction, and the subscripts “-”, “*”, and “+”
refer to the initial material, diffusive reactant, and reaction
product, respectively. It is assumed that the chemical reac-
tion is localized at the reaction front I' and that all of the
diffusive reactant is consumed during the reaction. The
chemical reaction is accompanied by a change in volume,
which one can characterize as [20]:

_nM, /p, +EnM. /p.
nM_/p_

J

ch

; 3

where M_, M, and M, are the molar masses, p_, p, , and
p. are the densities of the constituents, and & is a fitting
parameter. The case =0 corresponds to the solid skeleton

approach (diffusion is not accompanied by the change of
volume) and the case §=1 corresponds to adding the vol-

umes of the reaction product and of the diffusive reactant.

The kinetic equation used by Glansdorff and Prigogine
[22] can be reformulated for the reaction rate w at the area
element with the normal n as follows [23]:

A
® =kell—exp| - | 4
X C{ Xp[ RT)} 4)

where k, is a kinetic coefficient, ¢ is the partial molar con-

centration of the diffusive reactant, R is the universal gas
constant, 7' is the current temperature, and 4,, is the normal

n

component of chemical affinity tensor.
The normal component of the reaction front velocity, W, ,

7

can be obtained from the mass balance at the reaction front:

wo="M 5)

n n

p-

A linear-elastic material response assumption is used.
The constitutive equations read:

a_:C_:(8_—8‘_”),c+:C+:(a+—£‘_}‘—sCh), (6)

where C, are stiffness tensors, &' and & are the thermal

and the chemical transformation strains, which are given by:
C.=ME®E+2u, ‘1,
el =a,(T-T,)E, & =¢"E=(J}’ -1)E, (7)

where A, and p, are the Lamé parameters, a, are the co-
efficients of thermal expansion, 7} is the reference tempera-
ture, E and ‘I are the second and forth order unit tensors,
respectively. During further analysis the stoichiometric co-
efficients n,, n_, n, are normalized by n. (n. —n_/n,,
n, —n, /n).

It could be shown [16] that the expression for the nor-
mal component of the chemical affinity tensor in accord-

ance with quasi-statics and a small strains approximation
has the following form:

4, = n_;\/l_ {y(T)+%o ((e—2")-
_lc+ ;(s+ —g —g” )+0‘7 (e, —8)}+RT[H[£], ()
2 C*

where y(T) is the chemical energy parameter and ¢, is the

reference concentration of the diffusive constituent.

In order to determine the kinetics of the reaction front
one has to obtain the concentration, ¢, of the diffusing reac-
tant and the mechanical stresses, 6, and strains, g, at the
interface. To do so, a steady-state diffusion problem with
stationary diffusion equation and a quasi-static elasticity
problem have to be solved. Then, the obtained values are
used to compute the normal component of the chemical
affinity tensor (8) and the reaction rate (4), which defines
the reaction front velocity according to (5).

Each solder interconnect has two IMC layers (Fig. 1)
and they are assumed to be symmetrical about the middle
plane of the solder. In order to investigate the effects of
electromigration on the growth kinetics of each IMC layer
one has to consider two cases (Fig. 2).

According to experimental data [18] the solder ball di-
ameter greatly exceeds the thickness of the IMC layer. This
gives reason to formulate a boundary value problem for an
infinite layer with a plane reaction front (Fig. 2).

The mechanical equilibrium equation,

Vie=0, ©
with boundary conditions,

¥

u® (b)—u" (b) =0, (10)

V

u$* (0)=0, u}c,“ (a)—u;' (a)=0,
WY —
y
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Fig. 2. The two considered cases of the model problem

u (¢) =0, (11)
can be satisfied by the following displacement fields:
u (y)=u, (y)eyz(A"waB")ey, (12)

where k corresponds to Cu, Sn, or 1" . The constants 4* and

B* can be found from the boundary conditions (10) and (11).
Each of the considered cases consists of two reactions
happening simultaneously at different reaction fronts.
Hence, four stationary diffusion problems are considered
with the assumption that the fluxes of Cu and of Sn do not
interfere. For the sake of clarity, the four diffusion problems
are further referred as: (1) Reaction at the 1'-Cu interface,

J™ is directed opposite to J” (Fig. 2a); (2) Reaction at
the M'-Sn interface, J™ is co-directed with J" (Fig. 2a);
(3) Reaction at the n’-Cu interface, J™ is co-directed with
J® (Fig. 2b); (4) Reaction at the M'-Sn interface, J™ is
directed opposite to J” (Fig. 2b); where J" is the Fickian

flux, and J™ is the flux due to electromigration. Later all
indexes on the material parameters are omitted, because all
material parameters correspond to the diffusive material in
each considered case, unless otherwise is stated.

Therefore, the total fluxes for the considered cases have
the form:

D JE==JP+J™M, ) JF =JP +J™M,

(13)

3)JZ =_JD_JEM’ 4)]2 =JD_JEM’

where the fluxes are given by (see, e.g., [24, 25]):
JP :—D%, JM 220, L= f‘T , (14)

dy L Zepj

and D is the diffusivity of the species through the reaction
product, Z  is the effective charge number of
electromigrations, & is the Boltzmann constant, e is the elec-
tron charge, ¢ is the electrical resistivity, and j is the cur-
rent density.

Consider the equation governing stationary diffusion in
the following form,

z
aé] =0, (15)
y

10

with boundary conditions,

Dn-(Vcl.i%cij—a*(c*—ci(b))=0, at Q_,
o (16)
Dn-(Vcii%qj+k*(ci(a)—zc*)=0, at T,

where the index i refers to the considered case introduced
above in (13), a. is the surface mass transfer coefficient,

Q. is the boundary between reaction product and diffusive

constituent, n is the normal vector directed outward the re-
action product, the input of electromigration is positive in
the cases 2 and 3, and the parameter > is defined as:

nM_ x
= el 17
s exp( o RT] (17)

where ) is the term in braces in the expression (8) for 4, ,

representing the influence of the mechanical stresses on the
reaction rate. In addition, effects of mechanical stresses can
be accounted for through the stress-dependent diffusivity
and the cross effects of stress gradient in the diffusion flux,
see, €.g., [26]. In the present work we focus on the influence
of stresses on the reaction rate.

The first boundary condition in (16) states that when the
saturation ¢ is reached then the supply of the diffusive reac-
tant will stop. The second boundary condition results from
the mass balance at the reaction front and states that all of
the diffusive reactant is consumed by the reaction.

The solution of the stationary diffusion equation (15)for
each formulated problem is:

¢ (v)=8,L +B,~zexp[i%j, (18)

i

where the sign in the exponent is “+” in cases 1 and 4, and
“-” otherwise. The constants /5, and /5, are obtained for

each considered case from the boundary conditions (16).

Once the mechanical and diffusion boundary value
problems are solved one can obtain the normal component
of the reaction front velocity W,(h) as a function of the in-
terface position. This gives the dependence of the reaction
front position on time, i.e., the kinetics of the interface.

In order to investigate solder interconnect
electromigration reliability one can determine Mean-Time-
To-Failure (MTTF) according to Black’s equation [27]:
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—n Q]
MTTF = 4j "exp| = |, 19
lj XP( T (19)

where A is the experimentally obtained fitting parameter,
n is a model parameter for the current density, which depends
on the mode of failure, and Q is the activation energy in eV.

Once the reaction front velocity (5) and the moment of
failure (19) are determined, one can find a critical position
of the reaction front, A, for each considered case from:

1
w,(h)

ey
t,(h)= dh = MTTF, (20)
Jy
where /4, is the initial position of the reaction front.

Since diffusion in binary Sn-Cu alloys occurs by a va-
cancy mechanism one can introduce the amount of vacan-
cies accumulated during the chemical reaction. The diffusion
coefficient of Cu is greater than the one of Sn (Table 1), so
the net movement of the vacancies will be from the n'-Sn

interface to the M'-Cu interface. Since the total vacancy
flux is equal to the difference between total fluxes of Cu

and Sn, the total amount of vacancies accumulated at the
N'-Cu interface can be calculated as:

(I)vac — (I)Cu _ (I)Sn ,

=f I =] @D
WCu(b) > Wsn(a)
b, ay, n

One can introduce a dimensionless parameter, which re-
lates the amount of accumulated vacancies at the 1n'-Cu inter-

face to the amount of the material diffused from this interface:

o
- O :
This parameter is equal to zero when the total diffusion
fluxes (including electromigration) of Cu and Sn are equal.
In this case no vacancies will accumulate at this interface.
Another limiting case when the total flux of Cu is much
greater than the total flux of Sn (i.e., P —1) may result in
Cu dissolution, see, e.g., [18].

(22)

3. Results

The material parameters used for the calculations are
compiled in Table 1 [7, 17]. Model and fitting parameters
are chosen according to experimental results in [18]:
T=423[K],j=11[kA/em®], a =15 [um], b = 18 [um], ¢ =
150 [um], 4 = 0,8, n = 1.642, Q = 0.8 [eV]. The considered
cases are listed in Table 2.

Table 2

Description of the analyzed cases

Case number | Direction of J™ and J® | Effect of stresses
1 co-directed Yes
2 directed opposite Yes
3 No EM Yes
1' co-directed No
2' directed opposite No
3 No EM No
4 co-directed Yes
5 directed opposite Yes
6 No EM Yes
4' co-directed No
5' directed opposite No
6' No EM No

Table 1
Model parameters used in computations [7, 17]
Property Sn n' Cu
E [GPa] 50 118 130
v 0.36 0.31 0.34
p [g/em’] 731 8.28 8.96
o [1/K] 22-10° 18-10° 16.5-10°
M [g/mol] 118.71 974.8 63.546
o« [cm/s] 1-10° — 2-107
ke [cm/s] 1-10° — 4107
D [cm?/s] 6.49-10" — 7.04:10"
A 36 — 26
2 [Ohm'm] 1.15-107 - 1.7-10°

e

Time of failure =737 [h] !

1

50

30
IMC h<< I
20
( (

Position of reaction front [um]
& a

0 100 200 300 400 500 600 700

T'ime [h]

800

Fig. 3. Dependence of the position of the reaction front on time
with and without taking stresses and electromigration into account.
Labels in the legend of plot correspond to the case numbers in Table 2

&

e = = 2 2
& & @ & 9

Position of reaction front [pm]
e
S

220 270 320 370 420
Time [h]

Fig. 4. Zoomed-in part of the reaction front position at 1'-Sn

interface (bottom red square in Fig. 3). Curve numbers
correspond to the case numbers in Table 2.
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Fig. 5. Zoomed-in part of the reaction front position at n'-Cu

interface (upper red square in Fig. 3). Curve numbers
correspond to the case numbers in Table 2

Fig. 3 presents the dependence of the positions of the
reaction front on time for each of the considered cases. One
can see two reactions happening simultaneously at different
reaction fronts. The gap between initial positions of the reac-
tion fronts is the initial thickness of IMC layer after soldering.
It should be pointed out that electromigration accelerates the
chemical reaction front if the flux induced by the
electromigration is directed along with the Fickian flux and
retards otherwise. It is also important to notice that the IMC-Cu
interface propagates at least two times slower than the IMC-Sn
interface. The detailed view in Fig. 5 shows that case 5

(J™ directed opposite to J” ) and case 4' (J™ co-directed

with J®) are indistinguishable. However, in case 5 the reac-
tion front is retarded by the electromigration and accelerated
by the stresses, and in case 4' the stresses are absent and the
reaction front is accelerated by electromigration.

Two modes of failure can be observed in Fig. 3: full
dissolution of Cu (lower set of curves); failure based on the
MTTF criteria (upper set of curves reaching the vertical
dashed line). The experimental study in [18] shows that the
occurrence of the first failure mode (Cu dissolution) is
about 80% of and the second failure mode (MTTF criteria)
occurs in only 20% of cases. In the current model we as-
sume that if the first failure mode did not occur, yet all the
Cu is dissolved, then the reaction interface 1'-Cu stops and

remains stationary until the second failure mode occurs.
According to (22) at the moment of failure the ratio of the
accumulated vacancies to the amount of material diffused
from mM'-Cu interface is 0.43 and 0.73 at the lower half and

the upper half of the solder interconnect, respectively. Also,
at the failure moment the total thickness of the IMC layer is
69.25 pm and 69 pm at the lower half and at the upper half
of the solder, respectively. If the effects of stresses on the
kinetics of the reaction front are neglected at the failure
moment, the ratio of the accumulated vacancies to the
amount of material diffused from n'-Cu interface is 0.5 and
0.69 at the lower half and the upper half of the solder inter-
connect, respectively. Thus one can conclude that the pres-
ence of internal stresses affects the reliability of the solder
interconnect negatively.

12

4. Remark on voids nucleation

In the previous section we considered vacancies kinet-
ics and related fracture with some critical concentration of
vacancies. Yet it is known that fracture may be preceded by
void nucleation.

During the past decades several analytical and numeri-
cal models of void nucleation and growth were proposed. In
work [28] it shown that if the grain boundary migration con-
trols the diffusion process then vacancies rapidly accumu-
late at structural irregularities such as grain boundary triple
point junction. The proposed model considered a spherical
void nucleation at a triple point based on free energy
change, and its further growth due to vacancy flux affected
by thermal gradient and electromigration. Later, several
studies were carried out to investigate the effect of mechan-
ical stresses on the void nucleation: In [29] homogeneous
nucleation of spherical voids under external and internal
applied stresses was considered; in [30] the authors numeri-
cally modeled the influence of the plasticity; in [31] the
authors used a stress dependent energy barrier for void nu-
cleation and proposed an expression for the stress dependent
diffusivity tensor of vacancies and investigated its effects on
the void growth; in [32] the authors took the deformation
produced by the vacancy migration and vacancy genera-
tion/annihilation and its influence on the void nucleation. It
was shown that the presence of the mechanical stresses may
result in the void nucleation without the local
inhomogeneities [30, 31, 33]. Weinberg et al. [34-36] con-
sidered the formation and growth of the homogeneously
distributed spherical voids. Also, various effects of void
nucleation and growth were investigated: the influence of
void formation on brittle/ductile fracture [37]; the increase
of electrical resistance due to void formation [38]; the effect
of temperature and tensile stresses on void nuclea-
tion/suppression [39]; the process of void nucleation and
growth by means of nonequilibrium thermodynamics based
on principle of maximum dissipation [40]. Furthermore,
since the nucleated voids could move in the bulk and evolve
their morphology due to electrical current, modeling the
growth of Kirkendall voids gets increasingly complicated,
therefore, numerical methods must be employed [41].

The change of the free energy due to void nucleation
can be calculated as [42]:

AG =41y, —%nﬁAf, (23)

where 7y

. 1s the surface tension, r is the void radius, and
Af is the change of the free energy due to void formation,

which in the simplest case can be estimated as:

A= [C—) (24)
V C

v

where V) is the atomic volume, ¢, and ¢, are the vacancy
concentration and equilibrium vacancy concentration, re-
spectively. The latter is given by:
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Cpo = exp(—ﬁj. (25)

Vacancies condense to form a void when the concentra-
tion is high enough to overcome the energy barrier. A rela-
tion between the concentration of vacancies and the radius
of a void follows from (23) and (24):

2.V,
¢, =C,, €Xp [%j (26)

In the model proposed in Section 3 it is assumed that the
flux of vacancies is equal to the flux of atoms. Then, the con-
centration of the vacancies can be estimated as a difference
between the concentration of the departed atoms of Cu and
the Sn atoms that have arrived. Equating the right hand side
of (26) to the concentration of vacancies estimated by (18),
i.e., found from a solution of the mechanochemistry problem
stated above, one can find a radius of the nucleated voids.
Therefore, at more detailed consideration one has to take into
account coupling of the chemical reaction kinetics, diffusion,
electromigration, void nucleation and subsequent growth.

Conclusion

In this paper an analytical model of stress-affected ki-
netics of intermetallic compound CueSns formation in the
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