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Abstract

The reliability of mechanical and electronic systems can be
acutely dependent on the integrity of the soldered joints used in
the assembly. During product manufacture, intermetallic layers
form in reaction zones between the dissimilar materials of solder
joints. Thermal cycling during service can cause further growth
of the intermetallic layers, which may jeopardize the mechanical
integrity of the joints. Models describing such service related
changes are essential in predicting the long-term mechanical reli-
ability of these interconnects. Previously (1-3), a model describ-
ing the diffusion-controlled growth of multiple intermetallic
layers and the displacement of the interfaces between layers was
developed and implemented in a one-dimensional computer
code based on the method-of-lines. The computer code was
applied to the analysis of intermetallic layer growth in isother-
mal solder aging experiments performed with 100 Sn/Cu and
635n-37Pb/Cu solder-substrate systems. The analyses indicated
that intermetallic layer growth was consistent with a bulk diffu-
sion mechanism involving Cu and (or) Sn. In this work, noniso-
thermal solder-aging experimerits were done with the 635n-
37Pb/Cu system using two temperature histories: (1) a low fre-
quency history consisting of 4 cycles per day between 223 K and
443 K and (2) a high frequency history consisting of 72 cycles per
day between 223 K and 443 K. Isothermal experiments at 443 K
also were done. Thicknesses of both the Cu3Sn and CugSnjs inter-
metallic layers were determined as a function of time for each
temperature history. An updated version of the previously devel-
oped model and code were used to predict the intermetallic layer
growth for both nonisothermal temperature histories. Arrhenjus
expressions for diffusion coefficients in both the Cu3Sn and
CugSng layers were determined using experimental data from the
previous isothermal studies. Agreement between predicted and
experimental results was generally good. In some cases, pre-
dicted layer growth was less than experimentally observed, but
within experimental error. This paper describes the nonisother-
mal experiments and a comparison of the predicted and
observed layer growth as a function of time.

Introduction

The reliability of mechanical and electronic systems can be
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and supported by the U. S. Department of Energy under
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acutely dependent on the integrity of the soldered joints used in
the assembly. During product manufacture, intermetallic com-
pound (IMC) layers form in reaction zones between the dissimi-
lar materials of solder joints. Thermal cycling during service can
cause further growth of the intermetallic layers, which may jeop-
ardize the mechanical integrity of the joints as well as their
capacity for subsequent rework or repair. Models describing ser-
vice caused changes to solder joint microstructure, such as IMC
growth are essential in understanding and predicting the long-
term mechanical reliability and serviceability of these intercon-
nects.

In previously published work (1-3), a model describing the diffu-
sion-controlled growth of multiple intermetallic layers and the
displacement of the interfaces between layers was developed
and implemented in a one-dimensional computer code based on
the method-of-lines. The model could accommodate cases
-involving: (1) finite initial layer thicknesses, (2) rate-limiting
interfacial reactions, (3) multiple and variable diffusion coeffi-

- cients, and (4) finite material boundaries. Additionally, the effects

of nucleation could be modeled empirically. A transformation of
the spatial coordinate circumvented the need to remesh the
growing and (or) shrinking layers. Results from the one-dimen-
sional code were verified by comparing the numerical results
with analytical solutions for simple systems involving two, three,
and five layers.The computer code was then applied to the analy-
sis of intermetallic layer growth from isothermal solder aging
experiments done with 100 Sn/Cu and 635n-37Pb/Cu solder-
substrate systems. The 635n-37Pb/Cu experiments were done at
temperatures of 343, 373, 408 and 443 K. The 100Sn/Cu experi-
ments were done at the same temperaiures as well as at 478 K.
The analyses indicated that intermetallic layer growth was con- -
sistent with a bulk diffusion mechanism involving Cu and (or)

- Sn and variable diffusion coefficients that reflect some enhanced

diffusion during early layer growth.

In this work, nonisothermal solder-aging experiments were done

- with the 635n-37Pb/Cu system using two temperature histories:

(1) a' low frequency. history consisting of 4 cycles per day
between 223 K and 443 K and (2) a high frequency history con-
sisting of 72 cycles per day between 223 K and 443 K. Isothermal
experiments at 443 K also were done. Thicknesses of both the
CuzSn and CugSng intermetallic layers.were determined as a-
function of time for both temperature histories. An updated ver-
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sion of the previously developed model and code were used to
predict the nonisothermal intermetallic layer growth for both
temperature histories. Arrhenius expressions for diffusion coef-
ficients in both the CusSn and CugSns layers were determined
using experimental data from the previous isothermal studies.
Agreement between predicted and experimental results was
generally good. In some cases, predicted layer growth was less
than experimentally observed, but within experimental error.
This paper summarizes the current isothermal and nonisother-
mal experimental procedures and results and provides a brief
description of the updated layer-growth model and its numeri-
cal implementation. Predicted IMC layer growth as a function
of time for all three temperature histories are compared with
the corresponding experimental results, and apparent differ-
ences between predicted and observed results are discussed.

Experiment

Procedure

The experimental procedures used to obtain data for intermetal-
lic layer growth between 635n-37Pb solder and Cu substrates
are described below. Data for layer growth were obtained from
both the isothermal and non-isothermal aging experiments.

Samples for the thermal aging experiments were obtained from
pairs of Cu substrates separated by specified gaps that were
filled with solder. The substrates were oxygen-free, high con-
ductivity (OFHC) copper plates, which were rectangular in
shape, 254 by 50.8 mm, and 0.51 mm thick. Copper spacers
were welded onto one substrate of each pair. The thicknesses of
the spacers were varied to provide the following gap widths
between the substrates: 76 um, 128 um, 254 um, and 381 pm.
Each pair of plates, which were still separate, was then etched
for 30 s in a 1:1 by volume solution of HCl and water; rinsed,
and dried in flowing nitrogen. The surfaces that formed the
walls of the gap when the plates were joined were coated with a

rosin-based, mildly activated (RMA) flux. The two plates were

_ then spot welded together so that the spacers formed a con-
trolled gap having one of the above mentioned thicknesses.
- Each sample was immersed to a depth of 1 mm in a bath of mol-
ten 635n-37Pb (wt.%) solder that was at 533 K. Each specimen
was kept in the solder for a time period of 60 s. The specimen
was then removed from the solder, allowed to cool, and any
remaining flux residues removed using organic solvents. The
specimens were sectioned into samples that were 25.4 by 6 mm.

All thermal aging experiments were done in air furnaces. The
temperature histories used in the experiments are referred to as
follows: (1) isothermal, (2) nonisothermal, slow cycle rate, and (3).
nonisothermal, fast cycle rate, and represented maximum IMC
growth conditions for the comparative assessment. For all three
temperature histories, the aging experiments were done for
_ time periods of 10, 40, and 100 days.The isothermal experiments
were done at a temperature of 443 K. The nonisothermal, slow
cycle experiments involved 4 cycles per day. In each cycle, the
temperature increased linearly from 223 to 443 K during a time
period of 1 hour, remained at 443 K during the next two hours,
decreased linearly to 223 K during the fourth hour,” and
remained at 223 K during the next two hours. The nonisother-
mal, fast cycle experiments involved 72 cycles per day. In each
cycle the temperature increased linearly from 223 to 443 K dur-

ing the first five-minute period, remained at 443 K for a five

minute period, decreased linearly to 223 K during the next five-
minute period, and then remained at 223 K during the next five-
minute period. One sample from each of the four gap widths
was exposed to one of the isothermal and nonisothermal tem-
perature histories. In the nonisothermal experiments, a thermo-
couple was attached to one of the samples, so that the
temperature history was accurately controlled and known.

At the specified time intervals mentioned above, the samples_
were removed from the test apparatus. Each sample was cross
sectioned along the long dimension. One section from each
sample was mounted and metallographically polished. Mea-
surements of IMC layer thicknesses were done as follows: three
positions were selected along the gap length; one position was
located at the center of the sample, and the other two positions
were located on either side at a distance of 9.53 mm from the
center. At each location, ten thickness measurements were taken
of the IMC layer on each side of the gap from 100x micrographs.
The measurement error was * 0.3 pm. The two sets of ten mea-
surements per location were combined to determine an average
IMC layer thickness at each location. The same IMC layer thick-
ness analysis was done for each of the sub-layers, Cu3Sn and
Cu¢Sns, that comprised the total IMC layer. The data per loca-
tion and gap thickness were represented by the mean of the
twenty thickness values and * one standard deviation of those
values.

Results

Figure 1 shows the IMC layer which developed during an iso-
thermal aging period of 10 days at a temperature of 443 K. The
IMC layer is composed of two ‘sublayers, the CuSn sublayer
(darker gray) next to the copper substrate, and the CugSns
(lighter. gray) next to the 635n-37Pb solder field. Isothermal
aging for a period of 100 days at a temperature of 443 K pro-
duced a considerably thicker IMC layer, which is shown in Fig-
ure 2. In addition, a Pb-rich zone developed ahead of the IMC
layer, at the interface between the CugSns sublayers and the sol-
der field. ' .
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Figure 1. Micrdgraph showing IMC layer after an isothermal
aging period of 10 days at a temperature of 443 K. '




The IMC layer thickness data obtained from the fast-cycle, non-
isothermal aging experiments are shown in Tables I - IIL. Data
from the left position off the centerline are shown in Table I;
thickness data from the centerline position in Table II, and data
from the right position off the centerline in Table II. The results
are given for each of the four gap dimensions at aging time peri-
ods of 10 and 40 days and for the smallest and largest gap
dimensions at 100 days. The data in Tables I - III illustrate four
important points that are pertinent to layer growth kinetics in
both fast- and slow-cycle, non-isothermal experiments, as well as
the isothermal experiments.

um
Figure 2. Micrograph showing IMC layer after an isothermal
aging period of 100 days at a temperature of 443 K.

First, the data in Tables I - III show that within experimental
error, both of the sublayers, Cu3Sn and CugSns, and the total
layer thicknesses were not functions of position along the gap of
each respective sample. In view of the thermal expansion mis-
match between Cu and 635n-37Pb solder, 17.0 ppm/K and 25.0

ppm/K, respectively, (4) this result indicates that for each of the
test conditions, any residual stress field that formed in the joint
region did not impact the extent of growth of either of the sub- _
layers, or growth of the IMC layer as a whole.

Second, the data in Tables I - I show that IMC layer growth
was not sensitive to the tested range of gap sizes. A trend
appeared to be present in the 100-day (6151 cycles) data, in"
which the CusSn sub-layer that formed in the IMC layers with
the 381 pm gap was apparently Iarger than the Cu3Sn sublayer
formed with the 76 pm gap. Conversely, the CugSns sublayer
thickness was smaller with the 381 um gap, so that the total
layer thickness remained abouf equal between the two gap
sizes. However, the apparent differences in the sub-layer thick-
nesses, although reproduced at each of the positions along the
gap, were within the experimental error of the measurements,
and therefore, could nét be considered statistically significant.

Third, based on the data scatter (standard deviation), neither -

7 _the position along the gap nor the gap thickness had an impact
* on the variability of the IMC layer thickness data.

Finally, because the total thickness of the IMC layer and the
thicknesses of each of the sub-layers did not exhibit significant
trends as a function of position within each sample, nor as a

function of the gap thickness, these data typify the thickness
variability that can be expected from the measurement tech-
nique as well as the inherent variability in layer growth in this
matenal system.

The IMC layer thickness data obtained from the slow-cycle, non-
isothermal aging experiments are shown in Table IV. The values
given were obtained by combining the data from each of the
left, center, and right positions along the gap of the respective
specimens. In general, the IMC layer and sub-layer thicknesses
obtained in the slow-cycle experiments were not significantly
different from those obtained in the fast cycle experiments. Since
each test cycle, of both test cycle regimes, caused the respective
samples to spend about one-half of the test time above the base-
line temperature of 298 K and one-half below 298 K, and since
the test duration rather than the number of cycles was con-
trolled, similar IMC layer thicknesses would be anticipated in
the absence of other extraneous factors. This trend was indeed
observed in the experimental data. However, the scatter in the
data from the slow-cycle experiments tended to be greater than
that from the fast-cycle experiments.

. The combined data from the isothermal experiments at 443 K

that were done for the same time pericds are shown in Table V.
In the isothermal experiments, the specimens were exposed to
the elevated temperature for the entire duration of the aging
period. Therefore, the IMC layer thicknesses would be expected
to be greater when compared with data from non-isothermally
tested specimens. This trend was confirmed. Also, when com-
pared as a percent variation about the mean value, the scatter in
the data from the isothermal aging experiments was approxi-
mately at a level between data scatters of the two nonisothermal
temperature histories.

Table E: IMC Layer Thickness from Non-Isothermal Aging, Fast

Cycle Rate, Left of Center.
Time Gap Ave Layer Thickness (Std. Dev.)
.(Days) | (mm) - (pm)
CuzSn CugSng Total
10 76 179 (0.37) | 3.36(0.95) | 5.15(0.66)
128 | 1.76(0.33) | 3.47(0.69) | 5.23(0.46)
254 | 172(0.24) | 3.53(57) | 5.24(0:41)
381 | 1.71(032) | 476(0.91) | 6.46(0.69)
40 76 3.02(0.62) | 5.53(1.34) | 855(1.00)
128 | 293(0.60) | 5.87(L16) | 8.80(0.72)
254 | 2.71(0.58) | 5.01(1.25) | 7.72(0.88) -
381 | 2.84(0.58) | 6.02(091) | 8.87(0.65)
100 76 361(0.64) | 818(1.94) | 11.79(1.74) -
128 | - —- - =
254 — — -
381. | 4.44(071) | 6.65(1.38) | 11.10(0.97)




Table II: IMC Layer Thickness from Non-Isothermal Aging, Fast Table IV: IMC Layer Thickness from Non-Isothermal Aging,

Cycle Rate, Center. Slow Cycle Rate.
Time Gap Ave. Layer Thickness (Std. Dev.) Time Gap Ave. Layer Thickness (Std. Dev.)
(Days) | (mm) (pm) I (Days) | (mm) (pm)
CusSn CugSns " Total : Cu3Sn CugSng Total
10 76 | 1.68(0.41) | 355(0.82) | 5.22(0.51) 10 76 | 198(0.32) | 4.09(0.82) | 6.07(0.64)
128 1.86 (0.40) | 3.40(0.93) 5.26 (0.69) 128 1.85(0.50) | 4.14(1.11) 5.99 (0.79)
254 | 1.67(0.38) 3.74 (0.90) 541 (0.59) 254 2.14(0.37) 4.22 (0.89) 6.36 (0.69)
381 | 1.78(037) | 4.86(093) | 6.65(0.75) 381 | 207(039) | 443(0.69) | 6.49(0.56)
40 76 | 3.00(061) | 59 (1.12) | 8.96(0.80) 40 76 | 347075 | 5831.73) | 9.30(1.19)
128 | 2.75(0.67) | 556(1.13) | 8.31(0.71) 128 | 350(0.58) | 6.11(1.61) | 9.61(1.13)
254 | 2.74(0.67) | 5.09(160). | 7.83(113) 254 | 411(1.81) | 524(267) | 9.35(1.60)
381 | 294(059) | 506(1.08) | 8.00(0.81) 381 | 353(057) | 574(1.61) | 9.28(1.24)
100 76 | 368(1.01) | 7.30(1.75) | 10.99(1.39) 100 76 | 447(1.10) | 868(258) | 13.15(2.30)
128 —_ — ‘ - 128 - —_ . —
254 — — - 254 —- - —
381 | 450(0.62) | 692(23) | 11.42(1.93) 381 | 550(1.23) | 7.05(3.00) | 12.55(2.30)
Table IIl: IMC Layer Thickness from Non-Isothermal Aging, ' Table V: IMC Layer Thickness from Isothermal Aging at 443 K.
Fast Cycle Rate, Right of center. -
Time Gap Ave. Layer Thickness (Std. Dev.)
Time Gap Ave. Layer Thickness (Std. Dev.) (Pays) | (mm) | - (um)
(Days) | (mm) (um) - .
— Cu3Sn Cu65n5 Total
CusSn CugSns - Total
_ 10 76 2,67 (0.80) | 5.85(1.43) 8.52 (0.93)
10 76 | 197(034) | 323(092) | 519(065) | 128 | 279(055) | 670(1.28) | 949 (0.95)
’ 128 | 1.91(0.31) | 3.19(1.34) | 5.38(0.44) — 351 | 262058 | 608(137) | 870 (1.06)
24 | 162039 | 367(155) | 558(0.70) 381 | 263(055) | 616(120) | 8.78(0.90)
381 | 1.71(0.34) | 4.46(091) | 6.16 (0.60)
: : 40 76 | 441094 | 11.22(3.15) | 15.64(2.87)
9 | 76 | 300054 | 581(097) | 88-(060) | 125 | 482090 | 979G | 1461299
128 2.72 (0.62) 578 (1.02) | 8.49(0.69) ) 254 4.56 (0.90) 10.93 (3.35) 15.49 (2.74)
251 | 281(049) | 4920102) | 77308L) | [T [ 381, | 457(088) | 1038(230) | 149 (1.79)
381 2.78 (0.58) 5.54 (1.00) 8.32(0.64) ‘ -
' 100 76 | 7.67(1.27) | 1097 (3.10) | '18.64(2.29)
100 76 | 3.63(092) | 7.85(203) | 1.48(147) | 128 | 7.86(1.23) | 11.44(2.85) | 19.3(1.94)
128 - — - 254 | 6.89(1.42) | 13.33(329) | 20.23(2.60)
254 | = = . = 381 | 756(1.27) | 1278(3.74) | 20.34(3.14)
‘381 | 457(0.62) | 7.04(1.69) | 11.61(1.29) :




Theory

The model for intermetallic layer growth consisted of a set of
governing partial and ordinary differential equations and the
associated initial and boundary conditions. A summary of those
equations is given below, and some pertinent aspects of the

numerical implementation of the equations in the computer
code are also discussed. Further detail is given in Reference 3.

Governing Equations

A substrate solder system in which I-1 intermetallic layers form
and grow between the substrate and bulk solder is shown sche-
matically in Figure 3. Let the substrate form the left boundary of
the system, and solder the right boundary. Let i = 1,2,3,...,]-1
-denote the sequence of intermetallic layers growing from left to
right. That is, i = 1 denotes the layer adjacent to the right edge of
the substrate (i = 0), and i = I1 denotes the layer adjacent to the
left edge of the solder (i = I). Growth of the intermetailic layers
results from interfacial reaction and diffusion of a binary set of
interacting constituents. In each layer, the diffusion of either
constituent can be rate controlling.

whp

Layer
i-1

Substrate

6i+1(t)

: 6&1 (1) Si(f)

Figure 3. Schematic diagram of intermetallic layer growth
between substrate and solder. - .

Let T denote temperature; ¢ denote time; x denote position with

respect to a fixed origin; 8(t) the position of the interface -

between layer i-1 and layer i, and A(t) the thickness of layeri .
A1) = 8, (-8, Y
Then, for 8i(t) <x< Si +1(#), the material balance for the rate

- controlling constituent in each layer is given by

ow ow
4 _ 2 A,
5 ‘&(DAJ; ) e

where w, denotes the mass fraction of the rate-controlling
i - X B

constituent in layer i, and D,  denotes the diffusion coefficient,
which is an effective diffusion coefficient analogous to the
chemical diffusion coefficient discussed by Shewmon (5), and
which can be a function of x, £, w, ,and T, and specified

¢

accordingly. For frequent cases of interest, the diffusion coeffi-
cient D, is given by an Arrhenius expression
i

Dy, = Dy, [expQ, /(RT)] 3
where D A, is a constant; Q A, is the activation energy for diffu-

sion of the constituent in layer i, and R is the gas constant. In
general, the temperature T can be a function of x and t, which -
also can be specified.

When constituent diffusion and interface displacement are not
hindered by finite material boundaries, and the rate R; of inter-

facial chemical reaction is sufficiently fast, local chemical equi-
librium exists at the interface, and the concentrations of the
diffusing constituents in layer i are essentially constant at §;(f).

Therefore, at §t), the boundary condition for Eq. 2 is
(WA)sr = constant = (w, ‘*)8’ 4)

and if local equilibrium exists at §;,1(t), the boundary condition

is

(wA_)al = constant = (w, *) | 5)

¢ (L} ! i+l

where (w A'*)S';t(w A‘*)S' , and superscripts 1 and r denote .
Y SIS

values at the left and right sides of the interface, respectively.

The initial condition for Eq. 2 is

Wy (x,0) = fi(x) 6
R i
where f{(x) is known or assumed.
When the rate R; of interfacial reaction is slow enough to pre-
clude local equilibrium at the interface, the constant concentra-

tion boundary -conditions given by Egs. 4 and 5 must be
replaced by flux-type boundary conditions given by

awA' , )
"piDﬂf{X ]56=R" L

ow 7 - V
A; I .
'piDA,.[a ]51_ ) =R, (8)

Furthermore, when constituent diffusion encounters a finite
material boundary, the boundary condition for Eq. 2 becomes
the zero flux condition at that boundary. .

" The displacement of each interface is given by

: : ds;
[oic1ma,_ ) oitwa) T

- ' 9
. BWA_ ‘l B aWA.
= -P¢_1DAi_,[‘ag qu‘”piDA,-(Fi Jsf




where p; denotes the mass density of layer i. The initial condi-
tion for Eq. 9 is

. :
8,(t = 0) = &, = aconstant (10)

For purposes of analysis, the interfacial reaction rates can be
expressed by generic linear-driving-force expressions of the
form

R = k;pi[(w Ai*)g_(w Ai)a;l (11)

and

I !
Rivy = ki 1Pi[(WA,.)

which are useful for examining order of magnitude effects. The

-0y, | (12)

1+l

rate constants such as k:.' can be represented by Arrhenius

expressions, such as
r r .
K = k; exp(E;/(RT)) (13)
where k:o is a constant and E: is the activation energy for

interfacial reaction.

Numerical Implementation

In this work the numerical approach adopted to solve the sys-
tem of coupled diffusion and interface displacement equations
given by Egs. 2 and 9 for each layer was the method of lines (6),
which uncouples the spatial and temporal discretization of the
partial differential equations. In this application the spatial dis-
cretization is represented by finite differences which results in a
set of coupled, first-order, ordinary differential equations (ODE)
in time. These are solved in turn by an efficient library ODE
solver that determines the time stepping internally to maintain
stability. The implicit solution procedure of the ODE solver uses
a variable order (one through five) backward difference formu-
lation (7, 8). The implementation of the method of lines for solv-
ing reactive diffusion equations adopted in this work was that
of Baer, et al (9). This implementation includes an adaptive
meshing scheme that automatically resolves steep mass fraction
gradients and will return to a coarser grid as the gradient
relaxes. A transformation of the spatial coordinate x given by

—- x—S.(t)
AR )

a4)

;was used to circumvent the need to remesh the growing or
shrinking layers. In which case, for

8i<x<8i+l,prO<xi<l,Eq.2becomes
ow . 9w, ' aw ‘ :
Ai_ l 8 - i
= ‘A_'za—( AT )+F(xi, A) (15)
{
where -

- 1 45, x,dA,
Rl 8,8 = Adi TAd

At x = 8,(n,orx; = 0, Eq. 9 becomes

(16)

a5,
[Pz-x( A ,x =P A.)x-o]E

- _p"lDA. l[awAi—»l +piDAi awAi
Ay OE g =1 4 9% =0

(H,orx =1,

(17)

andat x = §,

do
1Pie1(Wa, e l=O]Z

= _piDAi a_w_Ai +P‘+l Az+1 awAnl
A; a)_.‘ir %=1 A, o%, . %,,=0

i i+1 i+1

:pi(wA;)x. -
(18)

Modeling

Comparison of Numerical and Analytical Results

In previous work (3), results from the one-dimensional code
were verified by comparing the numerical results with analyti-
cal solutions for simple isothermal systems involving two,
three, and five layers. In the present work, the updated version
of the code was further verified by comparing numerical results
with the analytical solution for a simple two-layer, two-constit-
uent system involving a “reasonable” temperature history and
representative Arrhenius parameters. The comparison showed
good agreement between numencal and analytical results and
is described below.

To compare numerical and analytical results, the hypothetical
case illustrated schematically in Figure 4 was used and con-
sisted of a substrate and solder material with which the sub-

strate could form a solid solution. At time ¢t = 0, the substrate
and solder are uniformly contacted along a planar interface at
x = 0. The substrate occupies the space at x <0, and the sol-
der at x>0. At ¢ >0, the substrate dissolves in the solder and

the interface position Sl(t) between the substrate and solder

phase displaces in the direction of x <0 . The solubility of the
substrate in the solder is denoted by § A and the solubility of

the solder material in the substrate is negligible. Volume
changes due to dissolution of the substrate are also negligible,
and the densities of the substrate and solder phase are equal.
The variation of the temperature T with respect to time ¢ is slow
enough so that T is spatially uniform, and values of  are small
enough so that both substrate and solder can be considered

semi-infinite. The intrinsic rate R: of interfacial reaction
between solder and substrate is relatively fast so that local-
chemical equilibrium exists at the substrate-solder interface,
and the rate of dissolution is controlled by diffusion of the sub-
strate material, denoted by subscript A into the solder phase.
Diffusion of the substrate material into the solder is adequately
described by Fick’s law with an Arrhemus—type dlffusxon coefﬁ- ’
cient. . .

The mass balance for-the substrate material diffusing into the




solder is given by -

w4 ow ‘
Av_ 0 A4
A x(”mx ] L

where w A, denotes the mass fraction of the substrate material

in the solder, and D A, denotes the diffusion coefficient, which - .

is given by an Arrhenius expression

Dy =D Aloexp[Q 4,7 (RT)] (20)

Solder

Substrate

81(1) 0

Figure 4. Schematic diagram of substrate-solder system.
Initially, the interface between the substrate and solder is
at x =0, as indicated by the dashed line.

" where D Ay, is a constant; Q A is the activation energy for dif- .

fusion of the substrate material in the solder, and R is the gas

constant. The temperature T is a known function of the time ¢
as discussed below. The boundary conditions for Eq. 19 are’

,(M(A‘)G' = constant =S, ) _ (21)
4 .
and ) .
wAl(x—‘—>oo) =0 (22)
and the initial condition is '
Wy (330) =0 (23)

The dis'placemeht of the interface at 8, (¢) is described by .

: 7 ds,; BWA]
[po(wA0= 1y P10va ), ]?1“: = P10 3 B (24)

where p,, and p; denotes the mass density of substraté and sol-

der, respectively; 811 and 5; denote the value of
8(1) approached from lesser and greater values of x, respec-
tively, and
8,(t=0)=0 (25)
Letting
t

() = ID AI[T(t')]dt’ (26)
0

Eqgs. 19 - 25 can be solved analytically to obtain the following
expressions for wAl[x, 1(#)] and Sl[t(t)]

_ erfc(n)
wm[x, nl = SA1[€TETY—):| &
and
8][—:(,)] =] 276/1_(1‘_) (28)
where
s 29
LW “
and
s 2
(1 Ay exp(=Y )| _
1= (ﬁ)(l -sA,J[ erfe(v) ] L )

Results from the one-dimensional code were coﬁpamd with
this analytical solution for two cases. In both cases, the tempera-
ture varied sinusoidally over a period of one day with a mini-

~ mum temperature of 298 K to a maximum of 498 K. The

solubility of the substrate in the solder, § A, , was 0.05. Also, as

previously stated, the solubility of the solder material in the
substrate was negligible; volume changes due to dissolution of
the substrate were negligible, and the densities of the substrate
and solder phase were equal and constant. The analytical solu-
tion assumes zero initial thickness for the intermetallic layers

' (Eq. 23), ‘while the numerical solution requires an initial thick-

ness to be specified, in many cases, the process being modeled
begins with a small but finite thickness of these layers. In cases
where a layer appears to be initially absent, the initial thickness
specified in the code can be made small enough to adequately
approximate the system being modeled. The diffusion coeffi-

cient was given by Eq. 3. For Case 1, Da, | was 1.8 x 10 m?/s,

and the activation energy Q@ A was 126 kJ/mole. For Case 2,

—DA‘o‘ was 3.1 x 10° m?/ s,and O A was 252 kj/ fnole. These val-

ues were selected to provide a large range of typical values. For
_Case 1, the resulting diffusion coefficient, D4, , varied from a

value of 1.5 x 102° m?/s at 298 K to a value of 1.2 x 10"7at 498
K. For Case 2, the diffusion coefficient D4, varied from a value




of 2.2 x 1030 1.2 x 10" over the same temperature range. Cal-
culations were carried out to a time of 225 days (i.e., 225 cycles).
The agreement between the numerical and analytical solutions
was excellent and is illustrated for Case 1 in Figures 5 - 7. Fig-

ures 5 and 6 show the interface location, 8,(#), as a function of
time; Eq. 25 defines the initial position of the interface. Figure 7
_shows the spatial distribution of mass fraction, wy, , at three

selected times.
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Figure 5. Time history of interface location for Case 1, t=0 to 9
days.
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and 225 days.

Application to Experimenta] Data

For each temperature history intermetallic layer growth was
predicted using a four-layer model that consisted of Cu, Cu3Sn,
CugSns, and Sn layers, denoted by subscripts 1, 2, 3, and 4,
respectively. The Pb-rich Pb-Sn layer was neglected because Cu
was not detected in the layer. Also, since the experimental data
indicated that diffusion of Sn into the Cu substrate and diffu-
sion of Cu into the bulk Pb-Sn phases were negligible, two dif-
fusion equations (Eq. 2) were required, one each for the CusSn
and CugSn; layers, and three interface displacement equations,
one each for the interface d,(f) between Cu and CujSn, d(f)
between CuzSn and CugSns and dj(f) between CugSng and Sn.
However, the available experimental data does not permit the
evaluation of separate diffusion coefficients for Cu and Sn, and
since the choice of constituent does not alter the overall effect of
bulk diffusion, for convenience, the numerical predictidns were
based on diffusion of Cu. Local equilibrium was assumed at
‘each side of dy(t), dx(f), and da(#). The constant concentration
boundary conditions given by Egs. 4 and 5 were then evaluated
from the Cu-Sn phase diagram and are shown in Table VI
which also includes the mass den51ty of each layer

Table VI: Interfacial mass fractions and mass densities for four-

layer model.
‘Layerv (w A-')sf (W, )8 1 T pix 10;3 ,
- “ (kg/m”)
Cu() 1.000 | - 1.000 89
CusSn (2) 0.623 0.605 9.0
CugSns (3) - 0.410 0.400 8.4
Sn() 0.000 0.000 .73

Arrhenius expressions for the effective diffusion coefficients
D, based on diffusion of-Cu were evaluated previously (3).
¢ -




‘Values for the parameters in Eq. 3 for Cu3Sn and CucSns 1ayérs -
are given in Table VII.

Table VII: Arrhenius parameters in Eq. 3 for Cu3Sn and CugSns.

Intermetallic D,x10® Q
Layer (m?/s) (kJ /mol)
CuzSn 1.18 717
CugSng 434 80.3

As mentioned previously, the earlier isothermal studies (3) indi-
cated that Cu3Sn and CugSng layer growth are generally consis-
tent with a bulk diffusion mechanism, but the diffusion
coefficient is probably not constant. During early layer growth,
diffusion appears to be faster than during later growth. Similar
effects have been reported previously by Kofstad (10), who
used the term “enhanced diffusion” to indicate effects which
could be attributed to grain boundary diffusion, residual strain,
and poor crystallization during early layer growth.

To empirically account for the effects of enhanced diffusion dur-

ing early layer growth, a variable diffusion coefficient DAT
defined by

VD_A; = Dy +D'yexp(-2A) (31)

was used (3). On the right side of Eq. 31, the term involving
D,
represents the contribution from the enhanced diffusion process

that occurs during early layer growth and then becomes negli-
gible as the layer thickness increases, so that for thick lay-

i

ers,l_);i- reduces to the “equilibrium” yalué DAi given by Eq.
3. Reasonable analytical expressions for the temperature depen-
_ dence of D’ A; and A; have not yet been obtained. Since layer
growth resulting from nonisothermal temperature histories was
V dominated by the periods of time at 443 K, the values of D' A,
and A; obtained previously (3) at 443 K were used to predict

. layer gi-owth for all three 'témperature histories and are given in
~ Table VIIL

Table VIIL: Values of D', and A (Eq. 31) CuzSn and CugSns at

443 K.
. . 16
Intermetallic - D', x10 Ax10
. Layer , (mz/s) (mY)
CugSn § . 93 20.0
Cu6Sn5 42 ) 3.8

'Finally, since the initial thicknesses of the Cu;Sn and CugSns lay-~

ers in the samples used in the thermal aging experiments were
not available, layer growth was predicted by starting with the
layer thickness determined experimentally at 10 days and then
predicting layer growth during the next 90 days. The resulting
predicted layer growth as a function of time for both the Cu;Sn
and CugSn; layers are shown in Figures 8 - 10, for the isothermal,
nonisothermal, slow-cycle, and nonisothermal, fast cycle, respec~
tively.
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Figure 8. Experimental and numerical results for isothermal
aging experiments at 443 K. Experimental data are from
Table V.
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Figure 9. Expérimental and numerical results for noniso-
thermal, slow-cycle aging experiments. Experimental data
are from Table IV. ' |
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Figure 10. Experimental and numerical results for noniso-
thermal, fast-cycle aging experiments. Experimental data
are combined values for data in Tables I - ITI.
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The agreement between the predicted and experimental results
shown in Figures 8-10 is generally good, particularly since the
predictions were made using parameter values obtained in the
previous experimental work (3). No parameter fitting or adjust-
ments were made using data from the current isothermal or
nonisothermal experiments. While in some cases, predicted
layer growth was less than experimentally observed, the differ-
ences were small and on the order of the experimental error.

Furthermore, minor differences between the sample materiais-

and preparation procedures used in the current experiments
and those used in the previous isothermal studies could cause
small variations in the initial microstructure of the joint materi-
als which would affect enhanced diffusion during early layer
growth. For example, sample geometry, quench rate, dissolved
oxygen and solder composition, and solder bath temperature
all probably have some influence on the initial IMC layer prop-
erties, particularly with respect to enhanced diffusion during
early layer growth in the aging experiments.

- The most prominent differences between predicted and experi-
mentally observed layer growth appeared to occur with the iso-
thermal experiments at 443 K. Therefore, it appears reasonable

to assume that temperature cycling was not responsible for the

differences between predicted and experimental results, and
that nonisothermal IMC layer growth can be modeled using
temperature-dependent parameter values obtained from inde-
- pendent isothermal experiments. More detailed models for
layer growth, particularly with respect to enhanced diffusion
during early growth and microstructural changes during ther-

mal aging, would probably reduce the differences between pre-

dicted and experimentally observed results.

Conclusions

Nonisothermal IMC layer growth in the 635n-37Pb/Cu system
was' reasonably predicted using the model/code described
above and temperature-dependent parameter values obtained
from independent isothermal experiments. More detailed mod-
els for layer growth, particularly with respect to microstructural
evolution during joint formation and subsequent layer growth
during thermal aging would further improve predictive capa-
bilities, especially regarding the effects of enhanced diffusion
during early layer growth.
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