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Abstract

Accumulation of intermetallic compounds (IMC), such as CusSns, adversely impacts the solder joint toughness. Therefore, a
basic understanding of the factors that determine the growth kinetics of IMC under distinct operating conditions is warranted
to improve the reliability of microelectronic devices. However, predicting the growth of IMC involves tedious experiments or
large-scale 3D phase-field simulations, both of which are labor- and resource-intensive techniques. Here, we present simple
approaches that couple material thermodynamics with diffusional kinetics for predicting the isothermal growth characteristics
of CugSns in Cu-Sn alloy for temperatures ranging from 145°C to 230°C. While our calculations can reproduce the kinetics
of growth obtained from experiments, they also indicate the limited role of IMC/Sn interfacial curvature in determining the
rate at which the IMC layer thickens. The reported parametric study, while contrasting the uni- and bidirectional CugzSns
growth rates, highlights the utility of combined thermodynamic-kinetic 1D approaches in predicting steady-state growth

velocity of IMCs in Cu-Sn alloys.
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Introduction

With the rapid miniaturization of electronic circuits, ther-
mal and mechanical loads on solder joints that provide the
electrical connection between the substrate and the chip
have increased. During the soldering process, a layer of
intermetallic compound (IMC) is formed at the solder-
substrate interface. Since this IMC layer is quite brittle, it
can adversely impact the mechanical properties of the joint.
In the subsequent aging process, the microstructure of the
solder joint coarsens while the interface IMC layer thick-
ens, resulting in stress concentration, promoting the nuclea-
tion and growth of cracks.'” Additionally, the generation
of Kirkendall voids within the IMC layer can significantly
degrade the reliability of solder joints.'” ! Therefore, a
fundamental knowledge of the morphological evolution
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of solder microstructure is essential for improving the reli-
ability of the interconnects and for the optimization of the
soldering processes.

In recent years, traditionally used Sn-Pb has increasingly
been replaced by Pb-free Sn-rich solders. The composition
of these solders, which offer an advantage of a higher melt-
ing point over Sn-Pb, range from eutectic to off-eutectic.
Previous studies on isothermally solidified microstructures
of eutectic Sn-rich alloys, while suggesting a competition
between primary tetragonal Sn cells/dendrites and eutec-
tic lamellae,'? also indicate dominant kinetics of CugSns
when compared to Cu;Sn, during the intermittent stages
of growth.'> Moreover, during the growth process, Cu,Sn;
retains a scalloped morphology.

The kinetics of uni- and bidirectional IMC growth has
been a topic of several investigations in the past.'*'® How-
ever, an accurate prediction is non-trivial given that several
factors such as grain size and orientation, alloy composition,
processing parameters such as the solder joint cooling rate,
reflow temperature, and thermal aging time can influence
the morphological evolution of IMCs. Temporal evolution
of the scallop morphology and its thickness is a function
of Sn grain size and texture, while Sn grain boundaries are
known to act as preferential IMC nucleation sites. As the
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reflow proceeds, CugSns scallops develop a crystallographic
texture, which is related to FCC (face centered cubic) Cu.
These scallops have both radial enlargement as well as per-
pendicular advancement when thermally aged at 240°C as
shown in Fig. 1. The procedure adopted for reflowing, ther-
mal aging, and characterization is described in our previous
study.!” Deng et al.,' reported that during thermal aging at
140-175°C the planarization of the scalloped morphology
takes place owing to shorter diffusion distance between the
Cu substrate and scallop valleys as opposed to the adjacent
peaks. Here, a larger surface area of the scalloped surface,
in comparison to the planar, provides the driving force for
reduction in surface energy causing the diffusion of Cu from
peaks to the valleys of scallops, which ultimately results in
a planar growth front. A fast-cooling rate results in a planar
scallop IMC growth front as opposed to slow cooling that
favors the formation of scalloped surfaces which eventu-
ally planarize as the IMC growth proceeds. The incipient
grooves provide more surface area for atomic diffusion when
compared to a fully planar front. While the formation of
CugSn; at the Cu-Sn interface is governed by the long-range
diffusion of atoms in the bulk phase, i.e., Sn, or along the
surface, the ripening fluxes that obey the Gibbs-Thompson
rule cause coarsening of scallops, a process known to occur
concurrently with IMC growth prior to the planarization
of the surface. Beyond the factors specified above, applied
tensile or compressive strains can also influence the growth
process. 520

As summarized above, the state-of-the-art techniques
for predicting the IMC growth kinetics mostly rely on tedi-
ous experiments, which can be resource- and time-inten-
sive. On the other hand, approaches that combine thermo-
dynamic and kinetic modeling, such as Thermo-Calc when
used in conjunction with diffusion-controlled transforma-
tions (DICTRA),?" ?? can be leveraged for predicting the
growth of IMCs. However, the combined approach still
ignores the contribution of interfacial curvature and energy
that can significantly influence microstructural evolution

in solder joints. Although this issue is circumvented by
coupling the CALPHAD (calculation of phase diagrams)
approach with phase-field models,**"*’ the computational
technique remains resource-intensive as several thou-
sands of time steps must be simulated before the dynamic
equilibrium can be attained, wherein the growth front
traverses with a constant velocity. In the context of IMC
growth, however, experimental observations infer that the
scalloped IMC morphology planarizes before the steady-
state velocity can be established. Therefore, leveraging
this knowledge from literature, we hypothesize that one-
dimensional DICTRA calculations that can compute the
evolving concentration gradients during isothermal trans-
formation should be able to yield sufficiently steady-state
velocity of the IMC growth front. Therefore, the objective
of this work is to validate the underlying hypothesis by
analyzing the isothermal growth rates of CuySns in Cu-Sn
joints at distinct temperatures and comparing the findings
with previous experimental results.

Integrating thermodynamic and kinetic approaches,
which account for the role of concentration gradients and
temperature, can potentially be an efficient alternative for
predicting IMC growth rates in diffusion-limited regimes.
With the aim of testing and validating such approaches,
the following study analyzes the isothermal growth of pla-
nar CugSns on the Cu-Sn composition and temperature.
IMC growth rates obtained from simulations that lever-
age thermodynamic and kinetic databases are compared
to the power laws observed in experimental studies for a
range of temperatures. The rest of this paper is organized
as follows. In “Methods” section, we revisit the theory
underpinning the IMC growth, resulting microstructures,
and the kinetics of CusSns in a Cu-Sn diffusion couple. In
“Results and Discussion” section, we explore the effective-
ness of proposed computational approaches in predicting
the kinetics of uni- and bidirectional CugSns thickening
for a range of temperatures. “Results” section concludes
the article.

Fig. 1 Cu-Sn diffusion couple showing scallops of CugSns formed at 230°C viewed at 3000x (a) Bottom surface (b) Top surface.
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Methods

In “IMC Growth Mechanism” section the growth mecha-
nism of the Cu,Sns intermetallic from various literature
sources has been discussed in detail. In Sects. “Approch
I” and “Approch II”” sections, two different and innovative
approaches are discussed for measuring this experimental
growth rate via DICTRA. The diffusion model equations
and the associated numerical techniques used for solv-
ing it have been reported earlier.?” Finally, in “Bidirec-
tional Growth Using Approach I”” section, the growth rate
of Cu,Sny has been measured for a Cu-Sn-Cu sandwich
geometry and later compared with unidirectional Sn flow
within the Cu region.

IMC Growth Mechanism

In general, Cu diffusion along the c-axis of Sn is known
to be faster than the a-axis.?® >’ Dyson et al.>* reported
that at low temperatures, the diffusivity of Cu along the
c-axis direction is 500 times greater when compared to
the a-axis and 10'? times greater than self-diffusivity of
Sn at room temperature. It is to be noted that the ion core
size of the diffusing element determines the magnitude of
activation energy for interstitial diffusion. However, for
substitutional diffusion, the electronic interaction of the
diffusing species and vacancy plays a dominant role. At
low temperatures, the radius of Cu atoms (1.25 A) is con-
sistent with the interstitial diffusion mechanism whereas
at high temperature, i.e., when substitutional diffusion sets
in, the Sn diffusion coefficient becomes comparable.

Following the nucleation of CugSns, the Sn diffusion
coefficient in CugSns (D, =1.81x 107" m?/s) exceeds
that of Cu (D, =0.76 x 10717 m?/s) at 150°C. Since the
Cu¢Sn; layer forms due to the presence of excess Cu, this
layer grows much faster than Cu;Sn and is present as the
dominant IMC during thermal solidification.*® The thick-
ening rate of the CusSn; layer in a Cu-Sn diffusion couple
is given by Eq. 17%-%0

H = Kt" (1)

where H is the thickness of interfacial IMC, K is a growth
coefficient, 7 is the reaction time, and » is a time exponent.
When the growth occurs in a grain boundary diffusion-con-
trolled regime, n=0.33, whereas it equals 0.5 and 1.0 for
volume diffusion- and interface reaction-controlled regimes,
respectively. Both the variants of IMC phases, namely,
Cu¢Sns and Cu;Sn, that have been previously observed in
isothermal growth experiments are known to be influenced
by interdiffusion characteristics of Cu and Sn. These experi-
ments have shown that below 170°C, the growth of IMC

is governed by interstitial diffusion of Cu while vacancy
diffusion of Sn dominates the growth process at higher tem-
peratures. Apparently, these findings infer that below 170°C,
Sn diffuses faster than Cu in CuzSns.>°

Based on phase-field calculations, Park and Arréyave?
proposed the range, 0.21 <n <0.34, for concurrent growth
and coarsening of IMCs. Deng et al.'® resorted to three
independent quenching techniques, namely, water, air, and
furnace cooling, to explore the influence of cooling rate on
the IMC growth rate and diffusional mechanisms. While the
growth exponent, which was found to be in the range of
0.36-0.44 for the air-cooled sample, indicates the combined
influence of diffusion fluxes arising from the bulk and along
the grain boundaries, the former was found to be dominant
in the furnace-cooled sample wherein the growth exponent
ranged from 0.43 to 0.56. For furnace-cooling, the growth
exponent was found to be 0.43 during the early stages of
growth which indicates the predominance of grain bound-
ary diffusion over bulk. However, formation of scallops led
to curvature-driven coarsening which caused planarization
of the growth front, thereby reducing the grain boundary
area and leading to the bulk diffusion-controlled growth,
as indicated by an increase of the exponent to 0.56. Based
on the previous findings of Mannan et al.,* the CALPHAD
models reported below assume that CusSns growth at the
Cu-Sn interface occurs when the local concentration of Cu
exceeds the equilibrium value

3

Approachl|

To determine the isothermal growth of the CugSns layer
in a Cu-Sn diffusion couple, thermodynamic and kinetic
databases for Cu-Sn solder alloys, namely, TCSLD3 and
MOBSLDI, respectively, were leveraged. For obtaining the
temporal displacement of the CusSns/Sn interface, we allo-
cate a computational domain, as shown in Fig. 2a, which is
representative of a Cu-Sn diffusion couple where the left
region is assumed to be composed of pure Cu, while the
one on the right corresponds to be a nearly pure Sn phase of
composition, Sn-0.1 wt.% Cu.

To determine the temporally varying thicknesses of
CugSn; as the Cu atoms progressively diffuse into the Sn
region at elevated temperatures, the composition of Cu
within the Sn-rich domain is continuously tracked. It is
worth noting that our approach implicitly tracks the posi-
tion of the CugSns/Sn interface by assuming that the IMC
thickness at a given instant equals the distance at which Cu
concentration falls below 39.1 wt.% within the Sn region,
which is measured from the initial position of the Cu-Sn
interface. To ensure long-range diffusion of Cu within Sn
and to mitigate the effects of segregation that can lead to
erroneous results, the width of the Sn-region is assumed to
be 250 pm which is sufficiently long for allowing a smooth
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Crystal structure of the
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Cu: FCC
Sn: Liquid
IMC: Hexagonal (145,170°C),
Monoclinic (230°C)
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Fig.2 Schematic representation of (a) pure Cu and pure Sn regions
modeled using approach I, and (b) sandwich geometry comprising
pure Cu, CugSng (IMC), and pure Sn modeled using approach IL
While compositional boundary conditions are imposed at the pure

100 ;
t=10h
90 t=100h —— -
93 o] Q—

= 80 55 t=1000h —— -
3
np-gt
STy 384 ]
80 60 382
=} 50 )U 4707781 14
=] .
k= 05
F 40 b NI
g ox LE A

30 T\ 8 1 1A
E \ 05 TN
© 20 RN 0.1k N

10 AR 070140210

0 A

0 50 100 150 200 250

Distance (um)

Fig.3 Temporal evolution of Cu composition in pure Sn simulated
using approach 1.

concentration gradient to develop such that the Cu concen-
tration approaches zero upon traversing from the left to the
right edge, as seen in Fig. 3. Since our goal is to analyze the
Cu¢Sns growth kinetics that pertains to dynamic equilib-
rium, the temporal IMC thicknesses are measured for suf-
ficiently long durations spanning 1000 h.

Approach i

In this second procedure, we introduce a 20-pm-wide layer
of CugSng sandwiched between Cu and Sn-rich regions, as
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Cu/pure Sn and pure Cu/CugSns interfaces, right domain edges are
prescribed zero-flux. The CugSns/pure Sn interface (approach II)
is modeled as a moving phase boundary such that local equilibrium
conditions are maintained.

shown in Fig. 2b. Expanding on the previous approach, Cu
diffusion within the IMC is calculated as well as within
pure Sn. The pure Cu (99.99 wt.% Cu and 0.01 wt.% Sn)
region is assumed to be 200 pm wide to ensure a persis-
tent supply of Cu atoms, whereas the width of the pure Sn
(99.99 wt.% Sn and 0.01 wt.% Cu) region is varied in the
range of 100-350 pm. Both approaches are used to deduce
isothermal growth rates of CuySns at temperatures ranging
from 145°C to 230°C.

A major advantage of approach II is that it enables
tracking of the Cu4Sns/Sn interface as opposed to approach
I were the temporal width of the CugSn; layer is implicitly
deduced from the Cu composition plots. Applicability of
both approaches is limited to 1D (one-dimension) while
any contribution of interfacial diffusion has been com-
pletely ignored. Therefore, our approach is best suited for
simulating those growth conditions where IMC thickening
is governed by volumetric diffusion. Our sharp interface
calculations reported below essentially rely on forma-
tion of a concentration gradient or presence of a solubil-
ity range (referenced from the phase diagram).*® Despite
being an IMC, availability of a small solubility range for
CueSns in the Cu-Sn phase diagram facilitates our 1D
calculations which may otherwise need to be adapted for
analyzing the growth of a line compound, such as Cu;Sn
that exhibits a negligible solubility range.
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Bidirectional Growth Using Approach |

Here, we mimic the experimental conditions pertaining
to a bidirectional evolution of Cu4Sns, by using a set-
up shown in Fig. 4, where Cu-rich regions enclose the
Sn-rich region from both ends, while the entire set-up is
isothermally held at distinct temperatures ranging from
145°C to 230°C. To better understand the influence of
Sn-width and temperature on the bidirectional growth
rate of CuySns, calculations are performed at distinct Sn
widths of 100 pm, 250 pm, and 375 um, at isothermal
holding temperatures varying from 145°C to 230°C. Plots
of growth rate corresponding to the bidirectional evolu-
tion of CugSns, obtained using approach I, are compared
with the unidirectional growth of IMC. At this point, we
would like to clarify that neither approach, being limited
to 1D, encapsulates the effects of IMC/Sn interface irregu-
larities that can arise during the reflowing of solders’’ 3
Therefore, the findings which are reported below mostly
pertain to isothermal conditions where the IMC/Sn inter-
faces retain a planar morphology during growth.

Results and Discussion

In “Predicting the Growth of CusSns Using Approaches
I and II” section, we compare the unidirectional growth
rates of CuSns simulated using approaches I and II,
respectively, with previously deduced power laws. We
assess the influence of initial CugSng widths and tempera-
tures on the growth kinetics. In “Velocity of CugSns/Sn
Transformation Front” section, we analyze the correspond-
ing velocity of the CugSns/Sn front, while in “Comparison
Between Unidirectional and Bidirectional IMC Growth”,
we contrast the unidirectional growth kinetics with the
bidirectional evolution.

100 - 375 um

Fig.4 Schematic representation of Cu-Sn diffusion couple for mod-
eling bidirectional growth of IMC using approach I.

Predicting the Growth of Cu,Sn; Using Approaches
landll

Figure 5a and b shows the temporal variation of Cu con-
centration within the Sn-rich region for temperatures
145°C and 170°C, respectively, simulated using approach
I. The concentration gradient reduces over time as the Cu
diffuses into the Sn-rich phase. The green and the yel-
low data points plotted in Fig. Sc are deduced based on
approach I by leveraging the simulated concentration pro-
files corresponding to isothermal evolution at 145°C and
170°C. Both data sets obtained at distinct temperatures
are found to be in reasonable agreement with the corre-
sponding experimentally measured thicknesses of CugSns.
Figure 5d and e shows composition profiles and temporal
width of CugSns for the isothermal transformation tem-
perature corresponding to 230°C where Sn exists as melt.

The data corresponding to the temporal width of CugSn;
at distinct temperatures upon fitting reproduce the well-
known parabolic trend, as previously observed in experi-
ments,>* 3334 thereby validating our approach. We would
like to clarify that modeling the clustering of atoms or
the ensuing nucleation events are beyond the scope of the
computational approaches discussed above. Thus, all of
our IMC growth process simulations reported at distinct
temperatures in this work proceed from a pre-existing
CugSn; seed.

Plots in Fig. 6a, c, and e, compare Cu4Sn; thicknesses
obtained from approaches I and II with the experimental
results in literature.'® The same data, when plotted against
the square root of isothermal solidification time, are found
to scale linearly, which corroborates a parabolic growth
trend, as shown in Fig. 6b, d, and f. At 140°C and 170°C,
data obtained from approach I show better agreement with
experiments as compared to II. However, convergence
between these data with approach I and measured thick-
nesses is comparatively better at 230°C. In all certain-
ties, this corroborates that the volume diffusion in the Sn
region is the governing mechanism, while any diffusion
within the IMC does not contribute to the growth kinetics
of CugSns. The deviations observed with respect to the
experimental data beyond 800 h and 100 h of reaction in
Fig. 6¢ and e, respectively, is primarily due to the onset of
coarsening of CusSns scallops at elevated temperatures,
the physics of which is not captured by any of the proposed
approaches. Further, we would like to clarify that the dif-
fusion coefficient within Sn melt (at 230°C) is larger than
solid Sn (at 140°C and 170°C). Therefore, the primary
diffusion mode simulated using our approach II automati-
cally shifts to volume-controlled due to a large disparity
in diffusion coefficients in the bulk Sn and growing IMC
leading to a better agreement with approach I in Fig. 6c¢.
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Fig.5 Concentration profile of Cu plotted at representative time temperatures 145°C and 170°C obtained from approach I are com-

steps along the width of the Sn region at (a) 145°C (b) 170°C and pared with experimental data in (c). A similar comparison of data sets
(d) 230°C. Temporal widths of the CusSny layer at isothermal holding for 230°C is shown in (e).

@ Springer



Predicting the CugSn; Growth Kinetics During Thermal Aging of Cu-Sn Solder Joints Using... 4069
Fig.6 Comparison of CugSns 10 12 :
growth kinetics obtained using (a) (b)
approaches I and II with experi- = g 10}
ments at temperatures (a) 145°C 5 S
(c) 170°C (e) 230°C. The simu- > D
. = = 8
lated CugSns layer thicknesses 2 2N
when plotted against square root @ 3
of reaction time at (b) 145°C (d) 9] A A Wo&o&o@w@‘ S 6
170°C (f) 230°C show a linear E 4 é, IR O E
trend. © 5 4| -
g Deng et al. [16] o S
E 2 Approach I ; 2 Approach I
Approach IT A Approach II
0 : 0 ; : . .
0 200 400 600 800 1000 0 5 10 15 20 25 30 35
" Time (h) Time'? (h'%)
! T 12 T T
od
(c) R aas (d)
- ST a8 =~ 10
g 8 ORI A g
3 000 N 3
~ R | pA -~
- COAAA CO:
% 6 o& %
& <A © %
9] S o
= Fa =
b Q & G4t
° ANVAY (=} 4
g :“ Dengetal. [16] ¢ g
g 2l Approach I § 2 Approach] ——
ApproachIl A / Approach II
0 - i 0 L i
0 200 400 600 800 1000 0 5 10 15 20 25 30 35
45 Time (h) Time /2 (hl/z)
140 T T
0 (e) ()
6 <5 ~ 120
A s N g
P 30 : < 100
[/\)o O (S (5
5 25 A5 P
8 s g ¥
AF Q
= > ) S 60
B 15 Eg:” =
g E Deng et al. [16] o S 40
§ 10 Approachl A =
5 ' Approach II & 20 Approach I
] / Approach II
0 0 L
0 20 40 60 80 100 120 140 0 5 10 15 20 25 30 35
Time (h) Time!2 (h!/2)

Velocity of CugSns/Sn Transformation Front

The proposed approaches, which couple materials thermo-
dynamics with diffusional kinetics, ignore the influence of
interface curvatures on the growth kinetics of CugSns. Based
on this assumption, the rate of diffusion-controlled interme-
tallic growth is given by Refs. 8, 10, 35, 36

1 ~ CSn,Cu(,Sn5 ~ CSn,Sn
-C —C CugSns — Dy,
Sn/CugSns CugSns/Sn XCugSns XCugSns

@

v

where Cg, /¢ 5o, and Cgy, g, /s, are equilibrium chemi-
cal compositions of the Sn and CuzSns phases as shown
in Fig. 7, which are in contact with one another, whereas
D¢y, s, and Dy, are the diffusion coefficients of Sn within
Cu,Sns, and pure Sn. Based on the parameters tabulated in
Table I, corresponding velocity of the Cu,Sns/Sn interface at
145°C is plotted in Fig. 7a. The plots in Fig. 7 compare the
steady-state velocity of the CusSns/Sn interface simulated
at 145°C and 170°C with experimentally measured ones
that were reported earlier. At both temperatures, a tempo-
ral decrease in the CugSng growth velocity is observed, as
the transformation front attains a dynamic steady-state after
approximately 7 h since the start of the reaction.
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Fig.7 Temporal velocity of the advancing CugSns front at (a) 145°C (b) 170°C plotted using distinct approaches.

Tablel Parameters for
analyzing Cu4Sn; layer

Parameters Values

thickening rate’ D?GSns 6.11 %1071 m%sec

pCissns 5.56x 10716 m%/sec
Cu

Deysn, 5.86% 10716 m%/sec
CSn/CuGSns 0.99 at.% Sn
CC%S"S/S" 0.1 at.% Sn
ACs, Cugsns 0.28 at.%/pm
AXcygsns
Ay, ~0 (from Fig. 6d)
AxCu55n5

100-375 pm

Fig.8 A schematic diagram showing the diffusional fluxes of Cu and
Sn atoms during bidirectional IMC growth.

Comparison Between Unidirectional
and Bidirectional IMC Growth

To analyze the impact of overlapping diffusional fields in
bidirectional growth, we adopt approach I to deduce and
compare the growth rates on both ends of the diffusion cou-
ple, as shown by a schematic diagram in Fig. 8. Apparently,
the extent of the overlap depends on the separation between
the Cu-Sn interfaces at the opposite ends. Therefore, we plot

@ Springer

temporal widths of CusSns on the left and right edges in
Fig. 9 for distinct lengths of this diffusion couple at iso-
thermal transformation temperatures of 145°C, 170°C, and
230°C. This can be attributed to a smaller diffusion coeffi-
cient of Sn in the melt, unlike solid Sn, wherein overlapping
diffusional fields do not alter the growth kinetics. However,
the bidirectional growth rates, despite marginal differences
with respect to the unidirectional, are found to obey the para-
bolic power law. In Fig. 9b and c, deviations from the experi-
mental growth rates are observed below 50 h and 100 h,
respectively, due to the formation of scallops with rounded
interface, the physics of which is not captured by the current
techniques. However, as the advancing transformation front
planarizes over time, the simulated growth rates are found
to converge with previous experimental results.

Conclusions

e The isothermal growth rates of CuySns predicted by
both approaches in the temperature range 145-230°C
are found to be in reasonable agreement with previously
measured rates.

e Based on the comparison of power laws, we can validate
the underlying hypothesis that the steady-state velocity
of the CugSny growth front can be predicted using a 1D
approach with an acceptable accuracy.

e Our study is also able to establish differences in the uni-
and the bidirectional growth rates, thereby highlighting
the influence of the length of the sandwiched pure Sn
region on the kinetics of phase transformation.

Since both proposed approaches predict the growth
rate solely based on the concentration gradient that drives
the diffusion of atoms, we have implicitly assumed that



Predicting the CugSn; Growth Kinetics During Thermal Aging of Cu-Sn Solder Joints Using...

4071

40

35

30

25

20

15 ¢

IMC Width (um)

10

-,H“'"‘i 2

= -0—0-0—0 O—0 —0——
- 008 -9—6-8—0 90 g

0 20 40 60 80 100

Time (h)

IMC Width (um)

0
0 50 100

Time (h)

150 200 250 300 350 400

50

0 50 100 150 200
Time (h)

Bi 230°C datapoints
Bi 230°C curve fit
TUni 230°C datapoints
Uni 230°C curve fit
Bi 145°C datapoints
Bi 145°C curve fit
Uni 145°C datapoints
Uni 145°C curve fit
Bi 175°C datapoints
Bi175°Ccurvefit — — —
Uni 175°C datapoints (@]
Uni 175°C curve it —1 '

Fig. 9 Comparison of IMC growth rate for bidirectional and unidirectional growth in (a) 100 pm; (b) 250 pm; (c) 375 pm Sn bars.

the curvature of the scallops and interfacial energy do
not influence the CugSns growth rate. In other words,
an important distinction between our calculations with
previous experiments is that the former assumes that the
growth proceeds from a seed with flat CusSns/Sn interface
as opposed to actual growth, where starting from a seed,
scallops form that ultimately planarize during transfor-
mation. However, the primary reason why the proposed
approaches can predict the IMC growth kinetics with rea-
sonable accuracy is because the time elapsed in achieving
the steady-state velocity of the CuySns/Sn front is com-
parable to the overall duration over which scallops form
and subsequently planarize. This allows us the liberty of
ignoring the physics of curvature effects altogether in our
calculations. Based on an agreement of simulated with
previously measured values, we conclude that the CugSns/
Sn interfacial curvature has little to no role in determining

the growth kinetics, once the advancing CugSns/Sn front
planarizes. The novelty of this work lies in our ability to
predict the IMC growth rates accurately for a range of tem-
peratures and growth conditions, despite coarse underlying
assumptions related to 1D growth and interfacial energy,
in a simplistic, yet high-throughput manner.
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