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We report here the extremely slow intermetallic compound (IMC) growth kinetics in the reflow reaction between
a Sn-based solder of SnBiln-2 at.% Zn and Cu. The solder has a melting point about 90 °C, and after reflow for
5min on Cu at 120 °C, the formed IMC was CugZng with a thickness only about 0.36 ym, which is much thinner
than the IMC in nowaday packaging technologies. We systematically studied the IMC growth kinetics and built
up a model to explain the extremely slow IMC growth rate. The growth kinetics of the reaction is non-parabolic

and the activation energy is about 23.8 + 1.6 kJ/mol. The non-parabolic kinetics is related to the lateral grain
growth in IMC during the reactive diffusion along the moving grain boundaries. Our theoretical model shows
that the growth rate of CuzZng compound should be proportional to the square root of Zn initial concentration
in solder and a low Zn concentration in the solder will lead to a very slow IMC growth rate. The finding could be
applied to control IMC thickness in 3D integrated circuit (3D IC) with micro-bump technology.

1. Introduction

As Moore’s law of miniaturization in Si technology is approaching
its physical and economic limit, 3D IC has been regarded as the most
promising technology to sustain the law in the future [1-3]. 3D IC
is achieved by stacking multiple chips using TSV (through-Si-via) and
microbumps. There are three different size solder joints in the 3D ar-
chitecture, including Ball Grid Array (about 760-200 ym), Controlled
Collapse Chip Connection (G-4 joints about 100 ym) and microbumps
(about 20 um). In the future, the density of input/output connections in
packaging will increase, so the size of y-bump might be scaled down to
10 ym, 5 um, or even only 1 ym [4-6]. This scaling trend will lead to
serious reliability concerns and challenges in microbumps.

One of the main challenges is to control IMC thickness in micro-
bumps. This is because the diameter of microbumps has been reduced
more than 10 times from the C-4 joint, so the volume of solder will be
reduced more than 1000 times [7]. Under the same reflow time, if we
assume both the traditional solder balls and microbumps have the same
IMC growth rate, the percentage of IMC would be much higher in mi-
crobumps. Furthermore, the IMC growth rate in small size solder bumps
will be remarkably higher due to surface diffusion during interfacial re-
action [8]. Actually, the solder layer in microbumps could transform
completely into IMC after just aging for 24 h at 180 °C [9]. IMC is brit-
tle in nature, and the high percentage of IMC will lead to the embrit-

* Corresponding author.
E-mail address: yingxia.liu@bit.edu.cn (Y. Liu).

https://doi.org/10.1016/j.mtla.2020.100791

Received 18 April 2020; Accepted 14 June 2020

Available online 16 June 2020

2589-1529/© 2020 Published by Elsevier B.V. on behalf of Acta Materialia Inc.

tlement problem in microbumps [10]. In addition, during IMC growth,
solder layer will be experiencing volume shrinkage, and volume shrink-
age works together with electromigration would lead to early failures
[11-13]. Therefore, it’s essential to control the IMC growth rate in the
interfacial reaction between the solder and under bump metallization
(UBM) in microbumps.

In this study, we report a Sn-Zn solder containing very low concen-
tration of Zn solder that has an extremely slow reaction rate with Cu sub-
strate. Some researchers have already investigated the effect of adding
Zn to Sn-based solder to slow down the IMC growth kinetics [14-19].
However, the IMC growth rate in our work is much slower than the pub-
lished results. Moreover, the reason of Zn effect to IMC growth kinetics
is not systematically explained in those works, because Sn-Zn-Cu is a
ternary system, and the reaction paths are complicated. Therefore, we
developed a theoretical model for a systematic discussion of the compe-
tition among evolution paths in reactions between Cu with Sn-Zn solder.
We explained that only a small amount of Zn can lead to the extremely
slow reaction rate in IMC formation. The finding is important in the ap-
plication of microbumps to advanced electronic packaging technology.

2. Experimental

SnBiln-2 at.% Zn solder were prepared using high purity (>99.9%)
Sn, Bi, In and Zn according to atomic ratio of Sn:Bi:In:Zn =48:25:25:2.
The ingots melted completely at around 300 °C in a vacuum induc-
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Fig. 1. The SEM graphic of interfacial microstructure after being reflowed for 10 min at 120 °C with different magnifications.

tion furnace under argon atmosphere. After smelting, the samples were
cooled down to room temperature in air on a Cu substrate. Pieces about
5-10mg were cut from the bulk solder alloy. We used differential ther-
mal analysis (DTA) to measure the melting point of SnBiIn-2Zn solder.
To study the wetting behavior, a piece of solder about 0.5 mg was placed
on a Cu plate immersing in flux. Then we did reflow on a hot-plate at
120°C, 140 °Cand 160 °C for 5min, 10 min, 30 min, 60 min and 120 min,
respectively. After reflow, we cooled the samples in air to room temper-
ature and cleaned the samples with pure alcohol.

The wetting samples were mounted in epoxy resin. We obtained the
cross-sections by polishing with SiC papers successively and then with
0.04 ym SiO, powder suspension. We observed the cross-sections of the
polished samples with scanning electron microscope (SEM). The top
views of IMC grains were obtained by blowing away un-reacted liquid
solder with high pressure gas during reflow, and were also observed by
SEM. The elemental composition of IMC was analyzed by energy dis-
persive X-ray spectroscope (EDX). We measured the area and length of
IMC by Image J. The thickness of IMC was obtained from area divided
by length. The TEM sample was prepared by focus ion beam (FIB) using
the in-situ FIB lift-out technique on an FEI G4 HX Dual Beam FIB/SEM.
Transmission electron microscope (TEM) images were acquired by FEI
Themis Z FEG/TEM operated at 200kV in bright-field (BF) Scanning
Tunneling Electron Microscopy (STEM) mode and by high-angle annu-
lar dark-field (HAADF) STEM mode for more detailed information.

3. Results
3.1. Interfacial microstructure

The melting point of the solder was measured by DTA to be 90 °C for
SnBiln-2 at.% Zn alloy. Fig. 1 shows the microstructure of solder after
reflowing at 120 °C for 10 min and a layer of IMC has formed at the
interface between solder and Cu. By back scattering electron (BSE) mode
in SEM, four phases with different gray-level in the SnBiIn-2Zn solder
matrix could be observed, as shown in Fig. 1(a) and (b). The phases are
confirmed by both EDX and X-ray diffraction to be Sn-rich phase, Bi-rich
phase, InBi phase, and needle-like Zn-rich phase. The white Bi phase is
bigger than other phases and is easier to aggregate. Due to the low Zn
content in the alloy, the dark needle-like Zn phase is much fewer and
smaller than other phases. Fig. 1(c) shows the interfacial microstructure
and the IMC with a layer-type morphology could be observed at the
interface.

3.2. Growth kinetics of IMCs

The measured IMC thickness data of all the reflow samples are sum-
marized in Table 1. Fig. 2 shows the cross-sectional SEM image of the
IMC layer formed during the reflow reaction at 120 °C for different
length of time (1 min, 5min, 10 min, 30 min, 60 min and 120 min, re-
spectively). Both Fig. 2 and the data measured in Table 1 show that the
layer of IMC in the interface remains be the extremely thin, less than
1 um, after reflow at 120 °C for 120 min. Even after reflow at 160 °C,
which is 80 °C above the melting point of the solder alloy, for 120 min,

Table 1
The thickness (um) data of the IMC in the SnBiln-
27Zn/Cu samples.

Soldering condition 120°C 140 °C 160 °C
5 min 0.366 0.438 0.425
10 min 0.464 0.495 0.558
30 min 0.577 0.760 0.887
60 min 0.773 1.048 1.277
120 min 0.890 1.302 1.735

Element | Atomic%
Cu 34.6
_ Zn 65.4
e I 700 3o e o o T ey A_m
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Fig. 2. (a) to Fig. 2(f). The cross-sectional SEM images (20,000X) of the interfa-
cial microstructure of the SnBiln-2Zn solder after reflowed at 120 °C for 1 min,
5min, 10 min, 30min, 60 min and 120 min; Fig. 2(g). The EDX results of IMC
after being reflowed at 120 °C for 120 min.
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Fig. 3. (a). The plot by taking the logarithm on IMC thickness to In t; Fig. 3(b). Measured IMC thickness

growth rate constant to 1/T.

(a) 140 °C 1'mi

5) 140 °C.40 min

plotted with £/3; and Fig. 3(c). Arrhenius-type plot of the

(c) 140 G 30 min

0sl (€)
o:o — —L 0‘0

Grain size (nm)

N

Average=105.4 nm

Grain size (nm)

L
12

Frequency

N - 4
L

140 160 180 200 220 240 260
Grain size (nm)

0 140 160 180 200

100 1

[
(=3

Fig. 4. The SEM images showing the top view of IMC grains formed in the SnBiln-2Zn/Cu samples after reflow at 140 °C for 1 min (a), 10 min (b) and 30 min (c),
respectively. Fig. 4(d)—(f). The frequency distribution of the grain size for the corresponding top view.

the IMC is still measured to be less than 2 ym. We are unable to obtain
accurate IMC composition measurement by SEM-EDX for reflow time
less than 30 min, since the IMC layer thickness is too thin. The compo-
sition of the IMC layer (indicated by the red triangular in Fig. 2) after
reflow reaction at 120 °C for 60 min and 120 min is determined to be
around 35 at.% Cu and 65 at.% Zn, as shown in Fig. 2(g), indicating
that CugZng is the dominate compound after the reaction.
According to Eq. (1) below,

(&)

where x is the thickness of layer-type IMC, k is the growth rate con-
stant and ¢ is the reflow time. By fitting the measured thickness into
Eg. (1) and taking the logarithm on both sides, we obtained the calcu-
lated n to be 0.279 +0.018, 0.360 + 0.023 and 0.446 +0.012 for 120 °C,
140 °C and 160 °C, respectively, as shown in Fig. 3(a). Explanation of
such time exponents was always a problem and still remains a problem.
[20-22]. Therefore, alternative to Eq. (1), ways of approximation can be
tried. In particular, taking into account low accuracy of time exponents
determination, we may assume n to be 1/3 and optimize only the factor
k in the empirical equation

x = kt"

@

This type of dependence is well known for the growth kinetics of CugSn,
phase in interactions of Cu with tin-based liquid solder [23,24]. The
measured IMC thickness data is plotted to t1/3 in Fig. 3(b). In Fig. 3(b),
we can observe that all the linear correlation coefficient values (R) of

x =kt3

the data obtained from three temperatures are bigger than 0.97, indicat-
ing the experimental results agree well with the empirical Eq. (2). The
relationship implies the CusZng IMC growth in this solder/Cu reaction
can be ripening controlled.

The Arrhenius relationship can be used to calculate the activation
energy for the CusZng intermetallic compound growth
k = kgexp (—2) 3)

RT
whereby k is a reaction constant and k, is a pre-factor, Q is the activa-
tion energy, R is the ideal gas constant, and T is the absolute tempera-
ture. The Arrhenius plots and fitting curve for our wetting samples are
shown in Fig. 3(c) and the value of activation energy is calculated as
23.8+1.6kJ/mol.

3.3. Grain growth observation

We obtained the top views of IMCs by removing the un-reacted solder
in order to have a direct observation of IMC grain growth. Fig. 4(a),
4(b) and 4(c) show the top view of the grain after the sample reflowed
at 140 °C for 1 min, 10 min and 30 min, respectively. The corresponding
IMC thickness of each sample is about 100 nm, 400-500 nm and 700-
800 nm. We note that we were unable to get clear IMC top views by
etching, because the IMC layer was too thin and it was hard to control
the etching condition. Therefore, we adopted high pressure gas to blow
the un-reacted liquid solder away directly during reflow. In this way, we
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Fig. 5. (a) and (b). The STEM images of the sample af-

ter reflow at 140 °C for 1 min and 10 min, respectively;
Fig 5. (¢) and Fig 5. (d). The EDX line scan results in
the corresponding STEM images.
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can obtain a clear top view of grains, even though there is some dirt on
the grains. Fig. 4(d)—(f) show the corresponding grain size distribution
of those samples. The average grain size is about 77.4 nm, 105.4nm
and 121.2nm for them, respectively. We can clearly observe the trend
of grain growth in this set of images.

To have a clear investigation of IMC morphology and composition,
we obtained STEM images of the IMC layer. Fig. 5(a) and (b) show the
STEM images of the sample after reflow at 140 °C for 1 min and 10 min,
respectively. Fig. 5(c) and (d) show the EDX line scan results in the
corresponding STEM images. The red arrows mark the direction of line
scan. Both the measured IMC compound is Cu;Zng. In Fig. 5(a), the grain
of IMC can be observed clearly. The grain has bump-type structure with
size about 100 nm. In Fig. 5(b), the measured IMC thickness is consistent
with the data listed in Table 1, around 450nm. The grain is difficult
to be distinguished in Fig. 5(b). We can observe some cracks between
grains (marked in the red rectangular) and some tiny voids in the IMC.
We are not sure about the formation reason of those voids currently.
Those voids may be Kirkendall voids. Another possible reason is that
the reflow temperature is only 140 °C and at this temperature, bubbles
in flux might not be able to diffuse away, leaving those tiny voids on
the interface of Cu and solder. Those voids are too small to hinder the
reaction and should not affect much on our experiment.

4. Discussions
4.1. Kinetic model of reactions in Sn—Zn—Cu ternary system

Here we provide a systematical study on the slow growth kinetics of
the IMC layer during the reaction between SnBiInZn solder and Cu sub-
strate. The 5-component system of Cu-Sn-Zn-Bi-In is too complicated
for theoretical analysis. Because we will treat mainly the formation of
intermetallic phases on the basis of binary compounds of CusSn;, CuZn,
and CugZng, we will simplify our analysis by considering the ternary
system of Cu-Sn-Zn, assuming that the role of Bi and In is in the reduc-
tion of eutectic temperature, but not the formation of new compounds
in soldering reaction. To have some correspondence between the real
5-component system and the model of 3-component system, we will
recalculate the real concentration, say, of Zn in 5-component system
of Czn=Nyzn/(Ngy+Ngy+Nyp +Npi+Nyy) as Cop 77, =Cy /(Cy+Csp+C75)- In

600 800

Position (nm)

1000

—» at%Zn

Fig. 6. Typical isothermal section of ternary phase diagram Cu-Sn-Zn.

particular, 2 at.% of Zn in 4-component solder SnBilnZn corresponds to
its effective concentration (C,yy,) about 4 at.% in binary system Sn-Zn.

Fig. 6 is the typical isothermal section of ternary phase diagram Cu-
Sn-Zn [25]. For our further analysis we will use even simpler model di-
agram with only 3 compounds (CugSns, CuZn, and CusZng) formation.
Also, we will practically neglect the solubility of Sn in Cu-Zn phases, of
Cu in Sn-Zn alloy, and of Zn in Cu-Sn phase. The simplified phase dia-
gram is shown in Fig. 7. In Fig. 7, we marked three alternative diffusion
paths: in the blue path, IMC CuZn (f) is formed in the reaction; in the
black path, both CuZn () and CusZng (y) are formed; and in the red
path, CugSns (1) and CuZn (f) are formed.

We shall discuss the conditions for realization of various diffusion
paths elsewhere (in separate long paper with full spectrum of possible
regimes). In the experiment mentioned above, we observed, instead of
the mentioned paths (a,b,c) at Fig. 7, another, fourth path: Cu-CusZng-
(Sn+Zn). Evidently, this path does not correspond to the equilibrium
diagram in Fig. 7 and means the kinetic suppression of the phase CuZn.
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Fig. 8. Profile of Zn in case of single phase Cu;Zng phase growth.

This phenomenon is well-known in binary reactions Cu-Zn [26,27]. Or-
dered f-phase has much less interdiffusion coefficient than the first
phase to grow (y-phase CugZng). There exist at least two models ex-
plaining kinetic suppression [28,29].

Below we formulate the flux balance equations of the fluxes of Zn
and Cu for the diffusion blue path (a) Cu-CugZng(y)-(Sn+Zn) shown in
Fig. 7, as if CuZn does not exist at all. The concentration profile of Zn
in this case is shown in Fig. 8.

Profile at Fig. 8 would be strange in case of binary system. Yet, in
ternary system the so-called “up-hill” flux across the interphase interface
is case common - step of Zn concentration along the conode means the
zero step of chemical potentials. So the flux of zinc is usual, “downhill”
in respect to chemical potential.

Balance of Zn fluxes at boundary Cu/y:

v/ Sn y—min
(C‘l—min _ 0) dXxcuy — _pr_Zn B CZn
Zn dt AX

-0 @

Explicit zero in the left-hand side of Eq. (4) reminds that we neglect
the solubility of Zn in Cu at low temperature. Explicit zero in the right-
hand side of Eq. (4) reminds that we neglect the flux of Zn in the Cu
matrix at the same low temperature. The explicit zeros in the following
equations below have analogous meaning.
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Balance equation of Cu fluxes at boundary Cu/y, and this equation
is equivalent to Eq. (4):

|- Cy/Sn) _ (l _ Cr—min)

i d XxCulr ( Zn Zn
- "“")-1)—=-D(ﬂ 06
(( “n dr AX ©)
Balance of Zn fluxes at boundary y/Sn:
y/Sn y—min
(CSH/J’ _ CH'Sn) M — _plselder) ()£ + D" “zZn T “zZn
Zn Zn dt X | X(y/Sn)+0 AX
(6)
Balance of Cu fluxes at boundary y/Sn:
y/Sn y—min
(0_ (l _Cy/S"))de/S!l :O_D(T)CZH _CZn (7)
Zn dt AX

Additional equation for this set is an approximate equation of con-
odes:

Snfy min —y y/Sn y—min
CZn B CZn — CZPJ B CZn

max —y min —y y—max y—min
CZ n CZ n CZ n CZ n

)

Now we make an important approximation: As we know, diffusivi-
ties in liquid are by several orders of magnitude higher than in solid.
Therefore, we will formally assume that the interdiffusivity in molten
solder, DU = p, tends to infinity. (Indeed, typical diffusivity in
melt, about 10-3em? /s, is much larger than even maximal diffusivities
in solid at premelting temperature — about 10-%¢m?/s) Since the flux
in the melt —D "Z")‘;—f cannot be infinite, it means that the concentra-
tion gradient of Zn in the melt should be zero, so that concentration at
the boundary should be almost equal to concentration at “infinity”. (Of
course, it does not mean that flux itself it zero - it is a product of infinite
diffusion coefficient times zero gradient and should be found from other
equations.)

In Eq. (8) we take C‘“;:’IY ~ C;:fi"f"’”'y, so that
C;: inf inity _ C;l:l ¥

max—y _ ~min—y
CZJ’J CZn

r/Sn _ ~y—min
CZn CZn

(C)]

- y—max y—min
CZn - CZn
and we will use Eq. (9) not for calculation of boundary velocity, but
instead, for finding the indefinite Zn flux in molten solder, using the

boundary velocity found from Egs. (4) and (7), which we write in the
form:

y/Sn y—min
dxr/Sn _ 1 pn Czn -Cc5,
dr | _ /s AX
Zn
y/Sn y—min
dXCMfy _ _ 1 DU)CZ” _CZH
dr o AX
n

Difference of these two equations gives:

v/ Sn y—min
dAXT L1 \poS —%
dt | _r/Sn " cr-min AX -

Zn Zn
v/ Sn y—min
~ 1 + 1 D(-,) CZPJ T Zn
5713 " 8/13 AX
y/Sn _ (or—min
~ 42 D En__Zn (10)

AX

Bulk diffusion via CusZng at 250 °C and lower is almost frozen. On
the other hand, most probably, Cus;Zng has no liquid channels between
grains — otherwise it would grow for few microns in few minutes as
CugSng does in Cu-liquid Sn couple. So, most probably, the main mech-
anism of CugZng layer is a grain-boundary diffusion along CusZng grain
boundaries (which may be grooved but without transformation into liq-
uid channels).

Possibility 1. One can easily derive Eq. (2) for phase growth kinetics
with time exponent 1/3 if one makes important and typical assumption:
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we assume that the lateral grain size 2R of CusZng growth with the
layer thickness AX” and radius R is approximately equal to this layer
thickness. Then the effective diffusivity across the layer is:

5 5(}'8 Y 563 ¥
D/zTDGBzAXyDGB. (11

Substitution of Eq. (11) into Eq. (10) gives:

y/Sn y—min
dAX pCuZn Zn CZn
GB

T 4265 (12)

(Ax)
Eq. (12) has an obvious solution with power law 1/3:

AX7 = (126865 D, (C%" = )i ). (13)

Account of simplified conode Eq. (9) gives:

Sn—inf inity _ Cmin—y 173
AXY _ Zn Zn 12.65 Dy Cy—max _ Cy—mm I1/3
- omax =y Cmin -y UGB G Zn Zn
Zn T Zn

(14)

From Eq. (12) one may see that the growth rate of the Cu52n8 com-
pound satisfies the law 1/3 and is determined by the value C;ﬁf"lf"”‘y -
concentration of Zn in Sn-based solution just before jump to about 50%

in CuZn phase.

Possibility 2. .

One may try also an alternative way of approximation: we assume
that the lateral grain size 2R of CusZng grows with time as R = Ar™, m <
1. So far, to the best of our knowledge, there is no generally accepted
theory explaining time exponents different from 1/2. Qualitatively, non-
parabolic grain growth is, most often, prescribed to solute drag or to
Zener pinning by precipitates or voids. We don’t know any theoreti-
cal model for lateral grain growth in the growing phase layer except
[30,31]. Then the effective diffusivity across the layer is
DVN%TBDZBN%DEBA (15)

Substitution of Eq. (15) into Eq. (10) gives:
dt
"

Eq. (16) has an obvious solution with power law (1-m)/2:

(AX)'dAX ~42- 553033(%{!5" - c“""“)

Zn (16)

2

. 12
8.4 bGBDrGB v/ Sn y—min Iom
AX:(ET(CZ” —cr ) 17 an

Account of simplified conode Eq. (9) gives:

N ¥ Sn—inf inity min—y 1/2
AX = ( 8.4 bGBDGB CZn - CZn (Cy—max _ Cr—min) tl_Zm
1 —m A oMy _ Cmin—y Zn Zn
Zn Zn

(18)

In case of normal lateral grain growth with m=1/2, it should give
n= (1-1/2)/2=0.25. In our experiments m is rather far from 1 Using
the data about lateral grain growth (77.4nm, 105.4nm and 121.2nm
after 1, 10 and 30 min), one can evaluate m as about 0.132. Possible ex-
planation of such exponent for grain growth in the growing phase layer
will be considered elsewhere. From Eq. (18) we may see that (within the
Possibility 2) the growth rate of the CusZng compound should satisfy the
law £**3and is determined by the value ¢>" ™ ™" concentration of Zn

Zn
in Sn-based solution just before jump to Cus;Zng phase.

Possibility 3. .

Of course, with increasing temperature, the bulk diffusion across
phase layer may play an increasing role (along with still important grain-
boundary diffusion), so that the time exponent n for phase growth ki-
netics might approach % with increasing temperature.

In all three possibilities 1, 2 and 3, the growth rate tends to zero (very
slow growth) when Cg:_m“"”y tends to Cg‘;“ (see Fig. 8). In reality,
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one would expect a more interesting picture: the growth rate of CusZng
decreasing will make the suppression of CuZn impossible, so that both
phases (CuZn and CusZng) should appear.

In Section 4.1, lateral grain growth accompanying IMC growth, in-
duced by reactive phase transformation at low temperature (frozen bulk
diffusion), is analyzed. In many cases the reactive diffusion may pro-
ceed at low temperatures when bulk diffusion is practically frozen, yet
the IMC phase growth proceeds via diffusion along grain boundaries as
well as the lateral diffusion along interphase interfaces. In this case the
regime may be related to the lateral grain growth in the IMC during
the reactive diffusion along the moving grain boundaries. Based on this
analysis, we built up the kinetic model and got Egs. (14) and (18). We
may see the growth rate of CuzZng should satisfy the law which varies
from t'/* to t*43 and is determined by the concentration of Zn in $n-
based solution. As shown in Fig. 3(a), the measured n is 0.279 +0.018,
0.360+0.023 and 0.446+0.012 for 120, 140 and 160 °C reactions,
which, in general, agrees with our kinetic model. Yet, the full theory
taking into account the synergy of grain-boundary diffusion, bulk diffu-
sion and of grain growth is still to be built.

4.2. The application of extremely slow IMC growth kinetics in electronic
packaging

It should be noted the IMC growth kinetics is extremely slow in the
reflow reaction between the SnBiln-2%Zn solder and Cu. As shown in
the TEM image, the thickness of the IMC is only 100nm after reflow
at 140 °C for 1 min. Even after reflow at 120 °C, which is 40 °C above
the melting point of the solder alloy, for 120 min, the IMC is still less
than 1 ym. There are many published studies on different IMCs growth
kinetics in the reflow reaction. Among them, the most well-studied sol-
der alloy in electronic packaging industry is SAC305. After reflowing
for 1-3 min at a reflow temperature 40 °C above the melting points, the
IMC is composed of CugSns and CusSn, and the thickness is around 2-
3 um [32-34]. In comparison, the IMC thickness in SnBiln-2%Zn solder
is significantly thinner.

How to explain the slow reaction kinetics and to have a deeper un-
derstanding of the phenomenon is of interest. The measured activation
energy in this work is 23.8 + 1.6 kJ/mol. Some published data on the ac-
tivation energy for solid-liquid interfacial reactions of Cu-Zn has been re-
ported to be 26.4 + 0.2kJ/mol and 24.6 kJ/mol for Sn-87Zn-3Bi [35,36],
29.5 kJ/mol for SnZnln [37] and 26 kJ/mol for Sn-9 Zn [38]. Our mea-
sured activation energy data is in the same range. In this way, the slow
IMC growth rate could not be explained by the grain growth retarding
resulted from the high percentage of Bi and In atoms in the alloy.

Our kinetic model actually can explain the slow IMC growth rate
well. According to the model, the growth rate of CusZng is determined
by the concentration of Zn in Sn-based solution. In the alloy, the effective
concentration of Zn in solder is about 4 at.%, leading to the suppression
of CuZn and the formation of CusZng. However, the real concentration
of Zn in the alloy is 2 at.%, much smaller than the Zn concentration when
we observe CusZng IMC formation in those reported works. For exam-
ple, the CusZng layer thickness is around 5 um after reflow at 250 °C
for 5min, and the Zn concentration is eutectic Sn-Zn solder with 9 wt%
(about 15 at.%) Zn [14,15]. Compared with our work, we can see that
the small Zn percentage in our alloy can lead to the slow IMC growth ki-
netics. The low reflow temperature may also has some effects and makes
the IMC growth rate even slower. Moreover, the depletion will shift Zn
concentration closer to Czp(min-,) and even below it. The growth of IMC
will become much slower when Cy, approaches the Cz,miny)-

The slow IMC growth kinetics would be meaningful in advanced
electronic packaging applications. If we apply SnBiIn-2Zn alloy to mi-
crobumps in 3D IC, the IMC thickness will be just 100-200 nm after one
time reflow. The IMC growth and copper consumption in y-bump could
be controlled well this way. Nevertheless, the melting point of the re-
ported solder is low and may have limited applications, we do find other
SnBiIn-2Zn alloys with melting points higher than 140 °C but still very
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slow IMC growth kinetics. By controlling Zn concentration in solder al-
loy, we can acquire a ten order of magnitude slower IMC growth rate
compared with traditional solder. That is the key finding of this work
and it would be of significance in the applications of advanced electronic
packaging.

5. Conclusions

In conclusion, we reported the slow IMC growth kinetics in reflow
reaction between SnBiln-2%Zn solder and Cu substrate. After reflow
for 5min on Cu at 120 °C, the formed IMC is about 0.36 ym. The IMC
growth activation energy is measured to be 23.8 + 1.6 kJ/mol. The mea-
sured n in the relation of x = k" is 0.279+0.018, 0.360 +0.023 and
0.446 + 0.012 for 120, 140 and 160 °C reactions, respectively.

A theoretical model based on the competition among possible re-
action paths in the ternary system of Cu-Sn-Zn is presented to discuss
the slow IMC growth kinetics. Our model shows that the growth rate of
CusZng should satisfy the law varies from t/3 to t°*3 and is determined
by the concentration of Zn in Sn-based solution.

In this way, a low Zn content in the solder will lead to a very slow
growth rate. By controlling Zn concentration in solder alloy, we can
acquire a ten order of magnitude slower IMC growth rate compared with
traditional solder. The finding could be applied to control IMC thickness
of microbumps in advanced electronic packaging technologies.
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