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Abstract

In electronic packaging technology, intermetallic compounds (IMCs) formed during a reflow process significantly affect
the mechanical properties of the devices. In this study, In solder and Ni under-bump metallization (UBM) were chosen to
investigate the solid-liquid interfacial reaction under an isothermal reflow process. Two types of IMCs, uniform and scallop-
type, were formed in turn after being reflowed at three different temperatures, 220°C, 250°C, and 280°C. Elemental analysis
has revealed that the compositions of both types of IMCs are nearly the same and were eventually identified as NisIn,. By
the growth rate of IMC formation, the mechanism of the growing process was proposed to be a diffusion-controlled process.
The activation energy (Q) of the IMC formation was calculated to be 83.8 %

Keywords Intermetallic compound (IMC) - Ni under-bump metallization (UBM) - In-based solder - solid—liquid

interdiffusion (SLID) bonding

Introduction

Three-dimensional integrated circuits (3D ICs) have recently
been widely discussed in the chip packaging industry.
Because there is a high demand for increased density of
transistors that can fit on a single chip, the die size of 3D
ICs has decreased, enabling better performance in electronic
devices. When chips are packaged together, a reflow pro-
cess is an indispensable step to ensure that the chips can
be bonded together. During a reflow process, intermetallic
compounds (IMCs) are formed to connect solder and under-
bump metallization (UBM) material. IMCs are defined as
solid phases containing two or more metallic or non-metallic
elements, with crystal structures distinct from other com-
pounds.! The properties and thickness of IMCs significantly
affect the electrical, thermal, and mechanical properties of
the devices; however, IMCs can also have negative effects
on the devices, such as introducing brittleness that affects
the bonding reliability if the bonding condition was not well
controlled.” These issues give rise to phenomena such as
thermomigration and electromigration.>* Thermomigration
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occurs when a thermal gradient is formed, which can have a
huge effect on the diffusion between the elements. A thermal
gradient can lead to abnormal growth of IMCs at the cold
end and significant dissolution of UBM at the hot side.’
Electromigration is also an important mechanism in inte-
grated circuits, as a process of ionic movement which causes
the interconnects to wear out and at the same time can make
the ICs more unreliable.” Thus, understanding the growth
behavior of IMCs during a reflow process is critical.

Due to environmental and health issues, most industries
have stopped using lead-based soldering materials.'*!! Thus
alternatives to lead are now the primary material for solder-
ing technology. Indium has previously been used in the sem-
iconductor industry in various ways, for example, as seals
under a high-vacuum,'? transparent conductive coatings of
indium tin oxide (ITO), and solders due to its low melt-
ing point (approximately 156 °C).'*> When used as solder,
indium provides some advantageous properties. For exam-
ple, the addition of indium can improve the wettability of
lead-free solder.'* Moreover, it increases the melting range
and lowers the liquidus and solidus temperatures.'® In addi-
tion, nickel commonly serves as a UBM material and a dif-
fusion barrier in solder joints in packaging technology due
to its relatively slow reaction rate with solders.'® There have
been many studies exploring the intermetallic compound
properties in different lead-free solders, such as SnAgCu,
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SnAg, and SnCu solders.!”"!” There are also studies discuss-
ing the effect of the addition of In or Cu/Ni in the Sn-rich
solder.??! Despite all the promising properties of indium,
however, there have only been a few studies investigating the
interfacial reaction between nickel and indium.?

In this study, the solid-liquid interfacial reaction of the
Ni/In/Ni sandwich structure was investigated. The micro-
structural evolution of IMCs formed between In-based
solder and Ni substrate was examined at different reflow
temperatures. In addition, the characteristics of the mor-
phologies and the growth kinetics of IMCs were explored.
Elemental analysis was employed to identify the phase of
IMCs, and the activation energy was also calculated.

Experimental Procedures

The symmetrical sandwich structure Ni/In/Ni specimens
were used to investigate the solid—liquid interfacial reac-
tion during an isothermal reflow process. We first prepared
12-inch wafers which were sputtered with Cu and Ti as an
adhesive layer. Ni was then electroplated on the adhesive

(a)

Ni-coated Sj "=
In foil m—
Ni-coated Si mmm—

(b)

CulTi adhesive layer
e Y

™\ culTi adhesive layer

Si Chip

layer (ca. 5 pm). The wafers were cut into 1 cm X 1 cm
chips. In foil with purity of 99.99% and thickness of 50 pm
(Nilaco Corporation) was clamped between two Si chips by
a special holder with no soldering flux applied (Fig. 1a).
The reason for choosing relatively thin Ni layers to combine
with a thick In layer is to mimic the spatial geometry of the
actual UBM pad/solder bump size in real-world applications.
Finally, the specimens of the Ni/In/Ni sandwich structure
were obtained, and the schematic representation of the chip
sample is shown in Fig. 1b.

The specimens were placed on a pre-heated hot plate to
reflow under isothermal conditions. Three different bond-
ing temperatures, namely 220°C, 250°C, and 280°C, were
chosen with different reflow times. For samples bonding at
220°C and 250°C, reflow times ranging from 15 min, 30
min, 60 min, 90 min, 120 min, 150 min, and 180 min were
studied. For samples bonding at 280°C, reflow times of 15
min, 30 min, 45 min, 60 min, and 90 min were studied.

After being reflowed, the specimens were first removed
from the hot plate and left to cool to room temperature. Each
specimen was ground by SiC papers with grit sizes from 800
to 4000 in sequence and then polished by Al,O; suspensions

Placed on a pre-heated

220/250/280°C hot plate

Fig. 1 Schematic representation of (a) the experimental setup of
the special clamp holder designed for the experiment, (b) the Ni/In/
Ni sandwich structure between two silicon chips that undergoes the
reflow process (not to scale), and (c) two types of IMC structures
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grown in the Ni/In/Ni sandwich structure after being reflowed for a
certain length of time. IMC' represents the uniform type of IMCs,
while IMC" represents scallop-type IMCs.
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with particle sizes from 0.3 pm to 0.05 pm in sequence.
Finally, a JEOL JSM-6500F field emission scanning electron
microscope (FE-SEM, JEOL Ltd. Tokyo, Japan) equipped
with a low-angle backscatter electron (LABE) detector was
used to observe the microstructure, phase contrast, and mor-
phological evolution of the cross-section of the specimens.
Energy-dispersive X-ray spectroscopy (EDX) was utilized
to analyze the elemental concentration of the profile. After
the SEM images were obtained, image processing software
(ImageJ) was employed to determine the thickness of the
IMC growth on each side. By integrating the area of the IMC
layer within the image (either the top side or the bottom side)
using ImagelJ and then dividing it by the length of the IMC
(the width of the image), the average thickness of the IMC
was obtained. Since the top and the bottom sides were very
close to each other, they were treated as reflowed under the
same temperature conditions, and therefore the final mean
IMC thicknesses were calculated by averaging the obtained
IMC thickness at the top and bottom sides.

Results and Discussion

Generally speaking, the growth rate of the IMC layer
increases as the temperature increases because the diffu-
sion rates are faster at a higher temperature.”> A schematic
representation (Fig. 1c) and SEM images of the microstruc-
tures of the Ni/In/Ni sandwich structure after being reflowed
under 220°C (Fig. 2), 250°C (Fig. 4), and 280°C (Fig. 5)
for different times are displayed. Figure 2 represents SEM
images of the specimens which were subjected to a reflow
temperature of 220°C for different times, i.e., 15 min, 30
min, 60 min, 90 min, 120 min, 150 min, and 180 min. It can
be observed that the IMCs become symmetrically thicker
as time increases. The growth directions of the interfacial
IMC:s on either side are both toward the middle. When the
reflow process is about 30 to 60 min, a second layer of IMC
starts to form. It can be seen that the first layer of IMC is
more uniform (as the IMC’ demonstrated in Fig. 1c) while
the second layer is scallop-shaped (as the IMC"” demon-
strated in Fig. 1c). There are also small holes between the
first layer and the second layer. As the reflow time increases,
the scallop-shaped IMCs in the second layer increase in size,
while the uniform layer of interfacial IMC becomes thicker.

To further investigate the composition of both types of
IMC:s on either side, EDX elemental analysis was used to
analyze these two types of IMC layers, and some examples
of the results can be seen in Fig. 3. In 15 min, these very
thin layers of IMCs contain about 45 at% In and can thus
be inferred as the Niln phase of the IMC. After 30 min, the
percentage of In in both types of IMCs increases to about
70 at%, which suggests the formation of the Ni;In, phase of
the IMC. This indicates that In atoms have diffused into the

IMC layer constantly in both types of layers. The literature
has also shown that Ni-In couples tend to form IMCs with an
atomic ratio of Ni:In close to 30:70 at a temperature ranging
between 250° and 300°C.** From 60 min to 180 min, the
proportion of In in both types of IMCs reaches about 80 at%
and is identified as the Ni;In; phase containing supersatu-
rated indium. When the internal stress accumulated over-
comes the energy barrier necessary for nucleation of the new
phase, such a nucleus allows part of the excess indium in the
solid solution to diffuse to the new phase seed to decrease
the stresses in the original solid solutions and energetically
favoring new IMC formation.”® Similar results were found
in the Cu-In couples, where an indium-oversaturated Cu,;Ing
phase was found in the early stage of the reaction.>*

Figure 4 shows SEM images of the specimens which were
subjected to a reflow temperature of 250°C at different times,
namely 15 min, 30 min, 60 min, 90 min, 120 min, 150 min,
and 180 min. In these figures, we can observe that at 15 min,
two types of layers have already formed. There are also still
some small holes between the two types of layers. These
small holes are due to the formation of individual small IMC
grains. The small grains fuse together forming larger grains
(i-e., scallop-type IMCs) due to Ostwald ripening, while the
holes start to shrink and even disappear over time.”> EDX
analysis reveals that nearly all layers formed on both sides of
specimens contain a percentage of In at around 80 at% and
Ni at around 20 at%. By referring to the phase diagram of
Ni and In, we infer that the most likely IMC formed on both
sides in the phase diagram was Ni;In; with supersaturated
indium. Under temperature of 250 °C, we can observe that
the elemental composition of the IMC can reach the same
Ni/In ratio faster than in the 220 °C cases. This is probably
because the higher temperature can generate a higher driv-
ing force, which decreases the time required for the IMCs
to be stabilized.

Figure 5 presents SEM images of the specimens which
were subjected to a reflow temperature of 280°C at differ-
ent times of 15 min, 30 min, 40 min, 60 min, and 90 min.
An observable IMC layer has formed symmetrically within
15 min. Scallop-shaped IMCs and uniform IMCs can also
be seen after only 15 min. We choose the smaller intervals
of reflow time because of the higher temperature, which is
expected to provide a higher driving force that allows the
IMCs to form more rapidly than those reflowed at 220 °C
and 250 °C. As previous specimens showed, the IMC layers
of these samples subjected to 280 °C eventually grow quite
thick and symmetrical as time increases. In the last sample
of reflow time after 90 min, it can even be noted that a small
part of scallop-type IMCs has detached from the lower side
of the interface. We deduced that the phenomenon of IMC
spalling was either due to the poor adhesion between the two
interfaces or for the system to reduce their interfacial free
energy.’®*” EDX was also used to analyze the composition
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Fig.2 SEM images of the microstructure of non-in situ Ni/In/Ni sandwich structure samples reflowed under a 220°C isothermal bonding pro-
cess for (a) 15 min, (b) 30 min, (c) 60 min, (d) 90 min, (¢) 120 min, (f) 150 min, and (g) 180 min. The scale bars represent 10 pm.

(a) 15 min

(b) 30 min

(¢) 60 min

(d) 90 min

Ni 54.5 at%
In 45.5 at%

Ni 29.3 at%
In70.7 at%

Ni 21.4 at%
In 78.6 at%

Ni 18.8 at%
In 81.2 at%

Fig.3 Some examples of the EDX spectra and elemental analysis results of the IMC layers for chips reflowed at 220°C after 15 to 90 min.
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Fig.4 SEM images of the microstructure of non-in situ Ni/In/Ni sandwich structure samples reflowed under a 250 °C isothermal bonding pro-
cess for (a) 15 min, (b) 30 min, (c) 60 min, (d) 90 min, (¢) 120 min, (f) 150 min, and (g) 180 min. The scale bars represent 10 pm.

of these IMC layers. A percentage of In at around 80 at.%
and Ni at around 20 at.% is also detected in these specimens.
Similar to the specimens reflowed at 250°C, this IMC was
categorized as NizIn, containing supersaturated indium.
When reflowed at 220°C, 250°C, and 280°C, the com-
position of the IMCs formed on both sides of all speci-
mens eventually reached the Ni;In; phase. We inferred that
higher temperatures cause the IMCs to be more indium-
saturated. Since there is no temperature gradient across the
specimen during the reflow process, the chemical poten-
tial gradient is the main driving force during isothermal
annealing. In the evolution of the IMC morphology, it can
be found that, on both sides, as long as the sample has been

reflowed for enough time, two types of IMCs are formed: a
uniform type and a scallop type. This indicates that large
scallop-type IMCs need a certain amount of time to form,
and a higher reflow temperature can decrease the forma-
tion time required. If the temperature is high enough, two
types of interfacial IMCs can form within a short period of
time, as shown in Fig. 5. Both types of IMCs on both sides
contain similar composition of Ni and In. Although in the
early stage the interfacial IMC may contain an unstable
composition (such as the Niln phase in the 15-min case of
the sample under the 220°C reflow process), these IMCs
will eventually maintain a fixed composition and can be
categorized as NiszIn, phase in the phase diagram of In
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Fig.5 SEM images of the microstructure of non-in situ Ni/In/Ni sandwich structure samples reflowed under a 280°C isothermal bonding pro-
cess for (a) 15 min, (b) 30 min, (c) 45 min, (d) 60 min, and (e) 90 min. The scale bars represent 10 pm.

and Ni. As for the small holes between the two types of
IMCs on both sides, their existence might be attributed
to the difference in the surface energy between the two
types of IMCs. With increasing time, the individual small
scallop-type IMC grains fuse together, forming larger
scallop-type IMC grains, and the difference in the surface
energy between the uniform IMCs and scallop-type IMCs
decreases; therefore, the interface between the two types
of IMCs becomes more uniform.

@ Springer

Figure 6a and Table I show the mean thickness of the
IMC during the isothermal reflow process at 220°C, 250°C,
and 280°C for different times. The mean thickness of the
IMC layer at the reaction interface is determined by dividing
the total area of the reaction layer by the horizontal length of
the selected area, then averaging the results obtained from
the top side and the bottom side. The average thicknesses
obtained in this way can prevent selection bias introduced by
choosing different individual points during measurements.
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Fig.6 (a) Mean measured thicknesses and (b) thickness squared of
the Ni-In IMCs during an isothermal reflow process at 220°C, 250°C,
and 280°C as a function of different reflow times. (c) Natural log of
the three different diffusion constants at 220°C, 250°C, and 280°C as
a function of the inverse temperature. Note that the thickness devia-
tions between the top and bottom sides are very small, so that most
of the error bars in (a) and (b) are covered by the point symbols and
cannot be seen. The mean thicknesses and standard deviations in (a)
are summarized in Table 1.

It is observed that the thicknesses of the interfacial IMC
layers on both sides of specimens follow the parabolic law,
where the thickness of IMCs is proportional to the square
root of the time (Fig. 6b). Thus, the atomic diffusion of Ni
and In was the main controlling mechanism of the growth
of the IMC.

Fig. 6b shows the graph of IMC thickness squared versus
time. It can be seen that the thickness squared is proportional
to time. Therefore, it can be inferred that the whole isother-
mal annealing process was a diffusion-controlled process.?®
Thus, the relationship between thickness and time can be
expressed as the equation

X =X, + VDr, (1)

where X represents the IMC thickness in micrometers, X,
represents the initial IMC thickness, D is the diffusion con-
stant, and ¢ is the reflow time in minutes. The values of IMC
thickness can be obtained using Image] software as men-
tioned previously. By inserting linear regression lines in the
diagram, the slope of the trend line for the three different
temperatures, 220°C, 250°C, and 280°C, can be obtained
through the linear regression equation

y=mx+b, )

yielding values of 0.650 gm/min?, 3.44 ym/min?, and
5.86 um/min?, respectively, which also represent the diffu-
sion constant of Ni atoms in In under different temperatures.
The y-intercepts of the equations for 220°C and 250°C were
both negative, which suggests that from the extrapolation
of the existing data, the IMCs under these two temperatures
need an incubation time to form (i.e., a positive x (time) is
required to obtain a y (thickness) >0). However, at 280°C,
the y-intercept of the equation was positive, and therefore we
can reasonably infer that the temperature was high enough
that the incubation time for IMC formation can be ignored.
The literature has also shown that the incubation time for
the formation of Ni-In IMC decreases with increasing tem-
perature [22].

Since the IMC formation was a thermally activated pro-
cess, the Arrhenius equation is introduced to further investi-
gate the three different diffusion constants at three different
temperatures. The equation can be expressed as

Tablel Summary of mean measured thicknesses of the Ni-In IMCs during an isothermal reflow process at 220°C, 250°C, and 280°C as a func-

tion of different reflow times

220°C 15 min 30 min 60 min 90 min 120 min 150 min 180 min
Thickness (pm) 2.03+0.09 3.87+0.01 6.23+0.30 7.96+0.54 9.01+1.75 10.46+0.33 11.25+0.47
250°C 15 min 30 min 60 min 90 min 120 min 150 min 180 min
Thickness (pm) 3.10+0.18 6.70+0.06 11.72+0.09 15.86+0.09 19.28+0.20 21.92+0.65 23.47+0.06
280°C 15 min 30 min 45 min 60 min 90 min

Thickness (pm) 13.67+0.20 17.12+0.26 19.73+0.09 21.57+0.29 25.13+0.11
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Table Il Diffusion constant (D) and activation energy (Q) during Ni—
In interfacial reaction.

Temperature ( umz) ( K )
D \ min Q \ ' mol

220°C 0.650 83.8

250°C 3.44 83.8

280°C 5.86 83.8

-0

D =D, exp| — ), 3

o P< RT 3

where D is the diffusion constant, D, is a pre-exponential
frequency factor, Q is the activation energy, R is the gas
constant (8.3145 ﬁ), and T is the temperature (K). By
taking the natural log of the three different diffusion con-
stants, which were —0.431, 1.24, and 1.77, respectively, we
can draw a diagram as a function of the inverse tempera-
ture values %, which were 0.00203, 0.00191, and 0.00181,
respectively. As shown in Fig. 6c¢, the slope of the trend
line represents —% and is calculated as —10,077. Thus, by
multiplying by the gas constant, 8.3145 m(jT’ we can obtain
the activation energy of Ni-In IMC formation to be 83.8
% (Table II), which is in the same order as the activation
energy obtained in the literature [22].

Conclusions

In summary, this study investigated interfacial reaction
and microstructure evolution of Ni-In IMCs during the
isothermal reflow process using a Ni/In/Ni sandwich
structure as a model. Their interfacial reaction was tested
under three different reflow processes, each of which was
at a fixed temperature of 220°C, 250°C, or 280°C. After
carefully examining the images of the interfacial micro-
structure, two types of IMC morphologies were identi-
fied, one of which was a uniform type and the other which
was a scallop-shaped type. Both types of interfacial IMCs
eventually retained the specific form of IMC as NisIn,. By
noting the relationship between the thickness of the inter-
facial IMC and reflow time, we can conclude that there is a
diffusion-controlled mechanism, and the activation energy
of the interfacial NisIn; IMC is calculated to be 83.8 <.
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