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Low-temperature solders have wide applications in integrated circuits and
micro-electromechanical systems packaging. In this article, a study on Ag-In
solder for chip-to-chip thermocompression bonding was carried out. The
resulting joint consists of AgIn2 and Ag9In4 phases, with the latter phase
having a melting temperature higher than 400�C. Complete consumption of In
solder into a Ag-rich intermetallic compound is achieved by applying a bond
pressure of 1.4 MPa at 180�C for 40 min. We also observe that the bonding
pressure effect enables a Ag-rich phase to be formed within a shorter bonding
duration (10 min) at a higher pressure of 1.6 MPa. Finally, prolonged aging
leads to the formation of the final phase of Ag9In4 in the bonded joints.

Key words: Low-temperature solder, indium, IC, MEMS, packaging

INTRODUCTION

Solid–liquid interdiffusion bonding consists of a
multilayer of high-melting and low-melting mate-
rials to form a joint. Bonding is usually carried out
at temperatures above the melting point of the low-
melting material, during which the low-melting
material is gradually consumed, resulting in a
microjoint containing only intermetallic compounds
(IMC). Through proper control of the multilayer film
thickness and processing conditions, it is possible to
form a joint free of the low-melting material.1

In-based solders are attractive for low-tempera-
ture bonding due to their low melting temperatures.
Furthermore, In reacts easily with a higher-melting
counterpart such as Cu, Au or Ag, to form a wide
variety of IMCs of high melting temperature. The
concept of low-temperature bonding that achieves a
high remelting temperature is attractive for appli-
cations such as micro-electromechanical systems

(MEMS) packaging, stacked-chips processes, and
wafer-to-wafer bonding. Besides eliminating the
undesirable phase transformation that occurs dur-
ing high-temperature bonding, a low-temperature
bonding process can reduce the process-induced
residual stress of multilayer structures, while
achieving a high post-package temperature resis-
tance.

However, due to a high rate of interdiffusion
within bonded couples formed between the noble
metals and In, IMC formation can even occur at
ambient temperature.2–4 As shown in Fig. 1, the
solid solubility of In in Ag is much higher (approxi-
mately 20 at.% In in Ag) than that of Ag in In
(<1 at.% Ag in In). At temperatures between the
melting points of In (156.7�C) and Ag (961.9�C),
solid Ag is dissolved in the molten In to form a
eutectic compound and different IMCs. The melting
point of these compounds increases with the Ag
content, i.e., eutectic (144�C) < AgIn2 (166�C) < c
(300�C) < f (670�C) < b (695�C).5,6

In the mid 1990s, Roy and Sen7 assessed contact
and composite resistances to monitor the evolution
of interfacial reaction at different temperatures.
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Through these measurements, it was reported that
the formation of the AgIn2 phase is a diffusion-
controlled process with an activation energy of
0.43 eV. Lee et al. proposed a two-stage bonding-
annealing process of the Ag-In thin layers, which
consists of a short-duration exposure with temper-
atures slightly above 200�C, followed by a lengthy
heat treatment in a hydrogen environment below
150�C. The high remelting temperature of the joint
was produced by consuming all the In in the bonded
couple to form an IMC phase of Ag2In.3,8 Although
the effects of bonding temperature and time have
been investigated extensively,7,9 so far, the appli-
cation of pressure during bonding has not been
considered to be important to IMC phase formation.
Bonding is usually carried out at low pres-
sures.3,5,7–10 However, as the bonding temperature
becomes lower, the morphology of the mating solder
surface becomes more important. A microscopically
rough surface is unavoidable and causes a reduction
in the true contact area between the mating couple.
Application of load in the form of higher pressure
during bonding helps to flatten the surface, and
thus may improve the true contact area.11–13

The technique of simultaneous application of
pressure and temperature during the bonding pro-
cess is known as thermocompression bonding.
Metallic bond formation takes place when the dis-
tance between the two substrates becomes so small
that it is energetically favorable for surfaces to coa-
lesce in order to eliminate the interfacial energy. The
surfaces are brought closer together by the applica-
tion of pressure. In this paper, we report on the
formation of intermetallics from low-temperature
thermocompression bonding of the Ag-In system.
The focus of the study is on the effects of bonding
parameters, especially the applied pressure, on the
formation of IMCs at the bonding interface. The
results shown could provide an alternative method

to produce high-temperature joints other than the
conventional heat treatment method.

EXPERIMENT

The Ag-In multilayer structure for the low-
temperature bonding study is shown in Fig. 2.
Side A consists of a 50-nm-thick SiO2 as the top
layer, 25-nm-thick Cr (to improve the adhesion),
800-nm-thick In, and a 100-nm-thick Ag layer in the
rear. The Ag layer was used as an oxidation-
prevention layer, by reacting with In to form AgIn2

during deposition.7 Similarly, side B consists of a
50-nm-thick SiO2, followed by 30-nm-thick Cr,
2.6-lm-thick Ag, and 30-nm-thick Au layers. The In
layer on side A is thin enough such that it will be
fully consumed to form IMCs by Ag on side B during
thermocompression bonding. Upon uniform distri-
bution of In at the bonding layer, the overall com-
position is approximately 17 at.% In. In other words,
the average atomic ratio of a homogeneous phase
depends on the layer structure thickness ratio,
which is Ag/In = 83/17 in our solder system. From
previous literature, it is suggested that the thick-
ness of In on side A and Ag on side B determines the
final phase composition of the bonding couple.8

The 50-nm-thick SiO2 on both sides A and B was
deposited by plasma-enhanced chemical vapor
deposition (PECVD) at 300�C on a 200-mm bare
silicon wafer. The metal film stack was deposited on
separate wafers for sides A and B. This was done in
a single evaporation step without breaking the
vacuum (10–5 Torr) to prevent In oxidation. Next,
preprepared wafers of both sides A and B were cut

Fig. 1. Ag-In phase diagram. Redrawn from the ASM Handbook
Online.

Fig. 2. Multilayer bonding couple design, In-rich on side A and
Ag-rich on side B.
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into squares of 5 mm 9 5 mm. Thereafter, both
sides were aligned and bonded at 180�C for varying
times and pressures using a Suss FC150 flip-chip
bonder. Temperature was only applied when the
target pressure had been achieved. The thermo-
compression cycle was completed by cooling down
the bonder to room temperature while maintaining
the applied pressure.

Several methods were used to characterize the
bonded samples. Cross-section elemental composi-
tion was characterized by energy-dispersive x-ray
spectroscopy (EDX). Samples were mounted on
epoxy resin and subsequently polished. Arrays of
EDX spectrum were taken from side B to side A to
measure the element composition as a function of
depth, as shown in Fig. 3. X-ray diffraction (XRD)
was used to determine the exact phases that had
formed under the various bonding conditions. Bon-
ded samples were pulled apart by mechanical force
to expose the bonded interface. XRD spectrum was
then obtained using the Bruker-General Area
Detector Diffraction System (GADDS). Several
selected samples were also characterized by a dif-
ferential scanning calorimeter (DSC) to determine
the melting temperature of the phase that had
formed at different bonding conditions.

RESULTS

It has been reported that Ag diffuses rapidly into
In via an interstitial mechanism, whereas In dif-
fuses into Ag through grain boundaries.9,10 Earlier
studies had also confirmed that the In film at side A
led to the formation of a AgIn2 layer on the surface
upon deposition.4,9

Figure 4 shows the EDX scans of cross-sectioned
samples bonded at 1.4 MPa and 180�C for different

durations (10 min and 40 min). The dashed line on
each of the plots indicates the original bonding
interface where sides A and B initially met. The
cross sections consist of pure Ag, Ag-rich, and
In-rich regions. It is also observed that Ag diffused
further into the In region for the longer bonding
time. The XRD analysis supports our observations
that the bonding couple is dominated by the AgIn2

phase for short bonding duration, and Ag9In4 for
long bonding time on side A. By DSC characteriza-
tion, the Ag9In4 phase has a remelting temperature
of more than 400�C.4

To study the effect of bonding pressure on IMC
formation, several samples were bonded at 180�C
for 10 min with a bond pressure varying from
1.0 MPa to 1.6 MPa. Cross-sectional EDX analysis
of the samples are shown in Fig. 5. It is observed
that the depth of In diffusing from side A (In-rich
side) to side B (Ag-rich side) becomes smaller as the
applied bonding pressure increases. On the other
hand, Ag diffusion from side B to A seemed to be
independent of bond pressure. Although no 100% In
region was found based on the EDX analysis, XRD

Fig. 3. EDX point array taken across bonding interfaces. The stars
represent locations where EDX points were taken.

Fig. 4. EDX cross-section scans from couples bonded at 1.4 MPa
and 180�C and for two different bonding times. Zero reference was
taken from the Ag-Cr interface, where for (a) the 10-min (short)
bonding time, Ag had diffused further into side A compared with In
into side B, and (b) 40-min (long) bonding time, the average com-
position of In in the Ag-In IMC saturates at around 34 at.% In, close
to the composition of Ag2In or Ag9In4. Note also a pure-Ag region in
side B for both cases.
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detected an In phase on side A at 1.0 MPa and
1.2 MPa bond pressure besides AgIn2 (Fig. 6). We
postulate that the In-rich regions shown in Fig. 5a
and b could be a mixture of unreacted In and AgIn2

phases. On the other hand, the phase is dominated
by Ag9In4 for a bonding pressure of 1.6 MPa.

Figure 7a shows the EDX result of a sample cross
section bonded at 1.4 MPa for 10 min at 180�C with
an additional aging at 70�C for 17 h. It is observed
that the cross section consists of pure-Ag and
Ag-rich regions. Phase identification for different
aging times was done in an earlier study.4 With no
aging, side A of the bonding couple is mostly domi-
nated by AgIn2, whereas samples aged for 17 h at
70�C contain only the IMC phase of Ag9In4. With
further aging up to 30 h, the AgIn2 phase was
detected again.

Figure 7b shows the EDX result of another sam-
ple that was kept at room temperature for
6 months. It is also observed that the cross section
consists of pure-Ag and Ag-rich regions, similar to
those aged at 70�C for 17 h. Figure 8 shows XRD
data of a sample that underwent an additional
6 months of room-temperature storage, exhibiting
coexistence of the AgIn2 and Ag9In4 phases.

DISCUSSION

From the presented results, we deduce that there
are several relationships between IMC formation
and the bonding parameters. During the bonding
process at 180�C, the In film melts while Ag remains
as a solid and dissolves into the molten In. Since the
solubility limit of Ag in In is low (<1 at.% Ag in In),

further supply of Ag is expected to drive the
formation of Ag-In IMCs.6

Effect of Bonding Time

The duration of bonding determines the IMC that
will form through the supersaturation of Ag in
molten In. At temperatures above the In melting
point, the melt erodes the solid Ag. Given sufficient
bonding time, Ag dissolves in the molten In and
reaches the solubility limit. Further supply of Ag
would drive the formation of the IMC preferred at
the particular temperature. From the phase dia-
gram, a Ag-rich IMC is the preferred phase at a
bonding temperature of 180�C. Thus, the majority
phase formed at the long bonding time (40 min) is
Ag9In4. This is in agreement with an earlier pub-
lished result in which a Ag-rich preferred phase was
formed at a higher annealing temperature over a
longer duration.4,10

On the other hand, for short bonding duration,
some regions in the bonded couple may not exceed
the Ag solubility limit at the particular bonding
temperature. Thus no IMC formation can be initi-
ated. This is especially true for regions that are
relatively far from the Ag reservoir with insufficient
time for In diffusion and Ag dissolution. However,
as the temperature is lowered (during cooling), the
Ag become less soluble in In, and the extra Ag solute
would eventually lead to the formation of an IMC.
From Fig. 1, an In-rich AgIn2 phase would tend to
form first for a liquid transition temperature lower
than 166�C. AgIn2 IMC was also detected for sam-
ples bonded for short bonding time (10 min), which
may have formed during cooling.

Fig. 5. EDX cross-section scans from bonded couples at 180�C for 10 min at different bonding pressures: (a) 1.0 MPa, (b) 1.2 MPa, (c)
1.4 MPa, and (d) 1.6 MPa. Zero reference was taken from the Ag-Cr interface.

Made, Gan, Yan, Yu, Yoon, Lau, and Lee368



Effect of Bonding Pressure

There are three factors that could drive Ag-rich
IMC phase formation at high pressure: (1) a reduc-
tion in In supply as the pressure increases due to
changes in the melting temperature of pure In, (2) a
decrease in the AgIn2 to Ag9In4 transition temper-
ature as pressure increases,14 and (3) an increase in
force with higher pressure that flattens more
asperities on a rough surface, thus increasing con-
tact between the two mating surfaces.12

The applied pressure was found to change the
melting temperature of the metal stack during
the bonding process. In turn, changes in the
pure melting temperature of In would affect the
quantity of melt, thus affecting the reaction kinet-
ics. The pressure-dependent melting temperature of
materials is defined thermodynamically by the
Clapeyron equation,14

T / T1e
DV
DHPð Þ; (1)

where T is the phase-change temperature, P is the
pressure, T1 is the phase-transition temperature at
standard pressure (1 atm), DH is the change in
enthalpy of fusion in the solid–liquid transition, and
DV is the change in system volume. DH is usually
considered to be weakly dependent on pressure. DH
and DV are both positive for solid-to-liquid transi-
tion. These positive parameters in the exponential
factor of Eq. 1 translates to an increase in the
transition temperature as the pressure increases.
With an increase in the In melting temperature,

Fig. 6. Effect of bonding pressure on IMC formation for bonding at
180�C for 10 min. (a) On side A, Ag9In4 is the dominant phase as the
bonding pressure increases. (b) On side B, consistent with side A,
Ag9In4 is the dominant phase as the bonding pressure increases.

Fig. 7. (a) Results of EDX scans of samples aged at 70�C for 17 h,
showing the preferred Ag-rich phase. This sample was bonded at
1.4 MPa at 180�C for 10 min. (b) Results of EDX scans of samples
aged at room temperature for 6 months compared with just-bonded
sample; samples bonded at 1.4 MPa at 180�C for 10 min.

Fig. 8. Results of an XRD scan of samples aged at room tempera-
ture for 6 months; samples bonded at 1.4 MPa at 180�C for 10 min.
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there would be less supply of molten In, leading to a
reduction of the solid–liquid reaction and In diffu-
sion. Furthermore, as the supply of Ag is virtually
unlimited, liquid In quickly becomes Ag-saturated,
which may initiate Ag-rich IMC nucleation (Ag9In4).

Thus, with increasing bond pressure and
decreasing melting temperature of pure In, only
regions that are near the In-Ag interface are able to
form IMCs. If the In film is too thick, regions that
are further from the bonding interface may only
form an In-rich solid solution or even pure In, and a
Ag-rich phase would form near the bonding inter-
face. As shown in Fig. 5d, EDX confirms that high
concentrations of In phase were detected at loca-
tions further from the bonding interface, even
though the XRD characterization (Fig. 6) deter-
mines that a Ag-rich phase tends to dominate at
high bonding pressure.

The second factor is the change in the AgIn2 to
Ag9In4 transition temperature. In the Ag-In system
bonding, AgIn2 has a lower mass density (8.23 g/cm3)
than Ag9In4 (9.90 g/cm3), which translates into a
negative DV. From Eq. 1, the phase-transition tem-
perature for AgIn2 to Ag9In4 will decrease as the
bonding pressure increases.

From the perspective of contact mechanics, the
application of pressure will flatten the asperities on
rough surfaces, and lead to an increase in the con-
tact area and diffusion paths between the two bon-
ded couples. Both sides of the bonding couple are
expected to be microscopically rough. At low bond-
ing pressure, less force was applied to flatten the
asperities, which resulted in a low contact area.
Conversely, at higher bonding pressure, the contact
area would be higher and improve the diffusion
paths for In and Ag interdiffusion.

Effect of Aging

Post-treatment aging allows a system to obtain its
most stable phase formation. Unlike the bonding
process, all reactions during aging are controlled by
solid-state diffusion. During the initial bonding,
molten In in contact with the Au layer on side B forms
a highly stable AuIn2 phase which is unlikely to dis-
sociate or further react with In or Ag, up to 300�C.
However, this stability could also reduce the In and
Ag interdiffusion from side A to B and vice versa,
respectively. In diffusion is further inhibited due to
the larger In atomic size as compared with Ag. Thus,
with a larger flux of Ag from side B into side A, all the
In will be converted into the Ag-rich phase (Ag9In4)
first.

According to Chuang et al., Ag9In4 is energeti-
cally unstable in long-term aging at temperatures
lower than 75�C. Thus, Ag9In4 tends to evolve back
into AgIn2 to maintain a lower energy state with a
sufficient supply of In.10 As the supply of In in
our specimens is limited, only a portion of the
Ag9In4 phase is converted into AgIn2. Hence as a
compromise, the two phases of Ag9In4 and AgIn2

coexist and remain stable for a long duration, as
demonstrated in our 6-month study at room
temperature (Fig. 8).

CONCLUSION

A low-temperature soldering process can avoid
the concern of residual stresses that are typically
introduced by thermal expansion mismatch during
the cooling step in a high-temperature soldering
process. Since the resulting joints need to withstand
higher post-bonding temperature processing, a sol-
der system that can form high-temperature IMCs at
the joint at a low bonding temperature is required.
We have studied pressure, temperature, and bond-
ing time parameters and their effects on IMC for-
mation in the Ag-In solder system. We observed that
the bonding duration determines the supply of Ag in
the molten state. For a long bonding time, Ag
reaches supersaturation in the In melt and drives
the formation of a Ag-rich IMC phase. In-rich phase
forms during cooling for short bonding durations.
The results show that the bonding condition of
180�C at 1.4 MPa for 40 min is sufficient to consume
all the In so as to give a final major phase of Ag9In4.
A higher bonding pressure under solid–liquid reac-
tion was also found to enhance the formation of
Ag9In4. Three factors that could drive a Ag-rich IMC
phase formation at high pressure are proposed: (1) a
reduction in In supply as pressure increases due to
changes in the melting temperature of pure In, (2) a
decrease in the AgIn2 to Ag9In4 transition temper-
ature as pressure increases, and (3) an additional
applied force to flatten the asperities on a rough
surface, thus creating more contact area between
the two mating surfaces. This also implies that
Ag9In4 can be obtained within a shorter duration at
a higher pressure as well. We have proven that
bonding pressure is an important factor that thus
needs to be considered and optimized for low-
temperature solder bonding.

In conclusion, complete consumption of low-
melting-temperature In to form a high-melting-
temperature IMC phase, in this case Ag9In4, can be
achieved by two main approaches. Firstly, bonding
at 180�C under a pressure higher than 1.4 MPa for
sufficient time can lead to Ag9In4 being the domi-
nant phase. Secondly, for a Ag-to-In film thickness
ratio of 83/17, a joint that consists of a mixture of
AgIn2 and Ag9In4 phases can be converted into a joint
with Ag9In4 as the dominant phase after long-term
room-temperature storage and/or a few days of low-
temperature aging. These findings may lead to the
formation of bonded joints with high-temperature-
resistant IMCs at relatively low bonding process
temperature for applications in IC and MEMS
packaging.
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