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Low-temperature bonding by sintering of Ag nanoparticles (NPs) is a promising
lead-free bonding technique used in the electronic packaging industry. In this
work, we prepare Ag nanoparticle (NP) paste using both an aqueous method and a
polyol method. Sintering bonding trials were then conducted using different
forms of Ag NPs. The results showed that use of the aqueous-based Ag NP paste
led to inhomogeneous distribution of NPs, known as the ‘‘coffee-ring effect.’’ This
led to low strength of fabricated joints. We investigated the influence of the coffee-
ring effect and ways to depress it by changing the bonding material composition.
Our results show that, when using polyol-based Ag NP paste as the bonding
material, the coffee-ring effect was successfully depressed due to increased
Marangoni flow. The corresponding shear strength of joints was increased
significantly to 50 MPa at bonding temperature of 250�C.
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INTRODUCTION

Sn–Pb-based alloy solders have been used exten-
sively for many years in microelectronic assemblies.
However, lead and its compounds are toxic and are
known to have a detrimental effect on the environ-
ment and human health. Emerging regulations
have targeted elimination of Pb usage from elec-
tronic assemblies in many countries.1,2 This back-
ground has stimulated substantial research and
development efforts to discover substitute lead-free
solder alloys.3 Although many Pb-free solder alloy
compositions (Sn-Ag, Sn-Cu, etc.) have been pro-
posed, thus far, none meets all requirements.2,3 In
particular, there are no suitable lead-free high-
temperature solders. High-temperature solders
containing 90 wt.% to 95 wt.% Pb are still widely

used in various applications.4 Therefore, there is a
strong drive to find Pb-free alternatives for high-
temperature applications.

Recently, there has been an increasing focus on
developing solid-state bonding interconnection pro-
cesses based on sintering, as an alternative to solder
melting, to provide a novel lead-free bonding technol-
ogy. Nanojoining, especially nanoscopic diffusion
bonding using metallic nanoparticles (Ag, Cu, etc.),
has significant advantages over conventional solder-
ing or adhesive bonding.5–8 Ag has high electrical and
thermal conductivity and exhibits good fatigue per-
formance. These good properties as well as its high
melting point (960�C) make Ag a suitable material for
high-temperature packaging applications.

Due to the size effect, silver nanoparticles can be
sintered at low temperature and have potential as a
Pb-free, high-performance interconnect material for
high-temperature electronic applications.6,9 These
lead-free bonding materials will not pollute the
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environment or harm human health. Moreover, this
low-temperature interconnection technology has
potential applications for flexible electronics.7,8,10

However, there are still some problems to be solved
for its practical application. Formation of robust
joints at lower bonding temperature and bonding
pressure is still needed. In particular, deposition of
uniform layers of Ag nanoparticles is critical for
formation of robust joints using this bonding pro-
cess. Recent work from our and other groups has
shown that sintering bonding technology using
metal nanoparticles as the bonding material is
influenced by the coffee-ring effect.11,12 In this sin-
tering bonding process using Ag nanoparticle paste,
the inhomogeneous distribution of aqueous-based
Ag NP paste related to this coffee-ring effect will
affect the bonding quality of the joint. This coffee-
ring effect is a phenomenon of colloid solutions due
to different evaporation rates of solvents, which
may push the suspension of particles to the wetting
edge. When such a coffee ring appears, joint
strength may be dramatically reduced due to the
reduced connection area. However, there are few
reports about the influence of the coffee-ring effect
on sintering bonding technology using Ag nano-
particle paste. Thus, it is necessary to investigate
the influence of and how to control the coffee-ring
effect in order to increase joint strength.

In this study, both aqueous-based Ag nanoparticle
paste and polyol-based Ag nanoparticle paste were
used for this sintering bonding application. Our
results show that, when using polyol-based Ag NP
paste as the bonding material, the coffee-ring effect
is successfully depressed due to increased Marang-
oni flow. The corresponding shear strength of joints
was significantly increased.

EXPERIMENTAL PROCEDURES

Preparation of Ag Nanoparticles

Polyvinylpyrrolidone (PVP.K30), silver nitrate
(AgNO3), deionized (DI) water, ethylene glycol (EG),
acetone, and ethanol were all of analytical grade
and used without further purification.

The Ag nanoparticles (in the form of paste) used
in this study were prepared by aqueous and polyol
methods as follows:

(i) The aqueous-based Ag nanoparticles Ag nano-
particles were synthesized through a chemical
reduction reaction of AgNO3 using sodium cit-
rate dehydrate as reducing agent. Details of the
synthesis procedure have been presented in
a previous study.12 A solution of AgNO3 (1 mM)
in 250 mL ultrapure water was heated to 80�C.
A volume of 10 mL aqueous solution of
Na3C6H5O7Æ2H2O (0.34 mM) was then added to
the AgNO3 solution. Heating was continued to
90�C for 30 min after adding the citrate solution.
The color of the solution changed from the
colorless water to yellow after 15 min of heating,

and to gray after 25 min. The resulting sol is
simply silver NPs coated with organic shell,
dispersed in water at concentration of 1 mM.
The silver NP paste was fabricated by increasing
the concentration of the silver nanoparticle solu-
tion from 1 mM to 0.1 M by centrifugation. Cen-
trifugation was conducted at 7000 revolutions
per minute (rpm) for 20 min in 15-mL centrifuge
tubes (length 118.54 mm, outer diameter
15.62 mm). The water was extracted from the
centrifuge tubes using a pipette, leaving aqueous-
based Ag nanoparticle paste at the bottom. Ag
nanoparticle powder was prepared by drying the
aqueous-based Ag nanoparticle paste. The aque-
ous-based Ag nanoparticles were baked at 60�C
in a glass beaker. The Ag nanoparticle powder
accumulated at the bottom of the glass beaker
and was collected using a clean spatula.

(ii) The polyol-based Ag nanoparticles were synthe-
sized by the polyol process.13 The typical syn-
thesis method is described as follows: First,
10 mL EG solution of silver nitrite (0.15 M) in a
conical flask and 40 mL ethylene glycol solution
of PVP (0.45 M) in a beaker were prepared.
Second, these solutions were heated at constant
heating rate of 20�C/min to the reaction tem-
perature of 160�C. Then, the solution of PVP
was injected into the silver nitrite solution at
constant rate of 0.3 mL/s using a syringe pump.
The color of the solution changed from colorless
water to gray after 30 min, indicating precipi-
tation of Ag NPs. When the reaction was
complete, the solution was rapidly cooled by
adding DI water to 200 mL. The silver NP paste
(denoted as polyol-based Ag nanoparticle paste)
was obtained by centrifugation using a similar
method as above (i).

Bonding Procedure

To evaluate the bondability of different Ag nano-
particles (in the form of paste) and Ag nanoparticle
powder, Ni/Ag-plated Cu discs were bonded using
different Ag nanoparticles under the same condi-
tions. The Ni/Ag-plated copper discs were made by
first plating a layer of nickel on the copper discs, then
silver plating was applied over the nickel plating.
Figure 1 shows a schematic of the bonding speci-
mens. The Ni/Ag-plated copper discs were ultrasonic
washed using acetone and ethanol solutions before

Fig. 1. Schematic of the bonding specimens.
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use. A layer of Ag nanoparticles (in the form of paste
or powder) was sandwiched between the two Ni/Ag-
plated copper discs. Ag nanoparticle paste was placed
on the copper substrates using a syringe with a nee-
dle. Afterwards, these prepared bonding specimens
were heated to the bonding temperature of 250�C in
air under bonding pressure of 5 MPa and held for
30 min.

Characterization Techniques

The morphology of the Ag nanoparticles was
examined by field-emission scanning electron
microscopy (SEM). To study the deposition behav-
iors of the Ag nanoparticle paste synthesized by the
aqueous or polyol method, Ag nanoparticle pastes
were deposited on the Cu substrate using a syringe
with a needle. The deposited Ag layers were dried at
60�C. The deposited Ag layers and cross-sectional
images of the joints were examined by optical
microscopy. The surface profiles of the deposited Ag
layers were measured using a Talysurf 5P-120
topographer. The shear strengths of three joints for
each condition were measured using the thermal–
mechanical simulator Gleeble 1500D at displace-
ment speed of 5 mm/min at room temperature. The
shear strength was then taken as the maximum
load divided by the lower surface area of the small
Cu disc.

RESULTS AND DISCUSSION

Characteristics of Ag NPs

Figure 2a, b displays Ag nanoparticles synthe-
sized by the aqueous and polyol methods. Figure 2c
shows the Ag nanoparticle powder dried from the
aqueous Ag nanoparticle solution. As shown in
Fig. 2a, Ag nanoparticles synthesized by the aque-
ous method were spherical, having mean size of
about 45 nm. The Ag nanoparticles synthesized by
the polyol method had diameter of about 40 nm, as
shown in Fig. 2b. As shown in Fig. 2c, the deposited
powder was microscale pellets with flake shape.
Under higher magnification (inset to Fig. 2c), these
microscale silver flakes consisted of tightly packed
silver nanoparticles.

Deposition Behaviors
of Ag Nanoparticle Paste

In terms of obtaining high-quality joints, uniform
deposition of the Ag nanoparticles before joint
assembly and bonding is critical. The deposition
behaviors of Ag nanoparticle pastes synthesized by
the two methods were compared. Aqueous Ag
nanoparticles and polyol Ag nanoparticles with the
same amount (0.09 mmol Ag NP paste) were placed
on copper substrates with the needle syringe. Then,
the two kinds of concentrated Ag nanoparticle
pastes were evaporated simultaneously at the same
conditions (60�C) in air. After drying, the deposited
Ag nanoparticles resulted in a circular coated area
with 3000 lm to 5000 lm diameter.

Figure 3 shows optical images and corresponding
two-dimensional profiles of the Ag layers deposited
on copper substrates. When using Ag nanoparticles
synthesized by the aqueous method, the deposited
Ag layer exhibited a typical narrow edge with a
remarkable height surrounding a flat central area.
As displayed in Fig. 3a, silver nanoparticles accu-
mulated at the rim of the deposited area while the
central region was almost empty. This uneven dis-
tribution of Ag nanoparticles is related to the coffee-
ring effect.14 When a droplet of Ag nanoparticle
paste is placed on the substrate surface, the evap-
oration flux distribution along the droplet surface is
not uniform. The evaporation rate is larger at the
edge than that at the center,15 thus more water
evaporated from the edge region. However, during
the evaporation process the radius of the droplet of
Ag nanoparticle paste cannot shrink, as its contact
line is pinned. During the evaporation of water from
the Ag nanoparticle paste at the droplet edge, the
water lost must be replaced by water drawn from
the center of the droplet. This flow that brings fluid
from the center to the edge of the droplet also car-
ries many Ag nanoparticles, which results in the
coffee-ring effect. Most of the suspended Ag nano-
particles are segregated at the edge, while a few
silver nanoparticles settle in the central region of
the ring. This leads to the characteristic coffee-ring
shape of the deposited Ag layer, as displayed in
Fig. 3a.

Fig. 2. SEM images of Ag NPs: (a) aqueous Ag nanoparticles, (b) polyol-based Ag nanoparticles, and (c) Ag nanoparticle powder.
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On the other hand, this coffee-ring effect was suc-
cessfully reduced during the drying of the polyol Ag
nanoparticles. As shown in Fig. 3b, the deposited Ag
layer showed relatively flat and uniform shape
without obvious segregation. The elimination of the
coffee-ring effect was due to the generation of
Marangoni flow, which is induced by incorporating a
solvent with low boiling point and high surface ten-
sion.16 For the polyol Ag nanoparticle paste, the sol-
vent is mixed water and ethylene glycol (EG). The
water and EG have different volatilities and surface
tensions (water: boiling temperature Tb = 100�C,
surface tension c = 72.8 mN/m; EG: Tb = 197�C,
surface tension c = 48.5 mN/m). The differences in
volatilities and surface tensions between the water
and EG may induce Marangoni flow.17 For the polyol-
based Ag nanoparticle paste, the initial enhanced
evaporation of EG not only induces convective flow
but also leads to the development of a concentration
gradient of the EG component between the center and
edge of the droplet. Thus, the differences in the
evaporation rates of the materials in the mixed sol-
vent cause additional Marangoni flow from the outer
rim to the center. The magnitude of the Marangoni
flow is determined by the Marangoni number
M ¼ DcL=gABDAB, where Dc denotes the surface

tension difference between the center and edge of the
droplet, gAB is the viscosity of the mixed solvents, Lis
the length scale involved (i.e., the radius of the
microdroplet placed on the substrate,�2500 lm), and
DAB is the diffusion coefficient in the binary solu-
tion.18 The interdiffusion coefficient is obtained as
DAB ¼ 7:4� 10�8 /MBð Þ1=2T= gBV0:6

A

� �
, where A and B

indicate the minor and major solvent species, mB is
the molecular weight of water, gBis the viscosity of
water, / is an association parameter, and VA is the
molar volume of the minor solvent.19 The mixed vis-
cosity gAB was calculated by IngAB ¼ xAIngAþ
xBIngB þ xAxBGAB, where x is the mole fraction, GAB

is an interparameter, and gA is the viscosity of EG. The
calculated value of gAB is 10.3 mPa s. Here, the pure
values for the surface tension difference across the
droplet are utilized. The calculated Marangoni num-
ber is about 3.9 9 106 for the polyol Ag nanoparticle
paste. This large Marangoni number indicates that
sufficient inward flow occurs and thus the coffee-ring
effect can be reduced. Based on these considerations, it
is reasonable to observe the coffee-ring effect after
deposition of aqueous-based Ag nanoparticles but to
expect the observed depression of this effect after
deposition of polyol-based Ag nanoparticle paste due
to the increased Marangoni flow.

Fig. 3. Optical images and corresponding two-dimensional profiles of different deposited Ag layers: (a) aqueous Ag nanoparticle paste, and (b)
polyol-based Ag nanoparticle paste.
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Effect of Bonding Materials
on Joint Microstructure

Figure 4 shows cross-sectional images of the joints
using different Ag nanoparticles. There were obvious
differences between the microstructures of the joints
using different bonding nanomaterials. As shown in
Fig. 4a, for the joints bonded using aqueous Ag
nanoparticle paste, there was an obvious gap
between the two Cu discs. The formation of the gap is
related to the accumulation of Ag nanoparticles to the
rim region due to the coffee-ring effect, as discussed
above. Thus, the connection area was much smaller
than the surface area of base metal. To reduce the
disadvantages of segregation of the Ag nanopaste,
dried nanoparticle powder can be used as the bonding
material. Figure 4b shows a joint bonded using Ag
nanoparticle powder. A dense Ag sintered layer
formed between the two Cu discs after bonding when
using Ag nanoparticle powder under pressure of
5 MPa. The coffee-ring effect totally disappeared,
because these Ag nanoparticles were placed in solid
form. It should be noted that agglomeration of the Ag
nanoparticles will reduce the surface energy to some
extent. As shown in Fig. 4b, obvious voids existed in
the sintered Ag structure. This is expected since it is
more difficult to get a dense structure when using
solid bonding materials. Figure 4c illustrates a joint
bonded using polyol Ag nanoparticle paste. It can be
seen that a uniform and dense Ag layer was formed
between the Cu discs. This indicates that the polyol
Ag nanoparticle paste had better bondability than
the aqueous Ag nanoparticle paste or powder.

Effect of Bonding Materials on Joint Strength
and Fracture Morphology

Figure 5 presents the shear strength of joints
under the same bonding parameters using different
bonding materials. The joints bonded by aqueous Ag
nanoparticle paste and Ag nanoparticle powder had
similar shear strength of 12 MPa. However, the
average shear strength of the joints using polyol-
based Ag nanoparticle paste was 50 MPa, which is
significantly higher than those obtained using the
aqueous-based materials. Thus, a drastic improve-
ment of joint strength was achieved by controlling
the uniform deposition of the bonding material.

The difference in joint strength is related to the
coffee-ring effect and the interfacial microstructure
that governs the interfacial strength between the
sintered Ag layer and the plated Ag layer. Figure 6a
displays SEM images of fracture microstructures of
shear joints bonded using different bonding mate-
rials. As shown in Fig. 6a, dense microstructure was
observed when using aqueous-based Ag nanoparti-
cle paste as the bonding material. However, the
connection area was much smaller than in the joints
using Ag nanoparticle powder and polyol-based Ag
nanoparticle paste. The small connection area is
caused by the coffee-ring effect as discussed above.
The coffee ring disappears when using the Ag
nanoparticle powder as the bonding material.
However, no obvious improvement of the shear
strength was observed. This can be explained by the
fracture microstructure of shear joints bonded using
Ag nanoparticle powder. Although the Ag nano-
particles were sintered together, the sintered Ag
layer had a low density and many voids still existed
in the sintered Ag layer. Moreover, the joint was
partially fractured at the interface between the
sintered Ag layer and Ni/Ag-coated Cu discs, as
shown in Fig. 6b. This indicates that the joint bon-
ded using Ag nanoparticle powder was possibly just

Fig. 4. Optical images of cross-sections of the joints using various bonding materials: (a) aqueous Ag nanoparticle paste, (b) Ag nanoparticle
powder, and (c) polyol-based Ag nanoparticle paste.

Fig. 5. Comparison of shear strength of joints bonded using different
kinds of Ag nanoparticles.
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physically rather than metallurgically bonded to the
Ni/Ag-coated Cu discs.

A significant improvement of joint strength was
achieved when the polyol Ag nanoparticles were
used as the bonding material. Figure 6c presents
corresponding SEM images of fracture microstruc-
tures of the shear joints. As discussed above, the
coffee-ring effect was successfully depressed when
using the polyol Ag nanoparticle paste. Thus, the
corresponding connection area was increased. On
the other hand, the sintered Ag layer had a denser
microstructure. The joint was predominantly frac-
tured in the sintered Ag layer. The fracture mor-
phology confirms that the interfacial strength
between the Ni/Ag-coated Cu disc and the sintered

Ag layer was improved. The tensile failure fracture
traces indicate that some ductile behavior was
achieved in the sintered Ag layer.20 The above
results show that the joint strength is improved by
using polyol-based Ag nanoparticle paste as the
bonding material.

CONCLUSIONS

A sintering bonding method using both aqueous-
based and polyol Ag nanoparticles has been inves-
tigated. In this sintering bonding process using Ag
nanoparticles, the deposition behavior of the nano-
particle layer was critical to the joint formation. The
coffee-ring effect had an obvious influence on the

Fig. 6. SEM images of fracture microstructures of shear joints bonded using different bonding materials: (a) aqueous Ag nanoparticle paste,
(b) Ag nanoparticle powder, and (c) polyol-based Ag nanoparticle paste.
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behavior of the deposition and bondability of Ag
nanoparticle paste. When aqueous-based Ag nano-
particle paste was used as the bonding material, the
joint strength (12 MPa) was weak due to the coffee-
ring effect. When using Ag nanoparticle powder as
the bonding material the coffee ring disappeared,
but there was not an obvious improvement in joint
shear strength due to the presence of many voids in
the sintered Ag structure. However, when using
polyol-based Ag nanoparticle paste as the bonding
material, the coffee-ring effect was depressed due to
increased Marangoni flow. The corresponding joint
shear strength was increased significantly to
50 MPa at low bonding temperature of 250�C. This
sintering bonding technology using Ag nanoparti-
cles as the interconnection material has potential
applications in electronic packaging.
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