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We achieve robust bonding of Cu wires to Cu pads on polyimide with silver nanopaste cured at
373 K. The paste is prepared by simply condensing Ag nanoparticle �NP� solution via centrifuging.
The bonding is formed by solid state sintering of Ag NPs through neck growth and direct metallic
bonding between clean Ag–Cu interfaces. Both experiment and Monte Carlo simulation confirm that
the melting point of joint clusters increases during sintering. This creates improved bonds for use at
an elevated operating temperature using Ag NPs. © 2010 American Institute of Physics.
�doi:10.1063/1.3502604�

There is increasing interest in developing low tempera-
ture interconnection processes for flexible electronics, in-
cluding flat-panel displays, organic electronics, and low-cost
disposable microelectronic devices on plastic substrates.1–4

These substrates, such as poly�ethyleneterephthalate�, poly-
imide, and paper, as well as some electronic components
based on organic groups or nanosized building blocks, can-
not maintain their functions and stabilities at a temperature
range of 473–573 K, which is required for melting lead-free
solders extensively used in microelectronics soldering and
reflow.1,5–7 On the other hand, higher power chips, e.g., cen-
tral processing units, and automotive electronics near the en-
gine, frequently work at a temperature near 473 K.8,9 An
advanced bonding technology, which allows a low tempera-
ture curing but withstands a higher working temperature, is
thus desired.

Silver nanoparticle �NP� paste has been developed
through metallo-organic decomposition to avoid unstable
contact resistance and low working temperature of conven-
tional electronically conductive adhesives with silver NP
addition.9,10 Ag NP paste has been shown to be capable of
bonding and curing at low temperatures ranging from 473 to
573 K.3–5,9,11 In this paper, we report a silver paste directly
condensed from silver NP solution through centrifugation.
Robust bonding of Cu wires to Cu pads on polyimide has
been realized at a temperature of 373 K, sufficiently low for
flexible electronics. The experiments show that this low tem-
perature curing paste can work at a higher temperature than
the sintering temperature with enhanced bond strength.

A 1 mM solution of silver NPs was prepared by reduc-
tion of silver nitride with sodium citrate at a temperature of
about 363 K.12 Condensation was carried out with a centri-
fuge at 4000 rpm for 30 min. The concentration of silver in
the resulting paste was about 0.2 M. These Ag NPs were
deposited on silicon wafers for scanning electron microscopy
�SEM� and x-ray photoelectron spectroscopy �XPS�. The
bonding of Cu wires to Cu pads was conducted with Ag
paste at 5 MPa pressure at different curing temperatures.

Prior to bonding the surfaces of the Cu pads were cleaned in
ultrasonic bath with acetone. Transmission electron micros-
copy �TEM� has been performed on cross-sectional samples
cut with microtomy.

Figure 1�a� shows a SEM micrograph of condensed Ag
NPs. Most of the Ag NPs are spherical. The mean size of the
NPs is about 50 nm. It is clearly visible that Ag NPs are still
well separated after condensation. This phenomenon is clari-
fied in detailed TEM investigation. Figure 1�b� displays a
typical Ag NP deposited on formvar coated TEM copper
grids. An amorphous organic shell with a thickness of 1 nm
is clearly visible. It is reasonable to deduce that this shell
prevents the coalescence of Ag NPs. Shown in Fig. 1�c� is an
SEM image of Ag NPs sintered at 523 K for 3 min. The
bonding is evident by the formation of the necked connec-
tions between Ag NPs. The bridging paths occur between
neighboring Ag NPs, orients arbitrarily, and eventually gen-
erates a three-dimensional �3D� connection network. These
joints are not a result of melting of the particles because
these NPs are expected to melt at a temperature ranging of
673–873 K based on the size effect,13 far above the present
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FIG. 1. �a� SEM images of condensed Ag NPs. �b� TEM images of a typical
Ag NP. Two lines indicate the boundaries of organic shells. �c� SEM image
of Ag NPs sintered at 250 °C for 3 min. �d� TEM images of the bonding
interfaces between Ag NPs and Cu pads at curing temperature of 523 K.
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sintering temperature. The solid state coalescence arising
from surface atom diffusion may be the bonding mechanism
between these NPs. Figure 1�d� shows TEM images of the
bonding interface between Ag NPs and Cu pads at curing
temperature of 523 K. Direct metallic bonding is evident.
There is no distinguishable intermediate disorder layer in
spite of the significant lattice mismatch between Cu and Ag.
A clear contrast belt with a thickness less than 1 nm is evi-
dent in the interface. This may indicate the concentration of
local stress. These results are significantly different from the
bonding using Ag metallo-organic compounds,3,8,11 where a
disordered lattice layer of 1–3 nm has been clearly observed.
This difference may arise from the different thicknesses and
components of the organic shell.

Figure 2 exhibits the �a� C 1s and �b� O 1s lines of XPS
for pristine Ag NPs and two samples, sintered at 433 K for 5
min and at 473 K for 5 min, respectively. The deconvolved
analysis yields C1s binding energy levels and O 1s binding
levels at variable groups. C 1s is identified in –COO− group
at 288.5 eV, Ag2CO3 at 287.7 eV and alcoholic –COH group
at 285.5 eV besides aliphatic carbon at 284.4–284.8 eV.14,15

Meanwhile, O 1s is determined in –COO− at 533.6 eV, in
–COH at 531.8 eV, and 530.8 eV in Ag2CO3.14,16,17 There are
no remarkable contributions of O 1s from Ag2O or AgO for
all three samples because both of them display Ag binding
energy levels lower than 530 eV.14,17 This may indicate that
Ag does not exist in an oxide state in the present composi-

tions. It is hence safe to deduce that excess sodium citrate
contributes citrate anions which adsorb on the Ag NPs. The
presence of Ag2CO3 in the pristine Ag NPs is possibly due to
the decomposition of Ag-citrate complexes at 365 K.16 The
further vaporization and decomposition of citrate complexes
results in almost complete disappearance of the organic
shells during sintering.12,16,18 However, the decomposition of
Ag-citrate complexes is incomplete at the present sintering
temperatures since citrate anions are detected even in Ag
NPs sintered at 473 K.

Figure 3 presents the neck size and coalescence of Ag
NPs as functions of time sintered at 473 K. The data are
obtained by measuring about 20 particles from SEM images
with IMAGE J software. The ratio between the neck and par-
ticle size is given in the inset. It is evident that the neck
grows very fast until reaching 50% of particle size and then
increases slowly. Meanwhile, Ag NPs do not dramatically
coalesce in the initial fast neck growth. Figure 4 shows the
tensile strength of bonded Cu wires to Cu pads with Ag NPs
with a pressure of 5 MPa as a function of sintering tempera-
tures. Cu pellet to pellet bonded with Ag metallo-organic
compounds reported in Ref. 11 is also displayed for compari-
son. The dashed and dotted lines correspond to the tensile

FIG. 2. �Color online� Binding energy levels of �a� C 1s and �b� O 1s lines
for pristine Ag NPs and two sintered samples, one at 433 K for 5 min and
the other at 473 K for 5 min, respectively. Solid lines correspond to fitting
by Gaussian line shapes.

FIG. 3. �Color online� The neck size �square� and the particle diameter
�circle� as a function of sintering time for Ag NPs sintered at 473K. Inset:
the ratio of the neck size to the particle diameter.

FIG. 4. �Color online� Tensile strength of bonded Cu wires to Cu pads with
Ag NPs with a pressure of 5 MPa as a function of sintering temperatures.
Data in Ref. 11 is also displayed for comparison. �circle� 50 �m Cu wires,
�square� RT bonding strength of 250 �m wires cured at different tempera-
tures, �pentagon� 250 �m wires cured at 150 °C while measured at el-
evated temperatures. Inset: bonded Cu wires to Cu pads on polyimide.
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strength of commercially available 50 and 250 �m wires,
respectively. It is evident that the lowest bonding tempera-
ture is 373 K, at which the bonding is strong enough to break
50 �m wires. The formed 3D bonded network of Ag NPs
provides global bonding through the Ag layers. For 250 �m
wires, sintering at a higher temperature leads to an increase
of bonding strength. The bonding is strong enough to break
the wire after sintering at 523 K. It is obvious that the me-
chanical performance with condensing Ag NPs is better than
that using Ag metallo-organic compounds since the present
bonds are achieved at a lower temperature and a higher ten-
sile strength is realized at the same sintering temperature.
Instead of measuring at room temperature �RT� the bonding
of the sample sintered at 423 K increases from 6.7 MPa �RT�
to 7.1 MPa �473 K� when measured at 473 K and is able to
break the wire again at 523 K. This indicates that sintering of
Ag NPs continues and results in enhanced Ag NP bonding
for working at a higher temperature.

To elucidate the underlying physics the sintering of two
Ag NPs are simulated by Monte Carlo method with a tight-
binding many-body potential.19 Figure 5 shows the neck
growth and the central distance as a function of Monte Carlo
step �MCS� for two Ag clusters, each with 55 atoms, sintered
at 473 K. It is evident the initial growth of the neck is very
fast, associated with the pronounced shrinkage of the central
distance. This simulation is consistent with the experiments
shown in Fig. 3.

The stability of joint clusters at individual intermediate
state is theoretically studied through a further thermal sinter-
ing. The Lindemann index, relative root-mean-squared bond
length fluctuation for the entire system,20 was analyzed from
473 to 853 K with steps of 20 K. Such a result at MCS of
8000 is shown in the inset to Fig. 5. A step of the Lindemann
index at 633 K is evident, which corresponds to the solid-
liquid transition.20,21 The melting point of joint Ag110 clus-
ters plotted against the central distance at intermediate states
is shown in Fig. 6. It is clear that the sintering results in the
increase of melting points of nanoscale clusters. This directly
explains the data presented in Fig. 4, where samples sintered
at 150 °C display an enhanced bonding strength when mea-
sured at a higher temperature.

In summary, we have developed a Ag NP paste for low
temperature bonding. Robust bonding of Cu wire to Cu pads
on polyimide has been achieved at 373 K through solid state
sintering of Ag NPs and metallic bonding of Ag to Cu sub-
strates. These bonds can withstand higher working tempera-
tures through further sintering.
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FIG. 5. �Color online� Neck size and the central distance plotted against
MCS of two Ag55 clusters sintered at 473 K. Inset: Lindemann index of
intermediate state of two Ag55 clusters sintered at a MCS of 8000.
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FIG. 6. �Color online� Melting points of two joint Ag55 clusters with dif-
ferent central distances. Inset figures are snapshots of intermediate sintering
states.
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