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a  b  s  t  r  a  c  t

This  review  traces  the  development  of  silver  (Ag)  as a  die  attach  bonding  material  in  the  microelectronic
packaging  industry  from  its’  early  days  as  micron-scale  silver  flakes  to the recent  nanoscale  Ag  paste
and other  derivatives.  Basic  materials  properties  include  the  composition  of  Ag  pastes,  the  methods  of
producing  Ag  nanoparticles,  and  product  applications  will  be  presented.  Key  processing  conditions  will
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be discussed  to elucidate  different  factors  which  influence  the  mechanical  properties  of  nano-Ag  joints,
principally  the  tensile  and  shear  strength  as  well  as  thermal  fatigue  properties.  Success  in  implementing
nano-scale  Ag  pastes  could  only  have  been  possible  by  deriving  a fundamental  understanding  developed
in  the  field  of  processing  and  using  ceramic  and  metallic  nano-powders.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction
There are several European Union directives which aim to
reduce and eventually remove lead from electronic materials
because of its hazardous effect on human health. Examples of
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Fig. 1. Indicative temperature range [5].
eprinted with permission; ©1999 IEEE

hese directives are Restriction of Hazardous Substance (ROHS)
002/95/EC, End of Life Vehicle (ELV) and Waste Electrical & Elec-
ronic Equipment (WEEE) 2002/96/EC. Pb–Sn die attach materials is
xempted from these directives until 2014, but no efforts are spared
o find Pb-free replacements for the die attach material. Current
andidate solders like Bi-alloys, Zn-alloys, and Au–Sn alloys have
any limitations like poor processability, poor corrosion resistance

nd high costs. These issues are comprehensively reviewed here
1–3].

Besides lead-free applications, another driver for evaluating
lternative die attach strategies is the emergence of silicon carbide
echnologies to replace silicon technologies. In order to achieve
igher performance, the former operates at significantly higher
emperatures, power, and voltages than the latter [4].  Different seg-

ents of industries which utilize high temperature electronics are
ummarized in Fig. 1 with their operating temperature ranges [5].
uch high temperature applications require a new form of joining
he dies to the chip-carrier or leadframe.

The low temperature joining technique (LTJT) has been pro-
osed as a possible alternative to lead-free die attach materials and
igh temperature application mentioned above. LTJT is a technique
ioneered by Schwarzbauer and others to produce die attach joints
rom micron-scale Ag paste for power electronics packaging in the
ate 1980s [6].  Since then, LTJT technology has garnered a great
eal of interests amongst the academia as well as industry players
ased on more than 40 publications in this area for the period of
010–2011.

There are numerous benefits associated with the use of Ag
articles in LTJT. Silver has better thermal and electrical conduc-
ivities than the commonly used Sn–Pb or Pb-free joints. Nano-Ag
oints are sintered at temperatures significantly lower than the

elting temperature of Ag, typically 0.2–0.4 Tm [7].  Once sintered
he Ag joint will have a melting temperature similar to bulk Ag
961 ◦C). This property will avoid the remelting problem in the
ownstream microelectronic packaging and assembly processes.
hermal impedance measurement also confirmed that nano-Ag
oint perform better than Sn–3Ag–0.5Cu alloy or Sn–Cu–Ni–Ge
lloy (better known as trade name “SN100C”) [8].  Based on these
roperties, nano-Ag has been listed in recent literature as leading
andidate for lead free die attach as well as die-attach for silicon
arbide technologies [4,9–11].

Due to micron scale Ag flakes, the pressure required to affect
his bonding in LTJT can be as large as 80 MPa  [12] though lower

ressures of ∼10 MPa  have also been demonstrated [6].  “Pressure
intering” is also a term commonly used to describe sintering of
icron-scale Ag particles [13]. Pressure sintering is similar to the

ommonly used sinter-forging used in the ceramic industry but of
mpounds 514 (2012) 6– 19 7

even higher pressures in the range of more than 100 MPa [14]. In
the semiconductor industry, pressure sintering was  initially used
in semiconductor components like diodes, thyristors, and insulated
gate bipolar transistors (IGBT) that are more robust than the silicon
trench technologies. Hence, there are various efforts to reduce the
stresses impressed by the sintering conditions.

One viable approach for reducing the pressure requirement in
LTJT is to reduce the size of Ag particles to the nanometer range
[15,16]. When Ag particles are reduced to such a dimension the
effective surface area, which in turn implies the number of Ag sur-
face atoms increase several fold. The surface area may  be as high
as 23.81 m2/g for Ag nanoparticles of 26 nm diameter [17]. These
changes in surface area and concomitant increase in surface cur-
vature provides the driving forces to sinter with neighbouring Ag
atoms at temperatures 0.2–0.4 of the melting point (Tm) [7].  Due
to the use of nano-size particles LTJT is also known as nanocrystal-
enabled solid state bonding [18].

This review traces the early development of LTJT with micron-
scale Ag flakes. Early lessons from the formulation of the
micron-scale Ag paste and processing routes eventually led to the
development of nanoscale Ag pastes. Different processing parame-
ters affecting the mechanical properties like shear strength, tensile
strength, elastic modulus, fatigue properties of nano-Ag joints
are discussed. Key lessons are drawn from results related to Ag
nanoparticles used in LTJT and guiding principles are also taken
from related fields like Ag nano-ink of printed electronics and other
metallic or ceramic nanoparticles. This review is expected to be
useful to researchers who  are exploring nano-scale Ag pastes as
options for lead-free die attach materials.

2. Micron-scale Ag flakes

Early effort in the use of micron-scale Ag flakes as joining mate-
rials is led by Schwarzbauer and his team. Several patents have been
filed in the area of process, materials applications and component
level joining with the micron-scale Ag paste [13,19]. In general, the
processing steps are [13,20–22]:

1. Print the micron-scale Ag paste (Ag flakes, carrier and solvent)
on the board.

2. Preheat the micron-scale Ag paste to drive out the solvent.
3. Place the die on the dried Ag paste.
4. Sinter the die under pressure (9 MPa) and high temperature

(150–250 ◦C) to form the Ag bond.

Other researchers have applied and preheated this micron-scale
Ag paste on the wafer backside before the sawing and die-bonding
stage [23]. Another approach for applying micron-scale Ag paste
was  to create the microscopic Ag particles in situ for bonding by
reducing the Ag oxide chemically prior to die-bonding [24].

However, there were claims that the preheating stage can be
eliminated if a slow heating rate of less than 2 ◦C/min was main-
tained to reach the sintering temperature of ∼180 ◦C [25]. This
non-pre-heating approach was based on the sintering of Ag flakes
at their edges to form an extended network of metal flakes in the
absence of applied pressure [25]. Others also removed the preheat-
ing stage but sintered the micron-scale Ag paste in an oxidizing
environment at 300 ◦C [26]. Other used pre-sintered micron-scale
Ag laminates to enable bonding of electronic component at lower
temperature (150 ◦C) and pressure (30 MPa) [27].

These micron-scale Ag pastes consist of two main components

namely Ag flakes (diameters of ∼15 �m)[13,27] and solvents like
cyclohexanol [12,13], butanol [25], terpineol [28], or an ethylene
glycol ether [28] mixture of cyclohexanol–methanol [27]. In the
printed electronics industry metal-organic compounds like silver
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tearate or silver oxalate are often added to be decomposed to form
he silver bridge linking the micron-scale silver flakes [29]. Such an
pproach can also be used in the formulation of micron-scale Ag
akes as bonding materials but is not found in the literature.

Since this early success of micron scale Ag paste in component
evel mounting, there is an interest to use Ag paste to bond other
ilicon technology die to the substrate materials; aptly termed
s “die-bonding”. A good “die bonding” step must fulfil certain
equirements such as not transmitting destructive stress to the
ilicon dies during bonding and operation, ability to withstand
xtreme temperature without degradation in bonding quality, good
lectrical and thermal contact between the silicon die and substrate
aterials.

. Nano-scale Ag paste

In the development of ceramic or metallic nanoparticles, con-
olidation or compaction was always carried out before sintering
ut this processing route was only meant for making bulk materials
ith desired thermo-mechanical properties [14], not for bonding
aterials as described here.
Adaptation of this approach in nanoscale Ag paste is limited

nd may  result in undesirable effects. Compaction of these dried
nd porous nano-Ag pastes before sintering may  not be a feasi-
le approach to achieve higher densities because Ag nanoparticles
ave a large number of particle–particle contacts per unit vol-
me  which creates high internal stress [30]. This residual strain is

ikely to cause delamination between the dried nano-Ag paste and
he frame. On the other hand, foams of dried Ag paste have been
eported to adhere easily to smooth surfaces like silicon and poly-
mide [28] though the bonding requires other processing conditions

hich will be discussed later.
In general, the process steps of using nanoscale Ag paste were

uite similar to that of micron-scale Ag paste [31–34].  There were
lso some reports which describe a different approach compared to
icron-scale Ag sintering-eliminating the preheating stage before

he die attachment step [35–42].  The heating rate is very critical to
rive out the solvent and promote sintering simultaneously, details
f which will be discussed in later sections. Others applied and
aked this nanoscale Ag paste on the backside of the wafer before
ie bonding on the leadframe [43]. Another variation is to apply
nd dry the nanoscale Ag paste on the wafer and the leadframe to
nsure metallurgical bonding and mechanically stable anchoring of
he porous dried nanoscale Ag paste during die bonding [40,43].

Typically, nanoscale Ag paste is transferred to the substrate by
pray coating, foil transfer, dispensing [44], stencil or screen print-
ng [31] and dipping [43].

Each variation of the process steps mentioned earlier is expected
o influence the sintering mechanism and the final mechanical
roperties of the nano-Ag joint. These variations are expected to
ffect the two primary stages of joint formation namely the evap-
ration of solvent and the accessibility of oxygen to remove the
ispersant on the Ag nanoparticles to allow the sintering pro-
ess to proceed [35,45,46].  Some researchers introduced a third
tage in the process flow, adding a final burn-off of the higher
olecular weight binder system [47]. These different stages will

e discussed in detail in the subsequent section on factors influ-
ncing shear strength of nano-Ag joints. Depending on the type of
ispersant used in the Ag nanoparticle materials, exothermic peaks
ere detected between ∼220 ◦C and ∼280 ◦C during sintering of Ag
anoparticles. These peaks could be attributed to thermal events

uch as [48]:

. Crystallization and consolidation of the metal particles.

. Recrystallization of strained metal particles.
mpounds 514 (2012) 6– 19

3. Diffusion between unstable surface atoms on the nanoparticles
which leads to surface sintering.

4. Gas phase formation/evolution from the nanoparticles.
5. Oxidation of chemisorbed fatty acids (carriers or solvents) [31].

While each of these thermal events has equal probability to
cause the sintering of nanoscale Ag paste, its intensity may  differ
depending on the bonding routes described earlier, the materials
and physical properties of the Ag nanoparticles and type of disper-
sants.

Generally, there are three stages of sintering for nanopowders
although the morphological transition from one stage to another
is not always well defined [14,16,49].  In the initial stage of sin-
tering the adhesion mechanism, like surface diffusion, dominates
to produce necking at adjacent Ag nanoparticles [50] with a cor-
responding increase in mechanical strength [14]. At this stage
of sintering, the ratio of X/D is less than ∼0.3 where X is the
particle–particle neck size and D is the particle (grain) size [49].

In the intermediate stage the networks of interpenetrating pores
are shrinking in the radial direction with a concomitant increase
in density up to 90–92% of theoretical [14,49]. The “X/D” is more
than ∼0.3 at this stage of sintering [49]. In the final stage there
will be collapse of tubular pores to spherical pores [49]. Under the
right sintering conditions, all pores are eliminated [14]. For metallic
nanoparticles, the large shear stress at the curved neck regions also
generates dislocations which induce grain rotation which aids in
densifying the sintered nanoparticles [51].

3.1. Synthesis of Ag nanoparticles

The earliest record of producing unpassivated Ag nanoparti-
cles or colloidal Ag, as they were known, was documented by
Frens and Overbeek in 1969 based on the Carey Lea’s approach
of 1889 [52]. Since then, there have been numerous reviews on
the synthesis of Ag nanoparticles for diverse applications like elec-
tronics, green technologies, biomedical needs, etc. [53–55].  This
review gives a short summary of available techniques with empha-
sis on synthesis of Ag nanoparticles to formulate Ag paste for die
attach application. Generally, the Ag nanoparticles of sizes less
than 20 nm are precipitated from Ag salts to form agglomerates
with sizes ranging from 800 to 3500 nm [31]. Reducing agents like
ascorbic acid [40,56],  hydrazine monohydrate [57], sodium citrate
[58] or sodium citrate dihydrate [59], polyvinylpyrollidone [50],
ethylenediaminetetraacetic acid (EDTA) [60], sodium sulfite [61]
and sodium borohydride [62] were added into Ag salts like nitrates,
sulphates or chlorates or Ag–ammonia complexes [62]. The reduc-
ing reaction occurred in a polar solvent such as ethanol, methanol,
acetonitrile or tetrahydrofurane [40]. Condensation with a cen-
trifuge might be carried out after the reduction steps to increase
the concentration of the Ag nanoparticles [58].

Besides precipitation techniques, combustion chemical vapour
condensation (CCVC) also produced unpassivated Ag nanoparti-
cles from AgNO3 [48]. In the CCVC process, precursor containing
Ag-bearing chemical were dissolved in combustible fuel. The
Nanomiser® Device atomized this precursor into microscopic
droplets in an oxygen stream which were then combusted to pro-
duce the Ag nanoparticles. Others used a thermal decomposition
method to produce a passivating layer in situ by mixing and heat-
ing AgNO3 with fatty acids like oleic acid, stearic acid and myristic
acid in a nitrogen atmosphere [63]. Monodispersed Ag nanoparti-
cles could also be produced by reacting silver myristate or silver
tetradecanoate (C13H27CO2Ag) with a tertiary alkylamine like tri-

ethylamine [64] or trioctylamine [65]. This technique used the
carboxylate ligand precursor to prevent aggregation and control
the size distribution while the amine reduced amine-coordinated
intermediates to Ag nanoparticles [65]. The oxidation of long chain
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to be unsuitable because of its’ high temperature stability up to and
above ∼300 ◦C [45].
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lcohols with Ag2CO3 also produced passivated Ag nanoparticles
35].

.2. Composition of nanoscale Ag paste

The weight percentage of Ag nanoparticles in the nanoscale Ag
aste is normally above 50% with percentages as high as ∼70% [38]
r ∼80% [40]. This percentage will ensure its viscosity is suitable
or applying the die attach materials via screen printing or dispens-
ng methods. Unlike highly conductive epoxies, nanoscale Ag paste
orms an interconnect material of “100% Ag”.

Besides Ag nanoparticles, the main additives of nanoscale Ag
aste are dispersants, binders and solvents [16]. Most literature
reats the dispersant and binder as having the same functions and
ses the two terminologies somewhat interchangeably. Besides
ispersing the nanoparticles, binders have the additional function
f preventing cracking of the dried Ag paste during handling [16].
olvent is also added to the nanoscale Ag paste to adjust viscosity for
asy printing after the initial blend of Ag nanoparticles and binders-
ispersants are made. Examples of these additives are shown in
able 1 [66–68].

Dispersants, as shown in Fig. 2, consists of polar acids which
nchors on the Ag nanoparticles while the hydrophobic tails act
s spacers from adjacent particles [16]. This dispersant provides
teric resistance and decreases the system energy to prevent the
anoparticles from melting and self-sintering [69].

Experimentally, self-sintering of Ag nanoparticles (known as
submicron Ag”) at room temperature had been deduced with
eduction of surface area using BET adsorption isotherm as early as
984 [70]. However, aggregation or agglomeration of Ag nanopar-
icles can also contribute to the reduction of the total surface area.
n recent times, the emerging interest of printing electronic cir-
uits at room temperature spurred microanalytical activities in this
rea. HR-SEM (high resolution scanning electron microscopy) and
n situ TEM (transmission electron microscopy) analyses were able
o demonstrate self-coalescence of Ag nano-particle at ambient
emperature [71,72].

Aggregates and agglomerates of nanoparticles are differentiated
y the strength of the interparticle bonding [14]. Agglomerates can
e reverted to nanoparticles by ultrasonic or mechanical agitation
hile the same cannot be carried out for Ag aggregates.

The selection of a dispersant depends on the effectiveness in

ispersing Ag nanoparticles and reaching the desired sintering
emperature in the shortest time possible. Dispersants constitute
etween ∼1 and ∼15 weight percent of the total weight of passi-
ated Ag nanoparticles [33] although the percentage of all organics
 in the formulation of nanoscale Ag pastes [16].

in the paste could be as high as 22 weight percent [16]. It is
important to adequately protect these Ag nanoparticles from self-
coalescence until the sintering temperature is reached because
agglomeration or aggregation at lower temperatures will reduce
the driving force for densification during the sintering step.

Some dispersants like fatty acids with longer hydrocarbon
agents could disperse the Ag nanoparticles better than those with
shorter hydrocarbon chains [16]. Others specified the dispersant
from the perspective of molecular weight to be less than ∼250 g
which is a relatively long hydrocarbon [40]. Longer chain disper-
sants increase the steric repulsion because of unfavourable entropy
in the confined, highly curved spaces between Ag nanoparticles
[73]. The magnitude of steric repulsion was also affected by the
solvent used in the paste which influenced the radius of gyration
of these dispersant and other binders in the paste [73].

The targeted burnout temperature of the dispersant is directly
related to its boiling temperature. As shown in Fig. 3, the boiling
point of the dispersant is related to the number of carbons in the dis-
persant [16]. Hence, it is possible to choose a dispersant which will
decompose just below the sintering temperature of the nanoscale
Ag paste. In this respect, polyvinylpyrollidone (PVP) had been found
Number of Carbon Atoms

Fig. 3. The relationship of the boiling point of fatty acid versus their number of
carbon atoms.

Adapted from the Sigma–Aldrich websites [16].
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Table  1
Main additives of nanoscale Ag paste.

No Component Example

1 Dispersant/passivating
layer/organic shell/capping
agent

Menhaden fish oils [16,67], poly(diallydimethyl ammonium chloride) (PDDA) [16,67], polyacrylic acid (PAA)
[16,67],  polystyrene sulfonate (PSS) [16,67], triethylene glycol [32], methyloctylamine [40,56],  dodecylamine
[66],  hexadecylamine [33], myristyl alcohol [46], 1-dodecanol [35], 1-decanol [35] stearic acid, oleic acid,
palmitic acid [31], dodecanethiol [33]

yvinyl
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2  Binder Ethyl cellulose [68], pol
3  Solvents/thinner Isobornyl cyclohexanol 

xylene [40], ethanol [40

Therefore, an ideal dispersant possesses low binding energies to
g nanoparticles surfaces and a low boiling temperature to ensure

ts easy evolution. At the same time this dispersant must be stable
uring extended room-temperature storage. This dispersant ideally
ecomposes in a relatively narrow temperature band in a non-
xidizing environment below 300 ◦C. A non-oxidizing environment
s also preferred to avoid oxidizing the substrates and surfaces used
n die bonding.

In certain circumstances, additional surfactants such as BYK163
nd Dysperbyk 163 were added to disperse the Ag nanoparticles
33]. Then the mixture of different additives and Ag nanoparticles
ere mixed in a high speed mixer before ball-mill or 3-roll mill

nto a homogeneous phase [33]. Others used ultrasonic agitation
nd vacuum evaporation to mix  the nanoscale Ag paste [16].

Besides blending nanoscale Ag paste, others used Ag nanopar-
icles inks from printed electronics as bonding materials to form
ano-Ag joints [18]. Although nano-Ag inks have some similarities

n selection of dispersants and solvent vehicles with the nanoscale
g paste their final compositions are dissimilar [74]. In the liter-
ture, the nano-Ag ink is typically used to fabricate conductive
ines under pressureless sintering and seldom reported as die attach

aterials.
Due to oxidation, and in certain cases by formulation, Ag oxide

articles will be present in Ag nano-ink or nanoscale Ag paste
18,75,76]. Their effect on the bonding qualities will be discussed
n subsequent sections. Others include Ag2CO3 or silver lactate as
eactive materials to be decomposed to reactive Ag to fill the poros-
ty in the nano-scale Ag paste [41,76].  Such approaches have been
eported earlier to bind adjacent micron-scale silver flakes with sil-
er decomposed from metal-organic silver compounds like silver
-ethylhexanoate or silver oxalate [29].

Alternatively, Ag pastes containing exclusively silver com-
ounds like silver lactate or Ag2CO3 have been claimed to be a better
pproach to form interconnects than Ag paste mixtures of metal-
ic silver nanoparticles because the former has less problems of
gglomeration which generally increases the sintering temperature
76]. Compounds of Ag2CO3 have also been detected as residuals
uring processing of nano-Ag paste from AgNO3 and sodium cit-
ate [58] or even in the colloidal Ag particles produced from electric
park discharge technique [77].

Other impurities like copper, potassium and sodium are also
ypically found in the nanoscale Ag paste in the range of less than
000 ppm, although it has been reported on rare occasion that the
opper content may  rise to ∼2700 ppm [31]. Sodium or potassium
alts of the fatty acids which were used as lubricants for the milling
rocess, were also detected in the Ag paste [31]. These impuri-
ies did not appear to interfere with the bonding process [31] but
nstead it had been shown to improve bondability of the Ag paste
o the copper substrate [38].

. Mechanical properties
Unlike Sn–Pb solders, Ag joints do not suffer from room tem-
erature ageing because of the low homologous temperature of
0.3Tm. Sintered nano-Ag joints assume the melting temperature
 alcohol [16], polyvinyl butyral (PVB) [16,67], wax [16,67]
) [36], texanol [16,67], terpineol [16,40,41,67], butyl carbitol [33], toluene [33],
nol [40].

of bulk Ag (961 ◦C) after formation. Its low homologous tempera-
ture also results in insensitivity to strain rate and hence, creep is not
expected to have a marked influence on the mechanical properties
of the joint material at room temperature. However, reduction of
tensile strength for sintered bulk nano-Ag has been reported to be
significant at strain rate of 0.001%s−1 and testing temperature of
more than 120 ◦C [78].

4.1. Elastic modulus

Elastic modulus is the ratio of stress to strain in the elastic region
during a tensile loading. Elastic modulus is essentially independent
of small compositional or microstructural differences because it
depends predominantly on forces between atoms in the crystal lat-
tice. In the case of sintered Ag nanoparticles the microstructure and
composition is almost homogeneous except for residual dispersant.

In the literature, the elastic modulus (E) of free-standing sin-
tered Ag nanoparticles, as measured by tensile testing and dynamic
mechanical analyser, was reported to be ∼9 GPa [15] and ∼ 6–7 GPa
[78,79] respectively at room temperature. By comparison the elas-
tic modulus for sintered Ag nano-ink and sputtered Ag were
118 GPa [80] and 148 GPa [81] respectively (N.B. Elastic constant
of a typical bulk silver is 82.7 GPa [82].) The latter measurements
were carried out with a nano-indenter in compression mode. In the
case of free-standing sintered Ag nanoparticles, the sintering was
carried out when the nanoscale Ag paste was  constrained by a sub-
strate [15]. Hence, the test piece was likely to be more porous than
usual which further lowered the elastic modulus.

Besides the density of pores the ratio of “annular flaw size/pore
radius” also influences the elastic modulus of nanomaterial primar-
ily in compacted nanoparticles [83]. This concept can be traced to
the stress distribution at the sharp pore tip. A larger ratio implies
that the crack is longer and sharper resulting in a higher stress con-
centration. The joint will experience brittle failure in the absence of
any stress relaxation mechanism. However, a close examination of
published stress–strain curves of nano-Ag joints [84] showed the
minimum macroscopic yield before failure and localized yield as
exemplified by dimple formation on the fracture surfaces.

In the case of the shear modulus (G), values ranging from 0.4 to
0.6 GPa were derived from published shear stress–strain graphs of
nano-Ag sintered joints [84]. In a related study, if the sound wave
velocity measurement method was used to measure compacted
Ag nanoparticles (97% density), the effective elastic constant was
approximately 20% lower than those reported for polycrystalline
Ag ≈ 66 GPa (E) and ≈24 GPa (G) [30]. The researchers’ analysis
attributed the cause of this observation to the indirect influence of
internal stress in the Ag compact while dismissing the influence of
disordered interfacial structure and intergrain sliding in this com-
pacted Ag nanoparticle material. It should be mentioned that this
Ag compact was not sintered but merely compacted at 2.3 GPa.
In summary the modulus of printed and sintered Ag nanopar-
ticles (6–9 GPa) [15,78,79],  which are lower than moduli of typical
Pb–Sn, or Pb-free, solder joints provides good thermo-mechanical
properties during thermal cycling [85]. This low modulus is entirely
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ortuitous and a result of sintering of un-compacted Ag nanoparti-
les.

It is neither practical nor the aim of current research trends to
roduce a nano-Ag joint of 100% density because of the need to
alance the elastic modulus and other mechanical properties like
trength and fatigue properties [85]. High density Ag nanoparticles
ike those in compacted Ag achieving densities from 85% to 97%
re also likely to face grain-growth issues which reduce the good
echanical properties of nanocrystalline Ag [30,86]. Elsewhere, it

as been reported that nanomaterials with 90% density and open
ores morphology is the most convenient way to control grain
rowth in nanomaterials [7].

.2. Strength

There are two types of strengths: bulk sintered Ag nanoparticles
nd nano-Ag joint strength. Two possible loadings namely shear
nd tensile, are possible. Bulk sintered Ag nanoparticles can only be
ested in tension. This bulk strength forms the minimum strength
f the joints if the interfacial bonding with the substrate is high. In
ne study, the bulk tensile strength for Ag nanoparticles sintered at
80–300 ◦C was −43 MPa  [15]. Based on the published stress–strain
raph there was minimal strain hardening and the yield strength
as estimated to be 30 MPa  (0.02% offset) [15]. These tensile and

ield strengths are comparable to the tensile strength of Pb-free
olders reported in the literature [87].

However, the yield strength of sintered nano-Ag was compara-
ively lower than compacted Ag nanoparticles based on hardness
esting converted yield strength of about 200 MPa, based on the
ollowing formula: yield strength is ∼1/3 of the hardness (in GPa)
30]. This result is to be expected because of the higher porosity in
he sintered nano-Ag joint versus the compressive loading in the
ardness tester which tends to close the pores.

.2.1. Tensile strength
During tensile loading of a joint, the cross-section of the sam-

le contracts to maintain the volume of the Ag nanoparticles, and
oid volumes alter their shape accordingly. This contraction is con-
trained by the substrate which transfers the uniaxial tensile stress
nto triaxial stress within the joints [88]. The adjacent substrates
re still stressed within elastic range. As a result the joints will only
ail when they reach the brittle fracture stress point of the bonding

aterial. This transfer of stress will elevate the measured tensile
trength above bulk values of the bonding materials. Surprisingly,
hen the tensile strength of a nano-Ag joint [32] was compared to

hat of bulk sintered Ag nanoparticles [15], the tensile strength of
he former was lower than the latter. This difference is likely to be
aused by the efficient transfer of stress in brazed joints [88] com-
ared to the poorer transfer in the relatively low density sintered
ano-Ag joint.

As shown in Fig. 4, a higher sintering temperature produces a
oint of higher tensile strength [32,89]. A similar observation was
ecorded for the shear strength in Fig. 5 for joints which have been
abricated under similar bonding pressures [37,38,46,56]. A higher
ercentage of dispersant on the Ag nanoparticles will decompose
t a higher sintering temperature. This decomposition exposed the
npassivated Ag nanoparticles to neighbouring nanoparticles for
oalescence [32]. The resulting nano-Ag joint formed strong bonds
nd the fracture interfaces were reported to be cohesive failure
hrough the sintered Ag nanoparticles [32]. As shown in Fig. 4,
he joint design also influences the increase of tensile strength at
imilar sintering temperatures [58]. Hu’s design of using Cu wire

onding to Cu pad design resembled mixed “tensile-shear” stress
58] instead of the relatively “pure” tensile stress used by Akada
t al. [32] and Hirose et al. [89]. Their dispersant chemistries are
lso likely to be different and its influence on the tensile strength
Fig. 4. Tensile strength of Ag nanoparticles joints on copper (Cu) and gold (Au)-
plated substrates at 5 MPa, 5 min  [32,58,89].

will be discussed later. It should be noted here that when the sinter-
ing temperature of nano-Ag paste, used by Hu et al., was increased
to 250 ◦C, the failure interface shifted to substrate breakage instead
of joint failure [58].

There is some speculation that the decomposition of Ag oxides
to Ag also contributes to the sintering process at higher bonding
temperatures. Different decomposition temperatures of Ag oxides
such as 210 ◦C [75], 250 ◦C [86,90], 280 ◦C [18], 330 ◦C [91], 385 ◦C
[92], 454 ◦C [93] have been reported in the literature. The exact
decomposition temperature and mechanism of Ag oxides to Ag
depends on several factors like the preparation method of the
Ag oxide particles, different analysis methods, mechanical ageing
conditions, partial pressure of gases like oxygen or CO2 [92–94].
Regarding testing methods, dynamic heating methods with differ-
ential scanning calorimetry (DSC) and thermo-gravimetric analyser
(TGA) normally produces a higher decomposition temperature, as
much as 50 ◦C more than isothermal heating methods, which is
Fig. 5. Shear strength of Ag nanoparticles joints for bonding in ambient atmosphere
for  Ag nano-particle size between 8–11 nm using “double-copper disc” configuration
[37,38,46,56].  Note: “250 ◦C”, “300 ◦C” and “350 ◦C” refer to the sintering tempera-
ture for this joint.
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which showed that nanoparticles will assume the melting temper-
ature of bulk Ag properties at sizes larger than approximately 85 nm
[50].
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An examination of published DSC and TGA data of Ag
anoparticles did not reveal any thermal activity related to the
ecomposition of Ag oxides in the temperature range above
350 ◦C [31,48,56,68,89]. Hence, the influence of decomposition
f Ag oxides, if any, on the sintering of Ag nanoparticles is likely
o be minimal. Silver nanoparticles, per se, had also been reported
o reduce the burnout temperature of the binder to a range below
350 ◦C [68].

.2.2. Shear strength
The loading for die attach application is often in shear mode

uring thermal cycling. Microscopically, yielding mechanism of a
etallic system like sintered Ag nanoparticles is crystal planes slip
hich is controlled by shear stress. In shear loading, deformation

ccurs within the bonding material which is likely to produce more
epeatable results. However, deformation during sample prepara-
ion could introduce a tensile mode into the pure shear loading
esulting in a saturation of the maximum shear strength at values
ower than the actual strength, to approximately 40 MPa for one
articular joint design reported in [95].

The most common approach adopted to measure the shear
trength of nano-Ag joint is to use a fixture similar to a commercial
ie shear tester to shear a “square/rectangle” bonded onto a frame,
r two coins with “face to face” bonding. This tester consists of an
nstrument to apply the load with a contact tool to shear the “sili-
on die” at lift-off offset from the joining substrate. This approach
equires the contact tool and dies to be kept parallel to each other
o avoid cracking the dies before shearing occur. Another concern
ith such a die shear tester is the lift-off offset from the joining

ubstrate. Current approach normally uses this joining substrate as
he datum but uneven thickness of the nano-Ag joint can result in
eeling of the die attach materials. Several standards like IPC-TM-
50 and MIL-STD 883 provide some guidelines for die shear testing
nd loading.

A single lap shear joint has also been reported to measure
he shear stress of nano-Ag joints [44,68],  but it suffers from
he addition of a bending component. The bending introduces a
eeling stress into the total stress measurement which thereby
nderestimates the actual shear stress. The length of joint overlap
lso influenced the measured shear strength [88]. With increasing
ength of overlap, the shear strength was found to decrease because
he central portion of the joint sustained little or no stress, while
tress was concentrated at both ends. Such geometric factors must
e taken into consideration when comparing results from different
ources.

.3. Factors affecting the bonding strength of nano-Ag joints

.3.1. Bonding pressure
The influence of bonding pressure on the shear strength is illus-

rated in Fig. 5 for shear testing on copper substrates. Besides
he results for a sintering temperature of 250 ◦C, it is apparent
rom Fig. 5 that increasing the bonding pressure will result in
igher shear strength for nano-Ag bonded with copper substrates
37,38,46,56]. A similar trend was reported for joints formed on
g-plated substrates [68].

When pressure is applied during sintering, the hydrostatic pres-
ure and shear stress build-up in the nano-Ag joint is similar to
hat built-up in sinter forging of nanocrystalline ceramics with-
ut die (no lateral constraints) [49]. The hydrostatic component
ncreases the average number of contacts between Ag nanoparti-
les to increase the sintering rate [68,95]. If the amount of pressure

s sufficiently high, the induced shear strain will also tend to close
he pores and align the grains similar to those reported in nanoce-
amics [49]. As a result the path for diffusion and the driving force
or sintering also increase concomitantly [68,95].
mpounds 514 (2012) 6– 19

However, most published results in literature, including those
reviewed here, show extensive porosity suggesting that pressure
and other sintering conditions like temperature and time were
not consolidating the nano-Ag to a high density. Earlier in Section
4.1, the author has discussed the need to have a porous nano-Ag
joint with lower elastic modulus for enhanced reliability in ther-
mal  cycling application. In this section, sufficiently high density is
needed to achieve reasonable strength to meet the loading require-
ment of the nano-Ag joint. Hence, a balance must be struck between
these two objectives.

In Fig. 5, the sintering pressure for various bonding experiments
was  applied for duration of 150–300 s. During this time it is likely
that the higher pressure is only effective if an elevated temper-
ature, higher than 250 ◦C to oxidize the dispersants, is achieved.
Similar observations of “high temperature to achieve better sinter-
ing properties” have been reported for nano-ceramic system like
trialuminides [96].

In order to ease the automation of die-bonding, there have
been several attempts to sinter the nanoscale Ag paste without
the addition of pressure [35,39,68].  Such approaches are known
as “pressureless sintering” in the field of nanocrystalline ceramics
which typically control sintering schedules like sintering/heating
rate and combined-stage sintering [49]. Some of these approaches
have been adopted in forming nano-Ag joints, and will be discussed
later [39,68].

Although the shear strengths for pressureless sintering were
adequate, i.e. 11–12 MPa, the fracture surface suggested uneven
bonding with weak spots scattered on the joining areas [35]. In the
absence of applied pressure the sintering mechanism was likely to
be assisted by liquid capillary pressure from the “molten” surface of
the nanoparticles [36]. The melting temperature of Ag nanoparti-
cles with a dimension of 2.3 nm can be as low as ∼360 ◦C [97] while
its surface may  melt at lower temperatures [98]. In situ TEM study
showed that melting occurs between adjacent Ag nanoparticles at
dimensions of between 15 and 40 nm at temperature of 400 ◦C [99].
In a related study when Ag nanoparticle sintering was treated as a
liquid-state phenomena based on a Debye model with Lindemann’s
Law, the theoretical melting temperature was  modelled as shown
in Fig. 6 [50]. This model agreed with the experimental results
Particle Radius (nm)

Fig. 6. Theoretical prediction of size-sintering relationships for Ag nanoparticles
[50].

Reprinted with permission.
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In pressureless sintering, van der Waals force also play a role in
he adhesion of nanoscale Ag paste to the substrate at the nanome-
er scale [75]. Van der Waals forces attracted the Ag nanoparticles
o the substrate which resulted in deformation and an increase of
urface areas [75]. Based on the assumption of similar elements
n nanoparticles and contacting surfaces, the van der Waals force
FvdW) can be calculated with the following equation [73]:

vdW = − AR

6D2

here A is the Hamaker constant (1 × 10−19 J); R is the nanoparticle
adius (20 × 10−9 m);  and D is the distance between the nanopar-
icle and the surface (0.2 × 10−9 m).

Based on the above typical values to simulate close contact, the
an der Waals force comes to 8 × 10−9 N per nanoparticle. This
orce is quite sizable although this calculation has not taken the
anoparticle-to-nanoparticle interactions and the applied pressure

rom sintering into consideration. Additional surface area from this
eformation increases the van der Waals force to attract more Ag
anoparticles to the surface for the sintering process [75].

In another study, applied pressures as low as 5 MPa were found
o increase the shear strength as much as fourfold compared to
ressureless sintering for a typical sintering temperature of 275 ◦C
68]. In this case, it is likely that “5 MPa” is the threshold stress for
article size of ∼30 nm [68] although this can only be confirmed
y the measurement of density in the sintered nano-Ag joint. The
pplied pressure for a nano-Ag joint is typically less than that used
n sintering of micron-scale Ag particles which requires 10–40 MPa
6].

Threshold stress depends on the particle size because of the
ncreasing contribution from the surface curvature of the particle
s it becomes smaller as shown in Fig. 7 [100]. It is likely that there
s a change of the diffusion mechanism to the more particle-size
ensitive, diffusional creep, when sintering pressure is increased
101].

Besides the curvature of nanoparticles other processes which

ay  contribute to the densification are stress-assisted diffusion,

ore curvature driven diffusion and strain controlled pore closure,
hich have been reported for other nanoparticles [14]. However,
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ig. 7. Driving forces for nanopowder consolidation as a function of grain size [100]
reprinted with permission). Note: It should be noted that grain and particle size can
e  used interchangeably in Fig. 7 for the understanding of driving force to sintering
lthough they do not refer to the same concept in the larger embodiment of liter-
ture. In general, there are two types of nanocrsytalline materials: single grains of
anometer size also known as ‘nanoparticles” or “crystallites” [14], or larger particles
ontaining grain sizes of nanometer dimension.
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such mechanistic study is lacking in the literature for Ag nanopar-
ticles and deserves further attention.

4.3.2. Sintering temperature
As discussed earlier in Section 4.2.1 on “tensile strength”, an

increase of sintering temperature will also increase the bonding
strength because of increased decomposition of the dispersant
which allows coalescence of Ag nanoparticles. Hence, the stabil-
ity of dispersant plays a critical role in joint formation [45,56]. In
one study, the bonding process of nano-Ag paste is modelled into
two  steps:

1. Detachment of dispersant which is related to the binding ener-
gies of functional groups facing the Ag surfaces (Eb).

2. Evaporation of the detached dispersant which is related to boil-
ing point of the molecules forming the dispersant (Ev).

The total energy to remove the dispersants depends on the
multiplicative sum of two  factors (Eb + Ev) and the density of the
molecules on the Ag surface (D) [56]. These factors were inves-
tigated experimentally with primary and secondary amines of
different chain length as dispersants.

These researchers found that secondary amine-passivated Ag
nanoparticles with shorter chain lengths produced higher die shear
strength than with primary amine-passivated Ag nanoparticles in
agreement with its quantum chemical prediction [56]. This quan-
tum chemical calculation further postulated that dispersants with
functional groups like thiol and carboxylic acids possess higher
binding energies on Ag nanoparticles than those amine groups
which would hamper their detachment during sintering [56]. How-
ever, comparison of shear strengths between carboxylate [35] and
amine passivated [56] Ag nanoparticles from different researchers
showed otherwise. This difference between theoretical and experi-
mental results can be attributed to the higher sintering temperature
of carboxylate-passivated Ag nanoparticles at 300 ◦C [35] versus
250 ◦C [56] for amine-passivated Ag nanoparticles of equal size.

4.3.3. Nanoparticle size, distribution and morphology
Besides the sintering temperature and pressure, effective sin-
tering of Ag nanoparticles also depends on the particle size as
shown in Fig. 8 for sintering at 300 ◦C [18,39,46].  As shown in Fig. 8,
Ag nanoparticles of 11 nm have a shear strength six times larger
than those produced from Ag particles of ∼100 nm dimensions
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Fig. 8. Shear strength of Ag nanoparticles joints for bonding Ag or copper (Cu) sub-
strates in ambient atmosphere for Ag nano-particle size ranging from 8 to 100 nm
at  sintering temperatures of 300 ◦C [18,39,46].  Holm et al. used Ag nano-ink in their
work.
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46]. The reason was attributed to bonding interfaces: Ag particles
∼100 nm)  were merely anchored without chemically bonding to
he copper substrates. On the other hand, Ag nanoparticle joints
11 nm)  fractured cohesively within the Ag joints instead of general
dhesive failure at the Ag–Cu interface [46].

This trend is also supported by a study which showed that
he densification rate of 30 nm Ag nanoparticles was  substantially
igher than those of 100 nm Ag nanoparticles [47]. The driving force

or sintering can be significant for smaller diameter particles with
reater curvature as discussed earlier in Fig. 7.

If the influence of sintering temperature is considered together
ith particle size the results may  not be straightforward. In one

tudy, room temperature sintering has been demonstrated with a
hear strength of more than 8 MPa  for diameters of Ag nanopar-
icles of 8 nm [84]. In another study Ag nanoparticles of 20 nm
howed sintering behaviour at temperatures as low as 150 ◦C [48]
lthough detectable bonding strength required sintering temper-
tures of 250 ◦C [32]. Others reported shear strengths of Ag joints
xceeded the substrate strength when Ag nanoparticles of 50 nm
ere sintered at 160 ◦C for 30 min  under pressure of 5 MPa [59].

here are many differences between these results including the
ensitivity of the equipment to detect the bonding strength and
esting configuration of the joints which overwhelm the influence
f Ag nanoparticle size in the joint formation.

The measurement of grain (particle) size has also been a sub-
ect of controversy because of different methods (TEM versus XRD)
nd XRD protocols such as Scherrer and Warren Averbach used
7,102]. Good agreement can be found between these methods
nder certain circumstances like monodispersed and strain-free
rain (particle) size. This important issue is often overlooked in
ublished results and may  hamper comparison between different
esearchers.

Besides particle size, other physical properties of Ag nanopar-
icles which influence the bonding properties are particle size
istribution and particle morphology [31,103]. These factors affect
he packing density of Ag nanoparticles which thereby affects
he final density and strength of the nano-Ag joint. A larger
istribution of particle sizes and different particle morphologies
emonstrates better sintering properties which results in higher
onding strength [31]. Many researchers mixed micron-scale Ag
articles with nano-Ag to produce denser joints [35,36,50,104].  In
ddition, micron-scale Ag particles have lesser amounts of disper-
ant and solvent associated with the lower surface-area-to-volume
atio compared to Ag nanoparticles.

In the context of particle morphology Ag nanorods (length
8 �m and diameters of 70 nm)  produced joints with lower shear

trengths than that of Ag nanoparticles [103]. The researchers did
ot postulate any possible reasons but it was likely to be caused by
he inability of the nanorods to form a compact and dense joint.

.3.4. Heating rate
Closely related to sintering temperature is the heating rate

f the nanoscale Ag paste up to the final sintering temperature.
 fast heating rate to a high sintering temperature promoted a
ense structure [39]. It should be mentioned here that surface
iffusion is the dominant mechanism for low temperature sinter-

ng while grain boundary or lattice diffusion dominates the high
emperature sintering of nanopowders [14]. A high heating rate

inimized aggregation of nanoparticles during the ramp-up to the
igh sintering temperature [68]. When nanoparticles aggregated or
gglomerated into a larger effective radius, higher sintering tem-
eratures were required to reach the equivalent higher relative

ensity [105]. The latter example is based on titania nanoparticles
ut the same principle is expected to govern the sintering mech-
nism of Ag nanoparticles. Unlike sintering of bulk ceramics, Ag
anoparticles did not face the issue of low heat transfer during
mpounds 514 (2012) 6– 19

high heating rate because of its high thermal conductivity which
heated the entire printed/dispensed area almost instantaneously
(phonon-limited transfer).

On the other hand, the heating rate should be low enough
to allow the adequate outgassing of the solvent without disrupt-
ing the bond line thickness of the nanoscale Ag paste. A rate of
∼10–20 ◦C/min appears to be the optimum heating rate for some
researchers [39] although others have used higher heating rates
of 60 ◦C/min [46]. The latter investigation imposed a constant
pressure of 1–5 MPa  during the bonding process to ensure the
outgassing solvent did not lift the dies during sintering [46]. In a
mixture of Ag micron-sized and nanoparticles, liquefaction of Ag
nanoparticles was observed near the contact areas of adjacent par-
ticles when the heating rate was carried out at 10 ◦C/min [50]. Such
thermal transition stress induced macroscopic cracks [50] which
could delaminate the nano-Ag from the surfaces.

Another approach to reduce the heating rate for sintering is to
introduce a separate drying profile, e.g. sequentially higher temper-
atures of 50 ◦C, 100 ◦C and 180 ◦C, before the sintering step [106]. In
the case of large bonding areas, e.g. 25 mm2, a double-print process
was  used which involved an interim step of drying the nanoscale Ag
paste before applying a second layer of nanoscale Ag paste before
final steps of die attaching [106]. This variation in process steps
would ensure complete outgassing of the solvents from the paste
which might otherwise disrupt the sintering process.

4.3.5. Dimension of bonding area
Besides the heating rate, the bonding area dimensions also

influenced the nano-Ag joint shear strength. Using a die-shear con-
figuration, it was  reported that the shear strength decreased as
much as 30% for an increase of bonding area from 3.9 mm2 to
5.4 mm2 [107]. There is an increased risk of solvents unable to
escape from inner areas of the bonding interfaces with an increase
of bonding area. Subsequent sintering temperature, which is typ-
ically higher than the preheating temperature, will cause violent
outgassing which interferes with the sintering process. Oxygen
takes a longer diffusion path to inner die area to oxidize the dis-
persant. Such lack of sintering at centre of the bonding areas has
been reported elsewhere [18].

Microstructure studies of sintered nano-Ag joints also sup-
ported these proposed mechanisms [95]. An air-sintered nano-
scale Ag paste under a chip looked similar to the surface of an
exposed nano-Ag sintered under a nitrogen environment [95]. This
discussion on “out-diffusion of solvent and in-diffusion of oxygen”
suggests that the thickness of the nanoscale Ag paste in the man-
ufacture of the bond is also likely to play a role in controlling the
strength of the joints though this factor is not actively researched
in the literature. The main reason for lack of interest in this area
because die attach thickness is governed by other electrical and
thermal conductivity consideration.

As mentioned earlier oxygen is needed during sintering of
nanoscale Ag paste to fully oxidize the dispersant derived from
fatty acids on the Ag nanoparticles [35,45,46].  Hence, it is expected
that nano-Ag joints produced in an ambient environment possess
consistently higher strength than those produced in a nitrogen
atmosphere.

4.3.6. Bonding substrate
The foregoing discussion has been primarily dealing with intra-

particle cohesion via various mechanisms of sintering. An equally
important aspect to determine the strength of the joint is the adhe-
sion strength of the Ag nanoparticles on the bonding substrate

surface. One group of researchers demonstrated that the ambient
environment sintering of nanoscale Ag paste produced lower die
shear strength than those sintered in a nitrogen atmosphere [35].
They attributed this result to the oxidation of the copper substrate.
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thers reported that this oxidized copper layer did not interfere in
he formation of Cu–Ag inter-diffusion layer which is the key to a
trong joint [75]. A partial oxygen pressure of 0.08 atm was  consid-
red optimum to oxidize the dispersant while preventing excessive
xidation of the copper substrate [108].

As demonstrated in Figs. 4, 5, 8 and 9, Ag nanoparticles have been
uccessfully used as bonding materials on different surfaces like Au-
lated copper, Ag plated with and without nickel diffusion barrier
lating, and bare copper. As expected, nano-Ag paste bonds easily
n Ag-plated substrate because the chemistry is the same across
he interface, and the lattice constant is similar between substrate
nd paste. Due to similar atoms between paste and substrate, it is
ot possible to track the diffusion of Ag atoms from Ag paste into
he Ag plated substrate.

In the case of a sputtered Au coating the diffusion distance of Au
nto Ag joint reached a distance of 300 nm [37]. The oxidation-free
urfaces and comparable lattice constants of Au and Ag eased the
onding process with Ag nanoparticles [32]. The crystal orientation
f Ag atoms and Au atoms suggested quasi-epitaxial growth of Ag
n the Au substrate [32,109]; silver and gold are completely misci-
le couple. Epitaxial growth will reduce the overall energy of this
onding process. Others reported that higher sintering tempera-
ures are required for bonding on Au-plated substrates to achieve a
omparable strength to a Ag plated substrate [110]. A likely reason
s the need to have additional energy, i.e. thermal energy, to over-
ome the higher activation energy for inter-diffusion of Ag atoms
n dissimilar materials.

Good bonding results for copper substrate were generally aided
y the surface preparation methods which removed copper oxides
rom the substrate with diluted nitric acid [84] or hydrochloric acid
37,38,46,63] prior to applying nanoscale Ag paste. The thickness of
aturally occurring copper oxides varied from 23 to 147 nm [111].
here were also some speculations that the decomposition of the
ispersant deoxidized the oxide film on the copper surfaces for the
onding process [37,38,46].

Compared with a Au plated substrate, the Cu–Ag diffusion layer
rom Ag nanoparticles, on the copper substrate lacked the epitaxial
ormation in Ag–Au surfaces because of difference in lattice con-
tants and electrochemical differences; copper (0.3615 nm), gold
0.4079 nm)  and Ag (0.4086 nm)  [32]. The percentage of diffusing
opper in Ag joints were found to be less than 4 weight per-
ent at 10 nm from the Ag–Cu interface [32]. Other researchers
howed that these Ag nanoparticles wet the Cu substrate and form
pitaxially oriented islands by grain boundary migration upon
nnealing at 100 ◦C [112]. A contrast belt of less than one nm was
lso reported in the bonding interface of Ag–Cu substrate [58].
hese observations suggested that a metallic bond was formed
etween silver atoms on copper substrates despite the lattice mis-
atch between Cu and Ag [58]. These researchers attributed the

ifferences in interfacial properties to the thickness and compo-
ition of dispersant [58]. There was also some success reported
or bonding of nano-Ag with bare nickel as a joining substrate
37]. Less success was reported for the bonding of nanoscale Ag
aste on aluminium and titanium because of their stable surface
xides which could not be reduced by decomposition of the dis-
ersants on Ag nanoparticles [37]. The shear strength results of
ano-Ag bonding with nickel substrates were better than those
f Al and Ti, but only ∼50% of the copper substrate bonding
trength [37].

Amongst the different substrates, bonding on copper substrate is
ikely to be gaining more interest in the future because many elec-
ronic packaging schemes tend to favour bare copper leadframe
ver Ag plated leadframe. Consistent bonding results on copper
ubstrate are still lacking but one notable approach reported in

iterature will be exploiting on the decomposition of organic Ag
ompounds like Ag2CO3 to bond on copper surfaces [76]
plating Ag layer.

4.3.7. Sintering time
Another factor which strongly influenced the shear strength is

the sintering time. Based on Fig. 9, an increase of sintering time
leads to an increase in shear strength regardless of the joint design
[39,68,95,113]. The mechanism is likely to be similar to an increase
of sintering temperature which exposes more unpassivated Ag
nanoparticles for sintering with adjacent nanoparticles with an
increase in time. Sintering is a diffusion-controlled mechanism
which depends on time for progress. In the presence of applied
pressure as shown in Fig. 9, the trend of increasing shear strength
with increase of sintering time remains but the absolute values
of those with pressure are higher than those without pressure.
Applied pressure increases the number of contact surfaces between
adjacent Ag nanoparticles to form strong bond.

The influence of sintering time must also be taken together
within the context of the targeted sintering temperature. At
higher sintering temperatures the densifying mechanisms like
grain boundary and lattice diffusion will be operating to densify
the nano-Ag joint [47]. If the sintering temperature is too low, fur-
ther heating will only result in grain growth instead of densification
which naturally leads to lower shear strength.

However, the optimum duration of sintering varies between
different nanoscale Ag pastes and joint design. In one study, the
optimum shear strength of 17–18 MPa  was  reported after 60 min  of
sintering time [39]. Using similar nanoscale Ag pastes, an increase
of 30% in shear strength to 40 MPa  was measured when the sinter-
ing time was increased from 5 to 60 s [95]. During this period the
density of the nano-Ag joint increased from 68% to 75%. By compar-
ison, the initial 5 s of sintering was  sufficient to increase the density
from 45% to 68% with a corresponding increase of shear strength
from 23 MPa  to 30 MPa  [95]. This rapid sintering within the first
few seconds suggested that the coalescence of Ag nanoparticles
occurred as soon as the dispersants were oxidized under heat and
pressure [95]. This fast sintering has also been predicted by Monte
Carlo simulation methods with tight binding many-body potentials
for sintering of two Ag nanoparticles [58].

Even short duration heating of less than a minute during testing
was  also found to increase the tensile strength of the nano-Ag joint
because of continuing coalescence of Ag nanoparticles to neigh-
concentration of crystal defects was  reduced and the macroscopic
flow of materials increased the nano-Ag density [39].
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High temperature storage testing of sintered nano-Ag joints
ith Ni–Ag plated substrate at 200 ◦C also resulted in an increase of

hear strength up to 500 h [113]. When these nano-Ag joints were
tored for another 500 h at 200 ◦C, the shear strength remained sta-
le. The researchers speculated on several possibilities including
he diffusion of the nickel layer into the porous Ag layer to reduce
ny further increase of shear strength with prolonged ageing time
113].

In their report, the microstructure of nano-Ag joint showed
oarser structure and larger pores with increasing ageing time
113]. The authors did not comment on the ratio of “annular
aw size/pore radius” but annealing at 200 ◦C could reduce this
atio to improve the mechanical properties. A likely mechanism
s surface diffusion which has been reported to be the dominant

ass transport mechanism for grain growth in sputter-deposited
anocrystalline Ag [114]. Such an annealing approach has been car-
ied out on compacted nanocrystalline copper albeit at a lower
emperature of 150 ◦C for nine hours to improve its mechanical
roperties [115].

An important aspect which is seldom mentioned in the nano-Ag
oint is the grain growth during sintering. Compacted Ag nanopar-
icles of different density from 85 to 95% exhibited abnormal grain
rowth at 190–210 ◦C when investigated by dynamic heating meth-
ds such as DSC [86]. High temperature annealing studies of 30 min
ut the grain growth temperature for this compacted Ag nanopar-
icles (density of 97%) at 150 ◦C [30]. The range of densities were
lightly higher than those reported for sintered nano-Ag joint at
5–90% density [95]. Examination of sintered nano-Ag joints did
ot reveal any well-delineated grain size. It is likely that the poros-

ty played a critical role in preventing any grain growth for this
intered nano-Ag.

Inherently the joints made from Ag nanoparticles are more sta-
le than lead-free or Sn–Pb solder because the former assumes the
hermal stability of Ag which has a low homologous temperature
f 0.3. This thermal stability was also demonstrated by a stable
lectrical resistivity when operating at above 500 ◦C [15].

.4. Thermal fatigue properties

In the public literature, there are some limited thermal cycling
esults of microelectronic packages produced with Ag nanopar-
icles as the die bonding materials [35,36,85,116].  These limited
tudies demonstrated the ability of nano-Ag joint to operate in ther-
al  cycling application, often multiple times better than typically

rocessed Sn–Pb solder joint. The following paragraphs describe
hese experiments in greater details and different factors influenc-
ng its performance in thermal cycling environment.

In one study, nano-Ag joints with passive dies passed 800 cycles
f temperature cycling (TC) (−40 to 125 ◦C) without any significant
hanges in the microstructure and/or cracks [85]. The researchers
ttributed these good mechanical properties to the plastic defor-
ation of the porous sintered Ag nanoparticles which absorbed

he thermal stresses. Although porosity is not mentioned as con-
ributing factor by the author [85], pores are known to minimize
rain growth which is detrimental to the mechanical properties of
anomaterials [101]. However, it should be mentioned that this
xperiment used a less stringent temperature cycling test com-
ared to those described in the following TC test (−55 ◦C to 175 ◦C).

In separate study with similar nanoscale Ag paste but with dif-
erent processing parameters, sintered nano-Ag joints proved to
e more reliable than Sn–Ag–Cu alloy and Pb–5Sn alloy in ther-
al  and power cycling tests [116]. These researchers attributed
he good property of sintered joints to the high density, high joint
trength and high elastic strain which led to slower failure as per the
offin–Mason law. According to this model and Suhir’s, the lifetime
f Ag sintered joints was 4000× longer than typical solder joints.
The values for VF and �VF are normalized by thermal resistance for Pb–5Sn solder
at  zero thermal cycle [35].

Reprinted with permission.

In another Ag sintered nano-joint study with live devices as
shown in Fig. 10,  there was no changes in the electrical resistance
(VF) for joints sintered in N2 after 3000 cycles [35]. Air-sintered
nano-Ag joints appeared to be less reliable with a sharper increase
in thermal and electrical resistance for joints made from C10Ag but
a more moderate increase in the C12Ag paste. It was suggested that
the beneficial effect of sintering in air which involved rapid oxida-
tion of dispersant was offset by oxidation of the copper substrate.
Another possible reason which was  not raised in the paper is the
composition of the Ag paste. C10Ag andC12Ag had weight percent-
ages of 84% and 60% of 0.4 �m-scale Ag particles. The beneficial
effect of sintering in air may  not be substantial because of the high
percentages of micron-scale Ag particles in these pastes.

4.5. Recent innovations in LTJT
In recent times, there are many innovations in LTJT to improve
the adoption by industry such as in the area of applying the nano-Ag
on designated area and the materials properties.
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In the area of applying Ag nanoparticles in the joint area, there
re some recent innovations. Similar to reactive inkjet printing,
g nanoparticles can be formed in situ in the joining area by the
eduction of Ag2O with triethylene glycol at a decomposition tem-
erature between 130 ◦C and 160 ◦C [89]. These newly formed Ag
anoparticles sintered and the joint strength improved to ∼60 MPa
hen further heated up to 250 ◦C [89]. In reactive inkjet print-

ng, AgNO3 and reducing agents like ascorbic acid are printed
onsecutively for in situ formation of Ag nanoparticles to build
n interconnect structure [117]. Such approaches provide another
oute for forming nano-Ag joints without resorting to printing or
ispensing of nanoscale Ag pastes. In the absence of heat used to
orm the Ag joints, dispersants like dodecylamine could be removed
y methanol to affect the coalescence of Ag nanoparticles [84,118].

In another approach, Ag nanoparticles are precipitated on
he joint area via vaporization and condensation in a precipita-
ion chamber filled with helium [119]. Then, these nanoparticles
ere pre-sintered at 120–350 ◦C before bonding at 9 MPa  and

80–250 ◦C. Some processing details may  be missing from
his disclosure because self-coalescence would increase the Ag
anoparticle size to the micron range in the absence of a passi-
ation step which would surely increase the sintering temperature
o more than 250 ◦C.

In the area of materials development different core–shell alloys
ike Cu–Ag [120] or Ni–Ag are used to form the nano-Ag joint
nstead of pure Ag nanoparticles [34]. This approach is expected
o further improve the mechanical and electrical properties of the
oints. A similar objective could be achieved by mixing copper par-
icles, as much as 2700 ppm, into nanoscale Ag pastes [31]. Copper
anoparticles improved the bondability of nano-scale Ag paste to
opper surfaces by forming a nanostructural solute solution [38].

Others added diamond particles into the Ag nanoparticles to
etter match the coefficient of thermal expansion (CTE) with sil-

con die and improve the thermal conductivities [28,121]. Silicon
arbide particles were also added to the nanoscale Ag paste for
he same reason [28,122]. The linear CTEs of silicon, silicon carbide
nd diamonds at 20 ◦C are 3.0, 4.4 and 1.0 (10−6/◦C), respectively
123,124]. In the presence of these different nanoscale materials,
ifferent intermolecular forces like van der Waals, electrostatic,
teric, etc., are expected to play a role in the formulation of the
aste and eventually affecting the mechanical properties of the

oints. Although unlikely to happen attention should be paid to
ny detrimental phase transformations which might occur within
he operating temperature range to reduce the good thermal or
hysical properties of these additives.

.6. Future challenges in LTJT

LTJT using nano-Ag has achieved great strides in the materials
ormulation and application but wide spread adoption of this tech-
ology is likely to face environmental challenges. Nano-Ag is toxic
o many micro-organisms including those which are ecologically
elevant species [125]. The use of Ag nanoparticles will be severely
urtailed if these studies show that they are indeed detrimental to
he environment [126].

The commercialization of nano-Ag as LTJT material also faces
he challenges of escalating price of Ag flakes and powders because
uppliers typically include the Ag base metal price as part of their
osting. This trend prompts the development of mixed nanopar-
icles like Cu–Ag to reduce the percentage of Ag loading [38] or

ixing with micron-scale Ag particles which cost only one tenth
f Ag nanoparticles [35,36,50,104] or alloying with other elements.

he alloying approach has the added advantage of reducing silver
igration reported in the literature recently [90,127]. The litera-

ure on these mixed Ag particles is less widely available. Although
hese initial studies on mixed Ag particles are encouraging, more
mpounds 514 (2012) 6– 19 17

confirmatory work is needed to fully understand the sintering
mechanism and formation of additional phases for mixed elements
which may  occur under an applied pressure.

Even in the pure Ag nanoparticle, there is still some knowledge
gaps in the area of mechanical properties of nano-Ag joint such
as thermal fatigue properties with only four studies found by the
author in the literature. Theoretical understanding of microstruc-
tural evolution (such as coarsening and closure of porosity) during
formation of nano-Ag joint is somewhat lacking though they
are expected to be the same as sinter forging of other metal-
lic nanoparticles. These densification mechanisms are different
from pressureless sintering. Currently, most studies are directed
at demonstrating the feasibility of using nano-Ag as interconnect
materials, as opposed to the long-term behaviours in the field.

Another challenge facing the nano-Ag is the lack of produc-
tion equipment which can demonstrate the good properties of
nano-Ag as bonding materials without compromising the pro-
duction throughput. Company like Semikron developed bonding
equipment for their internal use to bond component [128]. Other
equipment manufacturers have jumped into bandwagon by filing
patents in this area [42] but commercial prototypes are lacking.
Most microelectronic packaging companies are relatively new to
sintering technology and hence, their reluctance to invest in new
technology without definite return of investment.

5. Conclusions

In conclusion, this review discusses at length, the various factors
which influence the formation of nano-Ag joints such as sintering
pressure, sintering temperature, sintering time, sintering environ-
ment, heating rate, type of substrates and physical properties of
Ag nanoparticles like sizes, particle size distribution and morphol-
ogy. The purpose of this discussion is to demonstrate the bulk of
knowledge in this area and its close relationship to the field of
processing and using ceramic and metallic nano-powders albeit in
unconstrained manner for the latter.

LTJT using Ag paste has a long history of development and
implementation since the late 1980s. While long term mechanical
properties of joints made from micron-scale Ag are acknowledged
and widely available, the same cannot be said for the die attach
joints made from Ag nanoparticles. Besides the knowledge gap in
this area, LTJT using nano-Ag needs to overcome several hurdles
such as environmental challenges, escalating silver price and wider
availability of production-type die bonding equipment. Neverthe-
less, this area of research is currently attracting the best brains of
microelectronic industry to solve these issues with new bonding
concepts and materials composition.
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