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Joint Analysis and Reliability
Test of Epoxy-Based Nano Silver
Paste Under Different Pressure-
Less Sintering Processes
Recent years, the sintered silver paste was introduced and further developed for power
electronics packaging due to low processing temperature and high working temperature.
The pressure-less sintering technology reduces the stress damage caused by the pressure
to the chip, improves reliability, and is widely applied in manufacturing. Currently, most
existed studies are focused on alcohol-based sintered silver pastes while resins have been
demonstrated to improve the bonding properties of solder joints. Hence, the performance
and sintering mechanisms with epoxy-based silver paste need to be further explored. In
this work, a methodology for multifactor investigation is settled on the epoxy-based silver
paste to reveal the relationship between the strength and the different influence factors.
We first analyzed the characteristics of commercialized epoxy-based silver paste samples,
including silver content, silver particle size, organic composition, sample viscosity, and
thermal conductivity. Samples were then prepared for shear tests and microstructure
analysis under different pressure-less sintering temperatures, holding time, substrate sur-
face, and chip size. Full factor analysis results were further discussed in detail for corre-
lation. The influence factors were ranked from strong to weak as follows: sintering
temperature, substrate surface, chip size, and holding time. Finally, a thermal cycling
test was carried out for reliability analysis. Epoxy residues are one of the possible rea-
sons, which result in shear strength decreasing exponentially. [DOI: 10.1115/1.4053432]

Keywords: power electronic packaging, epoxy-based nano silver paste, low-temperature
joint technology, pressure-less sintering

1 Introduction

Power electronic devices based on wide band-gap semiconduc-
tor materials, such as silicon carbide (SiC) and Gallium nitride
(GaN) [1], have been developed rapidly in decades, which are
well-known for high working temperature, high frequency, and
high power density applications [2,3]. Chips based on these mate-
rials are widely applied in automotive electronics [4], aerospace

electronics [5], electric energy transducers [6,7], etc. With innova-
tions in chip materials, chip designs, and device fabrications,
demands keep rising for advanced packaging materials such as
die-attach materials to fulfill harsh application conditions,
improve thermal management capability, current carrying
capacity, and achieve a long lifetime [8,9].

Lead-tin solder is the traditional die attach material under high
temperatures (about> 350 �C) for power electronics packaging
[10,11]. Due to the safety of lead and RoHS regulations, opti-
mized lead-free solders such as Au-, Zn-, Bi-, and Sb-based alloys
were developed as candidates for high-temperature die-attach
materials [12,13]. The shear strength of joints formed by these
alloy solders is approximately 20�30 MPa [14]. However, when
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the service temperature reaches 80% of the melting point of the
solder (about> 150 �C), the creep deformation becomes serious
and the joint reliability is damaged [15]. Therefore, new alterna-
tive die-attach materials with better thermal and electrical conduc-
tivity performance and high reliability have been further explored
[16]. Meanwhile, altering organic additives is one effective
approach to improve the performance of joints. Organic additives
significantly influence the electrical conductance, mechanical
characteristics, and reliability of the paste by influencing parame-
ters such as viscosity and dispersion [17,18]. In order to combine
the advantages of organic materials and solder alloys, more and
more experts and scholars have paid attention to the research of
epoxy-based solder paste to achieve higher strength joints [19–21]
during past decades. Furthermore, solder paste with epoxy intro-
duced as a matrix also alleviates the problem of short-circuiting
caused by metallic whisker formation [22].

On the other hand, with the development of micro-and nanoma-
terials [23], silver (Ag) sintering is emerging as a promising solu-
tion for low-temperature joint technology [24]. Numerous studies
have reported the excellent performance of these promising alter-
native approaches [25–33]. The main components of the paste are
nano or micron Ag particles with high surface energy, dissolved
by organic solvent for uniform distribution. Such pastes meet the
environmental requirements of lead-free [34] solders. Unlike
welding or soldering, Ag sintering technology is based on the
transfer of solid materials through atomic diffusion driven by the
reduction of total surface energy and interfacial energy [35]. Such
a process occurs far below the melting point of the material and
can be as low as 0.38 homologous temperature (>150 �C). More-
over, the sintered structure has the melting point of bulk silver
(961 �C), and high conductivity, high heat conduction, creep
resistance, and excellent ductility as well, which improves the
reliability of the joints. However, most of the existing studies on
sintered silver paste are focused on the alcohol-based solvent.
There are few reports focused on epoxy-based sintered silver
paste. Jung et al. fabricated various Ag-nanoparticle pastes con-
taining different epoxy/binder percent weights (epoxy: 4.5, 9.0,
13.5, and 18 wt %) to investigate the effect on the bonding
strength and electrical performance of multilayer ceramic capaci-
tor components [36]. In their work, all samples were sintered
under 250 �C for 15 min and the addition of epoxy at the moderate
content from 9.0 to 13.5 wt % is desirable if considering both elec-
trical and mechanical characteristics in electronic packaging. In
conclusion, it remains to be explored that the performance and
reliability of the epoxy-based sintered silver joints under different
production processes, and specific mechanisms of action between
resin and metal particles.

To promote the solidification and sintering of the paste to form
joints, external energy is needed as a driving force. During the
production process, pressure-assisted sintering and pressure-less
sintering are both available. The pressure-assisted process will
reduce the porosity but will also introduce residual stress into the
chip, thus hindering the automated production process [15,37,38].
On the other hand, pressure-less sintering is a conventional

connection method under normal pressure and driven by heat
directly, or by the application of microwave radiation [39], infra-
red radiation [40], or laser radiation [41], which is the most eco-
nomical method and is commonly applied among sintering.
However, the disadvantage is that pressure-less sintering is not
suitable for large chips due to the pores caused by evaporation
and decomposition of solution during the sintering process, which
will lead to the lack of reliability [42–44]. Therefore, to meet the
application requirements of lower cost and higher efficiency in
industrial mass production, it is of great significance to further
optimize the technology pressure-less sintering.

In this work, we first analyzed the basic characteristics of the
epoxy-based silver paste samples, including silver content, silver
particle size, organic paste composition, sample viscosity, and
thermal conductivity of the sintered sheets. A methodology was
set for a multifactor investigation on silver paste, revealing the
relationship between the strength and the influence of the factors.
Based on the test methodology, samples of lead frame/silver
paste/dummy chip were then prepared under different pressure-
less sintering temperatures, holding time, substrate surface, and
different chip sizes. Shear test, fracture observation based on opti-
cal microscopic, and cross section analysis based on scanning
electron microscope (SEM)/energy dispersive spectroscopy (EDS)
were applied for the joints. Then, characterization under the tem-
perature cycling (�55�150 �C, 2 cycles/h) was utilized for reli-
ability analysis. The goal of this work is to identify the influence
of critical pressure-less sintering processing parameters on joint
reliability based on epoxy-based sintering pastes.

2 Materials and Methods

2.1 Materials. A commercialized sintered paste was selected
since it was composed of epoxy and nanosilver particles. Due to
the paste composition, the sample needs to be stored at �40 �C to
avoid curing before application, thus ensuring the performance of
the joints. The viscosity of the sample was 23.9 Pa�s, which was
characterized through a rheometer test. Figure 1(a) showed the
morphology and the size of silver particles under an optical micro-
scope (1000�) observation. The silver paste was first coated on the
silicon wafer. Compressed air was then applied to achieve a thin
layer that was evenly distributed. After drying in the nitrogen cabi-
net for 24 h, the surface morphology of the particles was observed
under a scanning electron microscope, as shown in Fig. 1(b). Most
of the silver nanoparticles were in the shape of spherical with a pro-
tective coating. Micron-sized silver particles were also observed.
To further analyze the diameter distribution of silver nanoparticles,
a dynamic light scattering test by Zeta Potential Tester (ZEN3600,
Malvern Company, Worcestershire, UK) was performed on the
diluted solution, as shown in Fig. 1(c). It was found that the diame-
ter of silver nanoparticles was normally distributed around 100 nm,
which is consistent with the microscopic observation.

Second, Nicolet 380 (Thermo Nicolet Corporation, Waltham,
MA) Fourier transform infrared spectroscopy (FTIR) was applied
to study the solvent of silver paste. The solvent is important for

Fig. 1 The morphology of silver paste sample under (a) optical microscopy and (b) SEM; (c) dynamic light scat-
tering analysis results of the diluted sample
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paste composition, since it scatters metal particles during dispens-
ing, protects particles away from oxidation during sintering, and
evaporates after the sintering process. Through the analysis of
Fig. 2, hydroxyl groups, amine groups, and epoxy groups were
found in the solvent. Therefore, the curing process of epoxy resin
was carried out together with the sintering process. Meanwhile,
amines and alcohols containing �OH (contained a large amount
of active hydrogen), formed a hydrogen bond system in the liquid
state, which may provide a protective effect on the surface with
the high activity of nanoparticles.

Third, SDT-Q600 synchronous thermal analyzer produced by
TA Instrument Company (New Castle, DE) was selected to ana-
lyze the thermal performance of the silver paste samples, thus fur-
ther investigating the decomposition and volatilization process of
the organic solvent system. During the test, the samples were
heated up to 600 �C at the rate of 10 �C per minute under nitrogen
protection, and the gas flow rate was 100 mL/min during the
whole process. As shown in Fig. 3(a), the heating process of nano-
silver paste was a continuous weight loss process. When heated
up to 600 �C, the final weight loss was stabilized at 9.27 wt %,
indicating that the silver content was around 90.73 wt %. Com-
bined with the changing trend of differential scanning calorimetry
(DSC) and differential thermal analysis (DTG) curves, the thermal
weight loss process was divided into three parts as follows:

� The first stage was from room temperature to 130 �C. The
DSC curve shifted downward significantly, indicating that
organic solvents absorbed heat. The DTG curve remained
stable, indicating that the system mass was unchanged.
Therefore, the heat absorption in the first stage was caused

by weak chemical endothermic fractures, such as hydrogen
bonds between macromolecules of organic solvents.

� The second stage was 130�250 �C. In this stage, the DSC
curve formed a small exothermic peak around 189 �C, and
the DTG curve formed a weight-loss peak. Therefore, the
second stage was a process in which organic residues gradu-
ally volatilized under heat, and nanoparticles gradually con-
tacted to form sintering necks and grew up to sintering
tissues. As the surface activity between nanoparticles is
extremely high, a high exothermic peak should be observed.
However, such a peak did not show up in Fig. 3(a). There-
fore, the heat released by the sintering of silver particles in
the process was approximately equal to the heat flow during
the endothermic process of organic volatilization and the
destruction of a large number of chemical bonds between the
surface protection groups of nanoparticles.

� In the third stage (after 250 �C), the DSC curve formed a
heat absorption peak near 369.37 �C, while the DTG curve
formed a large weight loss peak there. Therefore, the process
was the volatilization and decomposition of organic residues
and further densification of sintering tissues. The weight
maintained stable afterward.

The thermal performance analysis was also investigated in the
air atmosphere (Fig. 3(b)), which was similar to the actual condi-
tion of sintering experiments. The thermogravimetric analysis and
the heat flow curve were similar compared to the results under
nitrogen atmosphere in the range of low temperature (<300 �C).
Therefore, the atmosphere almost plays no influence on the oxida-
tion of organic solvent in low-temperature sintering. As shown in
Fig. 3(b), in the range of 350�550 �C, the heat was released due
to the combustion or oxidative decomposition of organics based
on the analysis of organic solvent.

Through the analysis of particle morphology, organic solvent,
and thermal properties of the epoxy-based sintering paste samples
in Sec. 2.1, the results provided a basis for the later experimental
design and mechanism analysis.

2.2 Samples and Experiment Preparation. The samples
were prepared through (1) dispensing; (2) mounting; (3) sintering for
later sintering experiments under different pressure-less processes, as
shown in Fig. 4(a). Through these steps, we obtained the sintered
samples of a sandwich structure with lead frames/silver paste/silicon-
based dummy chips. As shown in Fig. 4(b), T0-220-3 L lead frames
with pure copper surface and a 2�3lm electroplated silver surface
were both chosen. Dummy chips with sizes of 2 mm � 2 mm
� 0.25 mm and 4 mm� 4 mm� 0.25 mm were selected, respec-
tively, to replace actual power chips. The back of the dummy chips
has a silver coating with a thickness greater than 0.1 lm.

The reference process of the paste provided by the supplier
(Fig. 5(a)) was as follows: heating from 25 �C to 130 �C for

Fig. 2 Result of infrared analysis of silver paste sample

Fig. 3 Thermal performance analysis of the sample under (a) nitrogen and (b) air atmosphere
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20 min, holding temperature for 30 min, heating to 200 �C for
15 min, holding temperature for 2 h, and then cooling with the fur-
nace. To explore the influence of the presintering process, a group
of comparative experiments was accomplished and the shear test
was then compared, as shown in Fig. 5(b). The results showed
that the presintering process helped the samples to significantly
improve shear strength and stability. Therefore, the presintering
process at 130 �C for 30 min was kept in the following
experiments.

2.3 Test Methodology. To characterize the properties of
epoxy-based silver paste samples, a series of tests were designed.
The test route of the samples is presented in Fig. 6. First, we
investigated the composition of the paste. SEM combined with
dynamic light scattering was applied to observe the particles, and
FTIR was utilized to analyze the organic part of the paste. Second,
the thermal performance of the paste was explored through the
DSC-DTG test. The first two steps are shown in Sec. 2.1. Then,
sintered samples were prepared under different sintering processes
and were compared by shear test, SEM/EDS, and optical micro-
scope observation. Critical influence factors were analyzed,
including sintering temperature, holding temperature, substrate
surface, and chip size. To further investigate the importance of
each influence factor, the range of each influence parameter was
set as follows:

� Sintering temperature (150 �C, 200 �C, 250 �C): We set the
sintering temperature mainly based on the DSC test results.
According to the DSC test results, there were obvious heat
and weight changes of sinter pastes between 150 �C and
250 �C, which was also the temperature range of the conven-
tional sintering process. Hence, the sintering temperature

parameters were set as 150 �C, 200 �C, and 250 �C, respec-
tively, in later experiments.

� Holding time (1 h, 1.5 h, 2 h): The suggested holding time (1
h) was selected as the reference process of the sample paste.
In previous researches of our group, epoxy-based sinter
pastes are difficult to reach complete curing during the low-
temperature sintering process. Therefore, in this work, the
holding time was set to be 1.5 h and 2 h for further
comparison.

� Substrate surface (pure copper, silver coated): The copper
substrate was chosen since it belongs to one of the most

Fig. 4 (a) Schematic diagram of sintering sample preparation process and (b) sample preparation required
items for sintered samples: (b-i) pure copper lead frame and (b-ii) silver-coated lead frame

Fig. 5 (a) Reference temperature curve for sintering process and (b) result of the comparison of with or without insu-
lation platform during the reference process

Fig. 6 The characterization test route of the silver paste sam-
ple and sintered samples

041013-4 / Vol. 144, DECEMBER 2022 Transactions of the ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/electronicpackaging/article-pdf/144/4/041013/6875569/ep_144_04_041013.pdf by Bibliotheek Tu D

elft user on 05 January 2023



widely applied choices in power electronics packaging. On
the other hand, taking into consideration of the paste was
composed of silver, silver-coated substrate was selected to
compare the influence of the substrate surface.

� Chip size (2� 2 mm2, 4� 4 mm2): Such range basically cov-
ers the smallest power diodes chips (2� 2 mm2) up to the
maximum chip size for high-quality pressureless sintering
(4� 4 mm2). For chip sizes over 4� 4 mm2, the voids are
obvious under high-resolution X-ray scans. Therefore, such
two sizes of dummy chips were investigated.

Meanwhile, a full factor crossover experiment was designed by
MINITAB software to facilitate subsequent data processing and anal-
ysis. A reliability test of thermal cycling was then carried out to
evaluate the joints.

In summary, a methodology for testing silver paste samples
was established, in which the effects of particle size distribution,
viscosity, thermal properties, the influence of process parameters
on joint performance and reliability are evaluated. Analysis was
aimed to establish relationships between paste composition, ther-
mal performance, process parameters, and reliability, which
reveals the magnitude of influence of various factors on the qual-
ity of sintered joints.

3 Results and Discussions

3.1 Thermal Conductivity Test. The resin solidified in the
sintering process coats the agglomerated silver particles. Since the
thermal conductivity of resins is much lower than that of silver, it
is expected to have a lower thermal conductivity of resin-based
sintered silver paste. To confirm this, two kinds of commercial
sintered silver samples were prepared for thermal conductivity
examination. One is with resin and the other is without resin in
composition. After screen printing on ceramic plates, samples
were pressure-less sintered at their recommended temperatures.
Then, flat cylinder samples were fabricated with approximately
6�7 mm in diameter and 1�2 mm in thickness. Subsequently, a
laser thermal conductivity testing instrument (LFA 467) was
applied to analyze thermal conductivity under (2565)�C,
(30�70)% relative humidity. The laser voltage was selected as
250.0 V with a pulse width of 0.30 ms. Because of intrinsic prop-
erties of pressure-less sintering such as porosity, organic residue,
etc., the test value of thermal conductivity should be much lower
than the actual value. Therefore, in this work, we compared the
absolute value instead of test results, as listed in Table 1. It has
been found that the average thermal conductivity of resin-based
sintered samples is 0.45 times of the thermal conductivity of sin-
tered samples without resin. Such a result confirms that the addi-
tion of resin has a significant negative effect on the thermal
conductivity of sintered silver joints.

3.2 Analysis of Different Factors on Pressureless Sintering
Performance. To evaluate the shear strength of sintered joint
structures, Nordson’s DAGE4000 shear instrument was utilized in
later experiments.

A field emission scanning electron microscope (FEI F50) was
applied to analyze the cross section of the samples. After obtain-
ing the scanning electron microscope pictures of the cross section

of the samples, IMAGEJ software was utilized to convert them into a
binary-value graph to obtain the porosity of the sintered silver
layer.

3.2.1 Sintering Temperature. Different sintering temperature
impacts the connection properties of silver paste, as shown by the
temperature curves of experiments in Fig. 7(a). Dummy chips
(2� 2 mm2) and lead frames with copper substrate were chosen.
Through the shear test and porosity analysis (Fig. 7(b)), as the
temperature rose from 150 �C to 250 �C, the shear strength rose
from 5.339 MPa to 58.180 MPa, while the porosity of the silver
paste samples decreased from 22.25% to 12.86%. Through the
microstructure analysis (Fig. 7(c)), the sintered aggregates were
gradually densified to form a porous network interconnection
structure. Meanwhile, the fracture patterns were changed with the
increase in temperature. The sample showed obvious adhesion
failure on the substrate at 150 �C. At 200 �C, the adhesive failure
on the substrate was the dominant failure mode, and cohesive fail-
ure just occurred at the edge. When the sintering temperature was
setup to 250 �C, a large area occurred cohesive failure in the mid-
dle part, while the substrate was surrounded by cohesive failure,
and chip cohesive failure mode also occurred. Therefore, the sin-
tered joints have a strong bonding at low temperatures. With the
increase of temperature, the bonding strength significantly
increased, which lead to the change of the failure mode. To detail
study the mechanism of this process, EDS was planned to analyze
the carbon content of the samples. The scanning test was carried
out from the copper substrate to the sintered layer. In this work,
the data of 4.5–8 lm were chosen for analysis because this part
was at the middle of the sintered layer. First, the scanning signal
was denoised. Fifty data points were taken as a processing win-
dow and the Savitzky–Golay method was chosen to calculate.
Smoothed lines were then obtained, as shown in Fig. 7(d). For bet-
ter comparison, we integrate the signal strength inside the sintered
layer. In this experiment, the curve integral at 250 �C was 54.82,
which was 13.66% lower than the 63.49 calculated by the curve
integral at 200 �C. It indicates that higher temperature has a signif-
icant effect on reducing the carbon content of the sintering layer,
which is beneficial to the decomposition of organic residues such
as resin.

3.2.2 Holding Time. Holding time refers to the length of
maintaining temperature time after the furnace gradually rises to
the sintering temperature. Different holding time also affects the
performance of joints. Therefore, different temperature curves
were set as illustrated in Fig. 8(a). As shown in Fig. 8(b), with the
extension of the sintering time, the mechanical property of the
samples held for 1 h and 1.5 h remained similar. However, the
shear strength of the joints increased to 34.815 MPa after being
held for 2 h. Through the porosity analysis, it showed that the
microstructure evolution of the sintered silver layer was not
obvious. Moreover, the porosity did not change significantly
(around 20%). On the other hand, as shown in Fig. 8(c), adhesion
fracture was the main fracture mode on the substrate after being
held for 1 h and 1.5 h, but it changed to cohesion fracture after
being held for 2 h. For the carbon contents analysis, the same
method described in Sec. 3.2.1 was applied. Through the results
of Fig. 8(d), the curve integral of the sample held for 1 h was
63.95, which was approximately equal to the result of the sample

Table 1 Comparison of thermal conductivity test results of the samplesa

Test point

qa (g/cm3) Cp (J/(g�K)) k1 (W/(m�K)) k2 (W/(m�K)) k3 (W/(m�K)) �k (W/(m�K)) SD

Epoxy based silver paste 10 0.214 8.182 8.155 8.19 8.176 0.018
Silver paste without epoxy 10 0.058 18.145 17.987 17.974 18.035 0.096

aSince the density of the sheet cannot be accurately measured for the time being, the thermal conductivity data in the following table were all calculated
with the density of 10 g/cm3.
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held for 2 h (63.50). It indicates that the holding time has little
effect on the contents of organic residues such as resin.

3.2.3 Substrate Surface. Substrate materials affect the per-
formance of chip connections. Common substrate surfaces are Cu,
Ag, Au, and so on. In this work, the pure copper substrate and
silver-coated substrate are compared. The difference between the
diffusion of copper and silver atoms and that of silver atoms is the
main factor that leads to the difference in connection properties.

As shown in Fig. 9(a), the shear strength of the sintered samples
on the silver-coated substrate was 25.2 MPa at 200 �C for 2 h,
which was a 27.59% decrease obtained on the pure copper sub-
strate (34.8 MPa) under the same condition. The porosity of the
sintered silver layer of the nanosilver paste sample was only
9.83% on the silver substrate, which was a 10.41% decrease on
the pure copper substrate (20.24%).

The shear fracture mode changed from the failure dominated by
adhesion fracture mode at the substrates to the cohesive fracture

Fig. 7 (a) Process curve under different sintering temperature; (b) results of shear test and porosity analysis;
(c) microstructure analysis after holding at 150 �C,200 �C, 250 �C; and (d) EDS analysis of C content after holding
at 200 �C, 250 �C
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failure mode. Microstructure analysis was carried out through
SEM/EDS analysis, as shown in Fig. 9(b). It is clear that the sin-
tered structure of the silver-coated substrate showed a lower
porosity than that of the pure copper substrate. As for the 27.59%
reduction of shear strength of the samples on a silver-coated sub-
strate, it is speculated that the dominant factor is the change of
shear fracture mode. This may be due to the brittle fracture of the
intermetallic compounds in the copper-silver diffusion layer that
occurs on the copper substrate. While for the result of EDS ele-
ment analysis on the silver-coated substrate, due to the high activ-
ity of nanosilver particles and quicker diffusion of the silver-

coated layer, it evolved into a structure without pores. Such a
structure led to the fracture occurring inside the sintered silver
layer. Hence, due to the low hardness of silver and the low shear
strength of ductile fracture, the structure tended to lump silver had
a decrease in shear strength.

3.2.4 Chip Size. The size of the chip impacts the sintering
process, especially for pressure-less sintering. The organic solvent
is decomposed and volatilized into gas during the heating process.
As the chip size increases, the gas inside will be more difficult to
exhaust. This will lead to the generation of sintered pores, which

Fig. 8 (a) Process curve under different holding time, (b) results of shear test and porosity analysis, (c) micro-
structure analysis after holding 1 h, 1.5 h, 2 h, and (d) EDS analysis of C content after holding at 1 h, 2 h
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are negative to the reliability of the joints. In this work, chips
including the size of 2� 2 mm2 and 4� 4 mm2 were chosen. All
samples were compared under the reference sintering process.
The obtained data results are shown in Figs. 10(a) and 10(b). The
shear strength of the sintered sample with a 4� 4 mm2 chip was
19.6 MPa under 200 �C for 2 h, which was lower than the
34.8 MPa obtained with a 2� 2 mm2 chip. The porosity of the sin-
tered silver layer under a 4� 4 mm2 chip was only 17.95%, which
was a 2.29% decrease under a 2� 2 mm2 chip (20.24%). The val-
ues of porosity were close.

According to the microstructure analysis, the shear fracture
mode of the silver paste did not change significantly. However,

the holes in the sintered tissue increased significantly. This was
caused by the larger amount of gas leakage during the sintering
process when the chip was enlarged. It is estimated that the holes
led to a decrease in shear strength.

3.2.5 Full Factor Analysis. Through the discussion above, the
influence of these variables on the performance of pressure-less
sintering has been recognized. However, the strength of each fac-
tor is not clear yet. Therefore, the analysis of the interactions
between these variables was also designed in this work. The
results of the designed multifactor level experiments were
recorded in Table 2 below. Unfortunately, due to the limitation of

Fig. 9 Results of (a) shear test and porosity analysis and (b) microstructure analysis on different substrate
materials

Fig. 10 Results of (a) shear test and porosity analysis and (b) microstructure analysis on different chip size
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the size of the silver-coated substrate in the actual experiment, the
data of larger chips (4� 4 mm2) on the silver-coated substrate
were not covered.

Minitab software was applied to analyze the results. The typical
graphs were obtained and discussed in the following, respectively:

� Figure 11(a) presented the analysis of pressure-less sintering
process conditions (temperature/time). The shear strength of
the silver paste sample was improved with the increase of
temperature, while the holding time had little influence on it.
However, with the increase of sintering temperature, the
influence of other conditions, such as substrate surface and
chip size, on the connection strength of sintered samples will
increase. In conclusion, extending the temperature holding
time may reduce the influence of these factors.

� The variation trend in Fig. 11(b) presented the comprehen-
sive influence degree of different factors on the connection
strength under pressure-less sintering. The sintering tempera-
ture was the main driving force of the diffusion interconnec-
tion of silver particles, which had a significant impact on the
connection strength of samples, followed by the factors of
chip size and substrate surface. The effect of chip size and
substrate surface type was similar. Holding time had an
unapparent influence. It is also proved that the high activity
of nanoparticles, which will effectively reduce the time of
diffusion.

� Statistical analysis was conducted on the cross-influence of
various factors considered in the experiment, with the
detailed results exhibited in Fig. 11(c). The analysis diagram
of existing data indicated that (1) the average connection
strength of samples on a silver substrate was better than that
on a copper substrate, (2) the connection effect of a small
chip was better than that of a large chip, (3) higher sintering
temperature will bring stronger sintering bonding strength,
and (4) the change of holding time did not lead to significant
results fluctuation.

3.3 Thermal Cycling Reliability Analysis. A thermal
cycling test was carried out under the standard of JESD22-A10.

The temperature range of the test was from �55 �C to 150 �C and
the test condition was 2 cycles/h. Sintered samples (four samples/
group) were taken out every 25 h for the shear test group by the
group after 50 h. The variation trend of average shear strength
with test time is shown in Fig. 12. The average shear strength of
the samples decreased exponentially after the beginning of the
thermal cycling test and stabilized at about 8.5 MPa. Subse-
quently, the average shear strength began to decline slowly after
125 h and less than 3 MPa after 225 h. Based on the analysis
above, although the initial shear strength of the silver paste sam-
ples under the reference process was excellent, its reliability was
insufficient under the long-term temperature cycling, which may
be due to the content of the resin in the solvent. As shown in the
results of EDS analysis of carbon before, epoxy residues were
identified within the sintered silver layer. Epoxy resin is condu-
cive to the improvement of shear strength, however, the residual
resin after curing will aggravate the mismatch of the thermal
expansion coefficient between the polymerized sintering layer and
the substrate during the thermal cycle. They will reduce the reli-
ability. Future work is needed to develop a kind of solvent to
reduce the thermal expansion coefficient mismatch between the
interface and be suitable for reliability.

4 Conclusions

This work presents an overall analysis of the materials, process,
and reliability of an epoxy-based nanosilver sintering paste. First,
the methodology of development and evaluation of silver paste is
put forward according to the design of experiments. The composi-
tion of silver paste determines its thermal performance, which
guides the regulation of process parameters. The properties of sin-
tered samples provide further feedback for the composition devel-
opment of silver pastes. Second, the quality of sintered joints was
analyzed and the influence of the factors are ranking as sintering
temperature, chip size, substrate surface, and holding time. The
sintering temperature of nanosilver paste is the main driving force
for the diffusion interconnection of silver particles, which has a
significant influence on the connection strength of samples. The
higher the temperature is, the better the connection strength will

Table 2 Full-factor experimental test results

Substrate surface Chip/mm2 Sintering temperature/�C Holding time/h Average shear strength/MPa Variance

1 Cu 2� 2 200 2 34.815 4.426
2 Cu 4� 4 200 2 19.621 2.387
3 Ag 2� 2 200 2 25.208 5.041
4 Cu 2� 2 200 1.5 14.817 1.745
5 Cu 4� 4 200 1.5 16.435 2.236
6 Ag 2� 2 200 1.5 32.854 2.265
7 Cu 2� 2 200 1 13.191 2.554
8 Cu 4� 4 200 1 11.557 3.350
9 Ag 2� 2 200 1 32.048 5.002
10 Cu 2� 2 150 2 5.339 0.498
11 Cu 4� 4 150 2 2.864 0.499
12 Ag 2� 2 150 2 16.008 1.407
13 Cu 2� 2 150 1.5 5.408 0.278
14 Cu 4� 4 150 1.5 2.922 0.168
15 Ag 2� 2 150 1.5 13.264 1.723
16 Cu 2� 2 150 1 4.339 0.230
17 Cu 4� 4 150 1 3.177 0.184
18 Ag 2� 2 150 1 12.583 1.625
19 Cu 2� 2 250 2 58.180 1.109
20 Cu 4� 4 250 2 42.762 1.833
21 Ag 2� 2 250 2 54.365 1.297
22 Cu 2� 2 250 1.5 61.580 2.150
23 Cu 4� 4 250 1.5 33.594 1.088
24 Ag 2� 2 250 1.5 69.840 1.948
25 Cu 2� 2 250 1 76.580 3.179
26 Cu 4� 4 250 1 37.792 1.953
27 Ag 2� 2 250 1 68.582 3.099
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be. The effect of chip size under experimental conditions was sim-
ilar to that of substrate type. The least significant effect is the
duration of heat preservation. Third, the reliability of the sintered
samples under the long-term thermal cycling test was analyzed.
The shear strength decreased exponentially at the beginning and
then stabilized at 8.5 MPa before falling to 3 MPa at 225 h, which

may be due to the coefficient of thermal expansion mismatch
aggravated by epoxy resin residues.

In terms of practical experiments, this work focuses on the
mechanical properties after pressure-less sintering. Future work is
planned to develop a high-quality epoxy-based pressure-less sin-
tering paste by various hardeners, binders, and capping agents for
high shear strength, good electrical and thermal conductivity, and
a long lifetime for power applications.
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