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Abstract: Due to the growing demand for ultra-high-density integrated circuits in the integrated
circuit industry, flip-chip bonding (FCB) has become the mainstream solution for chip interconnection.
In flip-chip bonding (FCB), however, alloy solder is no longer adequate to meet the high heat
dissipation demands of high-power devices with over 100 kW/cm2 in power density due to its low
reflow temperature. Nano-silver solder, on the other hand, exhibits superior thermal and electrical
conductivity, making it an excellent alternative to traditional solder for FCB. This study explored
nano-silver’s thermal reliability and electrical performance as a solder material. The following results
were obtained through temperature cycle (with temperatures ranging from −55 to 150 ◦C) and high-
temperature storage experiments (with applied temperatures of over 170 ◦C). The results indicate that
as the duration of the high-temperature storage increased, the grain continued to coarsen, resulting in
an average pore size transition from 0.004 to 0.072 µm2. A strong correlation coefficient of 0.9913 was
observed between the duration of high-temperature exposure and the porosity within the time range
of 0–200 h. Following the reliability test, the shear strength of the nano-silver interconnect samples
showed varying degrees of decrease. The bonding effect with the nano-silver layer can be enhanced,
and the thermal reliability can be improved by depositing Ni/Ag on the surface of Cu, making
it less prone to cracking. Regarding the electrical performance, the square resistance of the nano-
silver interconnect structures increased by 35% after the reliability test. This indicates a significant
degradation in the electrical reliability of nano-silver interconnects under temperature stress.

Keywords: nano-silver; porosity; shear force; reliability; square resistance

1. Introduction

Since the advent of the information age, integrated circuits have become increasingly
large in scale and have rapidly improved in performance. The critical dimensions of
transistors have reached the nanometer level, which poses higher demands on interconnect
technology. Traditional wire bonding techniques introduce a significant parasitic resistance
and capacitance and have lower thermal and mechanical reliabilities. They are no longer
suitable for the current trend of smaller dimensions and higher densities in bonding [1].

A new solution for high-density interconnection is provided by flip-chip bonding
technology, enabling higher-density I/O interconnects (400/cm2 for wire bonding and
1600/cm2 for inverted bonding) and shorter interconnect lengths (from the millimeter scale
to micrometer scale). The parasitic resistance and capacitance are reduced (from 0.03 Ω and
0.006 pF to 0.002 Ω and 0.001 pF), the signal transmission efficiency and speed are enhanced,
and the volume of packaging products is further reduced (overall volume reduction of
60–90%) [2,3].
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However, the ultra-high interconnect density has risen in a severe thermal environ-
ment. For instance, high-power devices generally generate substantial heat with operating
temperatures as high as 200 ◦C. For example, advanced high-power semiconductor devices
such as power MOSFET and insulated gate bipolar transistors (IGBTs) generally present an
ultra-high power density of over 100 kW/cm2, which is almost over 10 times higher than
conventional electronic devices [4].

In addition, according to a reliable survey, 50% of integrated circuit failures are caused
by heat. For every 2 ◦C increase in temperature, the performance of the chip decreases
by 10%. The miniaturization of all integrated circuits can be attributed to thermal man-
agement [5]. In microelectronic packaging, the solder that connects the semiconductor
and the substrate serves as the pathway for circuit connection and heat dissipation. It
strongly affects the heat dissipation, mechanical support, and conductivity of integrated
circuits [6,7]. However, conventional flip-chip bonding (FCB) with alloy solder bumps
has limitations in terms of its low reflow temperature and the formation of intermetallic
compounds [8]. Consequently, the search for a welding material that retains good electrical
and thermal conductivity even in high-temperature environments becomes imperative.

Nano-silver solder offers superior thermal and electrical conductivity, making it an
excellent alternative to conventional solder materials [9,10]. The particle size of sintered
silver solder has also evolved to include micro-silver solder paste, nano-micro hybrid solder
paste, and nano-silver solder paste. As the silver particles shrink in size, the temperature
and pressure requirements for the sintering process reduce accordingly. Due to the surface
effects, the sintering temperature of nano-silver particles has been lowered to 200 °C,
enabling low-temperature sintering. Researchers such as Wang et al. from the Harbin
Institute of Technology have even achieved pressureless sintering at 150 ◦C [11]. Lower
sintering temperatures can reduce the adverse effects of temperature on chips during the
sintering interconnection process. Additionally, sintered nano-silver exhibits excellent
properties similar to bulk silver, including a high melting point, high thermal conductivity,
excellent electrical conductivity, and high mechanical strength. Moreover, nano-silver
solder paste possesses a certain self-alignment capability due to its surface tension, which
allows for the self-correction of misalignment errors within a certain range [12–14].

However, current studies on nano-silver are generally focused on the bonding mech-
anism of sintered nano-silver, in which the organic solvent evaporates under specific
temperature and pressure conditions, resulting in the aggregation and connection of nano-
silver particles to form a porous network-like structure, thus achieving the bonding of
the two ends of the nano-silver layers and exhibiting certain physical properties of bulk
silver [14–16]. However, due to a limited heating time, low pressure, and the presence
of organic solvents and other additives, the sintered nano-silver body is not sufficiently
dense after the sintering process, resulting in the formation of many small pores. Under
high-temperature conditions, atoms at the surface of the grains have higher energies and
weaker binding forces, leading to diffusion. The predominant form of diffusion is grain
boundary diffusion, where atoms form along the grain boundaries, resulting in tighter
bonding between grains. During the diffusion process, the small voids between the grains
are gradually filled, and the growth and merging of grains lead to the voids between them
also fusing and increasing in size. This results in a higher porosity of visible pores, and the
linker that is formed in the sintered body is more compact [17–19].

There are still limitations in the current research on the reliability, thermal stability, and
electrical performance stability of nano-silver as a solder material for flip-chip interconnec-
tions [20]. In particular, as the scale of the semiconductor industry continues to expand, the
demand for integrated circuit devices in various harsh operating conditions is increasing.
This is especially true for the development of new energy industries, such as automotive
powertrain chips and aerospace chips, which require higher heat dissipation capabilities.
For instance, integrated circuits in the engine compartment of automobiles need to have
a higher thermal reliability to prevent failures such as interconnection structure cracking
caused by high temperatures and thermal shocks [21]. Further investigation on the relia-
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bility of nano-silver as a solder is needed, particularly regarding the degree of correlation
between grain coarsening and high-temperature storage time, as well as the effects of
Ag/Ni plating on interfacial bonding. In order to further advance the development of
nano-silver interconnection technology, this study aims to investigate the microstructural
evolution and main factors influencing nano-silver interconnects after undergoing reliabil-
ity experiments such as high-temperature storage and temperature cycling. Furthermore,
the variation in the shear strength of the interconnects and the thermal reliability impact of
Ag/Ni plating on the bonding between nano-silver solder and substrates will be analyzed.
Furthermore, the electrical performance changes of the nano-silver interconnects after the
reliability experiments will be explored.

2. Materials and Methods
2.1. Experimental Sample

In this work, samples were prepared with 0.3 mm and 1 mm thick Cu as the base layer
for nanoscale silver interconnection. On the surface of the 1 mm thick Cu base layer, a
0.002 mm thick nickel layer was applied as an anti-oxidation layer, followed by a 0.003 mm
thick silver layer as a transitional layer for interconnection with sintered silver (illustrated
in Figure 1). This design aims to provide anti-oxidation protection for copper and a smooth
transitional layer for interconnection with the sintered silver.
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Figure 1. Schematic diagram of nano-silver solder joint interconnection.

2.2. Experimental Grouping

To explore the effects of high-temperature storage and thermal cycling on nano-silver
interconnects, the experiment was divided into five groups. One group was set as the
untreated control group. Two groups underwent thermal cycling experiments to investigate
the occurrence of thermal mismatch and microscopic structural changes. The other two
groups underwent high-temperature storage experiments for different durations to explore
the effects of various high-temperature conditions on silver interconnects and the evolution
of microscopic structures in high-temperature environments. Experiment groups are shown
in Table 1.

Table 1. Experimental grouping.

Number Grouping Conditions Strength

1 Blank group
2 TCT −55–150 ◦C 100 Circle
3 TCT −55–150 ◦C 200 Circle
4 HTSL 170 ◦C 96 h
5 HTSL 170 ◦C 200 h

TCT introduction: The heating rate was 60 ◦C/min, low temperature, high temperature
for 25 min, 20 min; each cycle was about 52 min.
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HTSL: The heating rate was 21 ◦C/min, and furnace cooling was carried out for 1.5 h
after reaching the predetermined insulation time to ensure that the sample was reduced to
normal temperature.

2.3. Experimental Characterization

The following characterizations were performed on all experimental groups: The
square resistance (R) of the nano-silver sintered body was measured using a four-probe test-
ing instrument. The microscopic morphology and cross-sectional structure of nano-silver
interconnects under different reliability test conditions were observed using a scanning elec-
tron microscope (SEM). Prior to sample characterization, the samples were encapsulated
with epoxy resin, and then cross sections were prepared by grinding. Before SEM observa-
tion, a thin layer of gold was deposited on the sample, and conductive tape was used to
drain surface charges to prevent charge accumulation in the observed area. Destructive
shear force testing was conducted using a shear testing instrument (MFM1200-12121211,
DRY, Yantai, China) by laterally pushing with a probe of 5 mm width at a speed of 0.5 mm/s.
SEM images and sectional images were processed using ImageJ (Fiji-ImageJ2, National
Institutes of Health, Bethesda, MD, USA) software to calculate the porosity of the sintered
body displayed in the SEM images. The diffusion of Ni, Ag, and Cu at the bonding interface
was observed using energy-dispersive X-ray spectroscopy (EDX). Ultimately, the formation
effect of the nano-silver interconnects was evaluated through an observation and analysis
of the microscopic morphology and cross-sectional structure. The electrical performances,
mechanical properties, and reliability of the interconnect points were assessed by measur-
ing the resistance and shear force and exploring the relationship between square resistance,
shear force, and microscopic morphology.

2.4. Judgment of Data Correlation

Statistical correlation analysis enables the assessment of the relationship between
different variables and helps to determine if the trends in two or more sets of data are
consistent. The analysis of correlation typically involves computing correlation coefficients.
The Pearson coefficient, also known as the linear correlation coefficient, is commonly
utilized for linear correlation analysis and it is the most widely adopted method. The
Pearson coefficient can be directly calculated in Excel to obtain the value of r between two
sets of data.

The range of the correlation coefficient (r) is [−1, 1].
The positive and negative relationships are determined as follows: If there is a positive

correlation between two sets of data, then r > 0; if there is a negative correlation, then r < 0.
The strength of the relationship is assessed as follows:
|r| > 0.95: significantly correlated;
0.8 ≤ |r| < 0.95: highly correlated;
0.5 ≤ |r| < 0.8: moderately correlated;
0.3 ≤ |r| < 0.5: weakly correlated;
|r| < 0.3: very weakly correlated.

3. Results and Discussion
3.1. Effect of the Reliability Test on the Micromorphology

The SEM characterization was performed on the experimental samples from each
group to observe the overall condition of the nano-silver bonding layer. The samples
were magnified to 2000× to observe the macroscopic morphology of the cross section.
Subsequently, the cross-section microstructure was examined at a magnification of 9000×.
The results are shown in Figure 2. The control group, which did not undergo reliability tests,
exhibited a tightly bonded bonding layer without any cracking. There was no apparent
boundary between the silver plating layer and the nano-silver solder layer, which indicates
that the initial nano-silver solder formation is compact and well combined with the silver
plating layer and the Cu surface. The initial pores with nano-scale morphology, which can
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be barely observed, are distributed uniformly inside the structure. With the temperature
cycle and high-temperature storage treatments, the existing nano-scale pores (grains)
start to merge with the adjacent ones (illustrated in Figure 3), leading to the remarkable
increase in the size of sub-micro-scale or micro-scale visible pores coming along with the
growing grains, which are considered as the direct influencing factors in the reliability of
interconnected nano-silver solder joints.
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Through a comparison with the control group sample, it can be observed from Figure 2
that the initial grain coarsening and the merging and deepening of pores begins from
Group 2. The calculated porosity of visible pores is 3.1%. In Figure 2l, the crack length is
observed to be 17 µm at the Cu/Nano-Ag interface. Further grain coarsening is observed
in the third group, with a porosity of visible pores of 7.7%. In Figure 2m, a long crack
with a length of 59 µm is observed at the Cu/Nano-Ag interface. The interface between
the sintered silver and Cu exhibits further cracking [22]. In the fourth and fifth groups,
compared to the control group, grain coarsening is more pronounced, and the voids
significantly increase and enlarge, with calculated porosities of the visible pores of 8.3% and
13.4%, respectively, which indicates that as the high-temperature storage time increases,
the grains continuously evolve towards coarsening, with continuous grain growth and
aggregation of pores. Severe cracking is observed at the interface between the nano-silver
solder and the Cu surface, while the interface with the silver plating layer does not show
significant cracking, as shown in Figure 2n. This is because sintered silver and silver
plating are the same material, which facilitates diffusion and bonding between them. The
electroplated coating and substrate are more tightly connected at the atomic level, which
also prevents the oxidation of the copper substrate. Therefore, the Ni/Ag plating layer
can improve the bonding effectiveness between sintered silver and copper, enhancing the
thermal reliability [23,24].

The porosity of visible pores, mean size, and mean number of visible pores of the SEM
images were calculated using the ImageJ processing software, and the results are shown
in Table 2. The ImageJ software was used to process the SEM images and calculate the
porosity of the visible pores, as shown in Figure 4. The principle behind calculating the
porosity of visible pores using the ImageJ software is based on the grayscale distribution
curve obtained from the exposure of the image. By calculating the proportions of different
grayscale levels in the image to the total area, the porosity of visible pores can be determined.
From Figure 4, it can be visually observed that the porosity of visible pores and average pore
size increase with the duration of high-temperature storage and the number of temperature
cycles. This provides a foundation for the further exploration of the degree of correlation
between the microstructure, duration of high-temperature storage, and the number of
temperature cycles.
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Table 2. Pore analysis results of SEM images.

Sample Number Average Porosity % Average Pore
Size µm2

Mean Number of
Pores/400 µm2

1 1.01 0.004 1104
2 3.12 0.013 998
3 7.74 0.034 919
4 8.30 0.041 815
5 13.4 0.072 749
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The calculation of the Pearson correlation coefficient yielded a significant positive
correlation coefficient (r = 0.9913) between the duration of high-temperature storage and
the porosity. This finding is consistent with previous studies in the literature, which suggest
that high temperatures lead to intense molecular motion, resulting in the growth and
coarsening of crystalline structures within the initially sparse sintered body. Additionally,
this leads to the fusion and enlargement of small pores, consequently increasing the overall
porosity of visible pores [25]. The mechanism of grain coarsening and pore fusion is shown
in Figure 3; Figure 3a shows the pores before the aging test, Figure 3b is the schematic
diagram of atomic diffusion, and Figure 3c is the result of grain coarsening [18].

The correlation coefficient (r = 0.9775) between the number of temperature cycles and
the porosity was calculated, which is consistent with the correlation coefficient observed
between the high-temperature storage times and porosity.

In addition, by extracting the high-temperature exposure time from the temperature
cycling test, it was found that in 100 cycles, the high-temperature exposure time was 41.7 h,
and in 200 cycles, the high-temperature exposure time was 83.4 h. By calculating the poros-
ity and high-temperature exposure time of five sets of test samples together, a correlation
coefficient (0.9811) was obtained. This result is consistent with the correlation coefficient
(0.9913) obtained from only considering the high-temperature storage test. This indicates
that the main influence on porosity in the temperature cycling test is the high-temperature
process during the temperature cycles, while the impacts of the temperature variation
process and low-temperature process on porosity are relatively small [26]. Therefore, under
the same experimental time, the environment of high-temperature storage has a greater
impact on the porosity than the environment of the temperature cycle.

The average pore size was calculated by dividing all of the pore areas (porosity ×
given area) by the pore number, and the results are shown in Figure 4.

3.2. Effect of the Reliability Tests on the Shear Strength

The shear strength of the experimental samples in each group was characterized
using a push ball method. The characterization process involved pushing the samples
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laterally using a 5 mm wide pushing needle at a rate of 0.5 mm/s. The maximum force
exerted during the entire process was recorded, and the results are shown in Figure 5.
The shear strength of the group that did not undergo reliability testing was measured to
be 16.9 MPa. From the characterization results, compared to the control group, the shear
strength decreased by 40% in the second group, and there was a significant decrease of
approximately 48% in the third group compared to the second group. The SEM images in
Figure 2f–h reveal that the gap between the sintered silver and copper substrate gradually
expands with the increasing duration in a high-temperature environment. This expanding
gap leads to a gradual descend in strength, making it a weak point in the nano-silver
interconnect. This phenomenon is attributed to the coarsening of the sintered silver grains,
which results in the formation of visible pores at the sintered silver/copper interface that
continuously grow and merge. Oxygen infiltrates along these voids and rapidly oxidizes
the copper in the high-temperature environment, further promoting the separation of the
interface [27]. Figure 2n shows that the Cu/Nano-Ag interface is through–through cracked
after 96 h. This can be attributed to the presence of a larger pore size and higher porosity,
which result in the deeper oxidation of copper by oxygen. Consequently, this leads to a
greater degree of interface cracking.
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3.3. EDX Elemental Analysis

The elemental distributions of Ag, Ni, and Cu in the samples that were stored at a
high temperature for 96 h and 200 h were characterized using an EDS analysis. The results,
as shown in Figure 6, indicate that after 200 h of high-temperature storage, the Ni layer
also maintains a good barrier effect, effectively preventing the oxidation of copper and
maintaining a good bonding effect [28,29]. Combined with the SEM images, it can be
observed that despite the significant coarsening of the sintered silver layer, the plated silver
layer still maintains a good morphology. Compared to the SEM and EDS images after 96 h
of high-temperature storage, it can be seen that after 200 h of high-temperature storage,
a slight cracking occurs at the interface between the plated silver layer and the plated
nickel layer (see Figure 6c in the red box). This suggests that the scheme of enhancing
the bonding effect between nano-silver and copper by plating Ni and Ag will tend to
fail after a certain period of high-temperature storage. The relevant literature has shown
that the plated Ni layer tends to diffuse and merge into the copper layer after a certain
period of high-temperature storage [27]. The reason for this is that the diffusion of Ni in
Ag requires a higher temperature of over 427 ◦C [30], with a diffusion rate ranging from
10−14 to 10−12 (m2/s) and a relatively low starting temperature of 250 ◦C in Cu (with a
diffusion rate ranging from 10−13 to 10−11 (m2/s)), which is attributed to the difference
in the migration activation energy of Ni atoms within Cu and Ag. This also implies that
a stronger bounding strength would be obtained in the Ni/Cu interface than in Ni/Ag
after the high-temperature sintering process. With the volumetric contraction of nano-Ag
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layers caused by the high-temperature thermal treatment, which is 200 h of a long-time
temperature storage in 170 ◦C, the tendency of interface cracking is observed between the
Ni and Ag layers rather than in between Ni and Cu.
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3.4. Analysis of the Fracture Surface Results

The cross section after the shear test is shown in Figure 7. Region A corresponds to
unoxidized copper, which exhibits good bonding between the sintered silver and copper
substrate. The absence of copper oxidation in this region indicates that there is no signifi-
cant cracking between the copper and sintered silver in this area. In a high-temperature
environment, sintered silver undergoes coarsening, leading to the formation of voids at the
sintered silver/copper interface. The rapid oxidation of copper with oxygen at elevated
temperatures further deteriorates the bonding effect, resulting in gradual cracking and the
formation of the region indicated as D in the cross section. Using the ImageJ tool, the area
percentages of each region were calculated, and they are presented in Table 3. The Pearson
correlation coefficient between the area fraction of region A and shear force was found to be
0.994, indicating a strong correlation. This suggests that the copper/sintered silver interface
within the entire bond layer is weaker than sintered silver/silver plating interfaces, thus
determining the shear resistance capability. From the cross-sectional images Figure 7a–c, it
can be observed that regions C and D increase synchronously with the increase in thermal
cycling cycles. This is due to the difference in the thermal expansion capability between the
sintered silver and silver plating layers caused by their microstructures, leading to crack
formation. Region D experiences a greater difference in the thermal expansion capability
between the sintered silver and copper due to material properties, resulting in a faster
growth of the cracked and oxidized area. This leads to a decrease in the contact area and,
consequently, a reduction in the bonding strength between the two layers. This reduction
continues until cracking occurs. From the cross-sectional images Figure 7a,d,e, it can be
observed that the area percentage of region C increases with prolonged high-temperature
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exposure. This is attributed to the coarsening of the sintered silver grains, which results
in an increased number of voids between the sintered silver and silver plating layers.
This leads to a decrease in the contact area and, consequently, a reduction in the bonding
strength between the two layers, eventually leading to crack formation. Consequently, the
area of the fractured interface (region C) between the sintered silver and silver plating
layers increases [27].
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Sintered silver/silver-plated interface section, D-Copper/sintered silver oxidation cracking interface
section; (a) control group; (b) 100 temperature cycles; (c) 200 temperature cycles; (d) high-temperature
storage for 96 h; (e) high-temperature storage for 200 h.
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Table 3. A, B, C, and D areas’ area scores (as shown in Figure 7a,b).

Group Number 1 2 3 4 5

Area A area% 8.58 4.38 2.48 2.33 1.85
Area B area% 35 26 13 26 29
Area C area% 15 22 23 20 41
Area D area% 41 47 62 30 25

From Figure 8, it can be observed that with the prolonged exposure to a high tempera-
ture, the growth and merging of voids in the sintered silver develop into through-thickness
cracks, which continue to grow and expand. The schematic diagram depicting the high-
temperature aging crack in sintered silver is presented in Figure 9. When the bonding
between the two ends of the sintered silver is good, internal fractures occur within the
sintered silver, forming region B in Figure 7. Cracking at the interface between the sintered
silver and copper forms region D in Figure 7. The region labeled C in Figure 7 will form
when there are numerous defects at the interface between sintered silver and silver plating,
and there is an area of unoxidized cracking at the interface between sintered silver and
copper. The region labeled A in Figure 7 will form when there are fewer defects at the
interface between sintered silver and silver plating, and there is an area of unoxidized
cracking at the interface between sintered silver and copper.
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aging.
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B-Sintered silver section, C-Sintered silver/silver-plated interface section, D-Copper/sintered silver
oxidation cracking interface section.

3.5. Effect of Reliability Test on Nano-Silver Square Resistance

For each experimental sample group, the electrical properties were characterized by
measuring the square resistance, as shown in Figure 10 and Table 4. The lowest resistance
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value in the control group was 21.3 mΩ/sq. It was reported in the literature that different
sintering processes yield sheet resistance values ranging from 20 to 24 mΩ/sq [29]. This
demonstrates the excellent electrical performance of the nano-silver sintered body. After
100 cycles of thermal shock, the square resistance value increased by 3.3 mΩ/sq. After
200 cycles of thermal shock, the square resistance value increased by 5.5 mΩ/sq. After 96 h
of high-temperature storage, the square resistance value increased by 4.8 mΩ/sq. After
200 h of high-temperature storage, the square resistance value increased by 7.4 mΩ/sq. It
can be observed that the square resistance continuously increases with an increase in the
number of temperature cycles and the duration of high-temperature storage. After 200 h
of high-temperature storage, an increase of 35% in the sheet resistance was observed. The
Pearson’s coefficient between the square resistance and the porosity of visible pores was
calculated to be 0.9565, which gives a significant correlation between the square resistance
and the porosity of visible pores. Generally, the value of square resistance is directly related
to the density of conductive chains in the sintered body. The denser the structure of the
sintered body, the more conductive chains are formed and, subsequently, the smaller the
square resistance [31]. After the reliability experiments, the denser structure of the nano-Ag
sintered body decreases with the increase in the high-temperature exposure time, which
comes with the appearance of sub-micro-scale or micro-scale visible pores and the increase
in the porosity of visible pores, resulting in the continuous decrease in the conductive paths
formed inside the sintered body and the increase in the square resistance. This may even
lead to the formation of crack-like defects as internal pores merge, which is even more
detrimental to electrical conduction [26,32].
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Table 4. The results of the square resistance measurement.

Group Number 1 2 3 4 5

Square Resistance
(mΩ/sq) 21.3 24.6 26.8 26.1 28.7

4. Conclusions

In the present study, we investigated the microstructural properties, shear strength,
square resistivity, and the impact of Ni/Ag plating layers on the reliability of nano-silver
interconnect specimens under high-temperature storage and thermal cycling experiments.
The degree of association between the two sets of data is evaluated using the Pearson
coefficient, which is a statistical measure of correlation. Based on the analysis, the following
conclusions can be drawn:

1. After high-temperature storage and thermal cycling experiments, the porosity of
sintered silver continuously increases, and there is a significant positive correlation
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between the time in the high-temperature storage and the porosity, with a coefficient
of 0.9913. The influence of the high-temperature storage environment on the porosity
of visible pores is greater than that of the temperature cycling environment under the
same experimental time.

2. The bonding effect with the nano-silver layer can be enhanced, and the thermal
reliability can be improved by depositing Ni/Ag on the surface of Cu, making it
less prone to cracking. However, after 200 h of high-temperature storage, signs of
separation between the Ni layer and Ag layer may occur.

3. After the reliability test, the shear force will experience varying degrees of decrease.
This decrease can be primarily attributed to the cracking of Cu oxidation at the nano-
Ag/Cu interface. The fracture surface exhibits four distinct regional forms, and the
shear force shows a strong correlation with the area of close connection between the
sintered silver and copper substrate, with a correlation coefficient of 0.994.

4. The electrical performances of sintered silver interconnects can be significantly im-
pacted by reliability testing. After 200 h of high-temperature storage, an increase
of 35% in the sheet resistance is observed. There is a significant positive correlation
between the square resistance and the porosity of the visible pores, with a correlation
coefficient of 0.9565.

5. The influence of the high-temperature storage environment on the reliability of sin-
tered silver is greater than that of the temperature cycling environment under the
same experimental time.
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