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ABSTRACT 

 

Wide band gap (WBG) devices, using 

sintered silver (s-Ag) for die attachment are 

attracting increasing interest due to silver's 

excellent properties and its ability to operate 

at high temperatures. However, the sintering 

process results in a porous structure whose 

evolution during thermal aging is known to 

degrade the material's properties. This 

review article presents the conventional 

silver sintering process, critically analyzes 

the resulting porous microstructures based 

on various approaches, and examines the 

impact of thermal aging on microstructural 

evolution. It highlights the challenges 

associated with controlling this 

microstructure and offers perspectives for 

future research directions. 
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1. INTRODUCTION 

In recent years, advances in power 

electronics have driven the rise of electric 

and hybrid vehicles, fifth-generation (5G) 

technologies, and other energy conversion 

applications. These innovations address user 

comfort needs while reducing greenhouse 

gas emissions. However, they impose 

increasing technical requirements, 

particularly with the use of new 

semiconductors like silicon carbide (SiC), 

capable of operating at high temperatures of 

up to 350 °C [1], [2]. Simultaneously, the 

RoHS (Restriction of Hazardous 

Substances) directive has restricted the use 

of hazardous substances such as lead (Pb), a 

key component in traditional solders [3], 

[4], [5]. 

These technical and regulatory constraints 

call into question the relevance of 

conventional brazing alloys, such as those 

based on SnPb. These materials have low 

thermal conductivity and problems with 

creep and fatigue at high temperatures, 

limiting their reliability in severe thermal 

environments [6], [7]. Faced with these 

limitations, the electronics industry is 

turning to more efficient alternatives, in 

particular the sintering of silver (s-Ag) 

pastes. This process is emerging as a 

promising solution thanks to silver's 

exceptional properties in terms of thermal 

and electrical conductivity [8], [9], [10]. 

However, given the industrial constraints 

requiring an assembly technique at low 

temperature (below 300°C), at low pressure 

and time-efficient assembly process, the 

sintering conditions of the Ag paste result in 

a porous microstructure, whose evolution 

over time directly impacts the material's 

properties. 

http://www.ijrrjournal.com/
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Most of the studies reported in the literature 

focus on the macroscopic properties of s-

Ag, highlighting their strong dependence on 

manufacturing parameters [11], [12], [13], 

[14], [15]. However, these studies rarely 

establish an explicit link between the 

material's properties and its microstructural 

characterization, despite their direct 

correlation. To analyze the microstructure of 

s-Ag, two main experimental approaches are 

commonly employed. The first, 2D 

characterization using scanning electron 

microscopy (SEM), provides detailed 

surface analysis [16], [17], [18], [19], [20]. 

The second, 3D characterization using X-

ray tomography, offers a more 

comprehensive volumetric exploration, 

enabling a deeper understanding of the 

internal structure [21], [22]. 

After describing the silver sintering process 

and detailing its key steps, this review 

article analyzes the porous microstructures 

obtained after silver sintering based on 

various approaches. It also examines the 

impact of thermal aging on the evolution of 

the material's microstructure. The aim is to 

highlight the challenges associated with 

controlling this porous microstructure and to 

propose perspectives to guide future 

research. 

 

2. SINTERING PROCESS 

The conventional steps involved in the s-Ag 

die-attach process follow a well-defined 

sequence. The first stage consists of 

transforming Ag particles into a paste, a 

crucial step for its application as a bonding 

material in electrical systems. This 

transformation is achieved by mixing Ag 

powder with organic components, which not 

only facilitate the formation of the paste but 

also prevent particle agglomeration and 

aggregation [9], [23], [24]. Due to the very 

small size (nanoscale and/or microscale) of 

the Ag powder used in this technology, two 

configurations can lead to particle 

clustering: agglomeration and aggregation. 

To avoid these, the powder is mixed with 

specific organic components, namely 

dispersants, binders, and thinners. Each of 

these plays a distinct role, enhancing the 

printability and flowability of the paste [9]. 

Fig. 1 shows the steps involved in preparing 

Ag paste [9]. The organic components are 

first dissolved in an organic solvent to 

create a uniform solution. Next, the Ag 

particles, in powder form, are added to the 

uniform solution while it is being stirred. 

This stirring ensures the complete and even 

dispersion of Ag particles within the 

solution. Finally, to obtain the Ag paste, the 

organic solvent is evaporated in a controlled 

process. 

Regarding the sintering process itself, there 

are two main types, primarily depending on 

the particle size of the Ag. The first is 

pressure-assisted sintering, which is suitable 

for microparticles. This method enhances 

particle adhesion to achieve a material with 

a low porosity rate [25], [26], [27], [28]. It 

improves process efficiency and reduces the 

required sintering temperature but poses 

challenges in terms of cost and equipment 

requirements. The second type is 

pressureless sintering, often used for silver 

nanoparticles [29], [30], [31]. Regardless of 

the sintering type, the resulting material 

remains porous. 
 

 
Fig. 1: Preparation procedure of nanoscale silver pastes  [9], [32]. 
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3. CHARACTERIZATION OF THE 2D 

POROUS MICROSTRUCTURE OF s-

Ag 

Most studies on the characterization of the 

porous microstructure of s-Ag reported in 

the literature have been conducted in two 

dimensions (2D) [16], [17], [18], [19]. This 

section reviews the key works focusing on 

2D characterization of the porous structure 

of silver in its sintered state (i.e., before 

aging) and its evolution during thermal 

aging. 

 

a) 2D Microstructure of s-Ag 

2D characterization involves surface 

analysis of the microstructure to estimate 

certain material properties. Numerous 2D 

studies have been performed on the 

microstructure of s-Ag [16], [17], [18], [19]. 

Fig. 2 shows cross-sectional images 

obtained by scanning electron microscopy 

(SEM) from the work of Wakamoto et al., 

illustrating the microstructure of nano-silver 

sintered under varying pressures ranging 

from 5 to 60 MPa at 300 °C for 10 minutes 

[33]. The porosity of the s-Ag, defined as 

the ratio of pore area to the total observed 

area, is indicated alongside each image. 

Sample preparation conditions play a key 

role in pore formation. At low pressures of 5 

and 10 MPa, the pores exhibit an irregular 

"peanut" shape and are locally clustered. 

When the pressure exceeds 30 MPa, the 

pores become nearly spherical and are 

evenly distributed. Porosity decreases from 

25% at 5 MPa to 14% at 10 MPa, before 

stabilizing around 5% at pressures of 30 and 

60 MPa. 

Many studies have reported similar results 

to those of Wakamoto et al., confirming that 

higher sintering pressures lead to lower 

porosity levels. The average pore diameter 

observed in 2D typically ranges from the 

nanoscale to a few micrometers, while the 

porosity of sintered materials varies 

between 5% and 50%, depending on 

sintering parameters such as sintering time, 

temperature, and the type of silver particles 

used [16], [17], [19], [34], [35], [36], [37]. 

 

 
Fig. 2: Cross-sectional SEM images of the nano-silver layer under varying sintering pressures of 5, 10, 30, 

and 60 MPa at 300 °C for 10 minutes [33], [38]. 

 

b) Evolution of the 2D Porous 

Microstructure in s-Ag  

 The reliability of s-Ag joints in electronic 

applications is a critical concern, and it 

heavily depends on the evolution of their 

porous microstructure over aging time. This 

reliability is largely influenced by changes 

in the pores, a key parameter for 

understanding the degradation mechanisms 

of mechanical, thermal, and electrical 

performance in these joints. 

Most studies on the evolution of the porous 

microstructure during thermal aging reveal a 

clear trend: the number of pores decreases 

over time, while their size increases [16], 

[17], [18], [19], [39]. This phenomenon is 
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explained by the mechanism of pore 

coarsening, where smaller pores shrink and 

disappear, while larger pores continue to 

grow. Gadaud et al. [18] illustrated this 

process in Fig. 3, showing SEM images of 

two samples: one that is unaged and another 

aged for 1500 hours at 125°C. The unaged 

sample contains more pores, with an 

average pore diameter of approximately 80 

nm (Fig. 3a), compared to the aged sample 

with an average diameter of around 150 nm 

(Fig. 3b). 

 

 
Fig. 3: Porous structure of sintered Ag: a) unaged, b) aged at 125°C for 1500 hours [18]. 

 

Table I provides a summary of recent 

studies comparing the average pore 

diameters in s-Ag microstructures before 

and after aging [16], [17], [18]. These 

studies consistently confirm that pore size 

systematically increases with aging. 

Variations in initial average pore diameters 

at t = 0 across studies are primarily 

attributed to differences in sample 

preparation conditions, such as sintering 

temperature, pressure, and the initial size of 

the silver particles used in the sintering 

process. 

 
Table I : Average pore diameters (unaged vs. aged conditions) [16], [17], [18] 

 Microstructure  Aging Temperature (°C) Aging Time (h) Average Pore Diameter (µm)  

Microstructure 1 [18] 125 
0 0,08 

1500 0,15 

Microstructure 2 [17] 250 
0 1,59 

1000 1,9 

Microstructure 3 [16] 350 
0 2 

1200 8 

 

This trend is further confirmed by studies such as those in Fig. 4a and b, which show that as 

aging time increases, the average pore diameter grows, while the number of pores decreases. 

 

  
Figure 4: a) Number of pores as a function of diameter for different aging times [18], b) Variation in 

average pore surface area and number of pores with thermal exposure time [17]. 
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In the work of Gadaud et al. [18], it was 

demonstrated that the evolution of the 

average pore diameter in sintered Ag during 

thermal aging follows the classical thermal 

evolution law for precipitates, known as 

Ostwald ripening [40]. In this process, the 

average diameter of particles (in this case, 

pores) increases as a function of time and 

temperature. Ostwald ripening occurs as 

smaller particles shrink and may even 

disappear entirely, while larger particles 

grow. This thermodynamic process is 

spontaneous, as larger particles are 

energetically more stable than smaller ones 

during thermal aging [41]. 

Numerous studies have also investigated the 

evolution of material density during thermal 

aging using 2D characterization methods 

[16], [17], [18]. The results reported in the 

literature revealing two main trends. In the 

first case, random variations in density are 

observed during thermal aging [16], [17]. In 

the second case, density remains relatively 

constant over time [18], [42], [43]. This 

latter case, where density remains constant, 

aligns more closely with previously 

described trends [16], [17], [18], [19], in 

which the average pore diameter increases 

while the number of pores decreases, 

thereby maintaining the overall material 

density. 

 

c) Influence of the Substrate on the 

Porous Microstructure 

Power electronic modules are composed of 

multiple components, forming complex 

networks of interfaces. Several studies have 

shown that, in the presence of substrates 

such as Cu, Ag, or Au, phenomena like 

diffusion, oxidation, and thermal stresses 

develop within the sintered Ag due to these 

interfaces [13], [44] (Fig. 5). Recent 

research has also reported that these 

interfaces can significantly influence the 

evolution of the porous structure during 

thermal aging [16], [19], [44], [45], [46], 

[47], [48], [49]. However, these studies have 

not yet provided sufficient data to precisely 

quantify this effect, which remains critical 

to the reliability of power modules. 

 

 
Fig. 5: Oxidation at the Ag/Cu interface [44] 

 

4. CHARACTERIZATION OF THE 3D 

POROUS STRUCTURE  

The 3D characterization of the porous 

structure of s-Ag is explored in the literature 

through two main approaches: destructive 

techniques, which involve serial sectioning 

under scanning electron microscopy (SEM) 

[21], [50], [51], and non-destructive 

techniques, primarily using X-ray 

tomography [52], [53], [54], [55], [56]. 

 

a) 3D Porous Microstructure of s-Ag 

Carr et al. [21] conducted a 3D study to 

characterize the porous structure of sintered 

silver microparticles. They employed Serial 

Block Face-Scanning Electron Microscopy 

(SBF-SEM), a destructive method capable 

of producing high-resolution 3D images 

from small samples. Initially developed for 

brain tissue studies [57], this technique has 

demonstrated remarkable versatility and can 

be applied to various sample types. Fig. 6 

shows the porous structure observed in their 

study: interconnected pores, micrometric in 

size, are shown in red, while isolated pores, 

submicrometric in size, appear in blue. The 

silver material (Ag) is rendered transparent 

for better visualization. Although the study 

did not provide detailed quantitative data, it 

highlighted a particularly high connectivity 

between pores, as suggested by the 

extensive red regions. This connectivity 

emphasizes the microstructural 

heterogeneity, consistent with findings from 

other studies [21], [50]. 
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Fig. 6: Porous structure of sintered Ag 

microparticles in the unaged state [21] 

 

Several studies have employed non-

destructive 3D characterization methods 

based on X-ray tomography [22], [52], [53], 

[58], [59], highlighting the complexity of 

the material's structure. Table II summarizes 

the findings of Zabihzadeh et al. [52], who 

utilized high-resolution ptychographic X-

ray tomography to characterize the 3D 

microstructure of sintered silver paste under 

various sintering parameters. The observed 

microstructures demonstrate a clear 

dependency on sintering conditions. Across 

all configurations, more than 90% of the 

porous volume was interconnected, while 

isolated pores accounted for only a small 

fraction of the total porous volume. These 

results corroborate findings from SBF-SEM 

studies. Similar observations have been 

reported in other studies [53], [58], further 

validating these trends. 

 
Table II : Porosity rates and pore connectivity as a function of sintering parameters [52] 

Sample Température 

(°C) 

Pressure (MPa) Sintering duration 

(min) 

Porosity (%) Pore 

Connectivity (%) 

S1 210 4 3 47 99,4 

S2 250 4 10 45 99 

S4 250 8 3 41 99 

S4 300 8 3 35 98 

S5 250 8 10 29 98 

S6 210 12 10 33 97 

S7 250 12 10 32 97 

S8 300 12 10 22 91 

 

A detailed investigation into the 3D 

nanoporous structure of several sintered 

silver samples, conducted via X-ray 

nanotomography, revealed that the pore 

population can be divided into two distinct 

categories [22]. The first category comprises 

the majority of pores, whose equivalent 

diameter distribution appears to follow a 

log-normal law, with an average size of a 

few hundred nanometers (Fig. 7a). The 

second category consists of a few highly 

complex pores, with equivalent diameters 

reaching several micrometers (Fig. 7b). In 

Fig. 7a and b, 494 small pores (SP) belong 

to the first category, while only one large 

pore (LP) is classified in the second. These 

findings align with studies demonstrating 

that more than 90% of the porous volume is 

interconnected [52]. 

 

 
Fig. 7: Pore distribution within the volume of an as-processed Ag pillar consisting of two groups based on 

their radius: a) Size distribution of the numerous isolated small pores (SP - in blue on the tomogram) vs 

b) 1 very large pore (LP - in red [22]) 
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b) Evolution of the 3D porous 

microstructure of s-Ag during thermal 

aging 

The temporal evolution of the 3D porous 

structure in s-Ag has been extensively 

studied to gain insights into its behavior 

during thermal aging. Milhet et al. [53], 

using X-ray nanotomography, investigated 

the 3D porous structure of s-Ag across a 

temperature range of 180°C to 300°C. Their 

findings indicate that, while the material’s 

density remains constant, its microstructure 

undergoes significant changes over time. 

Specifically, the average pore volume 

increases with both aging time and 

temperature, aligning with trends reported in 

2D studies [16], [17], [18]. This evolution in 

3D also follows the classical Ostwald 

ripening mechanism, where smaller pores 

shrink and larger pores grow. 

To explore the evolution of s-Ag in 

conditions closer to practical applications, 

N’tsouaglo et al. examined s-Ag samples, 

both coated with copper and uncoated, 

subjected to thermal aging at temperatures 

between 200°C and 350°C [22]. This study 

emphasized the role of copper interfaces, 

commonly used in real-world power 

modules, on the porous structure’s 

evolution. Their results showed a noticeable 

increase in structural complexity during 

aging, although the material's density 

remained relatively stable for both coated 

and uncoated samples (Fig. 8a). However, 

significant differences were observed 

between the two types of samples (Fig. 8b). 

For uncoated samples, the pore evolution 

was characterized by Ostwald ripening: the 

average pore volume increased linearly with 

time as the number of pores decreased. In 

contrast, coated samples exhibited more 

complex behavior, with the average pore 

volume initially increasing up to a critical 

time point before deviations appeared (Fig 

8b). This deviation was attributed to 

thermally induced stresses caused by the 

mismatch in thermal expansion coefficients 

between copper and silver, which gradually 

relaxed during aging. The presence of 

copper was found to accelerate the evolution 

of the porous structure. 

 

  
Figure 8: a) Evolution of density versus aging time at 350°C for s-Ag and s-Ag/Cu, b) Average pore 

radius evolution versus aging time for s-Ag and s-Ag/Cu at 350°C [22].  

 

Further analysis by N’tsouaglo et al. [22] 

focused on categorizing the pores into two 

populations: small pores  and large pores. 

They observed that the volume of small 

pores remained relatively constant during 

thermal aging, whereas the evolution of the 

porous structure was predominantly driven 

by the large pores. These results suggest that 

controlling the overall evolution of the 

porous structure in s-Ag paste hinges on 

effectively managing the large pores 

networks, which can sometimes span the 

entire volume of the samples. However, it 

should be noted that the experiments carried 

out on the evolution of the 3D 

microstructure were not conducted over a 

long period of time (around 7 hours). This 

constraint restricts the conclusions that can 
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be drawn about the long-term evolution of 

the microstructure, particularly in the 

presence of a coating. 

 

5. COMPARATIVE ANALYSIS: 2D VS 

3D MICROSTRUCTURAL 

CHARACTERIZATION  

The reported results on the evolution of the 

density of s-Ag vary depending on whether 

2D or 3D approaches were used for the 

study. In 2D, some studies report a variation 

in density during thermal aging [16], [17], 

[39], while others observe no densification 

at all [18], [42], [60]. In contrast, 3D studies 

consistently show that density remains 

nearly stable throughout aging. It is 

important to note that studies showing a 

variation in density during aging are 

generally based on changes in pore surface 

fraction. For instance, Choe et al [17], 

concluded that densification occurred during 

aging in their 2D study, as shown in Fig. 4b. 

However, by multiplying the average pore 

surface area by the number of pores 

reported in their figure, the results in Table 

III reveal that the surface porosity fraction 

remains almost constant over time. This 

result contradicts their conclusion of 

densification, shows the limitations of 

surface analysis, which can be misleading 

and is sensitive to the size and distribution 

of the pores within the selected analysis 

window. 

 
Table III : Review of results from choe et al. [17] 

Aging time (hours) 0 50 200 500 1000 

Average pore surface (µm2) 7.9 9.3 10.8 11.5 11.3 

Number of pores (%) 100 85 73 69 70 

Surface porosity (µm²) 790 790.5 788.4 793.5 791 

 

The differences observed between 2D and 

3D studies result mainly from the 

impossibility of taking into account the 

interconnectivity of pores in a 2D analysis. 

In 2D, large pores often appear as distinct 

small pores, unlike in 3D, where 

interconnectivity is accurately captured 

[22], [52]. For example, a study by 

N’Tsouaglo [59] performed both 3D and 2D 

analyses on a cubic volume (5.6 × 5.6 × 5.6 

µm³) of a s-Ag sample. Fig. 9 shows this 3D 

volume, where porosity is shown in blue 

and silver is rendered transparent. A surface 

cross-section (corresponding to the red 

plane) shows the pores in white and silver in 

black. At t = 85 minutes during thermal 

aging at 350°C, the 3D analysis revealed a 

single pore with an equivalent radius of 1.35 

µm (Fig. 9a). At t = 216 minutes, the same 

pore grew to a radius of 1.41 µm (Fig. 9b). 

However, the 2D analysis misinterpreted the 

data, indicating multiple smaller pores with 

average radii increasing from 0.30 µm to 

0.33 µm during thermal aging. In summary, 

2D analyses can lead to incorrect 

interpretations of microstructural evolution 

by failing to account for pore 

interconnectivity. In contrast, 3D 

approaches provide a more accurate and 

consistent understanding of the actual 

densification behavior of s-Ag samples 

during aging, though they require significant 

resources. 
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Fig. 9: Comparison of 3D and 2D studies. 

 

6. CONCLUSION  

This review on the characterization of the 

porous structures of sintered silver and their 

evolution during thermal aging aims to 

understand the impact of aging on the 

microstructure, an essential factor for 

evaluating its reliability as a promising 

solution for electronic component 

assemblies. 

Many studies focus mainly on 2D analyses 

using SEM, showing that pores are 

nanometric and/or micrometric in size. 

While these observations provide valuable 

insights into nanoporous microstructure 

characterization (e.g., pore surface area, 

number, and size), the 2D approach is 

limited by its inability to capture pore 

interconnectivity, a critical factor in 

understanding structural evolution during 

thermal aging. Moreover, tracking the same 

area on a sample over time is rarely 

achievable in 2D. In contrast, 3D studies 

provide a more comprehensive perspective, 

allowing in situ tracking of the porous 

structure's evolution, but require more 

resources. Under these conditions, studies of 

sintered silver’s porous structure indicate 

that overall density remains constant despite 

a reduction in the number of pores and an 

increase in their average size. Additionally, 

3D analyses identify two categories of 

pores: the first, comprising the majority 

(small pores), follows a log-normal 

distribution with equivalent diameters of a 

few hundred nanometers, while the second 

(large pores), much rarer, has diameters of 

several micrometers. Large pores appear to 

play a central role in microstructural 

evolution, suggesting that controlling these 

pore networks may be key to managing the 

porous structure of sintered silver. 

Furthermore, both 2D and 3D analyses 

reveal that the presence of a substrate 

interface induces phenomena such as 

diffusion, oxidation, and thermal stresses, 

which significantly influence the evolution 

of the porous structure during thermal 

aging. However, current data remain 

insufficient to precisely quantify these 

effects. 

For future research, more detailed 3D 

studies conducted over long aging times 

(beyond 7 hours) are recommended. These 

studies should focus on the impact of the 

sintered Ag/substrate interface on 

microstructural evolution. Long-term 

investigations could track pore evolution, 

explore changes in the roughness of the 

sintered Ag/substrate interface during 

thermal aging, and provide deeper insights 

into the mechanisms occurring at interfaces 

under real-world operating conditions. 
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