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ABSTRACT 

 

The low-temperature joining technique (LTJT) by silver sintering is being implemented 

by major manufacturers of power electronics devices and modules for bonding power 

semiconductor chips. A common die-attach material used with LTJT is a silver paste 

consisting of silver powder (micron- or nano-size particles) mixed in organic solvent and 

binder formulation. It is believed that the drying of the paste during the bonding process 

plays a critical role in determining the quality of the sintered bond-line. In this study, a 

model based on the diffusion of solvent molecules and viscous mechanics of the paste 

was introduced to determine the stress and strain states of the silver bond-line. A 

numerical simulation algorithm of the model was developed and coded in the C++ 

programming language. The numerical simulation allows determination of the time-

dependent physical properties of the silver bond-line as the paste is being dried with a 

heating profile. The properties studied were solvent concentration, weight loss, shrinkage, 

stress, and strain. The stress is the cause of cracks in the bond-line and bond-line 

delamination. The simulated results were verified by complementary experiments in 

which the formation of cracks in bond-line and interface delamination was observed 

during the pressure-free drying of a die-attach nanosilver paste. Furthermore, the 
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important drying parameters, such as drying pressure, low temperature drying time and 

temperature ramp rate of nanosilver LTJT process, are experimentally studied and 

analyzed with the numerical simulation. The simulated results were consistent with the 

experimental findings that the quality of sintered silver bond-line increases with 

increasing external drying pressure, with increasing low temperature drying time, and 

with decreasing temperature ramp rate. The insight offered by this modeling study can be 

used to optimize the process profile that enable pressure-free, low-temperature sintering 

of the die-attach material to significantly lower the cost of implementing the LTJT in 

manufacturing. 
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Chapter 1. Introduction 

1.1. Overview of semiconductor chip attachment techniques 

Semiconductor chip attachment is an important process in electronics packaging. The 

joint layer, which is often referred to as the bond-line, serves as mechanical bond, 

electrical connection and heat transfer media. Therefore, the quality of bond-line in the 

chip attachment is crucial to the performance and reliability of electronic modules. 

Currently, there are three major chip attachment materials/techniques: solder reflow, 

electrically conductive adhesive and low temperature joining technique. 

1.1.1. Solder reflow 

Solders are metal alloys that consist of two or more metallic elements. In the soldering 

process, the solder either in the paste form or in the preform form is placed between the 

chip and the substrate which need to be bonded. The assembly will then be heated with a 

specific designed heating profile. With the heat treatment, solder will melt to liquid phase 

and wet the surfaces that need to be bonded. Intermetallic phases are usually formed at 

the interfaces between the chip, the solder joint and the substrate [1-3]. After cooling 

down, the bond can be formed. 

The most widely used solder material in electronics packaging is a lead-tin solder 

(37Pb63Sn). And this solder is a standard to which all other interconnect materials are 

compared. 37Pb63Sn solder has a melting point of 183°C, which is a mild temperature 

for processing. A typical heating profile of 37Pb63Sn solder is shown in Fig. 1.1 [4, 5]. 

Because of the relatively low cost of solder materials and simple processing method, 

37Pb63Sn solder is commonly used in traditional electronics industries. 
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Fig. 1.1. Recommended heating profile for 37Pb63Sn solder. 

Another commonly used solder is 95Pb5Sn. 95Pb5Sn is a lead-based solder which melts 

at the temperature of 300°C. The high melting point of the solder indicates that once the 

joint is formed, it can undergo at relatively high temperature without obvious decrease of 

performance, i.e., the mechanical properties and electrical properties. Therefore, 95Pb5Sn 

is mainly used in high temperature applications of which requires operation temperature 

of electronic above 200°C, such as under-the-hood automotive, air-craft, aerospace, and 

well-logging industries.  

However, as the large amount of lead usage raises serious environment concerns, the use 

of lead-based solder is being restricted. Lead-free solder is becoming the first-hand 

choice in varies of electronics industries. Most common lead-free solder are tin-based, 

with potential ternary additions of antimony, silver, bismuth, or copper [6-8]. The typical 

melting temperature of lead-free solders ranges from 210°C to 234°C, which is 

comparable to lead-based solders. The mechanical and electrical performances of the 
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lead-free solder joints are similar to that of lead-tin solders joints, and lead-free solder 

joints performs slightly higher thermal reliability than that of lead-tin solder joints [8].   

For both lead-based and lead-free soldering, the alloy starts out as spheres immersed in a 

flux. The flux serves to clean the surfaces to be bonded before the solder particles melt. 

The bond is established through the formation of intermetallic compounds in the alloy 

and takes place relatively quickly. The entire reflow process can be completed in a few 

minutes. The biggest advantage of soldering is the low cost of materials and simple 

bonding process. However, the formation of an intermetallic layer during soldering is a 

big concern. Since intermetallics are usually much harder than the solder, large thermal 

stresses due to the mismatch of coefficient of thermal expansion will be induced during 

thermal cycling. Research indicates that solder joints usually fail at the interface between 

the intermetallic compound and the solder alloy [9-11]. Fig. 1.2 shows a typical failure at 

the interface between the solder and the substrate.    

 
Fig. 1.2. Cross-sectional image of 37Pb63Sn solder bond-line after thermal cycling. 
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1.1.2. Electrically conductive adhesives 

An electrically conductive adhesive (ECA) is a glue that offers a relatively low 

temperature, mild processing condition for electronics attachment. Because of the 

increasing environment concern, the use of the lead-based solders has been constrained, 

which has stimulated the development of the environment friendly alternatives ECAs [12, 

13]. Apart from the environmental concern, ECAs offer advantages over conventional 

solder technology such as, lower sensitivity to thermo-mechanical stresses, and higher 

flexibility [14].  

An ECA consists of a dielectric curable polymer resin (commonly an epoxy) and metallic 

conductive particles. The polymer resin is an adhesive material which provides the 

properties such as adhesion and mechanical strength. The metallic particles are in contact 

with each other and serving as the electrical current pathways.  

The metallic particles can be silver, copper, gold, palladium, graphite, carbon fiber, 

nickel, etc. The typical forms of particles are spheres, plates, rod, and flakes. Among the 

various conductive metal particles, silver is most commonly used thanks to its moderate 

cost, low reactivity with oxygen, good electrical conductivity, and chemical durability. If 

the silver particles are directly exposed to a humid or corrosive environment, silver can 

be ionized and can cause silver migration, which will lead to electrical shorts in the 

electronics modules. However, because in ECA joints the silver is encapsulated inside the 

polymer, it is difficult for the corrosion to occur. Although many tests implies that silver 

migration was never observed [15, 16],  silver migration has been reported to occur in the 

ECA joints by other researchers [17].  
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Gold, nickel, and copper are also being used as the metallic particles in ECAs. Being 

compared with silver, gold has advantages of better physical properties, excellent boding 

surface and nearly negligible oxide rate, but the high cost of material constrains its 

applications. Nickel is less expensive, but has lower electrical conductivity and can easy 

be oxidized under the humid environment. Copper, although very cheap, has rapid 

oxidization rate, which limits its applications [18].  

Traditionally, there are two types of ECAs: isotropic conductive adhesives and 

anisotropic conductive adhesives [19]. Isotropic conductive adhesives, with typical 1-10 

µm sized conductive fillers, conduct electricity equally to all directions. Anisotropic 

conductive adhesives, with 3-5 µm sized conductive fillers, conduct electricity along only 

one direction. Fig. 1.3 shows the schematic of isotropic and anisotropic conductive 

adhesives. 

 
Fig. 1.3. Schematic illustration of (a) isotropic conductive adhesives and (b) anisotropic 

conductive adhesives. 
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The process of chip attachment by ECAs is relatively simple. However, being compared 

with solder, ECA joints have disadvantages such as lower electrical conductivity, longer 

curing times, lower application temperature, undetermined durability in various climatic 

environments, conductivity fatigue in reliability testing, limited current-carrying 

capability and poor impact strength. Therefore, ECAs are usually restricted to the low 

temperature and light duty applications. 

1.1.3. Low temperature joining technique 

Low temperature joining technique (LTJT) by silver sintering, has been extensively 

studied and used as an alternative to solder or epoxy for the fabrication of power 

electronic devices and modules [20-26]. This technology has been applied to a few 

developmental and commercial products [27, 28].  

The excellent physical properties of silver, such as high melting point, high thermal and 

electrical conductivities, as well as its high ductility, make sintered silver a promising 

die-attach material. Table 1.1 compares the processing parameters and physical properties 

of solders, silver epoxy, and LTJT sintered silver. Because the LTJT silver bond-line is 

formed not by melting but by sintering, the joint layer will not melt below 961°C, which 

implies that the LTJT has great advantage in high temperature applications.  

Table 1.1:  Comparison of processing parameters and physical properties of various 

attachment materials. 

 

Processing 

temperature 

Max. use 

temperature 

Electrical 

conductivity 

10
5

 (Ω·cm)
-1

 

Thermal 

conductivity 

(W/K·cm) 

Die-shear 

Strength 

(MPa) 

Lead-tin 

solder 
217°C < 183°C 0.69 0.51 35 

Lead-free 

solder 
260°C < 225°C 0.75 0.70 35 
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Gold-tin 

solder 
310°C < 280°C 0.625 0.58 30 - 60 

Silver 

epoxy 

100 – 

200°C 
< 200°C 0.1 0.1 10 – 40 

High-Pb 

solder 
340°C < 280°C 0.45 0.23 15 

LTJT 

sintered 

silver 

< 275°C < 961°C 3.8 2.4 20  40 

 

A bond formed by sintering is significantly different from that obtained by the solder 

reflow process. Sintering, particularly solid state sintering as in the case of silver, is a 

slower process and depends on temperature-activated diffusion mechanisms. As a result, 

the attachment process of LTJT is different from solder reflow and involves a longer 

timescale. Additional process parameters such as drying time, temperature, and externally 

applied pressure, need to be considered. Fig. 1.4 shows a schematic of heating profile of 

LTJT process, which consists of 2 major stages: drying stage and sintering stage. The 

whole heating process generally requires 30 minutes or longer. 

 
Fig. 1.4. Schematic of heating profile of LTJT process. 
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Some applications show that LTJT sintered silver joint layer can work in excess of 

250°C, which is significantly higher than the working temperatures of most traditional 

solder-based or epoxy-based materials [29, 30]. The sintered silver joint in chip 

attachments has different failure mechanism from the solder joints. Because there is no 

intermetallic layers formed during the bonding process, no serious stress concentration 

occurs at the interface between bond surfaces and joint layer. During thermal cycling, the 

sintered silver joint can release the thermal stresses by generating vertical cracks rather 

than interfacial delamination [31], as shown in Fig. 1.5. Those vertical cracks have 

limited influence on the electrical and thermal performances, and the sintered silver joints 

show higher thermal reliability than traditional solders [28, 31-34].  

Because of the excellent performance and much improved reliability of the LTJT sintered 

silver joints, the LTJT has drawn great attention from industries. 

 

Fig. 1.5. Cross-sectional image of sintered silver bond-line after thermal cycling. 
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1.2. Current concerns in LTJT 

1.2.1. Pressure-aided heating process of LTJT 

In the conventional LTJT, the use of micron-size silver powders requires manufacturers 

to develop a “hot-pressing process” at over 30 MPa and 250°C to form the sintered silver 

joints. Such level of pressure adds complexity and cost to the manufacturing process. The 

introduction of a nanosilver paste die-attach material [35] significantly lowers the applied 

pressure to achieve a bond strength comparable with that obtained in the LTJT 

manufacturing process. For small chips (< 10 mm2), bonding with the nanosilver paste 

can be achieved with a simple heating profile with no external pressure [26, 35-38]. 

However, for bonding large-area chips, e.g., insulated-gate bipolar transistor (IGBT) 

chips larger than 100 mm2, a uniaxial pressure of a few MPa was found to be necessary 

during the sintering stage of the bonding process, which is carried out at temperatures 

below 275°C [38]. Pressing at temperatures above 200°C can cause significant wear and 

tear on the processing equipment, particularly on the cushioning material that provides 

conformal contact with the die, resulting in high maintenance cost.  

1.2.2. Drying process of LTJT 

Moreover, the drying process of LTJT also plays a crucial role in the final sintered silver 

joints. Inappropriate process, especially at the drying stage before silver sintering, will 

increase defects (such as cracks, voids and delamination) in final sintered silver bond-

line, and the defects can greatly decrease the performance and reliability of sintered 

joints. As shown in Fig. 1.6, once the defects (the bright part in the image) in the joint 

layer are formed after drying, they are hard to be removed by the following sintering 

process.  
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Fig. 1.6. X-ray transmission image of a chip attachment (a) after drying with an 

inappropriate profile (direct heated at 180°C for 30 minutes), and (b) followed by 

sintering at 275°C for 30 minutes with an uniaxial pressure of 3 MPa. 
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A reliable drying process is needed to obtain a strong, reliable, and defects-free LTJT 

sintered silver bond-line, and it requires the theoretical and experimental study of the 

drying process of LTJT. 

 

1.3. Theories to analyze the drying behavior of LTJT 

1.3.1. Liquid removal during drying 

In LTJT, the drying of the paste during the bonding process plays a critical role in 

determining the quality of the sintered bond-line. Removal of solvent is particularly 

important in drying processing, as cracks and delamination may generate during this 

process. Therefore, liquid/moisture transport processes are significant in drying. So far 

there is no analytical study on the drying process of LTJT. However, the liquid/moisture 

transport during drying has been frequently studied in the fields of soil science, food 

science, wood science, and concrete science, etc. The stages of drying were thoroughly 

discussed [39-44]. Drying process can be divided into the constant rate period and the 

falling rate period. When the material is wet enough, the constant rate period occurs, at 

which the evaporation rate is close to that from an open dish of liquid [41]. The falling 

rate period occurs as the concentration of moisture falls out, and it is the major period 

during the whole drying process [42]. During the falling rate period, if the liquid phase is 

in continuous (i.e., interconnected) condition, Darcy’s law can be applied [45-51], which 

states that the flux of liquid is proportional to the gradient in pressure in the liquid, as the 

capillary pressure gradient is the driving force. On the other hand, if the liquid phase is 

not in continuous condition (i.e., isolated in pockets), liquid evaporates and the vapor is 

removed out of the main body by diffusion, of which the driving force is the moisture 
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concentration gradient [52-55]. Diffusion equations have been widely used in the analysis 

of drying for porous materials such as clay, concrete, gels, and agricultural product, etc 

[56-59]. The linear diffusion equation, which assumes a constant diffusion coefficient, 

has been proved to be not good enough to fit the experimental data [60-62]. Nonlinear 

diffusion equation, of which assumes that the diffusivity is dependent on one or more 

factors such as pore humidity and temperature, can provide a better fit of the 

experimental data of drying [56, 57]. 

1.3.2. Stress induced by drying 

As liquid leaving from the main body, the material shrinks. The strain and stress will 

generate because of the shrinkage. For the drying process of LTJT, the induced high 

stress is the root cause of the formation of cracks and delamination in the sintered silver 

bond-line. Therefore, it is crucial to find out the stress evolution during the drying 

process. The stress-strain relationship during the drying is being studied and several 

models were applied.  

The model of linear elasticity can be applied in the porous elastic solid, at which liquid 

does not affect the stress [63, 64].  The model of viscous strain proposed the constitutive 

equation in the terms of strain rates, supposing the stress induces the strain rate [65, 66]. 

The model of linear viscoelasticity takes account of the instantaneous behavior as 

elasticity and time-dependent behavior as viscosity at the same time [67]. Viscoelastic 

analogy has been used to solve for the stress in viscoelastic materials and the solution has 

been used by many researchers to solve mechanical and thermal stress problems [68, 69]. 

From the point of mathematics, the linearly viscoelastic analysis looks correct with 

assumption of constant moduli.  However, during the heat related processes such as 
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drying or sintering, the elastic modulus changes with time, temperature, and strain. 

Therefore, the material is no longer linearly viscoelastic during these processes, and it 

makes the linearly viscoelastic analogy not work effectively [65, 66].  It has been found 

by many researchers that the elastic strain is negligible compared to the viscous strain 

during densification, and the stress at the end of the elastic period is the same as that from 

a purely viscous analysis [70-72]. Therefore, it is reasonable to neglect the elastic 

response and only conduct the viscous deformation analysis for the heat related 

processes. Viscous analogy has been used by many researchers to explain the stress 

evolution of porous materials during sintering [73-79] . 

 

1.4. Objectives and significance of the study 

A major issue of LTJT is that the process which requires hot-pressing at high temperature 

is too complicate. To simplify the process is always in demand. Based on this reason, the 

objectives in this study are shown below: 

 (1). To better understand the behavior of nanosilver paste in a chip-attachment during 

drying process by developing an analytical model. The influence of process parameters 

(temperature, time, and external pressure) on the nanosilver paste behavior should be 

evaluated.  

 (2). To develop a simplified nanosilve-enabled LTJT process for bonding large-area 

chips which limits the hot-pressing at a temperature below 200°C. 

 

1.5. Structure of the dissertation 

Based on the objectives, this study is divided into the following chapters: 
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Chapter 2: Modeling of the drying behavior in nanosilver LTJT. A model based on 

diffusion theory and viscous mechanics was developed to describe the internal stresses 

and strain evolution of nanosilver paste in a chip attachment during the drying process, 

and an algorithm for numerical simulation of the evolution of internal stresses in 

nanosilver paste during drying was realized.  

Chapter 3: Experiments verification of the predicted drying behavior in nanosilver LTJT. 

The behavior such as weight loss profile, shrinkage and defect formation of nanosilver 

paste in a chip attachment during drying were demonstrated by numerical simulation and 

compared with experiment results. 

Chapter 4: Design of experiments (DOE) study on nanosilver LTJT. A fractional factorial 

design of experiments was used to identify the effects and interaction of various 

processing parameters, such as pressure, temperature, and time, on the resulting bond. 

Based on the results, a nanosilver enabled LTJT process for bonding large-area chips 

with hot-pressing below 200°C was developed. 

Chapter 5: Effect of external applied pressure during drying on sintered silver bond-line. 

The effect of drying pressure on bonding quality of the sintered silver bond-line was 

demonstrated by experiments and analyzed using the diffusion-viscous model by 

numerical simulation.  

Chapter 6: Effects of temperature ramp rate and drying time on sintered silver bond-line. 

The effects of different room temperature pre-drying time and different temperature ramp 

rates on the bonding quality of the sintered nanosilver chip attachment were demonstrated 

by experiments and analyzed using the diffusion-viscous model by numerical simulation. 
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Chapter 2. Modeling of the drying behavior in nanosilver LTJT 

2.1. Introduction 

In order to improve the drying process of nanosilver paste in chip attachment, the drying 

behavior combined with the internal stresses evolution of the nanosilver paste was 

analyzed in this chapter. A diffusion-viscous model was developed to show the internal 

stresses in the nanosilver paste in chip attachment during drying process. Based on the 

model, an algorithm was developed to simulate the drying behavior such as weight loss, 

shrinkage, and the stress evolution of the nanosilver paste in LTJT. 

 

2.2. Model of nanosilver paste drying 

2.2.1. Composition of nanosilver paste 

Nanosilver paste is a lead-free material consisting of silver nanoparticles mixed with 

organic binders and solvents. The model of the paste consists of two parts: the solid part 

(silver particles, organic binders) and the liquid part (solvents). During the drying, the 

liquid part decreases and the solid part remains constant. The total volume of the paste 

shrinkages. Because the solid silver particles cannot be 100% dense, and, in fact, pores 

are generated during drying. Fig. 2.1 shows a schematic of the evolution of paste 

composition during drying.  

At the initial stage, the total volume, total mass, and density of a unit cell of the paste are 

0V , 
om , and o , respectively. The solid part has a volume of 0

SV  and mass of 0

Sm , and 

the solvent has a volume of 0

LV , mass of 0

Lm , and density of L . Thus, 

000

LS VVV           (Eq. 2.1) 
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000

LS mmm           (Eq. 2.2) 

000 /Vm          (Eq. 2.3) 

 

 
Fig. 2.1. Schematic of composition evolution of nanosilver paste during drying process. 

At a given stage of drying, the solvent is partially evaporated and some pores are 

generated. The total volume and total mass of the unit cell are V and m , respectively. 

The volume 0

SV  and mass 0

Sm  of the solid part remain the same. The solvent now has a 

volume of LV and mass of Lm , and the pores have a total volume of PV  and mass of 0 

(the pores are considered as vacuum). Thus, 

PLS VVVV  0         (Eq. 2.4) 

LS mmm  0          (Eq. 2.5) 

LLLLL VmVm // 00         (Eq. 2.6) 
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      (Eq. 2.7) 
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The concentration of the solvent in a unit cell is 
0

0

0 m

m

V

m
c LL 

  (with the unit of 

kg/m3), and the normalized concentration of the solvent can be defined as a ratio of two 

masses, instantaneous solvent mass in a unit cell over the original total mass of the unit 

cell: 
00 m

mc
C L

S 


 (dimensionless). From here on, all concentrations are normalized 

concentrations (mass fraction).  

The terms of Eq. 2.7 can be expressed as a function of the concentration of the solvent: 

0
0

0

00

0

00

11 S

LL

LL C
m

m

V

VV









      (Eq. 2.8) 
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0
       (Eq. 2.9) 

where 
0

0

0

m

m
C L

S   is the initial concentration of the solvent. 

An empirical formula for 
0V

VP  is applied [80-82]: 

 2)( 0

1

0

a

SS
P CCa

V

V
         (Eq. 2.10) 

where 1a  and 2a  are model parameters.  

Substituting Eq. 2.8 to Eq. 2.10 into Eq. 2.7, we have: 

2)()(1 0

1

0
0

0

a

SSSS

L

CCaCC
V

V





     (Eq. 2.11) 

The nanosilver paste (nanoTach®, type K) used in this study was provided by NBE 

technologies, LLC.  For the fresh paste, the initial density 0  is 4.0 g/cm3, and the 
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density of the solvent L  is 1.0 g/cm3. 0

SC  is calculated to be 17%. Based on experience, 

the parameters 1a  and 2a  are set to 35 and 3, respectively.  

Fig. 2.2 shows the variation of volume (with or without pores) with solvent 

concentration. When the concentration of solvent is high, few pores are generated in the 

volume and the volume change is almost proportional to the solvent loss. When the 

concentration of solvent is low, pores become significant in the volume.  

 
Fig. 2.2. Relationship between volume ratio (V/V0) and solvent concentration (CS/CS

0).  

The free strain is defined as follows: 
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   (Eq. 2.12) 

So far, the volume change (
0V

V
), porosity change (

0V

VP
), and free strain f of the paste in 

a unit cell during drying can be expressed as a function of concentration of solvent ( SC ).  
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2.2.2. Viscous model for stress analysis 

Nanosilver paste is soft and is in a viscous form before it sinters to metallic silver. 

Therefore, elastic or elastoplastic models are not suitable in the case of nanosilver paste 

drying. A model with the consideration of viscosity should be more appropriate. Here, a 

viscous model for stress analysis is applied.  

 
Fig. 2.3. Schematic of (a) a unit cell in at position (x, y, z) in paste, and (b) the principle 

stresses and principle strains generated in the unit cell. 

As shown in Fig. 2.3, the principal stresses and principal strains generated in a unit cell 

),,( zyxCell  of the paste are ),,( zyx   and ),,( zyx  , respectively. Assuming that 

the paste material is isotropic, we can express the constitutive stress-strain relationship as 

follows [65, 66]: 
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      (Eq. 2.13) 
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where ),,(, zyxi
t

i

i 






  is the rate of principle strain; and f  is the rate of free linear 

strain of unconstrained paste. E  and   are uniaxial viscosity and viscous Poisson’s ratio 

of paste, respectively. 

During the drying process, the paste is constrained on the x-y plane by the chip and 

substrate. The chip and substrate are both assumed to be rigid bodies undergoing no 

deformation. Therefore, for the paste, the rate of strain on the x-y plane is always zero; 

furthermore, the rate of strain in the z-direction is independent of locations on the x-y 

plane at any given time. These can be expressed as Eq. 2.14: 
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        (Eq. 2.14) 

By solving Eq. 2.13 and Eq. 2.14, the principal stresses ),,( zyx   can be expressed as 

functions of f  and z : 
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      (Eq. 2.15) 
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      (Eq. 2.16) 

From here on, we express x  (or y ) as x-y in-plane internal stress,  and z  as vertical 

internal stress. 

Fig. 2.4 shows the load condition of the chip. applyP  represents the external applied 

pressure on chip, and z  is the reaction stress of paste along Z direction. 



 23 

 

Fig. 2.4. Load condition of chip, showing external applied pressure applyP  and reaction 

stress of paste z .  

To analysis the chip, because of the force equilibrium along Z direction: 

0  APdAF apply

A

zz
       (Eq. 2.17) 

where A  is the area of paste covered by chip and substrate. 

By substituting Eq. 2.16 into Eq. 2.17, we can derive: 
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      (Eq. 2.18) 

Substituting Eq. 2.18 into Eq. 2.15 and Eq. 2.16, we can express the principal stresses 

x , y , and z  as functions of the uniaxial viscosity ( E ), Poisson’s ratio ( ), the free 

strain rate ( f ), and the external applied pressure ( applyP ). 

In principle, at any given time, if the values of E ,  , f  and applyP  are known, the x-y 

in-plane internal stress ( x  or y ) and vertical internal stress ( z ) of the paste can be 

calculated. 
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Uniaxial viscosity ( E ): Viscosity is a material property of the paste. Practically, it is 

related to the solvent concentration. The higher the concentration, the lower the viscosity. 

The viscosity of the undried paste is 700,000 cP, and it increases to as high as 1015 cP for 

a completely dried (but not sintered) paste. It is reasonable to assume that viscosity is a 

monotonically decreasing function of solvent concentration. The relationship between the 

viscosity and concentration of the solvent of the paste is shown in Table 2.1.  

Table 2.1: Relationship between viscosity E  and concentration of solvent of paste SC  

SC  (%) E  (cP) E  (Pa·s) 

0 1×1015 1×1012 

17 7×105 7×102 

100 (pure solvent) 1 1×10-3 

 

It is assumed there is a reciprocal relationship between viscosity and concentration of 

solvent. The equation format is set as Eq. 2.19: 

C
BCA

E
S





1

)ln(        (Eq. 2.19) 

The curve fitting for viscosity-concentration relationship is shown in Fig. 2.5, and the 

parameters are determined to be: A=0.1673, B=0.02517, and C=-12.10.  

Therefore, the viscosity can be described as a function of concentration of solvent: 














 10.12

02517.01673.0

1
exp

SC
E      (Eq. 2.20) 
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Fig. 2.5. Curve fitting of viscosity-concentration data. 

Poisson’s ratio ( ): The viscous Poisson’s ratio is related to volume fraction of liquid 

and porosity. Unfortunately, at the moment we do not have a functional form of the 

relationship for the paste material. Since the Poisson’s ratio of silver is 0.37, and for most 

engineering materials, Poisson’s ratio varies from 0.3-0.4. In this model, a constant value 

of Poisson’s ratio of 0.37 is used to simplify the analysis. 

Free strain rate ( f ): As shown in Eq. 2.12, the free strain is a function of concentration 

of solvent. Taking the derivative of the free strain with respect to time, we obtain: 

t

C
CCaa

t

Sa

SS

L

f

f


















10

21

0

2)(
3

1




     (Eq. 2.21) 

Therefore, the free strain rate is a function of the concentration ( SC ) and the rate of 

change of concentration (
t

CS




) of the solvent. 

External applied pressure ( applyP ): The external applied pressure is controlled manually 

in the drying process. 



 26 

Since the internal stresses of the paste is related to the concentration and rate of change of 

concentration of the solvent, the internal stresses at a given location of the paste can be 

calculated if the concentration and rate of change of concentration of the solvent at that 

location are determined during the paste drying process.  

The x-y in-plane internal stress is the reason for paste cracking, and the vertical internal 

stress is the reason for chip-paste debonding. The analysis of evolution of internal 

stresses during the paste drying process can provide a guideline to optimize the drying 

process by changing the drying process parameters.  

2.2.3. Kinetics of solvent movement in paste 

Fig. 2.6 shows the “sandwich” structure of the paste between the chip and the substrate. 

Because the top surface and bottom surface of the paste are covered by the chip and 

substrate, respectively, the solvent can escape only from the edges. Since no solvent can 

escape along the z-direction and the thickness of the paste is much smaller than the length 

or width, the movement of solvent along the z-direction can be ignored. Therefore, the 

solvent movement in the paste can be simplified to a 2D problem.  

 
Fig. 2.6. Paste deposits between the chip and the substrate, which causes solvent only 

leaving from the edges. 



 27 

There are two possible transport mechanisms for solvent to move inside a drying paste: 

fluid flow and diffusion. Fluid flow obeys Darcy’s law, which requires the liquid phase to 

be interconnected and is driven by capillary pressure; diffusion follows Fick’s law, and 

the driving force is the concentration gradient. During the drying of the nanosilver paste 

bond-line, the capillary pressure gradient developed along the bond-line edges, as the 

driving force for fluid flow, is negated by the resistance of a large area of the viscous 

paste trapped between the two plates. Effectively, this makes the silver paste bond-line 

behaves like a thick body that according to Scherer [39], the capillary pressure gradient 

should be negligible, thus preventing liquid flow by Darcy’s law. Thus, the constrained-

film configuration of the silver paste makes solvent diffusion as the predominant 

transport mechanism for the drying process. For diffusional solvent movement [55-58], 

we have: 
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where );,( tyxCS  is the concentration of solvent, and )(TD  is the diffusivity of solvent 

in the paste. );,( tyxCS  is a function of position coordinates ( x , y ) and time ( t ). )(TD  

is a function of temperature (T ).  

In the vicinity of room temperature, )(TD  was estimated by the following expression 

based on the experimental data of ethanol [83]: 

811 1002.11080.3)(   TTD       (Eq. 2.23) 

In Eq. 2.23, T  is in the unit K, and D  is in the unit m2/s. 

The initial and boundary conditions of solvent movement can be described below: 
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where J  is the mass flux of solvent at the edges of the paste, and o  is the initial density 

of the paste, as mentioned before. J  is a function of temperature ( T ) and solvent 

concentration ( SC ).An empirical equation for J can be used: 

LC
T

a
aJ  )exp( 4

3        (Eq. 2.26) 

where 3a  and 4a  are fitting parameters. 

The rate of weight loss   of the solvent in the paste can be described by 

 

eA

edAJ          (Eq. 2.27) 

where eA  is the surface area of the paste through which the solvent can escape.  

 
Fig. 2.7. TGA plot of nanosilver paste under early drying condition at heating rate of 

5°C/min. 
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Fig. 2.8. Curve fitting for the rate of weight loss of solvent in the paste. 

  can be obtained from thermogravimetric analysis (TGA). A nanosilver paste sample (5 

mg) was heated in air from 50 °C to 100 °C at a rate of 5°C/min. Fig. 2.7 shows the TGA 

results, and Fig. 2.8 shows the fitting curve to determine the fitting parameters in Eq. 

2.26. 

The surface area through which the solvent can escape is approximately 5 mm2, and the 

mass flux can be determined as  

SC
T

J  )
5808

exp(6880  [unit: kg/(s·m2)]    (Eq. 2.28) 

From Eq. 2.22 to Eq. 2.25, the concentration ( SC ) and the change rate of concentration 

(
t

CS




) of the solvent at any location in the paste can be calculated at any given time. 

Therefore, the evolution of the internal stresses in the paste can be determined. 

2.2.4. Internal stresses evolution of nanosilver paste during drying 

Fig. 2.9 shows the schematic of internal stresses evolution and defect formation caused 

by the drying of nanosilver paste in the chip attachment. Because the solvent leaves from 
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the paste, the paste intends to shrink. However, the paste is constrained between the 

substrate and the chip plates, thus it cannot freely shrink. The internal stresses are 

generated by the constriction. Furthermore, the drying process can affect the tendency of 

paste shrinkage, which can also affect the stress distribution and stress evolution. If the 

internal stresses are too high, the unit cell will rupture, and it will cause the defect 

formation in the joint layer of nanosilver paste. 

 
Fig. 2.9. Schematic of stress evolution and defect formation caused by the drying of 

nanosilver paste in constrained chip attachment. 

Because the failure criterion of the paste is related to the concentration of the solvent and 

is hard to be accurately determined, the model does not consider paste failure during the 

drying process. The parameters used in the calculations are obtained from the literatures 

or empirical curve fitting as approximation. However, the trend of the internal stress 

evolution can provide a guidance for failure analysis of the paste in the chip attachment. 

 

2.3. Algorithm and flow chat for stress evolution 

Eq. 2.22 to Eq. 2.25 need to be solved to obtain the concentration of solvent. Analytical 

solutions for these equations are difficult to obtain, especially when the temperature 

changes with time, affecting the change of diffusivity and mass flux rate of the solvent. 
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Therefore, numerical simulation is a practical approach to solve Eq. 2.22 to 2.25 for the 

evolution of the solvent concentration. Furthermore, the evolution of internal stresses in 

the paste during the entire drying process can be simulated by solving Eq. 2.15 and Eq. 

2.16.  

In numerical simulation, the structure of the paste is divided into small grids. As shown 

in Fig. 2.10, a paste layer with the length of a  is divided into small grids with the length 

dimensions of dx  and dy . If the sizes of the grids are small enough, the material 

properties ( E , SC ) and mechanical behaviors ( , ) can be considered uniform within 

each grid. The location of each grid can be expressed as ),( jiCell . Similarly, a period of 

time can be divided into many small increment steps dt , so that the properties and 

behaviors of the paste do not change within each step.  

 

Fig. 2.10. Meshing of paste structure for numerical simulation.  

All differential equations are rewritten in finite difference format. For example, 
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     (Eq. 2.29) 

Since the calculation of internal stresses and strain of nanosilver paste in the chip 

attachment is based on the solvent movement, the accuracy of the numerical solution of 

solvent movement is crucial. In order to ensure the stability and accuracy of the explicit 

numerical solution for diffusional solvent movement simulation, a criterion between the 

time increment step ( dt ), the size of meshing grids ( dx , dy ), and the diffusivity ( )(TD ) 

is required to obey [84, 85]: 

)(2

),min( 22

TD

dydx
dt


         (Eq. 2.30) 

The details of the paste profiles, such as solvent distribution and internal stress 

distribution, increase with decreasing the grid dimensions. However, as shown in Eq. 

2.30, time increment step decreases with decreasing the grid dimensions. It implies that 

the smaller of the grid size, the more computing loops are required to ensure the stability 

of numerical solution, which requires larger space storage and longer computing time. 

Since the typical sizes of the chip attachments vary from 1 × 1 mm2 to 15 × 15 mm2, the 

grid dimensions are typically set as 0.1 × 0.1 mm2, which are good enough to show the 

details of stress and concentration distributions of nanosilver paste in a chip attachment 

without redundant long time computing. 

The flow chart of internal stress outputs with different drying profile inputs is shown in 

Fig. 2.11, consisting of the following steps: (1) input the physical parameters of the paste 
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and the drying profile into the program; (2) mesh the paste structure into small grids 

according to the input parameters, and determine the time increment step; (3) set initial 

time point to start the simulation; (4) at a given time, find the temperature and external 

pressure according to the drying profile and the corresponding physical parameters of the 

paste; (5) calculate the change in solvent concentration within a time increment step; (6) 

calculate the internal stresses at that time; (7) set new time point as time increases; and 

(8) go back to step (4) before time ends.  

 

Fig. 2.11. Flow chart of the internal stress evolution outputs with different drying profile 

file inputs.  

The algorithm of highlighted module “Calculate new concentration of solvent at time 

(t+dt)” is shown in Fig. 2.12. The inputs to the module are the dimensions of meshed 
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grids (dx, dy), number of meshed size in x and y directions (k1, k2), time increment step 

(dt), current solvent concentration profile (CS[x,y]), current diffusivity (D(T)), current 

mass flux (J(T)), and the initial density of the paste (ρ0). The new solvent concentration at 

the boundaries is firstly determined by the boundary conditions. Then the solvent 

concentration at the center part can be determined using the finite differential form of the 

equation of Fick’s second law. The outputs are the profile of current change rate of 

solvent concentration, and the profile of new solvent concentration distribution. 

 

Fig. 2.12. Flow chart for new concentration of solvent calculation for a small time 

increment dt. 
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The algorithm of highlighted module “Calculate internal stresses” is shown in Fig. 2.13.  

 

Fig. 2.13. Flow chart for internal stresses calculation at time t. 

The inputs to the module are the external applied pressure (P(t)), profile of current 

change rate of solvent concentration (dCS[x,y]), and the profile of the solvent 

concentration distribution (CS[x,y]). First step is to determine the distributions of 

viscosity (E) and free strain rate (def[x,y]) at different locations of the paste in the chip 

attachment, and next step is to calculate the vertical strain rate (dez) of the paste 

according to Eq. 2.18. The final step is to calculate the distribution of x-y in-plane 
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internal stress and distribution of vertical internal stress via Eq. 2.15 and Eq. 2.16. The 

outputs are the vertical strain rate, x-y in-plane internal stress and vertical internal stress. 

A computational program is coded by C++ programming language to realize the 

algorithm. The source code and the input file format are shown in Appendix A. 

 

2.4. Summary 

In this chapter, the drying behavior combined with the internal stress evolution of the 

nanosilver paste was analyzed. A model that based on diffusion theory and viscous 

mechanics was developed to determine the stress evolution of nanosilver paste in a chip 

attachment during drying process. A numerical simulation algorithm of the model was 

developed and realized by a C++ program, which can simulate the 2D diffusion process 

of solvent moving with internal stress and strain evolution. With the help of program, the 

drying behavior of the paste, such as the evolution of solvent concentration distribution, 

internal stress distribution, and strain can be simulated for any drying profile with 

different combinations of time, temperature and external applied pressure.  
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Chapter 3. Experiments verification of the predicted drying behavior 

in nanosilver LTJT 

3.1. Introduction 

The internal stresses of the nanosilver paste can hardly to be directly measured. However, 

several methods can be used to test the model for nanosilver paste drying. Weight loss 

profile shows the solvent loss in the nanosilver paste, which is related to the solvent 

diffusion behavior in the model. Shrinkage profile shows the deformation of nanosilver 

paste layer, which is related to the stress-strain behavior in the model. The defect 

formation implies high localized internal stress, which is related to the internal stress 

distribution of paste in chip attachment. 

 

3.2. Weight loss profile of nanosilver paste 

The weight loss profile of nanosilver paste in a chip attachment can be simulated using 

the model presented above. By monitoring the concentration of solvent in the paste, the 

weight percentage of the paste can be calculated by Eq. 3.1: 
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11   (Eq. 3.1) 

where pasteW  is the weight percentage of the paste; SC  is the average concentration of 

solvent in the paste; 0

SM  and 0

LM  are the initial total masses of the solid part and liquid 

part of the paste, respectively; and LM  is the mass of the liquid part of the paste during 

drying.  
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In the simulation, the area of the paste between the chip and the substrate was 5 × 5 mm2. 

A quarter of the structure was meshed to 625 (25 × 25) grids, and each grid had a length 

of 0.1 mm.  

In the experiment, the weight loss of the nanosilver paste between the chip and the 

substrate was characterized by using a thermogravimetric analyzer (TGA, model STA 

449 C Jupiter®, Netzsch-Gerätebau GmbH). Samples for TGA were prepared as follows: 

the nanosilver paste was applied to an alumina substrate by stencil printing. The wet print 

thickness was 50 µm. Then the paste layer was covered by an alumina chip. The area of 

the paste between alumina substrate and chip was 5 × 5 mm2.  

The samples were heated according to either a constant-rate or a ramp-soak temperature 

profile, as shown in Fig. 3.1. Profile 1 is a constant rate heating from 25°C to 225°C at 

the heating rate of 10°C/min, and profile 2 is a ramp-soak combined heating from 25°C 

to 180°C, as the real drying profile in the nanosilver LTJT process. 

 
Fig. 3.1. Heating profiles for weight loss measurements. Profile 1 is constant ramp rate 

heating and profile 2 is ramp-soak combined heating. 
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Fig. 3.2 and Fig. 3.3 show the weight loss profiles of the nanosilver paste between the 

chip and the substrate according to constant ramp rate heating (profile 1) and ramp-soak 

combined heating (profile 2), respectively. In each figure, the experimental data were 

compared with the simulation results.  

 
Fig. 3.2. Experimental and simulated weight loss profile for nanosilver paste in chip 

attachment with 5 mm chip length at heating profile 1 (constant heating rate). 

 
Fig. 3.3. Experimental and simulated weight loss profile for nanosilver paste in chip 

attachment with 5 mm chip length at heating profile 2 (ramp-soak heating). 
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Fig. 3.2 shows that the experimental and the simulated weight losses are small at 

temperatures below 100°C, but dramatic between 100°C and 180°C. Fig. 3.3 shows that 

both the experimental and simulated weight losses are insignificant in the first 35 minutes 

(under 90°C). Both the experimental and simulated weight loss rates gradually decrease 

at the 100°C soaking stage, but increase again as the temperature goes up. Both Fig. 12 

and Fig. 13 show that the simulation results are in good agreement with the experimental 

data.  

 

3.3. Shrinkage profile of nanosilver paste 

The thickness percentage of paste is expressed below: 

%100)1(%100)1(
0

  dtP
t

zzh        (Eq. 3.2) 

where hP  is the thickness percentage, z  and z  are the vertical strain and vertical strain 

rate of paste along Z-direction, respectively. According to Eq. 3.2, the thickness 

percentage of paste can be simulated during heating by monitoring the vertical strain rate. 

In the model, the strain rate along the z-direction z  is related to the distribution of 

viscosity ( E ), free strain rate ( f ) and external applied pressure ( applyP ). Furthermore, 

the viscosity and free strain rate are functions of concentration of solvent ( SC ).  

Therefore, a comparison of experimental and simulation results of paste shrinkage can be 

used to validate the model. 

Fig. 3.4 shows the experimental results of the shrinkage of nanosilver paste in 1 × 1 mm2, 

3 × 3 mm2, and 5 × 5 mm2 chip attachments during the ramp-soak combined heating [86], 

and Fig. 3.5 presents the simulation results of paste shrinkage with the same 
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configuration of chip size and heating profile. Both the experimental and the simulation 

results show the same trend for each sample: the shrinkage was small in the first 40 

minutes of heating (below 100°C) and then increased during the 100°C soaking. The 

shrinkage rate further increased with increasing temperature, and within 60-85 minutes, 

the thickness dropped to 60%-65% of the initial thickness, and the shrinkage rate 

decreased. The experimental data show further shrinkage as the temperature reaches 

275°C, the result of sintering densification, not solvent removal. Because the mechanism 

of sintering densification is not included in the model, the further shrinkage of paste is 

not shown in the numerical simulation. 

 

Fig. 3.4. Experimental results of thickness shrinkage for nanosilver paste in 1 × 1 mm2, 3 

× 3 mm2 and 5 × 5 mm2 chip attachments with heating profile 2 (ramp-soak heating). 
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Fig. 3.5. Simulation results of thickness shrinkage of nanosilver paste in 1 × 1 mm2, 3 × 3 

mm2, and 5 × 5 mm2 chip attachments with heating profile 2 (ramp-soak heating). 

The following conclusions can be drawn from the comparison:  

(1). Both the experiments and the simulation results indicate the thickness change rate 

decreases with increasing the size of chip attachment. 

(2). Both the experiments and simulation results show that the final thickness after 

drying (at 180°C) increases with increasing the size of chip attachment. 

(3). The simulation shows the same trend as experiments below 180°C during drying, 

indicating the model can reasonably simulate the paste drying process. 

 

3.4. Stress evolution of nanosilver paste in the chip attachment 

 There are two different types of defects of nanosilver paste bond-line in the chip 

attachment: cracks in paste and delamination at the interface between the paste layer and 

the chip. Cracks are generated by the x-y in-plane internal stress x  or y , and 

delamination is generated by the vertical internal stress z . Through the analysis of 
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internal stresses, it is possible to determine the evolution of internal stress distribution of 

the nanosilver paste between the chip and the substrate during heating process. Though 

accurate failure criteria of cracking or debonding are not known yet, the evolution of 

stress distribution will help analyze and predict the possible locations at which the paste 

will crack or debond. 

The drying of the nanosilver paste between a 10 × 10 mm2 chip and substrate at 180°C 

was simulated. Only a quarter of the paste was considered for the simulation thanks to 

symmetry. In the simulation, the quarter of paste was meshed to 50 × 50 grids, each 0.1 × 

0.1 mm2 in area. The evolution of the x-y in-plane and vertical internal stresses was 

monitored. The results are shown in Fig. 3.6 and Fig. 3.7. At the beginning of drying, the 

internal stresses at all locations were low. Because corners and edges were the locations 

at which the solvent can easily escape and deformation tend to occur, high stresses were 

generated first close to these locations. Then the high stresses were shifting to the center 

while the gradient of solvent concentration at the center increased because of diffusion. 

The internal stresses of the paste would finally relax to zero as all the paste was 

completely dried (no more change of strain) according to the viscous model.  

Because the values of some of the model parameters used to calculate the internal stresses 

were only approximate, the simulated values of internal stresses were not very accurate. 

But the trend of stress evolution was correct and should provide some guidance to the 

stress analysis of the paste. 
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Fig. 3.6. Distribution of vertical internal stress of nanosilver paste in a 10 × 10 mm2 chip 

attachment at 180°C drying under zero external pressure for (a) 0 min, (b) 20 min, (c) 40 

min, (d) 60 min, (e) 80 min, and (f) 100 min. For reason of symmetry, only a quarter of 

the paste is considered in the simulation. In each figure, the left bottom corner is the 

center of the chip and the right top corner is the corner of the chip. 

 
Fig. 3.7. Distribution of x-y in-plane internal stress of nanosilver paste in a 10 × 10 mm2 

chip attachment at 180°C drying under zero external pressure for (a) 0 min, (b) 20 min, (c) 
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40 min, (d) 60 min, (e) 80 min, and (f) 100 min. For reason of symmetry, only a quarter 

of the paste is considered in the simulation. In each figure, the left bottom corner is the 

center of the chip and the right top corner is the corner of the chip. 

The defect formation in the paste layer under a 10 × 10 mm2 glass chip during 180°C 

drying was shown in Fig. 3.8.  Cracks are initially generated at the locations between a 

chip edge and the center and then moves to the center. Delamination also starts at the 

locations between a chip edge and the center, and the final delamination area covers most 

of the central area under the chip. These observations are in agreement with the predicted 

evolution of in-plane and vertical internal stresses.   

 

Fig. 3.8. Nanosilver paste under a glass chip showing defect formation during 180°C 

drying. (a)-(f) are from the beginning to the end of drying, respectively. 
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3.5. Summary 

In this chapter, the drying behavior of nanosilver paste in the chip attachment such as 

weight loss, shrinkage and internal stress evolution was demonstrated by numerical 

simulation based on the diffusion-viscous model for nanosilver paste drying. Several 

conclusions can be drawn: 

The simulated weight loss profiles of nanosilver paste in the chip attachment under 

different drying process were in good agreement with the experiments, which verified the 

diffusion model of the drying behavior of nanosilver paste in chip attachment. 

The simulated shrinkage profiles of nanosilver paste in the chip attachments with 

different chip sizes were in agreement with the experimental data during drying, which 

proved that the viscous model for stress-strain analysis of the nanosilver paste between 

the chip and the substrate is effectively accurate. 

The simulated results showed that the evolution of the internal stress of nanosilver paste 

in the chip attachment, and the locations of high internal stress coincided with the 

locations of defect formation in experiment. It indicated that the model can effectively 

explain and predict the defect formation locations of nanosilver paste in the chip 

attachment during drying.  
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Chapter 4. Design of experiments (DOE) study on nanosilver LTJT 

4.1. Introduction 

The process parameters of nanosilver LTJT play important roles in the bonding quality of 

the large-area chip attachment. Therefore, the evaluation of different process parameters 

of naosilver LTJT is crucial for optimizing the process profile of nanosilver LTJT. In this 

chapter, a fractional factorial design of experiments was applied to evaluate the effects of 

pressure, temperature and time on the bonding quality of sintered nanosilver chip 

attachments. The experiments helped to identify the importance and interaction of various 

processing parameters on the bonding strength and microstructure of sintered nanosilver 

joints. Based on the experiments, an improved process profile of nanosilver LTJT for 

large-area chip attachment was developed. 

 

4.2. Experimental procedures 

4.2.1. Sample preparation 

Samples were fabricated by bonding alumina mechanical chips on an alumina direct-

bond-copper (DBC) substrate by using the nanosilver paste that can be sintered at low 

temperature. The silver paste, known as nanoTach, was supplied by NBE Technologies, 

LLC, Blacksburg, Virginia. The copper layer thickness on the DBC substrate was 200 

µm, and the sandwiched alumina thickness was 380 µm. The thickness of the mechanical 

chips was 1000 µm, which was preferred for ease of die shearing. The surfaces of the 

DBC copper and the mechanical chips were metalized with silver of a few hundred 

nanometers thick. The lateral dimensions of a typical sample were 10 × 10 mm2 for a 
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mechanical chip mounted on 14 × 14 mm2 of DBC substrate. Chip-joint layer-substrate 

structure is shown in Fig. 4.1.  

 

Fig. 4.1. Left is the schematic of samples structure, and right is the top view of a 

fabricated sample. 

To assemble a sample, the silver paste was applied on a DBC substrate by a double print 

process. Fig. 4.2 shows the flowchart of the double print process for the fabrication of the 

test samples. Initially, a layer of the paste was stencil printed on the substrate by using a 

metal squeegee to a wet thickness of 50 µm and dried by heating at a ramp rate of 

5°C/min to 180°C with a dwell time of 5 minutes. After cooling down to room 

temperature, a second layer was printed on the dried layer by using a rubber squeegee to 

an estimated wet thickness of 5 µm. Then, a mechanical chip was mounted on the wet 

print. The assembled part was rapidly heated from room temperature to 180 °C on a 

preheated hot plate, followed by heating at 275 °C on another heated plate, to dry and 

sinter the paste, respectively. It took anywhere from 30 to 60 s for the sample to reach the 

preset temperature. Uniaxial pressure was applied simultaneously either during the drying 

or sintering phase of the LTJT process. The schematic view of the heating profiles is 

shown in Fig. 4.3. Typical sintered thickness of the silver layer is from 15 to 20 µm [87]. 

To evaluate the effect of processing pressure, temperature, and time on the sintered silver 
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joint, samples were fabricated with different drying and sintering pressure-time 

combinations as listed in Table 4.1. For each process parameter combination, three 

samples were fabricated. 

 

Fig. 4.2. Flowchart of the double print process for the fabrication of test samples under 

different applied pressures and sintering times. 
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Fig. 4.3. Heating profiles for nanosilver 1st layer drying and final drying/sintering in 

attachment process. 
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Table 4.1:  Designed combinations of process parameters. 

Group 

No. 

Drying time tD 

(min) 

Drying 

pressure PD 

(MPa) 

Sintering time 

tS (min) 

Sintering 

pressure PS 

(MPa) 

A 1 0 30 0 

B 5 0 30 3 

C 1 3 30 3 

D 5 3 30 0 

E 1 0 10 3 

F 5 0 10 0 

G 1 3 10 0 

H 5 3 10 3 

 

4.2.2. Die-shear testing 

 

Fig. 4.4. The schematic of chip attachment in fixture for die-shear testing.  

Mechanical properties of both the sintered nanosilver bare layer (as shown in Appendix 

B) and the sintered nanosilver bond-line in the chip attachment can be determined by the 

mechanical tests. In this study, a ComTen 95 series tester (ComTen Industries, Pinellas 

Park, FL) was applied for the die-shear test, and the test was conducted at a constant 
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shear speed rate of 8 × 10−5 m/s. Fig. 4.4 shows the schematic of chip attachment in the 

fixture for die-shear test, and Fig. 4.5 shows the die-shear fixture and die-shear tester. 

 

 

Fig. 4.5. (a) is the fixture to hold and shear chip attachment samples, and (b) is ComTen 

95 series tester for die-shearing. 

4.2.3. X-ray CT characterization 

X-ray CT is an ancillary technique for nondestructive bonding characterization of chip 

attachment. Another nondestructive bonding characterization technique is curvature 

measurement, which was demonstrated in Appendix C. X-ray CT is a nondestructive 



 53 

method for imaging the internal bond-line structure such as the voids/cracks in the 

attachments that may form in a sintered silver attachment layer. Three-dimensional 

virtual images of the bond-line layer can be obtained by reconstructing the transmission 

X-ray photos taken from different angles, thus enabling the determination of the exact 

locations and extent of defects within the silver layer. In this study, a MicroXCT 400 

from Xradia Company was used for the X-ray CT scanning. Fig. 4.6 shows the test 

equipment. Both the transmission images showing the whole sample and virtual sliced 

images showing the localized interface area were obtained.  

 

 

Fig. 4.6. (a) is the MicroXCT 400 (Xradia) equipment used for X-ray imaging of sintered 

samples, and (b) is the major components inside X-ray equipment chamber. 
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4.3. Results and discussion 

4.3.1. Bonding strength of sintered silver joints 

The die-shear testing results of samples processed in the processing combination groups 

are shown in Table 4.2. Since the processing parameter combinations were based on a 

fractional factorial design, it is possible to use the corresponding test results to analyze 

the statistical significance of each processing parameter on the bonding quality, as well as 

the interaction between the parameters.  

Table 4.2: Die-shear strengths of samples fabricated under different process profiles. 

Group 

No. 

Drying 

time tD 

(min) 

Drying 

pressure 

PD 

(MPa) 

Sintering 

time tS 

(min) 

Sintering 

pressure 

PS 

(MPa) 

Die-shear Strength (MPa) 

A 1 0 30 0 5.3 16.5 11.3 

B 5 0 30 3 30.1 31.1 31.6 

C 1 3 30 3 32.8 39.0* 30.4 

D 5 3 30 0 33.6* 35.6 34.2* 

E 1 0 10 3 25.0* 11.2 14.0 

F 5 0 10 0 6.6 5.1 4.7 

G 1 3 10 0 5.6 19.9 10.7 

H 5 3 10 3 35.5* 39.9* 32.1 

“*” represents that the mechanical chip cracked during test.  

Plot of main effect for each factor are shown in Fig. 4.7. The results show that die-shear 

strength of the sintered assembly is affected by drying time, drying pressure, sintering 

time and sintering pressure. For example, the average die-shear strength is 19 MPa for 1 

minute drying, and 28 MPa for 5 minutes drying, which indicates that in the range 

investigated drying time is critical to obtaining high die-shear strength. A similar trend is 

observed for each of the other parameters, with the upper level producing higher die-
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shear strength. The higher the pressure and the longer the time in either the drying or 

sintering stage, the higher the die-shear strength. 

 

Fig. 4.7. Plot of average die-shear strength corresponding to different drying time, drying 

pressure, sintering time and sintering pressure, showing the main effect of each factor on 

die-shear strength. 

Fig. 4.8 shows the interaction between different process parameters. Parallel lines of 

different parameters indicate no interaction, whereas a big angle formed between 

different lines of factors indicates strong interaction. For example, in the group of drying 

time (tD) versus sintering time (tS), increasing sintering time from 10 to 30 minutes under 

1 minute drying time results in a 9.8 MPa increase in die-shear strength, whereas those 

under 5 minute drying time results in a 10.3 MPa increase.  This gave two nearly parallel 

lines, indicating that statistically, sintering time and drying time have an insignificant 

effect on each other. Similarly, moderate interaction (caused ±7 MPa difference in die-
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shear strength within the evaluated conditions) is found between drying pressure and 

drying time, as well as sintering pressure and sintering time. The interaction analysis 

indicates that no strong interaction is found between any two of these processing 

parameters. The implication is that changing one parameter while keeping the rest 

constant would produce changes to the die-shear strength that can be attributable to only 

that parameter. Therefore, assessing the effect of each parameter and deciding on how 

best to modify the sintered chip attachment process can be made simpler by the behavior 

exhibited by the sintered nanosilver paste.  

 

Fig. 4.8. Interaction plot between factors of drying time (tD), drying pressure (PD), 

sintering time (tS) and sintering pressure (PS), in which no strong interaction was detected 

between any two process parameters. 

Another way to look at the significance of the processing parameters is the analysis of 

variance (ANOVA) approach by computing F as shown in Table 4.3.  It can be seen that 
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the confidence levels for all the individual effects exceed 95%, as well as the interaction 

between drying time (tD) and drying pressure (PD), and between sintering time (tS) and 

sintering pressure (PS).  All the others show less significant effect.  Since the experiment 

was a fractional factorial design, some of the computed interaction values are the same.  

Table 4.3: Analysis of Variance (ANOVA) computation of the significance of individual 

factors and interactions. 

Source of variation 
Degrees of 

freedom 

Sum of 

squares 

Mean 

square 
F 

Confidence 

level % 

tD 1 403.44 403.44 22.2257 99.96 

PD 1 1024.43 1024.43 56.4363 99.99 

tS 1 612.06 612.06 33.7187 99.99 

PS 1 1115.21 1115.21 61.4374 99.99 

tD × PD (or tS × PS) 1 90.48 90.48 4.9847 95.62 

tD × tS (or PD × PS) 1 22.81 22.81 1.2569 71.75 

tD × PS (or PD × tS) 1 0.28 0.28 0.0155 9.72 

Error 13 235.98 18.15   

Total 23 3618.27    

 

4.3.2. Structure of the sintered silver bond-line 

Transmission X-ray images of samples processed according to the parameters listed in 

Table 4.1 are shown in Fig. 4.9. In the transmission mode, the lighter areas in the image 

indicate the presence of voids, cracks, or material of lower density. A nearly crack/void 

free bond-line structure can be obtained for the samples in groups D and H. From the 

processing-microstructure-property relationships perspective, it is realized that with a 
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drying process at 180°C under a pressure of over 3 MPa lasting 5 minutes, regardless of 

whether a pressure was applied or not during sintering, a uniform bond-line nearly 

crack/void free can be achieved. Since the die-shear strengths of these samples are all 

over 30 MPa, it can be conclude that a uniform structure without major defects will lead 

to high bonding strength. Two other different types of bond-line structures can be seen 

from Fig. 4.9: for samples in groups A and F, big and small cracks/voids are present 

throughout the layer; for samples in groups B, C, E and G, moderately cracked bond-line 

is present.  

 

 

(A) 

200 µm 
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(B) 

200 µm 

(C) 

200 µm 
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200 µm 

(D) 

(E) 

200 µm 
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(F) 

200 µm 

200 µm 

(G) 
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Fig. 4.9. X-ray transmission images of sintered sample from groups A to H, showing 

different microstructures of sintered silver layers: few tiny cracks are showing in group D 

and H; big cracks and voids are showing in group A, and F; moderate cracks are showing 

in group B, C, E, and G. 

3D reconstructed X-ray images of samples in group F, E, and D were shown in Fig. 4.10 

to further prove the difference of microstructures. A bond layer with a preponderance of 

defects is likely to have less intimate contact with the bonding surfaces, leading to weak 

sintered bonds. Unlike the soldering process where any trace of the initial structure is 

obliterated once the solder melts, during solid-state sintering, most of the large defects, 

such as drying cracks and printing or deposition voids, are retained in the final 

microstructure. Delamination of the joint layer before sintering is not fully reversed by 

the relatively low pressure applied during sintering. 

200 µm 

(H) 
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200 µm 

(a) 

200 µm 

(b) 
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Fig. 4.10. X-ray reconstructed images of sintered silver joint layers from samples in (a) 

group F, (b) group E and (c) group E, showing big cracks/voids, moderate cracks and tiny 

cracks/voids, respectively. Light color regions in the images represent silver layers and 

dark color regions represent voids and cracks. 

4.3.3. Development of nanosilver LTJT process  

Based on the design of experiments study, it is indicated that long drying and sintering 

time with high drying and sintering pressure will lead to both high quality bond 

microstructure and bonding strength. Since there is no strong interaction between any of 

the two process parameters, the bonding quality can be controlled by simply changing 

one process parameter without affecting others. To compromise processability with 

qualitative bonding, it is determined that a nanosilver LTJT process consisting of 

pressure drying at 180°C under 3 MPa for 5 minutes followed by pressureless sintering at 

200 µm 

(c) 
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275°C is sufficient to achieve a die-shear strength greater than 30 MPa with nearly 

perfect, crack- or void-free joint layer for chip sizes of up to 10 × 10 mm2. 

 

4.4. Summary 

In this chapter, a design of experiments involving hot-pressing process parameters of 

nanosilver LTJT was carried out. The analysis shows that bonding quality increases with 

all evaluated process factors (drying time, drying pressure, sintering time, and sintering 

pressure), which means all the evaluated factors have significant effects on the bonding 

quality of sintered silver joints. No strong interaction is detected between any two factors. 

Based on the DOE study, an improved nanosilver LTJT process which limits the external 

applied pressure to a temperature below 200°C was developed. A nearly perfect, 

crack/void free joint layer with over 30 MPa bonding strength can be obtained for large-

area chip (up to 10 × 10 mm2) attachment with this process. 
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Chapter 5. Effect of external applied pressure during drying on 

sintered silver bond-line 

5.1. Introduction 

In Chapter 4, the design of experiments showed the preliminary results that the external 

applied pressure during drying helps increase the bonding strength of sintered nanosilver 

joint. In this chapter, a series of experiments that focuses on the external applied pressure 

during drying was carried out. Samples were fabricated with different drying pressures 

and sintered under no pressure in order to demonstrate the effects of drying pressure only. 

The experimental results were analyzed by the diffusion-viscous model and compared 

with the simulated results. 

 

5.2. Experimental procedures 

5.2.1. Sample Preparation 

The test samples consisted of DBC substrate and alumina chips bonded together with 

sintered nanosilver paste. The silver paste was provided by NBE technologies, LLC, 

Blacksburg, Virginia, with the trade name of nanoTach®. The thickness of the copper 

and alumina layers of DBC were 200 µm and 380 µm, respectively. In lieu of actual 

devices, 1000 µm thick alumina chips were used. The DBC substrate had a coating of 

silver while the alumina chips were coated with a metallization consisting of 150 nm Cr, 

200 nm Ni and 250 nm Ag in succession by physical vapor deposition (PVD). The silver 

coatings were necessary for adhesion to the sintered silver. The DBC substrates and 

alumina chips were cut into 14 × 14 mm2 and 10 × 10 mm2 pieces, respectively, for 

sample fabrication. 
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Fig. 5.1. Heating profile of chip attachment after chip mounting to substrate. 

The silver paste attachment layer was deposited as a double print on the DBC substrate. 

An initial layer of nanosilver paste was printed with a wet print thickness of 50 µm and 

dried at 180°C for 5 minutes after heating at a ramp rate of 5°C/min. The second layer 

was printed on the dried paste with an estimated wet print thickness of 5 µm. The 

alumina chip was mounted on the printed paste, and the assembly was heated at 180°C 

for 5 minutes and then at 275°C for 10 minutes. In order to evaluate the effect of external 

pressure during the drying stage on the quality of final bond-line, a uniaxial pressure 

from 0 to 10 MPa was applied at 180°C heating. The schematic of heating profile is 

shown in Fig. 5.1. A press with a heated plate was used for pressure drying, as shown in 

Fig. 5.2. Four replicates were fabricated for each drying pressure condition, as three for 

die-shear testing, and one for SEM characterization.  
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Fig. 5.2. Hot press used for applying uniaxial pressure during assembly heating. 

5.2.2. Die-shear testing 

A ComTen 95 series tester (ComTen Industries, Pinellas Park, FL) was applied to 

measure the die-shear strength of the sintered assemblies. The test was conducted at a 

constant shear speed rate of 8 × 10−5 m/s. A die-shear fixture was used to hold the sample 

for shearing, as mentioned in Chapter IV. Fig. 4.5 shows the die-shear fixture and die-

shear tester. 

5.2.3. Microstructure Characterization 

The Fabricated samples were firstly checked by X-ray CT to observe whether voids or 

cracks were generated in the sintered silver joints. A MicroXCT 400 from Xradia 

company were applied for the X-ray CT characterization. The microstructures of the 
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sintered joint layers were then obtained by SEM observations of cross sections of 

fractured samples. Sintered samples were mounted in the molding compound. After 

curing, the samples were cross-sectioned along the central line with a diamond saw. The 

exposed surfaces were polished with SiC sand papers down to 1200 grit and were further 

polished to 0.05 µm with a diamond suspension. A LEO 1550 FE-SEM from Zeiss was 

used for microstructure characterization. 

5.2.4. Numerical simulation of stress evolution 

Numerical simulation of internal stress evolution of nanosilver paste during drying 

process was applied. According to the sample preparation procedures of “double print”, 

the initial solvent concentration of nanosilver paste in the chip attachment was estimated 

to be 0.015. The input parameters nanosilver paste drying are shown in Table 5.1. 

Table 5.1: Input parameters of nanosilver chip attachment during drying  

 Case 1 Case 2 Case 3 Case 4 Case 5 

Meshing of grids 

(quarter chip) 
50 × 50 50 × 50 50 × 50 50 × 50 50 × 50 

Chip dimension 

(mm2) 
10 × 10 10 × 10 10 × 10 10 × 10 10 × 10 

Initial solvent 

concentration 
0.015 0.015 0.015 0.015 0.015 

Initial temperature 

(K) 
453 453 453 453 453 

Temperature ramp 

rate (K/s) 
0 0 0 0 0 

Initial pressure 

(Pa) 
0 1×106 3×106 5×106 10×106 

Pressure ramp rate 

(Pa/s) 
0 0 0 0 0 

Time duration (s) 300 300 300 300 300 
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5.3. Results and Discussion 

5.3.1. Die-shear strength 

The relationship between the die-shear strength of sintered silver joints and external 

applied pressure during drying process are shown in Fig. 5.3, the average die-shear 

strength increases almost linearly with increasing drying pressure. The die-shear strength 

of the samples fabricated under 0 MPa drying pressure is 5.8 MPa and increases nearly 

10 times to 53.8 MPa under a drying pressure of 10 MPa during sample fabrication. The 

observed behavior indicates that the bonding strength can be manipulated by controlling 

the pressure during the drying stage. 

 

Fig. 5.3. Die-shear strength of samples fabricated under different drying pressures. 

Drying time and sintering time were set for 5 minutes and 10 minutes, respectively. No 

pressure was applied during the sintering stage. 

 

5.3.2. Microstructure of sintered silver joint 

Transmission X-ray images of samples processed with different drying pressure are 

shown in Fig. 5.4. In the transmission mode, the lighter areas in the image indicate the 
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presence of voids, cracks, or material of lower density. For samples fabricated with 

external applied pressure below 3 MPa during drying, defects of voids and cracks can be 

observed in the sintered silver bond-line. The portion of defects decreases with increasing 

the external applied pressure during drying. A nearly crack/void free bond-line structure 

can be obtained for the samples fabricated with external applied pressure above 3 MPa 

during drying. 

 

(a) 

200 µm 
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(b) 

200 µm 

(c) 

200 µm 
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Fig. 5.4. X-ray transmission images of sintered sample under different external applied 

drying pressures of (a) 0 MPa, (b) 1 MPa, (c) 3 MPa, (d) 5 MPa, and (e) 10 MPa.  

200 µm 

(d) 

(e) 

200 µm 
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SEM images of cross sections of samples that were fabricated under drying pressures of 0 

MPa, 3 MPa, and 10 MPa were taken to determine the relationship between drying 

pressure and the resulting microstructure of the sintered silver joints. Fig. 5.5 (a) - (c) 

show the representative microstructures of sintered silver joints fabricated under drying 

pressures of 0 MPa, 3 MPa, and 10 MPa, respectively. The difference in relative density 

between the joints fabricated at drying pressures of 0 and 3 MPa is very obvious, while 

that between the joints fabricated at drying pressures of 3 MPa and 10 MPa is more 

subtle. The application of pressure as early as in the drying stage has a profound effect on 

the sintered microstructure, which in turn affects the bonding strength, as demonstrated in 

Fig. 5.3. 

 

 

2 µm 

(a) 
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Fig. 5.5. SEM images of corss-sectioned sintered silver joints fabricated with (a) zero 

drying pressure, (b) 3 MPa drying pressure, and (c) 10 MPa drying pressure. 

2 µm 

(b) 

2 µm 

(c) 
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The relative density of a sintered joint was estimated from the microstructure. About 15 

SEM images for each sample were taken on the cross-sectional area of the sintered silver 

joint. Each SEM image was subjected to image analysis, and the calculated porosities 

from all the images were averaged to obtain the porosity of the joint.  

As shown in Fig. 5.6, the relative densities of sintered silver joints fabricated under 0 

MPa, 3 MPa and 10 MPa are calculated to be 85.5±1.5%, 95.3±2.7% and 98.7±0.5%, 

respectively. Since all the samples were fabricated without pressure during the sintering 

stage at 275°C, it is evident that pressure during the sintering stage is not necessary for 

high sintered joint density. While it is difficult to obtain a microstructure image before 

the paste undergoes sintering because the particles have not formed a strongly bonded 

network, we can infer from the sintered microstructure that the application of pressure 

during drying has a strong effect on the sintered joint. 

 

Fig. 5.6. Relative density of sintered nanosilver joint vs. drying pressure. 

Even with a high weight loading, the paste, which consists of silver particles and flakes, 

has a relatively low volume loading. Thus, if the particles retain their position in space as 
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a result of the constraint imposed by the substrate and chip, a very porous dried layer is 

obtained with a far lower number of particle to particle contacts than would be possible 

with a printed layer that is unconstrained or has one of the surfaces open. During 

sintering, the interparticle contacts undergo necking that grows over time, drawing silver 

atoms from the interior of the particles through a combination of grain boundary and 

volume diffusion. This phenomenon causes the particle centers to move closer together 

while reducing interparticle voids, resulting in densification. With a lower coordination 

among particles, a porous microstructure will result. Applying pressure during sintering 

forces the particles into higher coordination, thus resulting in higher density and an 

increase in bond strength [88-91]. 

The same effect may be achieved when pressure is applied during drying while the paste 

is still wet. In this case, the green density before sintering will already be higher than that 

of the paste dried without pressure. Because of the lubricating effect of the wet organics, 

the rearrangement of the particles into a denser packing may be easier to achieve than 

when the paste has become rigid with the loss of solvents, which keep the binder soft, as 

in the case when pressure is applied only during sintering. Thus, it would appear that the 

die-shear strength is more responsive to the application of pressure during drying than 

during sintering. Furthermore, applying pressure during drying should produce an even 

denser microstructure and higher strength, as has already been demonstrated here and by 

others [32].  

An added advantage of subjecting the joint under pressure while sample drying is that it 

will prevent drying-induced cracking as the solvent is leaving and the paste is undergoing 

shrinkage. A detailed internal stress analysis was shown in the simulation. 
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5.3.3. Simulation of internal stress evolution 

The internal x-y in-plane stress of nanosilver joint layer under different external applied 

pressures (from 0 to 10 MPa) during drying are shown in Fig. 5.7. Each individual figure 

presents a stress distribution of the paste in the upper right quarter of chip attachment 

with the given pressure and time shown below. The internal vertical stress of nanosilver 

joint layer under different external applied pressures (from 0 to 10 MPa) during drying 

are shown in Fig. 5.8.  

The analysis of internal stresses of paste indicates that both in-plane internal stress and 

vertical internal stress of nanosilver paste in the chip attachment decrease with increasing 

the external applied pressure during drying. As shown in Fig. 5.7 and Fig. 5.8, with 

external applied pressure during 180°C drying, the in-plane internal stress and vertical 

internal stress are both reduced comparing to the same heating state with zero external 

pressure. At any given location, lower internal stress means the lower possibility to 

generate defects in the paste (such as cracking and debonding), thus lead to a higher 

bonding quality.   
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Fig. 5.7. Distribution of x-y in-plane internal stress of nanosilver paste between 10 × 10 

mm2 chip and substrate at 180°C drying under 0 to 10 MPa external pressure for 1 to 5 

minutes. For reason of symmetry, only a quarter of the paste is considered in the 

simulation. In each figure, the left bottom corner is the center of the chip and the right top 

corner is the corner of the chip.  
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Fig. 5.8. Distribution of vertical internal stress of nanosilver paste between 10 × 10 mm2 

chip and substrate at 180°C drying under 0 to 10 MPa external pressure for 1 to 5 minutes. 

For reason of symmetry, only a quarter of the paste is considered in the simulation. In 

each figure, the left bottom corner is the center of the chip and the right top corner is the 

corner of the chip. 



 81 

To present the quantitative results, Table 5.2 and Table 5.3 are listed to show the 

simulated results of the minimum and maximum internal stresses of the paste in the chip 

attachment during 180°C drying for 1 to 5 minutes. Because only the internal stresses 

those are higher than zero may cause cracking or delamination in the paste, the stresses 

above zero are highlighted in the tables, as a warning of the possible formation of defects 

in the sintered silver bond-line. The simulation results indicate that:  

(1). In the chip attachments with low external applied pressures (0, 1 and 3 MPa), the x-

y in-plane internal stress in some part of paste region can be greater than zero, 

which may cause cracking problem in the silver joint layers;  

(2). In the chip attachments with low external applied pressures (0 and 1 MPa), the 

vertical internal stress in some part of paste can exceed zero, which may cause 

partial delamination problem and reduce the die-shear strength of chip attachment; 

(3). In the chip attachments with high external applied pressures (3 MPa above), both 

the x-y in-plane and vertical internal stresses are less than zero, which means there 

are no tensile stresses to cause cracking or delamination problems. 

The analysis were in agreement with the experimental results as shown in Fig. 5.4. 

Table 5.2: Minimum and maximum x-y in-plane internal stress (in MPa) of the paste in 

the chip attachment during drying under different external applied pressures. 

Drying 

time 

Applied 

pressure 

1 minute 2 minute 3 minute 3 minute 5 minute 

Min Max Min Max Min Max Min Max Min Max 

0 MPa -0.6 7.3 -0.5 3.9 -0.4 2.7 -0.5 2.1 -1.0 1.7 

1 MPa -1.0 5.2 -0.1 2.4 -2.8 1.5 -3.5 1.1 -3.9 0.8 
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3 MPa -2.0 2.0 -7.5 0.3 -9.2 -0.1 -9.7 -0.2 -9.7 -0.2 

5 MPa -8.0 -0.1 -14.0 -1.0 -15.7 -1.0 -15.9 -0.9 -15.5 -0.8 

10 MPa -23.1 -3.6 -30.5 -3.1 -31.8 -2.6 -31.2 -2.1 -29.9 -1.8 

 

Table 5.3: Minimum and maximum vertical internal stress (in MPa) of the paste in the 

chip attachment during drying under different external applied pressures. 

Drying 

time 

Applied 

pressure 

1 minute 2 minute 3 minute 3 minute 5 minute 

Min Max Min Max Min Max Min Max Min Max 

0 MPa -1.2 4.7 -1.7 2.1 -3.5 1.3 -4.3 0.9 -4.5 0.7 

1 MPa -1.9 2.1 -7.3 0.3 -9.0 -0.0 -9.5 -0.1 -9.4 -0.1 

3 MPa -12.1 -1.2 -18.5 -1.7 -20.0 -1.5 -19.9 -1.3 -19.3 -1.1 

5 MPa -22.4 -3.5 -29.7 -3.1 -31.0 -2.5 -30.4 -2.1 -29.1 -1.7 

10 MPa -48.0 -7.5 -57.8 -5.7 -58.5 -4.6 -56.5 -3.7 -53.7 -3.2 

 

 

5.4. Summary 

In this chapter, large-area chip attachments with the chip size of 10 × 10 mm2 were 

fabricated by nanosilver LTJT with different external applied drying pressure from 0 to 

10 MPa and pressureless sintering. The die-shear strength of chip attachments and the 

microstructures of sintered silver bond-line were evaluated. Numerical simulation were 

also applied to study the evolution of internal stress of nanosilver paste in the chip 

attachment during the drying process. Several conclusions can be drawn: 
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Microstructures of sintered silver bond-line show that defects of voids and cracks can be 

observed when the samples are fabricated with external applied pressure below 3 MPa 

during drying. The portion of defects decreases with increasing the external applied 

pressure, resulting in high die-shear strength. 

Numerical simulation of the internal stress evolution of nanosilver paste in the chip 

attachment during drying under different external applied pressures shows that both x-y 

in-plane stress and vertical stress of the nanosilver paste decrease with increasing external 

applied drying pressure. Furthermore, when the applied drying pressure is above 3 MPa, 

the vertical internal stress will be always below zero during drying, which means no 

delamination will occur; when the applied drying pressure is above 5 MPa, the x-y in-

plane stress will be always below zero and will not induce cracks in the nanosilver bond-

line. The simulated results are in good agreement with the experimental data. 
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Chapter 6. Effects of temperature ramp rate and drying time on 

sintered silver bond-line  

6.1. Introduction 

Other than pressure, the time and temperature during drying stage are significant factors 

to the final quality of sintered silver bond-line. Practically, the application of pressure 

requires hot press, which is not standard soldering equipment for chip. Therefore, the 

study of the time and temperature effects during drying stage on the quality of sintered 

silver bond-line is not only a fundamental research but also a practical approach to 

improve the nanosilver LTJT process based on soldering equipment (such as belt 

furnace). For nanosilver LTJT drying process, the highest drying temperature is set to 

180°C to ensure solvent thoroughly moving out. Therefore, the combination factors of 

time and temperature - temperature ramp rate and low temperature drying time - was 

studied in this chapter. A series of experiments was carried out to evaluate the effect of 

temperature ramp rate and time of drying on the bonding strength of the sintered 

nanosilver chip attachment, and the experimental results were analyzed and compared 

with the simulated results. 

 

6.2. Experimental procedures 

6.2.1. Sample preparation 

Alumina mechanical chips, direct-bond-copper (DBC) substrates and the nanosilver paste 

were used for fabricating the chip attachments. The nanosilver paste (nanoTach type K) 

was supplied by NBE Technologies, LLC, Blacksburg, Virginia. The copper layer on the 

DBC substrate was 200 µm, and the sandwiched alumina thickness was 380 µm. The 
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thickness of the mechanical chips was 1000 µm, which was preferred for ease of die 

shearing. The surfaces of the DBC copper and the mechanical chips were metalized with 

silver of a few hundred nanometers thick. There were two different lateral dimensions of 

the mechanical chips: 3 × 3 mm2 and 6 × 6 mm2. The mechanical chips were mounted on 

10 × 15 mm2 of DBC substrates. 

To attach chips to substrates by LTJT silver sintering, the process was described as 

follows: first, the nanosilver paste was dispensed on the substrate; second, the chip was 

mounted on the paste and the wet thickness of nanosilver paste for die-attach was 

controlled to be 37 µm with the help of a thickness controller; and last, the attachment 

was heated in air following the heating profiles. The schematic and the setup of the 

thickness controller are shown in Fig. 6.1. As the distance between the press tip and the 

flat base plate was set precisely by tuning the micrometer, the nanosilver bond-line can 

be controlled at any desired wet thickness.  
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Fig. 6.1. (a) Schematic of thickness control for initial nanosilver paste bond-line and (b) 

the custom built thickness controller setup. 

The schematic of heating profile is shown in Fig. 6.2. It consists of the drying stage and 

the sintering stage. In this study, the sintering stage was kept constant with the 

temperature of 260°C and the time of 10 minutes. The drying stage can be further divided 

into three different sub stages: pre-drying stage, temperature ramp stage, and holding 

stage. Pre-drying stage is the time period for the chip attachment soaking at room 

temperature (24°C); temperature ramp stage is for heating the chip attachment from room 

temperature to 180°C, of which different ramp rates may apply; holding stage is for the 
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chip attachment drying at a relatively high temperature (180°C) to ensure the sufficient 

solvent removal. In order to evaluate the effect of drying rate on the quality of sintered 

silver joint, drying profiles with different temperature ramp rates were used to fabricate 

the nanosilver chip attachments. For the fair comparison, the total time duration of the 

temperature ramp stage and holding stage in each case was kept constant as 156 minutes. 

Additionally, the “overnight” effect, which pre-dries the chip attachment in room 

temperature before heating, was also evaluated in the study. Table 6.1 shows the different 

drying process parameter combinations. For each combination, three replicates were 

fabricated. 

 
Fig. 6.2. Schematic of heating profile for nanosilver chip attachment fabrication 

Table 6.1: Parameter combinations of different pre-drying time, temperature ramp rate 

and holding time in drying stage. 

Group No. 
Chip  size 

(mm2) 

Pre-dying 

time (min) 

Temperature 

ramp rate 

(°C/min) 

Holding 

time (min) 

A 3 × 3 0 1 0 
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B 3 × 3 0 3 104 

C 3 × 3 0 7.5 135 

D 3 × 3 1440 3 104 

E 6 × 6 0 1 0 

F 6 × 6 0 3 104 

G 6 × 6 0 7.5 135 

H 6 × 6 1440 3 104 

 

6.2.2. Die-shear testing 

The bonding quality of nanosilver sintered chip attachments was estimated by the die-

shear test. The test was conducted by the equipment of Nordson DAGE 4000 

Multipurpose Bondtester at the shearing speed of 300 µm/s. The test equipment is shown 

in Fig. 6.3. 

 

Fig. 6.3. Nordson DAGE 4000 Multipurpose Bondtester. 
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6.2.3. Numerical simulation of the stress and strain evolution 

Numerical simulation of the internal stress and strain evolution of nanosilver paste was 

applied according to the different process profiles during drying. In order to simulate the 

experimental process conditions, three sequential heating segments were used for pre-

drying stage, temperature ramp stage and holding stage. In this study, no external 

pressure was applied during the entire drying process. 

The input parameters nanosilver paste drying are shown in Table 6.2. 

Table 6.2: Input parameters of nanosilver chip attachment during drying. 

 
Case 

A 

Case 

B 

Case 

C 

Case 

D 

Case 

E 

Case 

F 

Case 

G 

Case 

H 

Meshing of grids 

(quarter chip) 
15×15 15×15 15×15 15×15 30×30 30×30 30×30 30×30 

Chip dimension 

(mm2) 
3 × 3 3 × 3 3 × 3 3 × 3 6 × 6 6 × 6 6 × 6 6 × 6 

Initial solvent 

concentration 
0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 

Heating segment 3 3 3 3 3 3 3 3 

S
eg

m
en

t 1
 

Initial 

temperature 

(K) 

297 297 297 297 297 297 297 297 

Temperature 

ramp rate 

(K/s) 

0 0 0 0 0 0 0 0 

Time 

duration (s) 
0 0 0 86400 0 0 0 86400 

S
eg

m
en

t 2
 

Initial 

temperature 

(K) 

297 297 297 297 297 297 297 297 

Temperature 

ramp rate 

(K/s) 

0.017 0.05 0.125 0.05 0.017 0.05 0.125 0.05 
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Time 

duration (s) 
9360 3120 1248 3120 9360 3120 1248 3120 

S
eg

m
en

t 3
 

Initial 

temperature 

(K) 

453 453 453 453 453 453 453 453 

Temperature 

ramp rate 

(K/s) 

0 0 0 0 0 0 0 0 

Time 

duration (s) 
0 6240 8112 6240 0 6240 8112 6240 

 

6.3. Results and discussion 

6.3.1. Die-shear strength of chip attachments 

The die-shear strength of chip attachments are shown in Table 6.3. The effects of 

temperature ramp rate and overnight pre-drying on the die-shear strength of sintered 

nanosilver chip attachment are shown in Fig. 6.4. Furthermore, the effect of chip size on 

the die-shear strength is also discussed. 

Table 6.3: Die-shear strength of nanosilver chip attachments fabricated with different 

heating parameter combinations. 

Group 

No. 

Chip  

size 

(mm2) 

Pre-dying 

time (min) 

Temperature 

ramp rate 

(°C/min) 

Holding 

time (min) 
Die-shear strength 

A 3 × 3 0 1 0 41.9* 40.6 37.1 

B 3 × 3 0 3 104 27.0 24.3 30.1 

C 3 × 3 0 7.5 135 12.5 19.1 11.2 

D 3 × 3 1440 3 104 30.9 32.7 38.0 

E 6 × 6 0 1 0 30.2 23.7 29.1 

F 6 × 6 0 3 104 12.1 11.4 7.8 

G 6 × 6 0 7.5 135 5.4 3.7 3.3 

H 6 × 6 1440 3 104 17.0 26.1* 22.9 

“*” represents that the mechanical chip cracked during test. 
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Fig. 6.4. Die-shear strength vs. temperature ramp rate for (a) 3 × 3 mm2 and (b) 6 × 6 

mm2 chip attachments. 

The effect of temperature ramp rate during drying on the final die-shear strength of 

sintered nanosilver chip attachment is obvious. For both cases of 3 × 3 mm2 and 6 × 6 

mm2 chip attachments, die-shear strength decreases with increasing the temperature ramp 

rate. The results indicates that the slow temperature ramp rate of drying process can 

enhance the mechanical strength of sintered silver joint. The possible reason can be 
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explained as follows: if some part of the paste is completely dried, the viscosity of this 

part will be extremely high and that part can hardly be compressed. Usually the edges of 

paste are firstly dried, and these dried edges will provide as solid frames to prevent the 

further shrinkage of paste even when the center parts get dried. A slow temperature ramp 

rate can keep the nanosilver paste at a relatively low temperature for longer time, which 

provides more time for solvent escaping from the center part of paste and for paste 

shrinking before the edges getting. The high temperature ramp rate, in the contrast, will 

fast dry the edges of nanosilver paste under the chip and prevent further shrinkage of the 

paste. Higher shrinkage of nanosilver paste in the drying condition implies higher green 

density before silver sintering, and can lead to higher sintered silver density, which 

performs higher bonding strength.  

The same explanation can also be applied to the “overnight” drying effects, which refers 

to the 24 hours pre-drying of chip attachments at room temperature before heating up. As 

pre-drying stage offers an initial drying at a low temperature for a longer time, more 

solvent in the center part of the paste can escape before the paste in the edge parts 

becoming harder. Therefore, the layers of nanosilver paste with the overnight treatment 

can achieve a higher shrinkage than the ones that without overnight treatment, and the 

higher shrinkage leads to higher green density of the nanosilver paste and higher sintered 

density of nanosilver joint. The pre-drying stage plays an important role in furthering 

paste shrinkage before sintering and helps to obtain the high bonding strength of sintered 

silver joints. 

The size of chips also has an effect on the bonding strength of sintered nanosilver chip 

attachments. Applying the same heating profile on chip attachments with different chip 
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sizes, we can obtain different die-shear strength on the sintered nanosilver joint. By 

comparing samples in group A with samples in group E, samples in group B with 

samples in group F, samples in group C with samples in group G, and samples in group D 

with samples in group H, it is found that the die-shear strength of samples in groups with 

3 × 3 mm2 chip size are always higher than the samples in groups with 6 × 6 mm2 chip 

size with the same heating profile. This is because at any given temperature, the solvent 

in the chip attachment with smaller chip area is always easier to escape. It implies that for 

small area chip attachments, when the edges of nanosilver paste are dried and becoming 

hard, most solvent in the paste has gone, and shrinkage of paste has already completed. In 

the contrast, for large area chip attachments, a larger amount of solvent will remain in the 

center part of the nanosilver paste when the edges of the paste are dried and becoming 

hard, and the paste can hardly shrink any more even the rest solvent is still leaving. Low 

shrinkage leads to low green density of the nanosilver paste and also low sintered density 

of nanosilver joint, which presents low die-shear strength. 

6.3.2. Simulation of internal stress and shrinkage of nanosilver paste 

The evolution of maximum internal stresses of the nanosilver paste in 3 × 3 mm2 chip 

attachments with different heating process (from case A to D) are shown in Fig. 6.5, Fig. 

6.6, Fig. 6.7, and Fig. 6.8. The distributions of x-y in-plane stress and vertical stress at 

four typical stages (stress initiation, stress increase, stress maximum, and stress 

relaxation) are also shown in the figures. 
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Fig. 6.5. The top plot is the maximum x-y in-plane internal stress and maximum vertical 

internal stress of nanosilver paste in a 3 × 3 mm2 chip attachment during heating profile 

A (heat from room temperature to 180°C with temperature ramp rate 1°C/min). The 

bottom figures show the distribution of internal stresses of nanosilver paste at the time 

points of (I), (II), (III), and (IV). For reason of symmetry, only a quarter of the paste is 

considered in the simulation. In each figure, the left bottom corner is the center of the 

chip and the right top corner is the corner of the chip. 
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Fig. 6.6. The top plot is the maximum x-y in-plane internal stress and maximum vertical 

internal stress of nanosilver paste in a 3 × 3 mm2 chip attachment during heating profile B 

(heat from room temperature to 180°C with temperature ramp rate of 3°C/min, and hold 

at 180°C for 104 minutes). The bottom figures show the distribution of internal stresses 

of nanosilver paste at the time points of (I), (II), (III), and (IV). For reason of symmetry, 

only a quarter of the paste is considered in the simulation. In each figure, the left bottom 

corner is the center of the chip and the right top corner is the corner of the chip. 



 96 

 

 

Fig. 6.7. The top plot is the maximum x-y in-plane internal stress and maximum vertical 

internal stress of nanosilver paste in a 3 × 3 mm2 chip attachment during heating profile C 

(heat from room temperature to 180°C with temperature ramp rate of 7.5°C/min, and hold 

at 180°C for 135 minutes). The bottom figures show the distribution of internal stresses 

of nanosilver paste at the time points of (I), (II), (III), and (IV). For reason of symmetry, 

only a quarter of the paste is considered in the simulation. In each figure, the left bottom 

corner is the center of the chip and the right top corner is the corner of the chip. 
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Fig. 6.8. The top plot is the maximum x-y in-plane internal stress and maximum vertical 

internal stress of nanosilver paste in a 3 × 3 mm2 chip attachment during heating profile 

D (after room temperature treatment for 24 hours, then heat from room temperature to 

180°C with temperature ramp rate of 3°C/min, and hold at 180°C for 104 minutes). The 

bottom figures show the distribution of internal stresses of nanosilver paste at the time 

points of (I), (II), (III), and (IV). For reason of symmetry, only a quarter of the paste is 

considered in the simulation. In each figure, the left bottom corner is the center of the 

chip and the right top corner is the corner of the chip. 
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During the early stage of drying, the internal stresses are relatively low because of the 

low viscosity of the paste at that time. As the solvent moves out, the viscosity of paste 

become higher and the maximum internal stress increases. At the end of drying, as the 

solvent has almost gone, the paste stops shrinking and there is no more induced stress by 

the change of strain. Therefore, the internal stress will release to zero when the drying 

completes. 

In the 3 × 3 mm2 chip attachments, for 1°C/min temperature ramp rate, the maximum 

internal stresses are generated at the temperature around 150°C. The maximum x-y in-

plane internal stress is 2.2 MPa and maximum vertical internal stress is 0.6 MPa.  For 

3°C/min temperature ramp rate, the maximum internal stresses are generated at 180°C 

temperature holding stage. The maximum x-y in-plane internal stress is 5.8 MPa and 

maximum vertical internal stress is 2.8 MPa. For 7.5°C/min temperature ramp rate, the 

maximum internal stresses are also generated at 180°C. The maximum x-y in-plane 

internal stress is 5.9 MPa and maximum vertical internal stress is 2.9 MPa. The slow 

temperature ramp rate helps to keep the solvent leave slow at relatively low temperatures, 

which induces low internal stresses. The maximum internal stresses in the condition of 

3°C/min ramp rate and in the condition of 7.5°C/min ramp rate are almost the same, and 

the reason is that the maximum stresses for both cases are induced at the temperature 

holding stage with constant temperature of 180°C. The similar heating conditions lead to 

the similar evolution of the internal stress. 

Fig. 6.8 shows the maximum internal stress after 24 hours room temperature treatment, 

which is referred to as “overnight treatment”. After overnight treatment, a heating profile 

of 3°C/min to 180°C and 104 minutes holding time was applied. The maximum internal 
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stresses are generated at 180°C temperature holding stage. The maximum x-y in-plane 

internal stress is 5.2 MPa and maximum vertical internal stress is 2.2 MPa. The 

maximum internal stresses of the paste in the chip attachment after overnight treatment 

only slightly differ from those without overnight treatment. Because the internal stresses 

are related to the solvent change rate, high internal stress will generate at high 

temperature (with high solvent change rate). During the stage of overnight treatment at 

room temperature, the paste in the chip attachment can be partially dried before heating, 

without generate high internal stress. However, the simulated results indicates that 

overnight treatment has insignificant effect on the maximum internal stress during 

heating process, by comparing Fig. 6.8 with Fig. 6.6.  

The evolution of maximum internal stress of the nanosilver paste in 6 × 6 mm2 chip 

attachments with different heating profiles (from case E to H) are shown in Fig. 6.9, Fig. 

6.10, Fig. 6.11, and Fig. 6.12. The distributions of the x-y in-plane stress and the vertical 

stress at four typical stages (stress initiation, stress increase, stress maximum, and stress 

relaxation) are also shown in the figures. 
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Fig. 6.9. The top plot is the maximum x-y in-plane internal stress and maximum vertical 

internal stress of nanosilver paste in a 6 × 6 mm2 chip attachment during heating profile E 

(heat from room temperature to 180°C with temperature ramp rate 1°C/min). The bottom 

figures show the distribution of internal stresses of nanosilver paste at the time points of 

(I), (II), (III), and (IV). For reason of symmetry, only a quarter of the paste is considered 

in the simulation. In each figure, the left bottom corner is the center of the chip and the 

right top corner is the corner of the chip. 
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Fig. 6.10. The top plot is the maximum x-y in-plane internal stress and maximum vertical 

internal stress of nanosilver paste in a 6 × 6 mm2 chip attachment during heating profile F 

(heat from room temperature to 180°C with temperature ramp rate of 3°C/min, and hold 

at 180°C for 104 minutes). The bottom figures show the distribution of internal stresses 

of nanosilver paste at the time points of (I), (II), (III), and (IV). For reason of symmetry, 

only a quarter of the paste is considered in the simulation. In each figure, the left bottom 

corner is the center of the chip and the right top corner is the corner of the chip. 
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Fig. 6.11. The top plot is the maximum x-y in-plane internal stress and maximum vertical 

internal stress of nanosilver paste in a 6 × 6 mm2 chip attachment during heating profile 

G (heat from room temperature to 180°C with temperature ramp rate of 7.5°C/min, and 

hold at 180°C for 135 minutes). The bottom figures show the distribution of internal 

stresses of nanosilver paste at the time points of (I), (II), (III), and (IV). For reason of 

symmetry, only a quarter of the paste is considered in the simulation. In each figure, the 

left bottom corner is the center of the chip and the right top corner is the corner of the 

chip. 
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Fig. 6.12. The top plot is the maximum x-y in-plane internal stress and maximum vertical 

internal stress of nanosilver paste in a 6 × 6 mm2 chip attachment during heating profile 

H (after room temperature treatment for 24 hours, then heat from room temperature to 

180°C with temperature ramp rate of 3°C/min, and hold at 180°C for 104 minutes). The 

bottom figures show the distribution of internal stresses of nanosilver paste at the time 

points of (I), (II), (III), and (IV). For reason of symmetry, only a quarter of the paste is 

considered in the simulation. In each figure, the left bottom corner is the center of the 

chip and the right top corner is the corner of the chip. 
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In the 6 × 6 mm2 chip attachments, for 1°C/min temperature ramp rate, the maximum 

internal stresses are generated at 179°C. The maximum x-y in-plane internal stress is 2.2 

MPa and the maximum vertical internal stress is 1.3 MPa. Because of the slow 

temperature ramp rate, the paste does not have sufficient time to drying at relatively high 

temperatures, and the simulation does not show the completed stress relaxation region. 

For 3°C/min and 7.5°C/min temperature ramp rates, the maximum internal stresses are 

generated at 180°C temperature holding stage. The stress evolution in both cases are 

similar, with the maximum x-y in-plane internal stress of 2.6 MPa and the maximum 

vertical internal stress of 1.6 MPa.  Fig. 6.12 shows the maximum internal stress versus 

time after 24 hours overnight treatment. After overnight treatment, a heating profile of 

3°C/min to 180°C and 104 minutes holding time was applied. The maximum internal 

stresses during the whole process are generated at 180°C with the x-y in-plane internal 

stress of 2.6 MPa and vertical internal stress of 1.6 MPa. The stress analysis indicates that 

the maximum internal stress evolution of the paste in the chip attachment after overnight 

treatment is almost the same as that without overnight treatment.  

According to the viscous model, the internal stress is related to the change rate of solvent 

concentration. For small area chip attachment, because the solvent can escape quickly 

from the paste, the change of solvent concentration is high, especially at high 

temperatures. The high solvent change rate will cause high internal stress in the paste. 

Meanwhile, because the solvent escapes quickly, the chip attachment can be thoroughly 

dried in a short time, which enables quick relaxation of the internal stress. For large area 

chip attachment, solvent in the paste cannot escape quickly even at high temperatures, 

and will not cause high change rate of solvent concentration. Therefore, the internal stress 
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of nanosilver paste in large area chip attachments at high temperature is usually smaller 

than that in small area chip attachments. However, the stress relaxation time for the paste 

in large area chip attachments is longer than that in the small area chip attachments. 

From the analysis above, it is found that the temperature ramp rate and the overnight 

treatment do not significantly affect the maximum internal stress of nanosilver paste in 

chip attachments during drying process. However, the temperature ramp rate and the 

overnight treatment do affect the die-shear strength of the nanosilver chip attachments. It 

implies that except for the internal stress, other behavior of nanosilver paste during 

drying also has effect on the bonding strength of sintered silver joints. Since shrinkage of 

paste during drying is an important factor that affects the green density of nanosilver 

paste, the shrinkage profile of nanosilver paste under the different drying conditions from 

case A to H was studied. Relative green density can be calculated by the ratio of 

theoretical thickness with full density to real thickness after shrinkage. Table 6.4 shows 

the final shrinkage and estimated relative green density of the nanosilver paste after 

drying with different drying profiles (from case A to H).  

Table 6.4: Simulated final shrinkage with estimated green density of nanosilver chip 

attachments after drying with different heating parameter combinations. 

Case 

No. 

Chip  

size 

(mm2) 

Pre-

dying 

time 

(min) 

Temperature 

ramp rate 

(°C/min) 

Holding 

time 

(min) 

Final 

shrinkage 

(%) 

Relative 

green 

density 

(%) 

Die-shear 

Strength 

(MPa) 

A 3 × 3 0 1 0 36.83 50.25 39.9±2.5 

B 3 × 3 0 3 104 36.42 49.92 27.1±2.9 

C 3 × 3 0 7.5 135 35.43 49.15 14.3+4.2 
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D 3 × 3 1440 3 104 36.84 50.25 33.9±3.7 

E 6 × 6 0 1 0 35.72 49.38 27.7±3.5 

F 6 × 6 0 3 104 33.81 47.95 10.4±2.3 

G 6 × 6 0 7.5 135 31.82 46.55 4.1±1.1 

H 6 × 6 1440 3 104 35.36 49.10 22.0±4.6 

 

Shrinkage is corresponding to the relative green density of nanosilver paste, as higher 

shrinkage will make the dried nanosilver paste denser, which can lead to higher green 

density. The high green density indicates the high sintered density of nanosilver paste, 

and enables high die-shear strength [32]. From Fig. 6.13, it can be concluded that the die-

shear strength increases with increasing relative green density. Some exceptions were 

found: samples fabricated with heating profile A (3 × 3 mm2 chip, 1°C/min ramp rate) 

and samples fabricated with heating profile D (3 × 3 mm2 chip, overnight and 3°C/min 

ramp rate) have similar green densities but with different die-shear strength. The 

explanation is that the maximum internal stresses of nanosilver paste with heating profile 

D are higher than that with heating profile A, and the high internal stresses reduce the 

bonding strength of sintered silver joint. Similar situation can be found in samples 

fabricated with heating profile H (6 × 6 mm2 chip, overnight and 3°C/min ramp rate) and 

samples fabricated with heating profile C (3 × 3 mm2 chip, 7.5°C/min ramp rate), and the 

same explanation can be applied.  
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Fig. 6.13. Die-shear strength (experiment) vs. relative green density (simulation) of 

nanosilver chip attachment with different drying parameter combinations (case A to H). 

 

6.4. Summary 

In this chapter, chip attachments with the chip sizes of 3 × 3 mm2 and 6 × 6 mm2 were 

fabricated by nanosilver LTJT with different drying profiles. The effects of different 

room temperature pre-drying time (0 hour and 24 hours) and different temperature ramp 

rates (1°C/min, 3°C/min, and 7.5°C/min) on the bonding quality of the sintered 

nanosilver chip attachments were studied. The die-shear strength of chip attachments was 

evaluated. Numerical simulation were also applied to study the evolution of internal 

stresses and shrinkage of nanosilver paste in chip attachment during drying process. 

Several conclusions can be drawn: 

The die-shear strength of sintered chip attachments increases with decreasing the 

temperature ramp rate during drying process. The room temperature pre-drying stage 

(overnight treatment) also helps increase the bonding strength of sintered nanosilver chip 
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attachments. The die-shear strength of large-area chip attachments (6 × 6 mm2) is lower 

than that of small-area chip attachment (3 × 3 mm2) with the same drying profile. 

Numerical simulation of the internal stress evolution of nanosilver paste in the chip 

attachment during drying with different temperature ramp rates and overnight treatment 

shows that the maximum internal stresses are generated at the time when the paste is 

almost dry, and they are weakly affected by the temperature ramp rate or overnight 

treatment, as long as the maximum stresses are generated after the temperature reaches 

the maximum drying temperature. Furthermore, the maximum internal stresses are 

influenced by the size of chip attachments. In general, the internal stress is not strongly 

related to the bonding strength of sintered nanosilver chip attachments, or at least, the 

internal stress are not the major factor to determine the bonding strength. 

Numerical simulation of the shrinkage evolution of nanosilver paste in chip attachment 

during drying shows that the shrinkage is strongly affected by the temperature ramp rate 

and overnight treatment, as the final shrinkage increases with decreasing the temperature 

ramp rate and with increasing overnight treatment time. Since the shrinkage of nanosilver 

paste in drying represents its green density, it is implied that a slow temperature ramp rate 

during drying and a long time room temperature pre-drying stage can increase the green 

density of nanosilver paste before sintering, thus can increase the strength of the sintered 

nanosilver bond-line.  
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Chapter 7. Summary and conclusions 

7.1. Summary of the study 

This study is focused on the analysis of the drying behavior of nanosilver paste in the 

chip attachment and process development for nanosilver-enabled low-temperature joining 

technique (LTJT). A diffusion-viscous model was developed for better understanding of 

the drying behavior in nanosilver LTJT. An algorithm for numerical simulation was 

developed and realized by C++ code, and it can simulate the drying behavior of 

nanosilver paste between the chip and the substrate. Furthermore, the effects of the 

drying parameters on the bonding quality of sintered nanosilver chip attachments were 

evaluated by experiments and numerical simulation. These drying parameters include 

external applied drying pressure, temperature ramp rate, and drying time, etc. Based on 

the analysis, a nanosilver LTJT process which limits the hot-pressing at a temperature 

below 200°C was developed for bonding large-area chips. 

In Chapter 2, a 2D model that was based on diffusion theory and viscous mechanics was 

developed to determine the stress evolution of nanosilver paste in a chip attachment 

during drying process. A numerical simulation algorithm of the model was developed and 

realized by a C++ program, which can simulate the 2D diffusion process of solvent 

moving with internal stress and strain evolution. With the help of program, the evolution 

of the solvent concentration distribution, internal stress distribution, and strain can be 

simulated for any drying profile with different combinations of time, temperature and 

external applied pressure. 

In Chapter 3, the drying process of nanosilver paste in the chip attachment was simulated 

with the model. The drying behavior such as weight loss, shrinkage and internal stress 
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evolution in paste layer was demonstrated. The simulation results were in good 

agreement with the experimental data, which proved the validation of the diffusion-

viscous model of the nanosilver paste drying in the chip attachment. 

In Chapter 4, a design of experiments involving hot-pressing process parameters of 

nanosilver LTJT was carried out. The analysis shows that bonding quality increases with 

all evaluated process factors (drying time, drying pressure, sintering time, and sintering 

pressure), and no strong interaction is detected between any two factors. An improved 

nanosilver LTJT process which limits the external applied pressure to a temperature 

below 200°C was developed. A nearly perfect, crack/void free joint layer with over 30 

MPa bonding strength can be obtained for large-area chip (up to 10 × 10 mm2) 

attachment with this process. 

In Chapter 5, the effect of drying pressure on the bonding quality of the sintered silver 

bond-line was demonstrated. Large-area chip attachments were fabricated by nanosilver 

LTJT with different external applied drying pressure from 0 to 10 MPa. The die-shear 

strength of chip attachments and the microstructure of sintered silver bond-line were 

evaluated. Numerical simulation were also applied to study the evolution of internal 

stress of nanosilver paste in the chip attachment during drying process. The analysis 

indicates that the application of pressure helps decrease both x-y in-plane and vertical 

internal stresses, which can reduce the crack in the silver bond-line and the interface 

delamination.  

In Chapter 6, the effects of different room temperature pre-drying time and different 

temperature ramp rates on the bonding quality of sintered nanosilver chip attachment 

were studied. The analysis indicates that the internal stress of nanosilver paste in chip 
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attachment is weakly influenced by the temperature ramp rate and overnight treatment. 

The shrinkage is strongly affected by the temperature ramp rate and overnight treatment, 

as the final shrinkage increases with decreasing the temperature ramp rate and with 

increasing overnight treatment time. High shrinkage can increase the green density of 

nanosilver paste before sintering, thus increase the sintered density and the strength of 

sintered nanosilver bond-line. 

 

7.2. Suggestions for future work 

In this study, a model and an algorithm of nanosilver paste drying between chip and 

substrate were developed, and the behavior of nanosilver paste during drying can be 

simulated. Though the simulation shows the similar trend as experiments, the accuracy of 

the simulated results can be further improved. Several suggestions are made to improve 

the model for simulation: 

First, the physical properties of nanosilver paste need to be accurately measured. In the 

numerical simulation, some properties such as viscosity of paste, Poisson’s ratio of paste, 

and diffusivity coefficient of solvent were either determined from approximation or 

simplified as constant. With more accurate physical properties (especially property 

profiles versus time, temperature, and concentration), the simulation results will be more 

accurate. 

Second, the failure criteria of paste cracking and interface delamination need to be 

determined. As the model can be used to simulate the internal stress of nanosilver paste in 

chip attachment during drying, it is still unknown at what point the dried paste will 

rupture. Furthermore, after the failure of nanosilver paste at some locations, the stress 
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distribution should change. It is believed that the rupture stress of nanosilver paste is not 

a constant value but related to the localized solvent concentration. With failure criteria, it 

is possible to determine the exact time and location of the defect formation and can more 

accurately simulate the stress distribution.  
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Appendix A: C++ code and input format for numerical simulation of 

nanosilver paste drying in the chip attachment 

C++ source code of the main modules 

The C++ source code can be compiled and executed in Microsoft Visual C++ 2010 

Express. The code of some main modules are shown below: 

(1).  Determine of the time increment dt. 

double dtDetermine(double dx, double dy, double T0, double RT, double time){ 

 //element length: dx, dy 

 //initial temperature: T0 

 //temperatre ramp rate: RT 

 //Segment duration time: time 

 double dt, Dmax, Tmax, dxy; 

 if(RT<=0.0) 

  Tmax=T0; 

 else 

  Tmax=T0+RT*time; 

 Dmax=D(Tmax);  

 if(dx<=dy) 

  dxy=dx; 

 else 

  dxy=dy; 

 dt=0.2; 

 while(dt>=dxy*dxy/(4.0*Dmax)) 

  dt=dt/2; 

 return dt; 

} 

 

 

(2).  Determine of new solvent concentration profile. 

double DiffusionProfile(double **Cl, double **dCl, double **Clnew, double D, double 

Jxy, double den0, long int k1, long int k2, double dx, double dy, double dt){ 

 //old concentration profile: Cl[k1][k2] 

 //concentration change rate: dCl=(Clnew-Cl)/dt 

 //new concentration profile: Clnew 

 //diffusivity of liquid: D 

 //mass flux rate: Jxy 

 //number of meshed elements: k1, k2 

 //element length: dx, dy 

 //time step: dt 
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 long int i, j; 

 double Clave; 

  

 for(i=1;i<=k1;i++) 

  Cl[0][i]=Cl[1][i]; 

 for(j=0;j<=k2;j++) 

  Cl[j][0]=Cl[j][1]; 

 

 for(i=k1-1;i>=1;i--){ 

  Clnew[k2][i]=Cl[k2-1][i]*exp(-Jxy*dy/(den0*D*1000.0)); 

  dCl[k2][i]=(Clnew[k2][i]-Cl[k2][i])/dt; 

 } //horizental edge 

 

 for(j=k2-1;j>=1;j--){ 

  Clnew[j][k1]=Cl[j][k1-1]*exp(-Jxy*dx/(den0*D*1000.0)); 

  dCl[j][k1]=(Clnew[j][k1]-Cl[j][k1])/dt; 

 } //vertical edge 

  

 //Fick's 2nd law 

 for(j=k2-1;j>=1;j--){ 

  for(i=k1-1;i>=1;i--){ 

   dCl[j][i]=D/(dx*dx)*(Cl[j][i+1]+Cl[j][i-1]-

2.0*Cl[j][i])+D/(dy*dy)*(Cl[j+1][i]+Cl[j-1][i]-2.0*Cl[j][i]); 

   Clnew[j][i]=dt*dCl[j][i]+Cl[j][i]; 

  } 

 } 

 

 Clave=0.0; 

 for(j=1;j<=k2;j++) 

  for(i=1;i<=k1;i++) 

   Clave+=Cl[j][i]; 

 Clave=Clave/(k1*k2); 

 

 return Clave; 

 //return average Cl 

} 

 

 

(3).  Determine the stress distribution. 

double StressDistribution(double **sx, double **sz, double *smm, double **Cl, double 

**dCl, double **Ep, double **v, double **def, long int k1, long int k2, double Papp, 

double den0, double denl, double Cl0, double a1, double a2){ 

 //stress at X direction: sx 

 //stress at Z direction: sz 
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 //concentration profile: Cl 

 //concentration rate profile: dCl 

 //viscosity of paste element as function of (Cl): Ep 

//Poisson’s ratio of paste element as function of (Cl): v 

 //free strain rate of elements as function of (Cl): def 

 //number of meshed elements: k1, k2 

 //external applied pressure: Papp 

 //initial density of paste: den0 

 //density of liquid: denl 

 //initial liquid concentration: Cl0 

 //define empirical formula: Va/V0=a1*(Cl0-Cl)^a2 

 

 double dez, v; 

 long int i, j; 

 for (j=1;j<=k2;j++){ 

  for(i=1;i<=k1;i++){ 

   //ef[i]=(den0/denl*(Cl[i]-Cl0)+a1*pow((Cl0-Cl[i]),a2))/3.0; 

   def[j][i]=telldef(Cl[j][i]); 

   Ep[j][i]=tellEp(Cl[j][i]);  

   v[j][i]=tellv(Cl[j][i]); 

  } 

 }//calculate def, Ep, v at different locations [j][i] 

 

 double temp1, temp2; 

 temp1=0.0; 

 temp2=0.0; 

 for(j=1;j<=k2;j++){ 

  for (i=1;i<=k1;i++){ 

   temp1+=Ep[j][i]*def[j][i]; 

   temp2+=Ep[j][i]; 

  } 

 } 

 dez=(temp1*(1.0+v)-Papp*k1*k2*(1.0-v-2.0*v*v))/(temp2*(1.0-v)); //calculate 

strain rate at Z direction 

 

 smm[0]=Ep[1][1]*(v*dez-(v+1.0)*def[1][1])/(1.0-v-2.0*v*v); //smm[0]=sx min 

 smm[1]=Ep[1][1]*dez/(1.0+v)+sx[1][1]; //smm[1]=sz min 

 smm[2]=smm[0]; //smm[2]=sx max 

 smm[3]=smm[1]; //smm[3]=sz max 

 

 for(j=1;j<=k2;j++){ 

  for(i=1;i<=k1;i++){ 

   sx[j][i]=Ep[j][i]*(v*dez-(v+1.0)*def[j][i])/(1.0-v-2.0*v*v); 

   sz[j][i]=Ep[j][i]*dez/(1.0+v)+sx[j][i]; 

   if(sx[j][i]<smm[0]) 

    smm[0]=sx[j][i]; 



 128 

   if(sx[j][i]>smm[2]) 

    smm[2]=sx[j][i]; 

   if(sz[j][i]<smm[1]) 

    smm[1]=sz[j][i]; 

   if(sz[j][i]>smm[3]) 

    smm[3]=sz[j][i]; 

  } 

 } //calculate stress at X and Z direction at different locations [j][i] 

 return dez; 

} 

 

 

(4).  The main loop 

int main(array<System::String ^> ^args) 

{ 

 //input parameters 

 long int k1, k2, dk1out, dk2out, Seg; 

 double l1, l2, Cl0, den0, denl, T0, RT, P0, RP, time, dtout, **Cl; 

 //number of meshed elements: k1, k2 

 //output meshed elements increment: dkout 

 //number of profile segments: Seg; 

 //chip length: l1, l2 

 //initial liquid concentration: Cl0 

 //initial density of paste: den0 

 //density of liquid: denl 

 //Segment T-P-t profile intial temperature: T0 

 //temperature ramp rate: RT 

 //Segment T-P-t profile initial pressure: P0; 

 //pressure ramp rate: RP; 

 //Segment time duration: time; 

 //output time increment step: dtout (dtout>=1s) 

 //concentration profile: Cl[]) 

 

 //internal parameters 

 double dt, dx, dy, D, Jxy, Temp, Papp, Ttotal, Clave, dez, ez, **Clnew, **dCl, 

**Ep, **sx, **sz, **def, smm[4]; 

 long int i, j, tstep, tstep2, l, count; 

 //time increment step: dt (dt<=0.2s) 

 //element length: dx, dy 

 //liquid diffusivity: D 

 //mass flux rate: Jxy 

 //temperature: Temp 

 //external pressure: Papp 

 //passed time: Ttotal 

 //Average liquid concentration: Clave 
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 //strain rate at Z direction: dez 

 //strain at Z direction: ez 

 //new concentration profile: Clnew[k2][k1] 

 //concentration profile change rate: dCl[k2][k1] 

 //viscosity: Ep[k2][[k1] 

 //stress at X direction: sx[k2][k1]; 

 //stress at Z direction: sz[k2][k1]; 

 //free strain rate: def[k2][k1]; 

 //mimimum and maximum stress: smm[0]=sx min, smm[1]=sz min, smm[2]=sx 

max, smm[3]=sz max; 

 

 Input(k1, k2, l1, l2, Cl0, den0, denl, dk1out, dk2out, dtout, Seg); //define 

simulation parameter and material properties 

 Input(Cl); //define initial concentration 

 

 //initialize 

 Clnew=new double* [k2+1]; 

 dCl=new double* [k2+1]; 

 Ep=new double* [k2+1]; 

 sx=new double* [k2+1]; 

 sz=new double* [k2+1]; 

 def=new double* [k2+1]; 

 for(j=0;j<=k2;j++){ 

  Clnew[j]=new double [k1+1]; 

  dCl[j]=new double [k1+1]; 

  Ep[j]=new double [k1+1]; 

  sx[j]=new double [k1+1]; 

  sz[j]=new double [k1+1]; 

  def[j]=new double [k1+1]; 

 } 

 

 dx=l1/(2.0*k1); 

 dy=l2/(2.0*k2); 

 Ttotal=0.0; 

 ez=0.0; 

  

 for(count=1;count<=Seg;count++){ 

  fin1>>T0>>RT>>P0>>RP>>time; 

 

  dt=dtDetermine(dx, dy, T0, RT, time); //find dt 

  tstep=(long int)(time/dt); //number of calculation loops 

  tstep2=(long int)(dtout/dt); //nunber of output loops 

 

  //check point 

  cout<<"Segment "<<count<<": dt="<<dt<<"\tstep needed: 

"<<tstep<<endl; 
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  //check point end 

 

  Temp=T0; 

  Papp=P0; 

  for(l=1;l<=tstep;l++){ 

   Ttotal+=dt; 

   Temp+=RT*dt; 

   D=D(T); //define D(T) 

   Jxy=J(T, Cl); //define J(T,Cl)=a3*exp(-a4/T)*Cl; 

   Papp+=RP*dt; 

   Clave=DiffusionProfile(Cl, dCl, Clnew, D, Jxy, den0, k1, k2, dx, 

dy, dt); 

   dez=StressDistribution(sx, sz, smm, Cl, dCl, Ep, v, def, k1, k2, 

Papp, den0, denl, Cl0, a1, a2); 

   ez+=dez*dt; 

   for(j=0;j<=k2;j++) 

    for(i=0;i<=k1;i++) 

     Cl[j][i]=Clnew[j][i]; 

 

   //output 

   if(l%tstep2==0){ 

    output(Ttotal, Temp, Clave, ez, dez, smm[0], smm[1], 

smm[2], smm[3]); 

    output(Cl, sx, sz); 

   } 

  } 

 } 

 delete [] (Cl, Clnew, dCl, Ep, def, sz, sx);  //release memory 

cout<<"Simulation completed!"<<endl; 

getchar(); 

return 0; 

} 

 

The details of input and output functions are not shown in the source code above. 

 

Input file format 

The input parameters for simulation can be saved as a text file of the name of 

“profile2D.txt”. The initial solvent concentration profile need to be saved as 

“Concentration0.txt”. The input format are shown below: 
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number of grids in x direction; number of grids in y direction; 

chip length in x direction (m); chip length in y direction (m); 

nomalized solvent concentration; initial density of paste (g/cm3); initial density of solvent 

(g/cm3); 

grid increment for output in x direction; grid increment for output in y direction; time 

increment for output (>=1.0s); 

number of heating segments; 

[for each heating segment] 

initial temperature T0 (K); temperature ramp RT (K/s); initial pressure P0 (Pa); pressure 

ramp RP (Pa/s); duration time (s); 

For example, a 0.003 m × 0.005 m chip attachment heated from 297 K with temperature 

ramp rate of 0.05 K/s for 3120 s with no pressure (segment 1), and then heated at 453 K 

with 0 K/s temperature ramp rate under 150 Pa uniaxial pressure for 6240 s (segment 2). 

The number of meshing grids for a quarter chip are 30 × 50. The output grids in x 

direction is one out of 3, the output grids in y direction is one out of 2, and the output 

time increment is 60 s. The output parameters are shown below. Row 3 of output are 

properties of nanosilver paste, which is not explicit in the heating case. 

“Profile2D.txt” 

30; 50;  

0.003; 0.005; 

0.17; 4.01; 1.0; 

3 2 60.0 

2 
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297.0 0.05 0.0 0.0 3120.0 

453.0 0.0 150.0 0.0 6240.0 

“Concentration0.txt” 

0.17 0.17 … 0.17 

0.17 0.17 … 0.17 

. . … . 

. . … . 

0.17 0.17 … 0.17 

(30 columns and 50 rows) 
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Appendix B: Mechanical properties and creep behavior of sintered 

nanosilver joint layer 

Experimental Procedures 

The nanosilver paste (from NBE Tech, LLC) was printed on alumina substrates, dried at 

50°C, 100°C and 180°C, then sintered at 275°C on hot plate for 10 minutes.  The drying 

and sintering profile is shown in Fig. B.1. The sintered nanosilver paste, which was in 

thin film shape with the thickness ranging from 50 µm to 75 µm, was considered as a 

homogenous and isotropic material in macro scale, as shown in Fig. B.2. The sintered 

films were then cut to smaller samples with the dimensions of 20.0 × 4.0 mm2, for the 

mechanical properties tests. 

 

Fig. B.1. Drying and sintering profile of open-faced nanosilver paste. 
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Fig. B.2. Sintered nanosilver paste films on alumina substrate, the inset shows the final 

samples used in the mechanical properties testing. 

The uniaxial tension tests were carried out by using the equipment of Dynamic 

Mechanical Analysis (DMA) Q800 series. Since the displacement of samples during the 

test was relatively small, a force-controlling testing method was applied for the tension 

tests. The force ramp rate was controlled between 2N/min and 3N/min in order to make 

sure the tensile stress ramp rate was 10.0 MPa/min. Samples were tested at 25°C, 50°C, 

100°C, 150°C and 200°C, respectively.  Three repetitions were tested at each 

temperature. 

A series of creep tests for sintered nanosilver paste were carried out using the equipment 

of DMA. According to the preliminary results from the tension tests, the constant tensile 

stress that applied in the creep test was set to 10 MPa in order to keep an intermediate 

value comparing to the ultimate stress. Tests were done at 75°C, 100°C, 150°C, 200°C 

and 250°C, respectively. 

 

Alumina 

substrate 

Sintered silver layers 
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Experimental Results 

Stress-strain curves at different temperatures 

As shown in Fig. B.3, the stress-strain curves of simple uniaxial tension at different 

temperatures indicate that the mechanical behavior of sintered nanosilver paste is 

strongly related to the temperature. Fig. B.4 and Fig. B.5 show the statistical values of 

some internal mechanical properties of the sintered paste. The Young’s modulus is 18 

GPa at room temperature, 11 GPa at 100°C and 4 GPa at 200°C; ultimate stress is 55 

MPa at room temperature, 34 MPa at 100°C, and 17 MPa at 200°C. Both Young’s 

modulus and ultimate stress decrease with increasing temperature, and the ultimate 

failure strain increases with increasing temperature. The ultimate strain is 0.6% at room 

temperature, 0.8% at 100°C, and 1.8% at 200°C. Compared to those properties in room 

temperature, the Young’s modulus and the ultimate stress at 200°C decrease 

approximately 80% and 70%, respectively. The ultimate strain at 200°C increases 

approximately 200% comparing to that in room temperature. 

 

Fig. B.3. Stress-Strain relationships at different temperatures. 
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Fig. B.4. Young’s modulus of sintered silver layers at different temperatures. 

 

Fig. B.5. Ultimate stress and strain of sintered silver layers at different temperatures. 

Creep behavior of sintered paste at different temperatures 

Creep behavior reveals the viscosity of materials. From the constant stress tests, we 

obtained the strain-time curves of sintered nanosilver paste at different temperatures, and 

observed the typical creep behavior. Fig. B.6 shows a strain-time curve of creep of 
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nanosilver sinter layer at 75°C, in which three different states (transient, steady and 

unstable) can be seen clearly. 

 

Fig. B.6. Strain-time curve during creep under 10MPa constant stress at 75°C 

Table B.1: Data from constant stress tension creep tests of sintered nanosilver layers. 

T (°C) 1/T (K-1) 
Steady-state 

strain rate (sec-1) 
Rapture time (sec) Rupture Strain (%) 

250 0.001912 5.6E-04 66 4.2 

200 0.002114 2.8E-04 36 1.5 

150 0.002364 2.0E-05 740 2.3 

100 0.002681 6.5E-07 5514 0.8 

75 0.002874 3.8E-07 7940 0.87 

 

Table B.1 shows the data of creep tests for sintered nanosilver layers. It indicates that 

under a constant tensile stress, the steady-state strain rate and rupture strain generally 

increase with increasing temperature, while the rupture time decreases with increasing 

temperature. The activation energy of creep for the sintered nanosilver pastes can be also 

estimated by fitting the data using the equation below:  
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  1
         (Eq. B.1) 

Where 
ss  is the steady-state strain rate;  is the applied stress; 

cQ is the activation 

energy for creep; T is the absolute temperature; R  is gas constant; 1A and n are fitting 

parameters. 

The fitting curve is shown in Fig. B.7. The activation energy of sintered nanosilver paste 

for creep is roughly estimated to be 70 KJ/mol, which is higher than conventional solders 

(about 40-50 KJ/mol). The creep testing result indicates that the sintered silver paste has 

a higher creep resistance than conventional solders.  

 

Fig. B.7. Curve fitting for determining the activation energy of sintered silver layer. 

 

Conclusions 

Both uniaxial tension tests and constant stress creep tests for sintered nanosilver paste 

were carried out. The tension tests of sintered paste reveal that the mechanical behavior is 

strongly dependent on temperature. Young’s modulus and ultimate stress decrease with 
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increasing temperature, and the ultimate strain increases with increasing temperature. 

Compared with the mechanical properties in room temperature, the Young’s modulus and 

ultimate stress decrease about 80% and 70% respectively at 200°C. And the ultimate 

strain at 200°C increases approximately 200%. The creep test shows that under a constant 

tensile stress, both the steady-state strain rate and ultimate rupture strain increase with 

increasing temperature, while the rupture time decreases with increasing temperature. 

The activation energy of creep for the sintered nanosilver layer is estimated to be 70 

KJ/mol, which is higher than the conventional solders. These experimental results can 

provide a better understanding in the mechanical behavior of sintered nanosilver paste at 

different temperatures and can be used in modeling of numerical simulations. 



 140 

Appendix C: Nondestructive characterization of the bonding of silicon 

device attachments by curvature measurement 

The bonding strength of device attachment can be evaluated by die-shear test. However, 

die-shearing is a destructive characterization technique, which is not a cost-saving 

method for the bonding characterization. Furthermore, as the silicon devices become 

thinner and thinner in today’s improving technologies, it is hard to take the die-shear test 

for a silicon device attachment with the thickness less than 100 µm, especially for large 

area chip attachments (i.e., >100 mm2). Therefore, new characterization technique for 

bonding evaluation is demanded. In this topic, a nondestructive characterization of the 

device attachments bonding by curvature measurement was demonstrated. 

 

Theory 

The rationale for using the device curvature as a metric for bond strength is shown below. 

Because of the existence of a mismatch between the coefficients of thermal expansion 

(CTE) of the silicon chip and DBC substrate, a sintered sample would develop a 

curvature after sintering. If the adjacent layers of the sample are perfectly bonded, the 

ideal curvature of the sample can be determined just by the material properties 

themselves. According to C.H. Hsueh’s model, (C.H. Hsueh, "Modeling of elastic 

deformation of multilayers due to residual stresses and external bending," Journal of 

Applied Physics, vol. 91, pp. 9652-9656, 2002.), the theoretical curvature of a perfect 

bonded chip attachment can be calculated by knowing the initial and final temperatures, 

Young’s modulus, coefficient of thermal expansion, and thickness of each layer. Below is 

a mathematica code to calculate the theoretical curvature by inputting the mechanical 
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properties and geometric dimensions of each layer of materials.  The input parameters in 

the demonstration are from a structure of silicon chip bonded on DBC substrate by 

nanosilver joint, as shown in Fig. C.1. 
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Fig. C.1. Structure of a silicon chip bonded on a DBC substrate. 

In real cases, the measured curvature is always lower than the ideal curvature because the 

interfacial bonding is not perfect. However, the difference between the ideal and real 

curvatures can still reveal the quality of the bonding: the stronger the bond, the higher the 

measured curvature, assuming the attachment layer (sintered nanosilver) does not 

experience internal changes that dissipate the curvature. Obviously, this method will only 

be useful if the materials being bonded have non similar CTEs and the surfaces being 

bonded are not further deformed.  

 

Experiments 

The test samples consisted of direct bond copper (DBC) substrate and silicon or alumina 

mechanical chips bonded together with sintered nanosilver paste. The thickness of the 

copper and alumina layers of DBC were 200 µm and 380 µm, respectively. In lieu of 

actual devices, 200 µm thick silicon chips and 1000 µm thick alumina chips were used. 

The DBC substrate had a coating of silver while the chips was coated with a metallization 

consisting of 150 nm Cr, 200 nm Ni and 250 nm Ag in succession by physical vapor 

deposition (PVD). The silver coatings were necessary for adhesion to the sintered silver. 
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The DBC substrates and chips were cut into 14 × 14 mm2 and 10 × 10 mm2 pieces, 

respectively, for sample fabrication. The silicon chip attachments have flat surface, which 

were be used for curvature measurement, while the alumina chip attachments were thick 

enough for die-shear testing. 

The silver paste attachment layer was deposited as a double print on the DBC substrate. 

An initial layer of nanosilver paste was printed with a wet print thickness of 50 µm and 

dried at 180°C for 30 minutes after heating at a ramp rate of 5°C/min. The second layer 

was printed on the dried paste with an estimated wet print thickness of 5 µm. The silicon 

chip was mounted on the printed paste, and the assembly was heated up with different 

heating conditions. The fabricated silicon attachments were used to measure the bended 

curvature, and the fabricated alumina attachments were used to measure the die-shear 

strength. Two silicon replicates and three alumina replicates were fabricated for each 

heating condition.  

The curvature of the sintered silicon chip attachment surface was measured with a Dektak 

150 profilometer, and die-shear strength of the alumina chip attachment was measured 

with a ComTen 95 tensile tester. The fabrication process conditions with measured 

curvature or die-shear strength are shown in Table C.1. 

Table C.1: Curvature of silicon attachments and die-shear strength of alumina 

attachments with different fabricating process parameters.  

Drying 

time 

(min) 

Drying 

pressure 

(MPa) 

Sintering 

time 

(min) 

Sintering 

pressure 

(MPa) 

Curvature (m-1) 
Die-shear strength 

(MPa) 

1 0 30 0 0.34 0.29 5.3 16.5 11.3 

5 0 30 3 0.90 0.88 30.1 31.1 31.6 

1 3 30 3 0.82 0.88 32.8 39.0 30.4 
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5 3 30 0 0.92 0.73 33.6 35.6 34.2 

1 0 10 3 0.95 0.40 25.0 11.2 14 

5 0 10 0 0.39 0.34 6.6 5.1 4.7 

1 3 10 0 0.91 0.43 5.6 19.9 10.7 

5 3 10 3 0.57 0.93 35.5 39.9 32.1 

 

The theoretical calculated curvature is 2.25 m-1 for the given materials properties. All the 

measured curvatures were smaller than the theoretical calculated curvature. It is likely 

that the actual samples did not achieve the infinite bonding between the material layers 

such that the resulting curvature is lower than the ideal or theoretical value. Nevertheless, 

it should not detract from the utility of the curvature measurement technique as a 

nondestructive method for evaluating the bond quality achieved with the sintered 

nanosilver paste. It should be just a matter of properly calibrating the technique against 

some baseline measurements.  

 
Fig. C.2. Correlation of curvature with die-shear strength.  
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The plot of measured curvature versus die-shear strength is shown in Fig. C.2. Since the 

correlation of curvature and die-shear strength was not from the same samples, we were 

not able to obtain an exact strength-curvature relationship. However, despite a few 

exceptions, the relationship between the curvature and strength is still obvious. It can be 

concluded that the die-shear strength increases with increasing the curvature. For the 

experimental sample configuration, a curvature above 0.5 m-1 is required for a strong 

bonding quality with the die-shear strength of 30-40 MPa.  

 


