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Abstract 

Sintered silver is a possible replacement for high 

performance and Pb free die attach materials in power 

modules and traditional microelectronic packages because of 

its high melting temperature, high thermal conductivity and 

good thermo-mechanical properties. However, reliable 

sintered silver joints can only be easily formed on Ag or Au 

plated surfaces during pressure sintering. Here we present 

the initial results of two pressure-less Ag pastes (i.e. micron-

sized flakes and nanoparticles) that can sinter on copper 

(Cu). These sintered Ag joints exceeded the minimum die 

shear strength as per MIL-STD883E; nano-Ag preferred the 

N2-5%H2 environment to produce die shear strength of 17 

MPa on the H2 cleaned Cu while micron-Ag joint produced 

die shear strength of 14 MPa on the Cu substrate when 

sintered in ambient air. Fractography of sintered nano-Ag 

joints showed that the silver particles have necked to 

different degrees in N2 and N2-5%H2. Heavy oxidation 

caused by ambient air sintering prevented bonding of nano-

Ag on the Cu oxide, resulting in a flat fratography.  Similar 

flat fractograph was also visible for micron-Ag sintered in 

N2 atmosphere because of residual binders prevented the 

sintering on the Cu substrate.  In the presence of ambient air, 

the oxidative combustion of the binders and capping agents 

de-oxidized the Cu substrate to allow sintering onto the Cu. 

Cross section of this micron-Ag joint on Cu substrate 

confirmed the joint formation in ambient air during 

pressureless sintering. These results showed that different 

binders and capping agents influence the sintering properties 

differently to produce reliable sintered Ag joints.   

Keywords – low-temperature sintering, lead-free die 

attach, sintered silver, nano-silver.  

 

1.0  Introduction 

Die attach materials are one of the few remaining 

materials in the microelectronic packaging yet to migrate to 

more environmental friendly product. The delay is caused by 

lack of available suitable replacements that are reliable and 

cost-effective[1].  In the power module sector, the advent of 

SiC and GaN necessitate the use of die attach materials with 

thermal performance and reliability better than current Pb-

Sn or Sn-Ag-Cu and Sn-Ag solder [2]. Sintered silver 

emerges as one of the potential candidates because of its 

relatively low processing temperature, high melting 

temperature, high thermal conductivity and thermo-

mechanical reliability [3, 4]. 

However, most commercially available silver paste can 

only form reliable sintered Ag joint on Ag or gold (Au) 

plated substrate during pressure sintering [5, 6]. Application 

of pressure during sintering may damage the circuitry on the 

silicon dies and pose a reliability issue to the devices.  Ag or 

Au-plating on the substrate also adds extra costs to the 

manufacturers.    

Hence, there is a need to develop pressureless sintered 

silver paste, whether using micron-Ag flakes or nano-Ag 

particles, to form this die attach joint. In this research, we 

evaluate two newly developed pressureless silver pastes to 

determine their thermal events and sintering characteristics 

during joint formation and the corresponding die shear 

strength on copper (Cu) substrates. 

 

2.0 Experiment Procedure 

2.1 Materials 

Micron-sized Ag flakes and Ag nanoparticles 

pressureless pastes were obtained from suppliers, herein 

named as micron-Ag and nano-Ag respectively. Typical 

content of these silver pastes can be referred here [3]. Cu 

alloy (type: C194 with nominal composition of 97.4%Cu, 

2.4%Fe, 0.1%Zn) and silicon of “2.8 mm x 1.8 mm” in size 

with backmetallization of TiNiAg were used as substrates 

and dies for this study.  

2.2 Sample Preparation 

Micron-Ag silver pastes of 75 m in thickness were 

printed on the Cu substrate before placing the Si dies and 

then sintering at 230
o
C.  Similar to micron-Ag paste, the 

nano-Ag paste was applied to the Cu substrate before an 

interim drying step of 100
o
C before placing the silicon die 

and sintering at peak temperature of 250
o
C. Three different 

environments i.e. ambient air, nitrogen (N2) and forming gas 

(N2-5%H2), were used to sinter the silver pastes.   

2.3 Differential Scanning Calorimetry and 

Thermogravimetric Analysis 

TGA NETZSCH TG 209F1 Libra was used to analyze 

the Ag pastes in ambient air and N2 while NETZSCH DSC 

204F1 Phoenix was used to analyze the Ag paste in air, N2 

and N2-5%H2 from room temperature to 350
 o

C at a heating 

rate of 10K/min.   

2.4 Die Shear test and Fracture surface 

The die shear tests were carried out at a rate of 300 

m/sec and other criteria as per MIL-STD 883E. After the 

die-shear test, the fracture surfaces were observed under 

SEM Hitachi S3400 and EDX (X-Max Horiba 50mm
2
). 

3.0 Results and Discussions 

3.1 TGA of micron-Ag and nano-Ag pastes 

The TGA curves, in Fig. 1, show that the micron-Ag 

pastes lose 12% of weight while nano-Ag pastes lose 13-

14% of their weights in air or N2 environment during these 

thermal excursions.  Derivatives of these TGA curves for 

micron-Ag pastes show the maximum loss occur at 200
 o

C 

though onset of the weight loss begins earlier at 192
 o

C (Fig. 

2).  In the case of nano-Ag paste, the onset of the weight loss 

occurred from 165
 o

C with a maximum loss at 215
 o

C.  

These losses were attributed to solvent vaporization and 

desorption or oxidative combustion of the binders and 

capping agents in the Ag pastes. 
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Fig. 1: TGA of micron-Ag and nano-Ag in air and N2. 

 

 
Fig. 2: DTG (of Fig. 1) of micron-Ag and nano-Ag in air 

and N2. 

 

3.2 DSC of micron-Ag pastes 

As shown in Fig. 3, the DSC thermograms of micron-

Ag pastes show a slight endothermic peak at temperature 

190
o
C before a sharp exothermic peak at 200

o
C in the N2 

and N2-5%H2 environment. These peaks coincide with the 

TGA mass loss, shown in Fig. 1, which also occur at 200
 o

C.  

The sharp exothermic peak could be attributed to the 

sintering activities of the silver pastes and oxidative 

combustion of the organic binders and agents. Similarly, this 

micron-Ag paste, in the presence of ambient air, also 

showed a huge exothermic peak from 200
o
C till 300

o
C with 

multiple peaks at 227
o
C, 257

o
C and 289

o
C.  

In the absence of oxygen from ambient air, the micron-

Ag paste showed a broad endothermic peak till 280
o
C in N2 

and N2-5%H2.   This endothermic peak could be attributed to 

the decomposition of AgO to Ag2O or Ag; such reduction 

had been reported to occur at temperatures ranging from 

200
o
C till 400

o
C [7-9]. Micron-Ag paste relies on this 

endothermic silver compound to join neighbouring micron 

silver flakes. This endothermic reaction could have been 

masked by the huge exothermic reaction of binder 

decomposition in the presence of ambient air for the micron-

Ag paste. However, these thermal events need to be 

confirmed by FTIR-DSC chemical analysis of the de-

sorbents. 

 
Fig. 3: DSC of micron-Ag paste in air, N2 and N2-5%H2 

 

3.3 DSC of nano-Ag pastes 

Fig. 4 shows the absence of discernible exothermic peaks 

for the DSC analysis of nano-Ag pastes in N2 and N2-5%H2 

environment. Both thermograms exhibited broad 

endothermic peaks from 180
o
C with peaks appearing at 

219
o
C and 237

 o
C for N2-5%H2 and N2 respectively.  These 

endotherms corresponded to mass loss reported in the TGA 

carried out in N2 (Fig. 2). This correspondence suggested 

that desorption instead of oxidative combustion of the 

binder-solvent in the Ag pastes because of the absence of the 

oxygen in the N2 and N2-5%H2 environment. Such 

desorption is often reported for sol-gel system [10] but 

further analysis with DSC-FTIR is needed to confirm our  

hypothesis. This massive desorption was likely to offset the 

exothermic peak associated with the sintering of nano-Ag 

particles.  

In ambient air, the DSC analysis of the nano-Ag paste 

showed exothermic peaks at 276
o
C and 326

o
C.  The onset of 

the first exothermic peak at 214
o
C coincides with the 

maximum weight reduction in the TGA curve shown in Fig. 

2. These exotherms could be attributed to the oxidative 

reaction of the binders in the nano-Ag paste.  There was no 

loss of mass in TGA curves associated with the highest 

exothermic peak at 326
 o

C but some catalytic reactions 

involving binder and nano silver particles could have caused 

these exothermic peaks [11]. 

 

 
Fig. 4: DSC of nano-Ag paste in air, N2 and N2-5%H2 
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3.4 Die shear test of micron-Ag joint 

Based on Fig. 5, sintering micron-Ag paste in air 

produce joint of higher strength than that produce in N2-

5%H2. The oxidative combustion of the binder in air reduced 

the Cu oxide on the Cu substrate and allowed Ag flakes of 

micron-Ag paste to sinter directly onto the Cu substrate [12, 

13]. This sintering is evident from the cross-section of the 

sintered micron-Ag joint shown in Fig. 6a.  The strong 

bonds between Ag flakes and the Cu substrate transferred 

the failure interface to the die attach layers of the sintered 

Ag joint. The fractured Ag joint, as shown in Fig. 7a and 7b, 

shows grain coarsening and interparticle necking of 

neighbouring Ag flakes. Signs of plastic deformation, such 

as elongated grains, were also visible on the fracture surface 

of the sintered micron-Ag joint.  

 In the presence of N2-5%H2 environment, the die shear 

strength reduced significantly to 7 MPa (based on t-test, 

95% confidence) and its failure interface shifted to a mixed 

mode of Ag-Cu interface and die attach layer of the sintered 

Ag joint.  The cross-section of this micron-Ag joint, shown 

in Fig. 6b, shows good bonding to the Cu substrate as well 

as back-metallization on the silicon. This interfacial bonding 

resulted in plastic deformation within the sintered silver 

albeit without visible necking on the silver flakes (Fig. 7c 

and 7d). 

When sintering was carried out in N2 atmosphere, the 

micron-Ag joint did not register any shear strength and all 

failure occurred at the Cu and sintered Ag joint interfaces.  

Fig. 7e and 7f show the flat fracture surfaces without any 

visible signs of sintering.  An EDX analysis of similarly 

sintered micron-Ag paste also confirms the presence of 

carbon possibly from the binder and capping agent (Fig. 8).  

As shown in the cross-section of the micron Ag joint (Fig. 

6c), this residual binder prevents the sintering of micron-Ag 

paste on the Cu substrate but does not prevent any self-

sintering amongst the micron-Ag flakes. 

 
Fig 5: Die shear strength of micron-Ag and nano-Ag paste sintered on Cu substrate in air, N2, N2-5%H2. 

 

 
             a) Air                b) N2-5%H2                     c) N2 

Fig. 6:  Cross-section of micron-Ag joint sintered on Cu substrate under different environment: a) air b) N2-5%H2 and c) N2 
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a) Air                  c) N2-5%H2                                     e) N2  

 
b) Air                  d) N2-5%H2                                     f) N2 

Fig. 7: Fracture surface of micron-Ag sintered in different environment 

 

 
Fig. 8: EDX analysis of micron-Ag sintered in N2 

environment. 

 

3.5  Die shear test of nano-Ag joint 

In the case of nano-Ag joint, sintering in N2-5%H2 

produces the highest shear strength followed by those 

sintered in N2 and ambient air (Fig. 5).   

 Although sintering in ambient air produces huge 

exothermic reaction as reported in the DSC analysis (Fig. 4), 

the oxygen also oxidizes the Cu substrate and thus prevents 

the Ag nanoparticles from sintering onto the Cu substrate.   

SEM and EDX analysis of the fracture surface on the Cu 

substrate (Fig. 9a and 9b), clearly supports this conjecture. 

Residuals carbon was also detected on this surface. Unlike 

micron-Ag paste, the binders of the nano-Ag paste are 

insufficient or unsuitable to reduce the Cu oxide to Cu.  This 

condition produced shear strength of only 4 MPa that is less 

than requirement of MIL-STD 883E. The fracture interface 

shifts to the Ag-Cu substrate interface and die attach layer of 

the sintered nano-Ag joint (Fig. 10a and 10b).  

  

 

 
a) SEM image with EDS spot analysis location 

 
b) EDX spectrum of the corresponding spot in Fig 9a 

Fig. 9: SEM images and corresponding EDX analysis of the 

fracture surfaces of nano-Ag sintered in ambient air. 
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 Sintering nano-Ag in N2 atmosphere reduced the Cu 

oxide formation and enhanced the sintering of the nano-Ag 

paste on the Cu substrate. This improvement in sintering 

conditions increased the shear strength to 10 MPa.   Failure 

interface shifts to the die attach layer of the sintered nano-

Ag joint and the back-metallization of the silicon dies, as 

shown in Fig. 10e and 10f.  Plastic deformations such as 

elongated void were visible on the fracture surface of the 

sintered nano-Ag joint.  

 In the presence of N2-5%H2, the nano-Ag sintered joint 

produced the highest die shear strength of 17 MPa amongst 

the three sintering conditions. The results could be attributed 

to the ability to sinter on the H2 reduced Cu substrate. This 

result is somewhat surprising when the DSC results only 

showed a broad endothermic peak and complete absence of 

an exothermic peak.    However, cross-section of this nano-

Ag joint, shown in Fig. 11, shows strong bonding to the Cu 

substrate. Furthermore, the fracture surfaces of the joints are 

also covered with sintered Ag flakes and void formation, as 

depicted in Fig. 10c and 10d. 

 

 
Fig. 11:  Cross-section of nano-Ag sintered on Cu at N2-

5%H2 

 

 

 
a) Air                  c) N2-5%H2                                     e) N2  

 
b) Air                  d) N2-5%H2                                     f) N2 

Fig. 10: Fracture surface of nano-Ag sintered on Cu substrate in different environment. 

 

4.  Conclusions 

In this report, we presented the initial processing 

conditions for two pressureless silver pastes that can sinter 

on bare Cu substrate under different atmospheres. Based on 

the TGA and DSC analysis, peak temperatures of 230
o
C and 

250
o
C were used to sinter the micron-Ag and nano-Ag 

pastes on the Cu substrate respectively. In the case of 

micron-Ag paste, the die shear strength exceeded 14 MPa 

when the oxygen from ambient air was able to oxidize the 

binders and reduce the Ag oxides to Ag to form bonding 

amongst the Ag flakes and between the Ag flakes and the Cu 

substrate.  For nano-Ag paste, die shear strength of more 17 

MPa, were obtained when sintering was conducted in N2-

5%H2 environment.  The presence of H2 reduced any Cu 

oxide to allow good bonding between the Ag nanoparticles 

and Cu substrate.  The fractured surfaces of these sintered 

Ag joints reflected the bonding strength at the sintering 

interfaces of Cu-Ag joints and the sintering kinetics of the 

Ag nanoparticles and micron-Ag flakes in the pastes. 
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