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Abstract—In this paper we have investigated a laser-assisted 

fast nano-Ag sintering process for die-attach in power electronic 

applications. The effects of laser power, irradiation time and load 

on microstructure and shear performance of the bonded samples 

are presented. Moreover, samples sintered by a hotplate were 

also studied as a comparison. The results indicate that the die-

attach process using the nano-Ag material can be realized within 

1 min in the laser-assisted sintering method. In general better 

shear strength was obtained with increasing laser power, 

irradiation time and load. The shear strength of samples 

irradiated by 2 – 5 minutes of laser beam was comparable to that 

of the samples sintered on the hotplate for 80 minutes. 

 

Index Terms— laser sintering, silver nanoparticle paste, die-

attach.    

 

I. INTRODUCTION 

ith the increase in power density of electronic products, 

especially for the next generation semiconductor 

devices, such as SiC or GaN devices, dies within the devices 

will be operated at temperatures higher than 200℃, and in 

some cases even operating at 600℃ [1-3]. As a result, the 

traditional die-attach materials, such as Sn-based solders and 

adhesives, are not suitable for these devices since the materials 

cannot withstand the harsh operation environment, and it is a 

bottleneck for the development of high power electronic 

devices. Therefore, it is necessary to develop new die-attach 

materials and processes in order to realize application of high 

power electronic devices [4-5].   

   Recently, nano-Ag particles have attracted much attention 

because silver has better thermal and electrical conductivity 

than that of the commonly used Sn-Pb or Pb-free solders. 

Moreover, nano-Ag particles can be sintered below 200℃, and 

once they are sintered to form a joint, the material will have a 

melting temperature similar to that of the bulk silver (961℃). 

Due to this property nano-Ag particles have become a 

promising candidate for die-attach applications in high power 

electronic devices [6-10]. However, sintered nano-Ag joints 
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have porous structures [11-12]. In order to densify the 

microstructures and increase the strength of nano-Ag joints, 

the effects of sintering time, temperature and pressure have 

been studied, such as increasing sintering time from 30 mins 

to several hours, elevating sintering temperature to 400℃ and 

increasing sintering pressure to 10 MPa [13]. It has been 

shown that such approaches can improve the density and 

strength of nano-Ag joints. However, the long sintering time 

reduces the manufacturing efficiency of electronic products, 

and high sintering temperature and pressure will increase the 

risk of damage to the chip and the substrates of electronic 

devices. Another approach for densifying microstructures of 

nano-Ag joints is to use the same nanometer diameter Ag 

particles of several nanometers in diameter [14]. Such nano-

Ag particles can be sintered at very low temperatures, even at 

room temperature [15-16]. However, it is more expensive to 

manufacture such superfine particles and the increased 

material cost will hinder the application of the superfine nano-

Ag particles. Therefore a more cost-effective route would be 

to explore nano-Ag materials consisting of nanometer Ag 

particles and micron or submicron Ag particles to take 

advantages of the low material cost and low sintering 

temperature. However, there has been little study of the 

sintering behavior and process parameters for such materials.  

   In the conventional sintering processes the same temperature  

is applied to the dies, components, substrates and bonding 

materials and has several drawbacks, such as long process 

time, low heating rate and global heating (not suitable for 

electronic systems with components sensitive to high 

temperature). As an alternative approach, the laser-assisted 

sintering technique can be used to realize localized sintering of 

the nano-Ag paste material by using the selective laser heating 

effect. Hence, the laser beam will only affect the target area, 

and will not cause heat induced damage to temperature 

sensitive components during the sintering process [17-19]. 

Jiang et al. have realized line bonding for microsystem 

packaging by using a transmission laser bonding technique 

[17]. Moreover, the laser based method has a unique 

characteristic of high power density and the laser irradiation 

time can be controlled precisely [20-21]. Tian et al. have 

bonded sensor pad and substrate using solder balls (100 μm in 

diameter) using a laser based method and showed that the 

laser irradiation time can be controlled to be within 10 ms 

[21]. Therefore, by controlling the laser beam intensity and 

irradiation time, it is possible to realize rapid laser sintering of 

nano-Ag particles for die-attach applications. At present, this 
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technique has been utilized to sinter inkjet-printed nano-

particle films or patterns on different substrates [22-25]. Lee et 

al. have sintered a silver nanoparticle ink within 60 s using a 

532 nm continuous wave laser [24]. They have also 

demonstrated a die attach process for 1.5×1.5 mm2 high power 

LED chips by laser sintering of a nano-Ag paste [26]. 

However, little literature has reported investigation of the 

laser-assisted sintering technique for die-attach for power 

electronic applications using nano-Ag pastes and large size 

chips or dies. Moreover, studies of microstructures and the 

mechanical performance of the laser sintered samples are also 

necessary.   

   In this paper, we have studied a laser-assisted nano-Ag 

sintering process for bonding of Si substrates. The 

microstructure, shear strength and surfaces after fracture of the 

nano-Ag bonded samples have been investigated for different 

laser processing conditions. 

II. EXPERIMENTAL SECTION 

A. Nano-Ag Paste Material, Printing and Drying   

   The nano-Ag paste (NanoTach®-X) used in this study was 

obtained from NBE Technologies, LLC. The material 

consisted of 30 nm to 50 nm silver nano-particles and some 

micron-sized Ag particles mixed in an organic solvent/binder 

system. Fig. 1 shows the appearance of the nano-Ag paste 

after treatment at 110℃ for 5 min. Si wafers were used in this 

study to fabricate substrates. The Si wafers were 600 μm in 

thickness and coated with titanium and copper films of 

thicknesses of 200 nm and 600 nm respectively. The metal 

films were deposited by electron-beam evaporation. The 

wafers were then diced to obtain substrates of 5x5 mm2 or 

10x10 mm2 using a diamond saw and then cleaned for printing 

of nano-Ag paste layer and for laser sintering experiments. 

The smaller silicon substrates are also referred to as dies. 

   The samples for sintering were prepared in the following 

process: the nano-Ag paste was printed onto the 10x10 mm2  

silicon substrates using a steel stencil. The aperture size of the 

steel stencil was 5x5 mm2 and the thickness was 100μm. Fig. 

2 shows the appearance and measured thickness profile of the 

printed nano-Ag paste layer. In the central part of the printed 

nano-Ag paste layer, the thickness was about 95 μm. 

B. Hotplate Based Sintering Method  

A hotplate based sintering process was carried out to obtain 

bonded samples of silicon substrates. The smaller silicon 

substrate (5x5 mm2) was aligned to the printed nano-Ag layer 

on the larger substrate and then bonded together by thermal 

sintering of the nano-Ag layer on the hotplate. The samples 

were used for comparison with the laser sintered counterparts. 

Two temperature profiles were used in this study. The first 

profile consisted of 6 dwell stages, 60℃, 100℃, 140℃, 180℃, 

220℃ and 260℃ respectively. The ramp rate was 0.3℃/s. The 

dwelling time for the first 5 stages was 7 min at each set 

temperature, and the dwelling time at the last stage (260℃) 

was 30 min. After sintering the temperature of the hotplate 

was decreased from 260℃ to 50℃ in 15 min. The second 

profile also included 6 dwell stages, the only difference was 

that the temperature of the last dwelling stage was 285℃. In all 

of the hotplate based sintering work, a 0.1 kg Cu load was 

applied to the substrate assembly through an intermediate 

circular glass plate.  

C. Laser Based Sintering Method 

   A schematic drawing of the laser-assisted sintering setup is 

shown in Fig. 3. Prior to the laser-assisted sintering process, 

all the samples were pre-bonded on the hotplate using the 

same configuration as for the hotplate based sintering work 

and the same load of 0.1 kg but only one dwelling stage at 

110℃ for 5 min. A high-power diode laser system with a fiber-

coupled output at 970 nm was used in this work. The laser 

output from the beam delivery fiber was transformed into a 

square beam with top-hat intensity distribution. The beam 

profile was produced using a custom-designed beam forming 

optical element [27]. The beam size was 6x6 mm2. The beam 

transmission module consists of collimation optics followed 

by a focusing lens with a focal length of 20 cm. The sample 

for sintering was placed on a precision translation stage. A 

ceramic plate with a thickness of 0.9 mm was placed under the 

substrate assembly to reduce thermal loss into the stainless 

steel platform [28]. For laser sintering, the nano-Ag layer 

between the Si substrates was aligned to the laser beam. A 

copper load of 0.1 kg or 0.5 kg was applied to the top silicon 

substrate through an intermediate glass plate. The sintering 

processes were all carried out under the atmospheric 

environment. The laser beam was passed through the aperture 

of the copper plate based load and then the intermediate glass 

plate to reach to the top silicon chip. The incident laser power, 

after reflection loss from the silicon surface, was all absorbed 

by the top silicon substrate. The thermal power from the 

absorbed laser beam produces a sufficient temperature in the 

nano-Ag film to result in thermal sintering of the nano-Ag 

layer and bonding of the two silicon substrates. The laser 

power of 60 W or 70 W was used in the experiments and the 

laser irradiation time was 1, 2 or 5 minutes. 

 

D. Shear Test and Studies of Microstructures 

   Shear test was carried out on an Instron 5569 system to 

determine the shear strength of the bonded silicon substrates 

by sintering of the intermediate nano-Ag layer. The shear 

speed in the test was set as 0.5 mm/min. The average value of 

the test results was obtained from five samples processed 

under the same conditions in order to evaluate the mechanical 

strength of the joints. After the shear test, the surfaces of the 

substrates were analyzed by SEM and EDX to identify 

fracture modes and locations. To study the microstructures of 

the nano-Ag joints sintered by different processes, selected 

samples were mounted in epoxy resin, and then sectioned 

perpendicular to the planes of the substrates to obtain cross-

sections for analysis. The cross-sectional surfaces were 

grinded and polished. Scanning Electron Microscopy (SEM) 

was used to analyze the microstructures of the sintered joints. 

III. RESULTS AND DISCUSSION  

A. Shear Test 

1) Shear Strength 

Table 1 shows the results of shear strength of the samples 

sintered by both the laser and hotplate based methods and the 
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associated parameters. The shear strengths of the samples 

sintered by hotplate with the maximum dwelling temperature 

of 260℃ and 285℃ are 4.79 and 4.64 MPa respectively. There 

is not much difference between the values of the shear 

strength. For the laser sintered samples, the average shear 

strength of the samples was 4.43 MPa under the conditions of 

60 W for laser power, 2 min for irradiation time and 0.1 kg for 

load. The shear strength was comparable to the samples 

sintered on the hotplate. When the laser irradiation time was 

increased to 5 min, the shear strength of the samples was 5.11 

MPa, which is  higher than that of the samples sintered by the 

hotplate. As the laser power was increased to 70 W and the 

irradiation time was reduced to 1 min, the shear strength of the 

samples decreased to 1.89 MPa. When the Cu load of 0.5 kg 

was used, the shear strength of the samples sintered at the 

laser power of 70 W was improved to 2.08 and 5.54 MPa 

respectively for the corresponding irradiation time of 1 min 

and 5 minutes.  

 The results indicate that fast sintering of nano-Ag particles 

can be achieved using the laser assisted approach. Better shear 

strength can be obtained using higher laser power and hence 

the sintering temperature, longer irradiation time and more 

load. Moreover, the shear strength of the samples produced at 

the laser sintering time of 2 to 5 min is comparable and even 

higher than the samples sintered on hotplate for 80 minutes. 

 

2) Fracture Analysis after Shear Test  

    Fig. 4 shows the pictures of fracture surfaces of the hotplate 

sintered samples based on the two different temperature 

profiles. The samples sintered at the final dwelling 

temperature of 260°C or 285°C showed a similar fracture 

mode. Most of the fracture surfaces were from the interface 

between the sintered nano-Ag layer and the Cu films on 

silicon substrates. Some Ag particles/fragments can be seen on 

the surface of the Cu films, but most of the Cu surfaces were 

not covered by the residues of the sintered Ag layer. 

    Fig. 5 shows the fracture surfaces of the samples sintered 

with 0.1 kg of load and 60 W of laser power for different 

irradiation times. For the samples sintered for 2 minutes of 

laser irradiation, the fractures were mostly located at the 

interface of the sintered Ag layer and the Cu film. A 

significant amount of Ag particles could be observed on the 

Cu surface, and the size of the Ag particles was smaller than 

those shown in Fig. 4. Moreover, cracks were observed within 

the sintered Ag layer. In Fig. 5(b), as the laser irradiation time 

was increased to 5 min, more fractures appeared in the 

sintered Ag layer.  

    Fig. 6 shows fractures of samples sintered using 70 W of 

laser power with two different loads of 0.1 kg and 0.5 kg and 

irradiation times of 1 and 5 minutes respectively. For 0.1 kg of 

load and 1 min of laser irradiation, some fractures were 

located within the sintered Ag layer, and the other fractures 

occurred at the interface of the sintered Ag layer and the Cu 

film. When the load was 0.5 kg (Fig. 6(b)), more fractures 

were found from the sintered Ag layer as compared with those 

in Fig. 6(a). At the load of 0.5 kg and 5 min of laser irradiation, 

the fractures are in mixed mode: within sintered Ag layer and 

at the interface between the sintered Ag layer and the Cu films.  

 

B. Cross-Sectional Studies 

    Fig. 7 shows optical pictures of the cross-sections of a 

sample sintered on hotplate and by laser irradiation. As for the 

sample sintered on hotplate with the maximum dwelling  

temperature of 260℃ (Fig. 7(a)), the total time of the sintering 

process was 80 min as stated previously. In Fig. 7(b), the 

cross-section was from a sample sintered using 60 W of laser 

power for 5 minutes. The applied load was 0.1 kg in the 

sintering process. The pictures show that both the hotplate and 

laser-assisted sintering processes can produce samples with 

uniform and continuous nano-Ag sintered joints.   

 

1) Hotplate Sintering   

      Fig. 8 shows the cross-sections of two samples sintered on 

hotplate at different maximum dwelling temperatures. As can 

be seen in Fig. 8(a), when the maximum dwelling temperature 

was 260℃, nano-Ag particles formed a network Ag structure 

with many voids after sintering. Most of the Ag layer formed a 

joint with the copper films and only a few unbonded areas can 

be seen at the interfaces. The length of the unbonded areas 

along the interface is up to 2 μm. As the maximum 

temperature of the sintering process was increased to 285℃, 

the central part of the joint became denser than that of the 

sample sintered at the maximum temperature of 260℃. 

However, some large voids formed near the interface of the 

Ag layer and the copper films and the length of the voids is as 

large as 5 μm. 

    The results indicate that in most of the samples sintered on 

hotplate a coarsened network of Ag structure was formed. 

Moreover, the degree of coarsening may be increased with the 

sintering temperature. Most fractures of the samples occurred 

at the interfaces of the sintered Ag layer and the Cu films. This 

behavior indicates that the Ag and Cu interfaces were the 

weak bonding locations for the samples sintered on hotplate.  

The reason may be that the samples were sintered in ambient 

atmosphere and the Cu films could be oxidized during the 

prolonged sintering process.  

 

2) Laser Sintering 

    Fig. 9 shows the cross-sections of samples sintered at the 

laser irradiation of 60 W and 0.1 kg of load. For the laser 

irradiation time of 2 min, fine network Ag structures were 

formed in the nano-Ag layer. Most of the voids were about or 

less than 1 μm in length. Moreover, the microstructures are 

uniform. When the laser irradiation time was increased to 5 

min, coarsened networks of Ag structures were formed. The 

sizes of voids were also increased, but evenly distributed 

within the Ag joint. At the interfaces of the Ag layer and the 

Cu films, the length of the unbonded areas was about 3 μm. 

    Fig. 10 shows the cross-sections of samples sintered at the 

laser power of 70 W and the load of 0.1 kg or 0.5 kg for 

different irradiation times. As shown in Fig. 10(a), in the case 

of the laser irradiation time and load of 1 min and 0.1 kg, 

coarsened networks of Ag structures were formed within the 

nano-Ag joint showing large voids. Many of the voids were 

longer than 2 μm. In Fig. 10(b), when the laser irradiation time 

and load were 1 min and 0.5 kg, dense networks of Ag 

structures were formed and only small voids could be seen 

within the joint. Moreover, there are fewer voids formed at the 

interface of the Ag layer and the Cu films. As shown in Fig. 

10(c), when the laser irradiation time of 5 min and load of 0.5 
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kg were applied, the joint became denser than that shown in 

Fig. 10 (b). The number of voids also decreased indicating the 

formation of good bond between  the sintered Ag layer and the 

Cu films on the silicon substrates. 

    The results of the cross-sectional study indicate that it is 

possible to realize laser assisted sintering of the nano-Ag 

particle paste layer within 1 min for die-attach applications. 

With the increase of laser irradiation time and power, 

coarsened Ag structures would form. When the load was 

increased during the sintering process, the microstructures of 

the nano-Ag layer were densified. Even the samples were 

sintered by different laser irradiation parameters, the network 

structures in the Ag layers were all quite uniform. Under the 

conditions of high laser power, long laser irradiation and large 

Cu load, most of the samples showed mixed fracture mode: 

within the sintered Ag layer and at the interface of sintered Ag 

and Cu films. This phenomenon indicates that the bonding 

strength of the sintered Ag layer and the bonding strength with 

the Cu films were all enhanced in the laser assisted sintering 

process. 

    The microstructures and shear performance of the laser 

sintered joints depend on the temperature profile applied to the 

nano-Ag particle paste and Cu films. Fig. 11 shows the 

temperature profiles monitored by a thermocouple in the laser 

sintering process. For temperature monitoring, the 

thermocouple was placed below the silicon substrate assembly 

and aligned to center of the nano-Ag pattern on the bottom Si 

substrate. Although the monitored temperature was expected 

to be lower than the temperature in the nano-Ag layer due to 

the effect of temperature gradient across the bottom substrate, 

the results can show the behavior of temperature increase as 

time after the laser radiation was applied to the sample. The 

results of the measured temperature profiles in Fig. 11 show 

that the temperature at the interface between the bottom 

substrate and the ceramic plate reached to 247.5°C and 

280.7°C after 6 s at the laser power of 60 W and 70W and then 

305.4°C and 338.2°C after 25 s respectively. The rate of 

temperature increase decreases as time. We have shown in our 

previous work that the laser induced temperature rise is 

typically exponential behavior [27]. After 300 s from the onset 

of the laser irradiation on the sample, the temperature was 

317.4°C and 367.0°C respectively. These results indicate that 

the high strength within the sintered Ag layer and bonding 

between the nano-Ag layer and the Cu films may be from the 

effect of the fast heating rate in the laser assisted sintering 

process which has been shown to enhance the formation and 

growth of the initial sintering necks between nano-Ag 

particles [28], and then uniform networks of Ag structures are 

formed. The fast sintering process can also facilitate the 

bonding between the Ag particles and Cu films. The reason is 

that the short laser irradiation time can reduce oxidation of the 

Cu films during the sintering process. As a result, the bonding 

strength between the nano-Ag layer and the Cu films may be 

enhanced as compared with the samples sintered on hotplate. 

The high sintering temperature which is above the 317°C at 

the laser power of 60 W or 367°Cin the case of 70 W  after 30 

seconds of laser irradiation, would accelerate the Ostwald 

ripening of the Ag network in the sintered material [29], and 

thus strengthening the nano-Ag joint between the silicon 

substrates.  

IV. CONCLUSIONS 

   A laser-assisted nano-Ag sintering process for die-attach 

applications has been studied in this work. It has been shown 

that fast sintering (bonding) can be realized within 1 minute. 

With the increase of laser irradiation time and power, 

coarsened networks of Ag structures would form. When the  

load is increased in the sintering process, the microstructures 

of the nano-Ag layer are densified. The shear strength of the 

samples produced using laser irradiation time between 2 min 

and 5 min was comparable and even higher than the samples 

sintered on hotplate for 80 min. Most of the samples sintered 

by laser irradiation showed mixed fracture mode: within the 

sintered Ag layer and at the interface of the sintered Ag layer 

and the Cu films. With the increase of laser power and 

sintering time, the bonding strength within the sintered Ag 

layer and between Ag and Cu films was enhanced in the laser 

sintering process, resulting from the effects of fast heating rate, 

high sintering temperature and short sintering time in the 

laser-assisted nano-Ag sintering method as compared with the 

hotplate based approach.  
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TABLE I. SHEAR STRENGTH OF SAMPLES SINTERED BY DIFFERENT METHODS AND 

PARAMETERS (MPa)  

Hot plate, 0.1 kg load Laser, 0.1 kg load Laser 0.5 kg load 

260℃ 285℃ 60 W, 2 min 60 W, 5 min 70 W, 1 min 70 W, 1 min 70 W, 5min 

4.79 4.64 4.43 5.11 1.89 2.08 5.54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Fig. 1 SEM pictures of the nano-Ag paste after heating at 110°C for 5 minutes, (a) 10 000X, b) 100 

000X 
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Fig. 2 Thickness profile of the printed nano-Ag paste: (a) thickness profile and (b) test location and 

direction 
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            Fig. 3 A schematic of the laser-assisted sintering setup. 
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Fig.4 Fracture surfaces of samples sintered by hot plate at different final stage temperatures, (a) 260°C 

and (b) 285°C 
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Fig. 5 Fracture surfaces of laser sintered samples using 60 W of laser power and 0.1 kg of load, (a) 2 

min and (b) 5min 
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Fig. 6 Fracture surfaces of samples sintered by 70 W of laser irradiation under different loads and 

times. (a) 0.1 kg and 1 min, (b) 0.5 kg and 1 min, and (c) 0.5 kg and 5min. 
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Fig. 7 Cross-sections of samples sintered by hotplate (a) and laser (b) based methods.  
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Fig. 8 Cross-sections of samples sintered on hotplate at different final stage temperatures: (a) 260°C 

and (b) 285°C. 
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Fig. 9 Cross-sections of samples sintered using 60W of laser irradiation and 0.1 kg of load, (a) 2 min 

and (b) 5 min. 
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Fig. 10 Cross-sections of samples sintered using 70 W of laser power and different loads and 

irradiation times. (a) 0.1 kg and 1 min, (b) 0.5 kg, 1 min, and (c) 0.5 kg, 5 min. 
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Fig. 11 Temperature profiles of the laser heating effect obtained using a thermocouple placed 

underneath the bottom silicon substrate.  
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