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Abstract: In this paper, the microstructure of Ag nano paste joint was investigated in pressure-less
sintering conditions, and the influence of the microstructure on the joint’s reliability was studied.
Firstly, silver nanoparticles (Ag NPs) were synthesized using the redox reaction method. To tightly
stack the Ag NPs in nano paste, Ag NPs with sizes of 30~50 nm and submicron-sized Ag particles
were mixed. It was found that increasing the sintering temperature or sintering time can reduce
the porosity of the bonding layer and the interfacial crack simultaneously, resulting in higher shear
strength. When sintering at a temperature of 250 ◦C, a complete bonding interface was formed, with a
0.68 µm interdiffusion layer. At a higher temperature (300 ◦C), the bonding interface reached 1.5 µm,
providing 35.9 ± 1.7 MPa of shear strength. The reliability of the die attachment was analyzed under
thermal shocking from −65 ◦C to 150 ◦C for 50 cycles. As the crack could quickly grow through
the interfacial defects, the separation ratio was 85% and 67% when sintered at 150 ◦C and 200 ◦C,
respectively. Because of the reliable bonding interface between the die and the substrate, the Ag nano
paste joint formed a slight crack on the edge of the die when sintering at 250 ◦C. When the joint
was sintered at 300 ◦C, the small voids became large voids, which featured lower resistance to crack
growth. Thus, instead of further improved reliability, the separation ratio increased to 37%.

Keywords: Ag nano paste; microstructure; porosity; interfacial defects; reliability

1. Introduction

To meet the higher power density requirements of electronic devices, die attach mate-
rials are desirable to obtain both excellent heat dissipation capability and high working
temperature [1,2]. For example, the operating temperature of electronics close to jet en-
gines and power electronics in electric mobiles can reach 300 ◦C, or even 400 ◦C in some
cases [3,4]. Traditional die attach materials are based on the principle of solid–liquid in-
terdiffusion bonding, which features a high bonding temperature, over 500 ◦C, and high
thermal conductivity [5]. However, the material system and structural design of elec-
tronic products are increasingly complex. A novel die attachment material with moderate
bonding temperature less than 300 ◦C and higher thermal dissipation ability is required.

Many researchers have searched for alternative materials, among which a promising
material, based on silver nanoparticle (Ag NP) sintering, has attracted considerable inter-
est [6]. This promising material is called Ag nano paste. It is composed of Ag NPs and
organic additives. It has been proven that reducing the Ag NP size to the nanoscale of
10–100 nm reduces melting and sintering temperatures, enabling a low processing temper-
ature for Ag nano paste (<300 ◦C) and a high operating temperature for Ag nano paste
joints compared to the melting point of Ag (960 ◦C) [7].

To obtain a lower sintering temperature, researchers have focused on reducing the
size of Ag NPs. At first, micron-sized Ag particles were synthesized [8]. However, pressure
was generally required to achieve dense, higher conductive, and highly reliable sintered
Ag joint at temperatures below 300 ◦C. Subsequently, Ag NPs were investigated to replace
Ag micron-sized Ag particles [9]. By further reducing the size of Ag NPs, the sintering
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temperature of 275 ◦C was achieved with low pressure, of a few MPa [2]. The reduced-
size Ag NPs also demonstrated high reliability in small power die attachments for high-
temperature applications, where even pressure-less sintering was achieved. In recent
years, studies have mainly focused on the sintering process. Sintering parameters, such
as sintering pressure, sintering temperature profile, the type of organic materials in the
paste, the size distribution of the particles, metallization on bonding substrates, and the
atmosphere in which the sintering takes place, were considered to reduce the void in the
joints and improve bonding force [10–12].

While many studies address the use of Ag nano paste in die attachment applications,
few studies have been conducted to investigate the reliability of Ag nano paste joints. In this
paper, the porosity and interfacial metallization of Ag nano paste joint was investigated.
Next, thermal shocking tests were performed on the joint structures to compare their
failure modes. Finally, the influence of the microstructure on the reliability of the joint
was summarized.

2. Materials and Methods

AgNO3, Na3C6H5O7·2H2O, and FeSO4·7H2O were used as precursors, dispersants,
and reducing agents, respectively. All the chemicals were used as received without further
purification. To observe the microstructure of the Ag nano paste joint, cross-section samples
were prepared by mechanical polishing with SiC abrasive sandpaper (240#, 800#, 200#, and
4000#), and then polished with a 1.0 µm diamond suspension to eliminate surface scratches.
A TESCAN Vega3 scanning electron microscope (SEM) operated at 10 kV was used to
obtain the microstructure of Ag nano paste joint. The shear strength of the Ag nano paste
joint was tested by Dage 4000. The reliability of the Ag nano paste joint was analyzed by
using a thermal shock tester. The defects in the Ag nano paste joint were non-destructively
tested by a scanning acoustic microscope (SAM) machine.

3. Results and Discussion
3.1. Preparation of Ag Nano Paste

The Ag NPs were prepared based on a previous method [13]. By controlling the
reaction time duration, small size Ag NPs with diameters of 30–50 nm and large-size Ag
NPs with diameters of 200–1000 nm were synthesized. Firstly, the Ag NP composite was
prepared; it comprised small-size Ag NPs and large-size Ag NPs. Next, the Ag nano
paste was prepared by mixing Ag NP composite and glycol using a mixing machine. The
weight ratio of the small Ag NP to the large Ag NP to glycol was fixed at 40:55:5. Figure 1a
schematically illustrates the composition of the mixed Ag NPs, and the corresponding
microscopic morphology is presented in Figure 1b, in which uniform mixing of bimodal
Ag NPs can be observed. The bimodal nano paste offers two main advantages. On the one
hand, the added large-size Ag NPs can prevent agglomeration between small-size NPs. On
the other hand, when sintered with the nano paste comprising monodispersed NPs, the
sintered interface always suffers from high porosity. By contrast, the bimodal nano paste
enables low packing density, thus improving the bonding strength between the die and the
substrate. The connected large-size Ag NPs can form a frame, while small-size Ag NPs fill
the gaps. As a result, dense sintered joints can be obtained.
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Figure 1. The Ag NP composite: (a) the schematic diagram; (b) the SEM image.

3.2. Porosity Analysis of Ag Nano Paste Joint

The porosity of the sintered joint is an important index for evaluating bonding quality.
Hence, we counted the porosity of the sintered joint under different parameters by using
software. Figure 2 presents the porosity of the joint after sintering bimodal nano paste
for different times (60 min, 70 min, 80 min, 90 min, 100 min, 110 min, and 120 min)
under different temperatures (150 ◦C, 200 ◦C, 250 ◦C, and 300 ◦C). It can be seen that the
porosity of the joint decreases with the increase of the sintering time at a fixed sintering
temperature, which can be attributed to the sufficient diffusion and fusion of adjacent Ag
NPs. The porosity of the sintered joint, in addition, decreases with the increase in sintering
temperature at a fixed sintering time, due to the faster atomic diffusion rate at higher
temperatures. When the sintering temperature is 150 ◦C, even after a long sintering time of
120 min, the porosity is still high, up to 37%. When the sintering temperature increases to
200 ◦C, the porosity decreases to 31% after the same sintering time. When the sintering
temperature increases to 250 ◦C, the porosity further decreases (25%). When the sintering
temperature reaches 300 ◦C, the porosity of the joint sintered for 60 min is lower than the
joint sintered at 150 ◦C for 120 min. This result indicates that the sintering temperature has
a significant effect on porosity.
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The microstructure of the sintered joint after sintering at different temperatures for
120 min is displayed in Figure 3. The Ag nano paste joint featured a sandwich structure:
bonding interface/bonding matrix/bonding interface. The interfacial layer was formed
between the Ag nano paste and Au metallization on the substrate by interdiffusion, while
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the Ag NPs became a bonding matrix after sintering. However, the Ag NPs joined with
each other to some degree. After sintering at 150 ◦C for 2 h, many voids and cracks
were observed at the bonding interface between the sintered nano paste layer and Au
coating layer (Figure 3a,b), and the interface was clearly stratified. This result indicates
that the interfacial metallurgical reaction was insufficient. A large number of pores was
uniformly distributed in the sintered Ag nano paste bonding matrix; thus, a high porosity
was measured, as mentioned above. With the increase in the sintering temperature (200 ◦C),
the number of pores decreased and the size increased, and a lower porosity was observed.
The defects at the interface also decreased, which can be ascribed the sufficient elemental
interdiffusion. When the sintering temperature reached 250 ◦C, the number of pores further
decreased and the size further increased. However, no stratification was observed at the
interface, and a uniform bonding layer with a thickness of 0.68 µm was obtained, proving
that sufficient interfacial reaction occurred. After sintering at 300 ◦C for 2 h, the pores in the
sintered layer exhibited more obvious aggregation, resulting in a decrease in pore number
and an increase in pore size. Compared with 200 ◦C, a thicker bonding layer (1.50 µm) was
observed because of further interfacial elemental diffusion.
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Figure 3. The microstructure of Ag nano paste joint on different temperatures after sintering for 2 h:
(a) interfacial and (b) bonding microstructure at 150 ◦C; (c) interfacial and (d) bonding microstructure
at 200 ◦C; (e) interfacial and (f) bonding microstructure at 250 ◦C; (g) interfacial and (h) bonding
microstructure at 300 ◦C.

3.3. Mechanical Properties of Ag Nano Paste Joint

The shear strength of the Ag nano paste joint was analyzed by using a Dage 4000 me-
chanical test machine, with a shear speed of 500 µm/s and a shear height of 20 µm. The
testing standard is GJB 548B-2005. The change in the shear strength of the sintered joint
with the sintering temperature is shown in Figure 4. It can clearly be observed that the
shear strength gradually increased with the sintering temperature. After sintering at 150 ◦C
for 2 h, the shear strength was only 8.0 ± 1.9 MPa, which did meet the requirements for
practical usage in an electronic package. The shear strength exhibited a slight increase
(13.5 ± 1.3 MPa) when the sintering temperature increased to 200 ◦C. However, when
the sintering temperature reached 250 ◦C, a dramatic improvement in the shear strength
(33.7 ± 3.2 MPa) was observed. When the sintering temperature was increased further,
the shear strength only exhibited a negligible increase, indicating that the strong joint
formed at 250 ◦C. The improvement in shear strength is consistent with the evaluation of
the microstructure in Figure 3. When the sintering temperature was low, the interfacial
elemental diffusion was insufficient, and clear stratification was observed at the interface
between the sintered Ag nano paste and Au metallization. By contrast, after sintering
at high temperature, Ag and Au elements at the bonding interface were sufficiently dif-
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fused into each other, and a uniform and continuous interfacial layer formed. The strong
metallurgical joint is beneficial for the increasing the shear strength.
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3.4. Reliability of Ag Nano Paste Joint

The bimodal Ag nano paste was utilized as an interconnection material to bond SiC
die with copper substrate. The joints sintered under different temperatures were evaluated
by using a thermal shocking (TS) test with a temperature range from −65 ◦C to 150 ◦C. The
TS experiment was conducted by a thermal shock tester, with an air heating medium. The
four kinds of samples were maintained at −65 ◦C or 150 ◦C for 10 min, the heating rate was
5 ◦C/min, and the changing time of the temperature was less than 1 min. The TS tests were
all performed for 50 cycles. Due to the coefficient of thermal expansion (CTE) mismatch
between SiC (4.7 × 10−6 K−1) and Cu (17.5 × 10−6 K−1), there was huge thermal stress
in the Ag nano paste joint during the TS testing; such stress can deteriorate the bonding
joints. The SAM equipment, which can detect ultrasonic interfacial reflection, was used to
test the fractures in the nano paste joint. If there is a higher density difference between the
interfacial layers, the higher ultrasonic signal is received by the SAM transducer. When
fractures form in the nano paste joint, there is a huge density difference between the
metal material and the air in the fracture. Thus, the bright area marked by the red outline
in the SAM image (Figure 5) could represent a fracture in the nano paste joint. For the
samples obtained at 150 ◦C, clear stratification could be observed at the interface; and the
stratification percentage was 85% (Figure 5a). The stratification percentage of the sample
sintered at 200 ◦C gradually decreased to 67% after the same test (Figure 5b). Almost
no stratification was observed in the samples obtained at 250 ◦C after 50 thermal cycles,
and the stratification percentage was 5% (Figure 5c). Unexpectedly, a higher stratification
percentage (37%) was measured in the sample sintered at 300 ◦C (Figure 5d).
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To discover the reason why the sintered samples at different temperatures possess
different resistance to thermal stress, we characterized the morphologies of the samples
after the TS test. As demonstrated in Figure 6a, for the samples obtained at 150 ◦C, the
cracks formed along the bonding interface between the Au coating layer and the Ag nano
paste after the TS test. The cracks were generated from the stratification between the Au
coating layer and the Ag nano paste. The interfacial layer, which is the weakest part and
offers poor resistance to the thermal stress caused by quick temperature changes, was
incomplete. For the samples obtained at 200 ◦C, the interfacial defects between the Au
coating and the Ag nano paste reduced, and their resistance against TS improved. At
250 ◦C, a uniform and continuous bonding layer with a thickness of 0.68 µm was obtained,
and the resistance to temperature shock improved. As illustrated in Figure 6b, when
sintering at 300 ◦C, a 1.5 µm bonding layer formed between the Au coating layer and
the nano paste, and the cracks did not extend along the interface. However, the high
temperature led to the aggregation of voids, forming large-sized pores, which are easy to
crack, causing the extension of cracks in the Ag nano paste matrix (Figure 6b). As a result,
the resistance against thermal shock decreased.
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Figure 6. The cross-section image after TS test: (a) the fracture growth along interfacial layer after
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4. Conclusions

Using pressure-less sintering, Ag nano paste joints were prepared. The microstructure
observation illustrates that temperature improvement and time extension can reduce
porosity in Ag nano paste bonding matrices and defects in the bonding interface, due to a
faster atomic diffusion rate and sufficient atomic diffusion. When the temperature rises
beyond 250 ◦C, a complete bonding interface between the Ag nano paste matrix and the Au
metallization on the substrate is formed. From 150 ◦C to 250 ◦C, the shear strength of joints
increases clearly from 8.0 ± 1.9 MPa to 33.7 ± 3.2 MPa, while further increases in sintering
temperature produce slight improvements in the shear strength. By conducting TS tests, the
resistance of Ag nano paste joints to thermal stress was investigated. From 150 ◦C to 300 ◦C,
the Ag nano paste joint sintered at 250 ◦C displayed the highest reliability (stratification
percentage of 5%), as the joint exhibited the highest resistance to thermal stress. When the
sintering temperature was lower than 250 ◦C, the bonding interface was incomplete and
demonstrated fracture defects due to insufficient interfacial atomic diffusion. At 300 ◦C,
the voids in the bonding matrix aggregated excessively to form large-sized pores. Thus,
instead of further enhancement in thermal stress resistance, the stratification percentage
increased to 37%. In summary, after sintering at 250 ◦C, Ag nano paste joints form complete
interfacial layers, and the pores in the bonding matrix are small and uniformly distributed,
providing excellent resistance to crack extension.
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