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ARTICLE INFO ABSTRACT
Keywords: In this paper, the effect of different surface finish metallization layers (Cu, Ni, Au and Ag) on the
Sintered Ag shearing fracture toughness of sintered Ag bonded joints under various sintering temperatures is

Shearing fracture toughness
Metallization layers
Microstructure

Interface property

investigated based on end-notch flexure (ENF) test. The results show that the shearing fracture
toughness for different kinds of specimens all increase with the sintering temperature augment.
The sintered Ag/Ag joint shows the highest shearing fracture toughness while the sintered Ag/Ni
joint shows the lowest. The average shearing fracture toughness of the Ag/Cu joint is very close to
the Ag/Au joint when sintered from 240 °C to 280 °C, whereas the former became much higher
when sintered under 300 °C. By statistically analysis of crack propagation paths, interface
microstructure characteristics, and interface reaction, it is found that the main factors affecting
the discrepancy of the shearing fracture toughness for different metallized layers are the interface
connection ratio and contact angle. A higher interface connection ratio and lower contact angle
can increase the actual crack resistance and lower down stress concentration at the bonding
interface, which leads to the discrepancy of shearing fracture toughness correspondingly. The
different inter-diffusion rates for Ag and various metallization layers are also clarified. This study
could deepen the understanding of the metallization layer effect on the shearing fracture be-
haviors of sintered silver bonded joints.

1. Introduction

Sintered silver (Ag) is regarded as the most promising die-attach material for the packaging of the next generation power elec-
tronics, especially silicon carbide (SiC) power electronics, due to its excellent thermal and electrical properties [1]. Compared with
traditional lead-free solder joints, sintered Ag possesses a high melting temperature (960 °C) and outstanding thermal (240
Wem k1) and electrical conductivity (4.1 x 10”7 Sem™!) [2]. All these attractive features make the power modules possibly long-
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terms operating at a high temperature environment over 250 °C [3]. In addition, the micro-sized or nano-sized Ag pastes can be
sintered at a relative low temperature (<300 °C) in low pressure (<5 MPa) or even pressureless condition, which is benefit for wide
industrial applications [4]. Hence, the sintering technologies of different kinds of Ag pastes have attracted tremendous attentions in
recent years [5-6].

As sintered Ag is the key channel for electrical transport and heat dissipation between the SiC die and direct bonding copper (DBC)
substrate, the bonding performance is crucial to determine the quality of sintering processes and mechanical reliability. Some in-
vestigations have shown that sintering parameters play an important role on the bonding strength of sintered Ag, e.g., sintering
pressure, heating rate, sintering temperature, holding time, and sintering atmosphere [7-8]. More recently, the bonding quality of
sintered Ag on the surface of copper (Cu) substrate has received some attentions, as it has been proved that the interface between the
sintered Ag and Cu substrate is more prone to failure during the long-term operation environment [9-10]. As the upper surface of the
Cu substrate is usually plated with different metallization layers for oxidation or corrosion prevention [11-12], it is of great signifi-
cance to study the effect of the metallization layers on the bonding performance of sintered Ag joint.

Traditional method to assess the bonding performance of sintered Ag joint is based on die-shearing test, in which the critical
shearing strength is defined as the ratio of the maximum shearing force to the bonding area. Lee et al. [13] and Yoon et al. [14] studied
the effect of three different surface finishing metallization of Cu, Ag and electroless Nickel/immersion Gold (ENIG) on the shearing
strength of sintered Ag joint. It is found that the Ag/Ag sintered joint shows a superior shearing strength than the Ag/Au and Ag/Cu
sintered joint, and the Ag/Cu sintered joint shows the lowest. Similar results were also reported by Chen et al. [15-16]. Xu et al. [17]
and Fan et al. [18] investigated the shearing strength of sintered Ag on Au surface finishing substrate metallized by electroplated Ni/Au
and ENIG, and the results show that the former value is much higher. Wang et al. [19-20] investigated pressureless Ag sintering on Ni-
plated substrates, they found that the shearing strength can reach to 40 MPa by choosing proper Ag materials and sintering tem-
perature. Du et al. [21-22] investigated the bonding performance of sintered Ag on bare copper substrates, and the results show that a
high shearing strength of 40 MPa can also be obtained by using Cu substrates with smaller grain sizes. In contrast, Zhang et al. [23]
found the bonding strength of sintered Ag joining on Au surface finished substrate was enhanced by increasing Au grain size. Recently,
Chen et al. [24] studied four different kinds of Au plating processes on the shearing strength of sintered Ag-Au joints, the results show
that the bonding strength are strongly related to the grain orientation of the plated Au layers.

Those investigations reviewed above all evaluate the bonding quality of sintered Ag on different metallized substrates based on die-
shearing tests. Although die-shearing test is a very convenient and widely used method in engineering application, it is not sufficient to
characterize the bonding performance of sintered Ag joints. As is known, the as-sintered Ag layer is more prone to exhibit a brittle
feature due to its porous structure, such property makes it cracking easily under harsh thermal-mechanical stresses [25-26]. Thus, the
fracture toughness of the sintered Ag joint is also an important index to assess its bonding performance and fracture behavior. Wang
etal. [27] investigated the mode I (opening-mode) fracture toughness (Kjc) of sintered Ag on both bare Cu and Ni/Au-plated substrate
based on the modified compact tension test. It is found that both the K¢ of Au/AgNPs (silver nanoparticles) and Cu/AgNPs are strongly
related to the sintering temperature, and the former is a little bit higher in most conditions. Recently, Qin et al. [28] reported the effect
of metallization layer on the interfacial cracking behaviors using numerical analysis, the results show that the interfacial cracking of
sintered Ag and Cu substrate in a SiC power module under thermal-mechanical stress are much close to a shearing mode. Hence, it is
also very significant to verify the effect of different metallization layers on the shearing fracture toughness of sintered Ag joints.

Several methods haven been developed by researchers to determine mode II fracture toughness of adhesive materials, e.g., End-
Notch-Flexure (ENF) [29-30], end-loaded Spilt (ELS) [31] and Four-Point End-Notch Flexure (4ENF) tests [32], in which the ENF
test is generally regarded as the most suitable method to estimate the shearing fracture toughness of bonded joints due to its simplicity
and accurate data reduction methods [33-34]. In our previous work [35-36], ENF test was adopted and proved robustly to assess the
shearing fracture toughness of sintered Ag on bare Cu substrate. In this paper, the effect of different surface finish metallization layers,
e.g., Cu, Ni, Au and Ag on the shearing fracture behaviors of sintered Ag joints under different sintering temperatures were studied.
Toward this aim, series of ENF tests are executed with the Cu substrates of the specimens plated by different metallization layers. The
fracture types, microstructure and interfacial reactions are analyzed to reveal the possible bonding and fracture mechanism of sintered
Ag joints with different metallization layers. Explanations and comparisons of different surface finish metallization layers on shearing
fracture behaviors for sintered silver bonding joints are also presented.

The organization of this paper is as following. The experimental procedures of the ENF test and microstructure characterization
method are presented in Section 2. The results of the ENF tests, shearing fracture behaviors, and microstructure of the sintered Ag
bonded joints with different metallization layers are given in Section 3. In Section 4, the interfacial reactions are analyzed to discuss the
possible influence mechanism of the metallization layer on the shearing fracture toughness of the sintered Ag joint. The conclusions are
summarized in the last section.

2. Experimental procedures
2.1. Sample preparation and ENF test

The Ag paste used in this paper is a kind of hybrid Ag paste (Henkel Corporation, LOCTITE ABLESTIK SSP 2020), which is mixed
with micron-sized Ag flakes and submicron-sized Ag particles. The specimen is composed of two Cu substrates and a sintered Ag layer.
Before the specimens were fabricated, the surfaces of the Cu substrates were ground by 400#, 800#, 2000+# SiC abrasive papers in turn
and then polished with 1 ym diamond grinding fluid. For the samples with metallization layers, similar as-polished Cu substrates were
further electroplated with Ni, Ni/Au and Ni/Ag layers. The thicknesses of the Ni, Ni/Au and Ni/Ag layers are 2 um, 2/0.16 pm and 2/
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0.16 um, respectively. Fig. 1(a) shows the schematic view and design dimensions of the ENF specimen. The detail fabrication processes
of the specimens can refer to our previous work [35], which is described briefly here. First, all the substrates after metallization were
ultrasonically cleaned in acetone and ethanol in turn each for 15 min. After that, the Ag pastes were screen-printed on one Cu substrate
with a thickness of 100 um and then bonded with the other substrate together using a jig. All the specimens with different metallization
layers after bonding were pressure-less sintered in a reflow oven with different sintering parameters. As shown in Fig. 1(b), the ENF
specimens were firstly heated to 240 °C, 260 °C, 280 °C and 300 °C, respectively, with a heating rate of 10 °C/min, then sintered
isothermally for 60 min. After that, the specimens were naturally cooled down to ambient temperature.

All the as-sintered specimens were tested on a three-point bending fixture using Instron 5948, as shown in Fig. 1(c). The half-span
length and initial crack length were set as 40 mm and 20 mm, respectively. During the testing process, the specimen was supported by
the three-point bending fixture and the loading head was moving down with a rate of 0.2 mm/min. The curves of the load P respect to
the displacement § (P-5 curves) were recorded timely by the sampling system of the Instron 5948. For each condition, at least five
specimens were tested.

The shearing fracture toughness Gyic were calculated based on the Compliance Based Beam Method (CBBM), which has been proved
accurate and efficient in data reduction for the ENF test [37-40]. According to the Timoshenko beam theory, the compliance of the ENF
specimen C can be described as

3@ +20 3L

C= 1
8E,bh? 10Gbh? m

where a, is the equivalent crack length, L is the half-span length, b is the thickness of the adherend, Erand G are the flexural and shear
modulus of the adherend, respectively. According to Eq. (1), the flexural modulus of the specimen can be calculated using the initial
compliance Cp and the initial crack length ag

_ 3ay+20°
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where Cy, is the corrected initial compliance which is given by
3L
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Substituting Eq. (2) and Eq. (3) into Eq. (1), the equivalent crack length a, can be written as
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Fig. 1. ENF tests for the shearing fracture toughness measurement of sintered Ag joint with different metallized Cu substrates. (a) The schematic
view and dimensions of the ENF specimen; (b) Four different sintering curves for the ENF specimens; (c) the ENF test using Instron 5948.
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where C, is the corrected compliance which can be obtained by Eq. (3) using C instead of Cy. According to Irwin-Kies equation, the
shearing fracture toughness is given as:

P? dC
Gyc = % da )
Substituting Eq. (1), (2), (3) and (4) into Eq. (5) will lead to
9P2C, C C 2377
Gic = =~ |—a+==-1) = 6
"7 25 (a) + 207) {C_OC% + (COC ) 3 } ©

It is seen that the calculation of Gyc only requires the compliances and shear modulus, without additional crack length mea-
surement during the crack propagation. Moreover, a typical value of G can be used in the Gy calculation, due the fluctuation of shear
modulus has little effect on the calculation results [41].

2.2. Microstructure characterization

All the tested specimens were cold mounted by epoxy resign and the cross-sections were prepared using a metallographic sample
polishing machine (MPD-2W). Then the fracture morphology of the tested specimens and the microstructure of the sintered Ag joint
were observed by a field emission scanning electron microscope (FE-SEM, FEI Quanta 650). To explain the difference of the shearing
fracture toughness of the sintered Ag joints in each sintering condition, the “apparent” porosity and Ag particle size were quantitatively
analyzed using ImageJ software. The “apparent” porosity and particle size are defined as the proportion of pores and the average
diameter of the Ag particles in a two-dimensional (2D) cross-section image, respectively. The interface connection ratio of the sintered
Ag joints was also analyzed by calculating the connection length of the sintered Ag with the metallization layer in a selected interface
length. Fig. 2 shows the schematic view of the measurement method of microstructure using ImageJ. The “apparent” porosity, Ag
particle size and interface connection ratio can be calculated by the following equations:

Porosity = Arore x 100% @
total
2. no A 1/2
Particle size = 72’=1(”) 8
n
"I,
Interface connection ratio = Lic x 100\ % 9

‘total

where Apore is pore’s area, Asq is the total calculated area, A; is the Ag particle’s area, n is the numbers of Ag particles, L; is the

Fig. 2. The measurement of microstructure of the sintered Ag joints using ImageJ software. (a) porosity; (b) Ag particle size and interface
connection ratio; (c) typical acute contact angle; (d) typical obtuse contact angle.
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connection length, m is the numbers of the connection parts, and Ly is the total interface length. The interface contact angle between
the Ag particle and the metallization layer were also summarized in Fig. 2. Fig. 2(c) and Fig. 2 (d) show the typical contact angle with
an acute and obtuse angle, respectively. For each condition, five SEM images taken uniformly from the bonding lines were selected for
the calculation. More details about the methods can refer to Refs. [42-44]. In addition, the element analysis and interface reaction of
sintered Ag with different metallization layers were determined with an energy dispersive spectrometer (EDS) attached to FEI Quanta
650 SEM.

3. Results
3.1. Shearing fracture behaviors of sintered Ag joint with bare Cu, Ni, Ni/Au and Ni/Au metallized substrates

3.1.1. P-6§ curves and shearing fracture toughness

In Fig. 3 (a)-(d) show the P-6 curves of the tested ENF specimens with bare Cu, plated Ni, plated Ni/Au, and plated Ni/Ag substrates,
respectively. For most of the P-§ curves, the load value increases linearly with the proceed of the loading process, then a sudden drop
appears and the crack starts to propagate once the load reach to the critical value. It indicates that the fracture of sintered Ag joints is
consistent with the fracture of brittle materials [45]. For each type of specimen, the critical loads all increase with the increase of
sintering temperature, which indicates that the critical fracture toughness exhibits a strengthen tendency with the increase of the
sintering temperature. However, the critical values are quite different for the specimens with different surface finish metallization
layers even sintered under the same temperatures. For the Ni-plated specimens, the critical loads are at a lowest level compared with
the other specimens. The Ni/Ag plated specimens perform the highest critical load values. Especially, for the Ni/Ag plated specimens
sintered under 300 °C, most of the specimens are not cracked even when large plastic deformation has occurred.

Fig. 4 shows the typical resistance curves (R-curves) calculated according to Eq. (4) and Eq. (6) for the different metallized
specimens under various sintering temperatures, in which C1, C2, C3, C4 represent the conditions sintered under 240 °C, 260 °C, 280
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Fig. 3. P-6 curves of the ENF specimens with different metallization layers sintered under different temperatures (a) bare Cu; (b) plated Ni; (c)
plated Ni/Au; (d) plated Ni/Ag.
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°C and 300 °C, respectively. It is seen that the R-curve in each condition exists a plateau zone which indicates that a relatively steady
Gyyc values are obtained during the crack propagation process. The tested Gy for each sintering condition is determined by averaging
all the Gy values of the R-curves in the same condition.

Fig. 5 shows the computed average Gy of the sintered Ag joint on the Cu substrates with different metallization layers sintered
under various temperatures. For each type of ENF specimen, the Gy heightens with the increase of sintering temperature. The Ni-
plated specimens show the lowest average Gic value, which is only 50.28 Nem ™! even sintered under 300 °C. When sintered from
240 °C to 280 °C, the average Gyc values of the sintered Ag joints on bare Cu substrates and Ni/Au-plated substrates are almost the
same. However, the value of the bare Cu based ENF specimen is much higher than that of Ni/Au-plated specimen when sintered under
300 °C. For all the four types of ENF specimens, the Ni/Ag-plated specimens show the highest average Gy values. Even when sintered
under 240 °C, the average Gy value is as high as 277.37 Nem ™. It should be mentioned that the toughness of the Ni/Ag-plated
specimens is tough enough when sintered under 300 °C that most of the specimens don’t show clear crack propagation processes.
The minimum average values can sustain the whole loading process is 969.42 Nem ™}, which can be calculated based on the numerical
method we have reported in Ref. [35].

3.1.2. Shearing fracture morphologies

Figs. 6-9 show the typical shearing fracture morphologies of the ENF specimens with bare Cu, Ni-plated, Ni/Au-plated and Ni/Ag
plated substrates sintered under various temperatures, respectively. The results show that the typical crack propagation paths for each
kind of specimen are with obvious discrepancy. For the specimens with bare Cu substrates, the typical cracks all propagate along the
interface of the sintered Ag and Cu substrates when sintered from 240 °C to 280 °C. Then the crack turns to propagate in the interior of
the sintered Ag layer if the sintering temperature raises to 300 °C. However, for the specimens with Ni-plated and Ni/Au-plated layers,
the cracks all propagate along the interface between the sintered Ag and the plated layer when sintered from 240 °C to 300 °C. For the
specimens with Ni/Ag-plated layers, when sintered under 240 °C, the typical crack propagates along the interface between the sintered
Ag and plated Ag layer. However, the cracks turn to propagate in the interior of sintered Ag layer when sintered from 240 °C to 280 °C.
When sintered under 300 °C, the sintered Ag joints are tough enough that even a micro-crack exists at the edge of the sintered Ag layer,
the crack doesn’t propagate along the sintered Ag bonding line.

3.2. Microstructure of sintered Ag joint on substrates with different metallization layers

3.2.1. Microstructure of sintered Ag

Fig. 10 shows the SEM images of the sintered Ag for the ENF specimens with different metallization layers sintered under different
temperatures. A clear particle growth and densification tendency is found with the increase of the sintering temperature for each kind
of specimen. When sintered under 240 °C for 60 min, most of the Ag particles are isolated and only a few of sintering necks are formed.
However, the microstructure of the sintered Ag becomes coarsening and the necks are grown up after sintered under 300 °C for 60 min.
The variations of the Ag particle size and porosity of sintered Ag with the sintering temperature are shown in Fig. 11. The results show
that the Ag particle size increases with the increase of the sintering temperature, while the porosity decreases with the increase of the
sintering temperature. Moreover, the Ag particle sizes and porosity of the sintered Ag for different specimens sintered under the same
temperature are without remarkable difference, which indicates that the microstructure characteristic parameters of the sintered Ag is
independent with the metallization layers.

The particle growth mechanism can be explained by the diffusion-related Ostwald ripening law and the growth process obeys a
power-law model which is written as [46]:

—+—Ni,Cl —=—Cu, C1 ——Au,Cl —v—Ag Cl
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Fig. 4. Representative R-curves for different metallized specimens sintered under various temperatures.
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Fig. 5. Average Gyc of the sintered Ag joints on Cu substrates with different metallization layers under various sintering temperatures.
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Fig. 6. Fracture morphologies of the ENF specimens with bare Cu substrates sintered at various temperatures. (a) 240 °C; (b) 260 °C; (c) 280 °C; (d)
300 °C.
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Fig. 7. Fracture morphologies of the ENF specimens with plated Ni layers sintered at various temperatures. (a) 240 °C; (b) 260 °C; (c) 280 °C; (d)
300 °C.
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where D is the particle diameter, Dy is the initial particle diameter, Ky is a constant, E, is the activation energy, Q is the gas constant, T is
the absolute temperature and t is the time. Similarly, the densification process of sintered Ag is also related to the diffusion mechanism
of Ag particles and can be expressed by the following equation [47]:

(2 E,
ln(%) = Coexp(—&) 3 an

where 0 is the porosity, 6 is the initial porosity, and Cy is a constant. According to Eq. (5) and Eq. (6), it can be concluded that an
elevated sintering temperature can enhance the growth rate of the Ag particle and the densification rate of the sintered Ag. The reason
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Fig. 8. Fracture morphologies of the ENF specimens with plated Ni/Au layers sintered at various temperatures. (a) 240 °C; (b) 260 °C; (c) 280 °C;
(d) 300 °C.
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Fig. 9. Fracture morphologies of the ENF specimens with plated Ni/Ag layers sintered at various temperatures. (a) 240 °C; (b) 260 °C; (c) 280 °C;
(d) 300 °C.
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Fig. 10. SEM images of sintered Ag for the ENF specimens with different metallization layers sintered under different temperatures.

for that is a high sintering temperature improves the diffusion rate of the Ag atoms. Comparing Fig. 5 with Fig. 11, it is deduced that the
growth of Ag particle size and decrease of porosity are related to the heightening of Gyic. In other words, the particle size growth and
densification of the sintered Ag layer are two main reasons that lead to the increase of Gyc with the sintering temperature. However,
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Fig. 11. Variations of microstructure characteristic parameters of sintered Ag for the ENF specimens with different metallization layers sintered
under different temperatures. (a) The average Ag particle size; (b) the average of porosity.

the results also show that the difference of Gy for specimens with different metallization layers are barely related to the particle size
and porosity of sintered Ag, due to these two items are almost the same for the specimens with different metallization layers even under
the same sintering process.
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Fig. 12. SEM images of sintered Ag/substrate interface for the ENF specimens with different metallization layers sintered under various

temperatures.
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3.2.2. Microstructure of sintered Ag/substrate interface

Fig. 12 shows the typical SEM images of the sintered Ag/substrate interface for the ENF specimens with different metallization
layers sintered under various temperatures. The results show that sintered Ag are bonded with the metallization layers well, however,
the microstructures at the bonding interface are with obvious difference. To qualitatively characterize the interface connection quality,
the interface connection ratios for each type of specimens sintered under various temperatures are calculated based on Eq. (9), and the
results are shown in Fig. 13. All the interface connection ratio values increase with increasing sintering temperatures for all the
specimens. The average value for Ni-plated specimens gradually increases from 24.6% to 28.4% with the sintering temperature
increasing from 240 °C to 300 °C, which is lower than other kinds of specimens. For the Ni/Au-plated specimens, the interface
connection ratio value increases from 28.7% to 33.7% in the same temperature variation range. As for the bare Cu specimens, when
sintered under 240 °C, the average connection ratio value is 27.6%, which is a little lower than the Ni/Au-plated specimens. However,
it increases to 39.7% when sintered under 300 °C, which is much higher than the Ni/Au-plated specimens. For all the ENF samples, the
Ni/Ag-plated specimens show the highest interface connection ratio values, which increase from 50.4% to 65.7% with the increasing
temperature from 240 °C to 300 °C.

The interface contact angles of the Ag particles and the metallization layer for the specimens sintered under various temperatures
are also calculated and the distribution fractions of the calculated contact angle are shown in Fig. 14. For the Ni/Ag plated specimens,
most of the contact angles are less than 90° and the fraction of the acute angle increases gradually with the increase of sintering
temperature. However, for the other three kinds of specimens, most of the contact angles are obtuse angles.

Fig. 15 shows the variations of the average contact angles for different kinds of specimens with varied sintering temperature. All the
average contact angles for different kinds of specimens decrease with the increase of sintering temperature. The average contact angles
for the bare Cu and Ni-plated specimens are very close, while the average contact angle of the Au-plated specimens is a little lower than
that of Cu and Ni-plated specimens. All the average contact angles for these three kinds of specimens are higher than 100°. However,
for the Ag-plated specimens, the average contact angles are much lower than the others. For the Ni/Ag plated specimens, the average

interface contact angle is 90.6° when sintered under 240 °C for 60 min, however, it decreases to 69.5° when sintered under 300 °C for
60 min.

4. Discussion
4.1. Effect of interfacial microstructure parameters on Grc

Fig. 16 shows the variation of average shearing fracture toughness Gy of different metallization layer-sintered Ag joints with their
interface connection ratio and interface contact angles. An obvious correlation between Gyc and the interface microstructure pa-
rameters can be obtained. It is seen that the average Gyjc increases with the augment of interface connection ratio and the decrease of
interface contact angle. For the Ni-plated specimens, due to their lowest interface connection ratio and highest interface contact angles,
the value of average G is the lowest compared with the other three kinds of specimens when sintered under the same sintering
condition. On the contrary, the Ni/Ag-plated specimens possess the highest interface connection ratio and lowest interface contact
angles, the average Gyyc is also the highest.

It is not difficult to understand the influencing mechanism of the interface connection ratio on the Gy of sintered Ag joints. A
higher interface connection ratio will increase the actual cracking area during the crack propagation process. Hence, larger crack
driving force is needed when the crack propagates along the interface of sintered Ag and metallization layers, which will increase the
actual tested Gy correspondingly [48]. As to the effect of interface contact angle on Gyyc, a lower contact angle can significantly reduce

70 T T T
—&— Bare Cu

—e— Cu/Ni
60 LA Cu/Ni/Au
—v— Cu/Ni/Ag

40+ -

interface connection ratio (%)

20 1 1 1 1
240 260 280 300

temperature (°C)

Fig. 13. Variations of the average interface connection ratio for the ENF specimens with different metallization layers sintered under various
temperatures.
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Fig. 16. Relationship between the interfacial microstructure parameters and average Gy of different metallization layer-sintered Ag joints.
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Fig. 17. Typical EDS mapping of the interfaces between sintered Ag and different metallization layers sintered under 300 °C. (a)-(a-3) SEM image
and EDS mapping of sintered Ag/Cu interface; (b)-(b-3) SEM image and EDS mapping of sintered Ag/Ni interface; (c)-(c-3) SEM image and EDS
mapping of sintered Ag/Au interface; (d)-(d-3) SEM image and EDS mapping of sintered Ag/Ag interface.
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the stress singularity at the contact interface of sintered Ag and metallization layers, which will decrease the stress concentration
distinctly when the specimens under shearing condition. With the increase of interface contact angles, more “V” shape notches are
formed at the interface of sintered Ag and the metallization layers, which means many micro crack-tips are precast at the connection
interface. Due to the stress concentration near the “V” shape notches, the crack forms easily along the interface between sintered Ag
and the metallization layers under this condition, which will decrease the tested Gy correspondingly.

4.2. Interface diffusion in the ENF specimens with different metallization layers

To further confirm the mechanism of the sintered Ag bonded with different metallization layers, the interfacial element distri-
butions are analyzed by the EDS. Fig. 16 shows the typical EDS mapping of the interfaces between sintered Ag and different metal-
lization layers sintered under 300 °C. Clear inter-diffusion behaviors are observed at the sintered Ag/Cu, sintered Ag/Ni, and sintered
Ag/Au interfaces. Though the inter-diffusion phenomenon can be hardly observed according to the EDS mapping, the sintered Ag and
plated-Ag layers are connected very well which indicate reliable Ag-Ag bonding are formed. For the specimens with bare Cu substrate,
a layer rich in oxygen element is formed between the sintered Ag/Cu interface, as shown in Fig. 17(a), which indicate that the surface
of the Cu substrate is oxidated during the sintering process.

To quantificationally determine the interface reaction between the sintered Ag and metallization layers, the EDS line scan analysis
is employed to characterize the interface inter-diffusion thickness for different specimens sintered from 240 °C to 300 °C, as shown in
Fig. 18. The inter-diffusion thickness is defined as the distance between the two points where Ag and the metallization element on the
opposite side possesses an atom percent of 10%, respectively [49]. The inter-diffusion thicknesses of the Ag/Cu, Ag/Ni and Ag/Au
interface all increase with the increase of sintering temperature. It has been proved by many reports [42,50-51] that the fundamental
mechanism of sintering and surface chemical reaction of sintered Ag joint with metallized substrates is based on atom diffusion. The
atom diffusion rate can be expressed by the following equation [52]:

E,
D= Doexp(—a) (12)

where Dy is a pre-exponential factor related to atomic vibration frequency and jump distance. It can be concluded that the increase of
diffusion thickness with increasing sintering temperature is due to the enhancement of the atom inter-diffusion rate by improvement of
sintering temperature.

However, according to Fig. 18, the diffusion thickness at the interface between sintered Ag and different metallization layers under
the same sintering temperature are obviously different. For the Ag/Cu interface, the diffusion thickness increases from 0.628 ym to
0.669 um when the sintering temperature changes from 240 °C to 300 °C, while it increases from 0.574 um to 0.608 um for the Ag/Ni
interface. For the Ag/Au interface, the diffusion thickness increases from 0.914 um to 1.174 ym. The increasing rate and inter-diffusion
thicknesses of the Ag/Au interfaces are much higher than that of the Ag/Ni and Ag/Cu interfaces, similar results are also reported by Lu
et al. [53]. The reason for that is Au and Ag can be completely mixed in a solid solution rather than staying separation with minimum
solubility of one in another, like the Au/Cu and Ag/Ni couples [53-54]. Though the EDS line scan analysis shown in Fig. 18 can hardly
precisely determine the sintered Ag/plated-Ag inter-diffusion thickness, it is confirmed that the Ag-Ag inter-diffusion rate are higher
than Ag-Au, Ag-Cu and Ag-Ni couples due to that diffusion barrier of Ag on Ag substrate shows a lowest value compared with that of
Au, Ni and Cu substrates [55]. This indicates that the Ag atoms are easier to diffuse on an Ag-plated substrate than the other substates.
Hence, the different inter-diffusion rates may be the reason leading to the discrepancy of interface connection ratio and contact angle
between different metallized specimens despite the same sintering process.

To explain the effect of the inter-diffusion behaviors on the shearing fracture toughness Gy of the sintered Ag joints more clearly,
the relationship between the inter-diffusion thicknesses of Cu-, Ni-, and Au-sintered Ag bonded joints and their average Gy values are
summarized in Fig. 19. For each kind of metallization layer-sintered Ag joint, the Gy all increases with the increase of the inter-
diffusion thickness. As mentioned above, the bonding mechanism of the sintered Ag and metallization layer are based on the atom
diffusion. At the initial state of atom diffusion, a thicker inter-diffusion thickness represents more atomic bonds will be formed at the
interface of sintered Ag and metallization layers. Therefore, the interface connection ratio and the shearing fracture toughness will
increase correspondingly. However, for different metallization layer-sintered Ag joints, the values of Gy are quite different even at the
same inter-diffusion thickness. This is related to the differences in the inter-diffusion rate for different inter-diffusion couples.

4.3. Cu oxidation at the sintered Ag/Cu interface

According to Fig. 17 (a-3) and Fig. 18 (a), there exists a layer of oxygen elements at the interface of Ag/Cu interface, especially
when sintered in 300 °C, the thickness of the oxidation layer is much higher than the specimen sintered under 240-280 °C. To
determine the contents of the oxidation layer, quantitative element point analysis along the Ag/Cu interface is performed, as shown in
Fig. 20. The analysis results for different points are show in Table 1. It is seen that the atomic percent of oxygen of spectrum 2, 5, 8, and
11 is much higher than that of the other spectrums. This result is consistent with the observation in Fig. 17 and Fig. 18. Moreover, the
ratios of At.% Cu and At.% O in these four spectrums are all approximate to 2:1, which indicates that the main composition in the
oxidation layer is CuyO. It is known that the mismatch of lattice constants between Ag/Cu,0 is lower than that of Ag/Cu (Ag: 0.4086
nm, Cuz0: 0.4260 nm, Cu: 0.3615 nm) [21]. A lower mismatch in lattice constants can reduce the lattice strain and interfacial energy,
which is better for the chemical bond formation at the Ag/Cu and Ag/CuyO interfaces [21,55]. This may be the reason for the

13



S. Zhao et al.

Engineering Fracture Mechanics 264 (2022) 108355

8000

1 0.647 pm (a

CuKal

0.4

04

6000
«
8 4000

2000

Ccukal(@-4)

iy bt

0.0 0.8 16 0.0 8 12 1 6 0.0 0.5 1.0 1.5 20 0.0 03 0.6 0.9 1.2 1.5
position (pm) position (um) position (um) position (um)
. — . b-4
Ni Kul(b D NiKal (b-4)
Aglal | M TR eeepgLal | RN e ARl R | e

1.5

1.0

0.0 0.5 1.0 0.0 0.5 15 0.0 0.5 1.0 15 2.0 25 0.0 0.5 1.0
position (um) position (pm) position (pum) position (um)
10000 - T 10000 T
i, 48 (c-1) (c-4)
------- AgLal --- Aglal
——NiKal | 8000 — NiKal
emm AuMal - AuMal -»--Allb/rllul

cps

2.1
position (um)

Gl A
14

PR,

6000
o
o
4000

2000

position (um)

it
0 Lt iy
R

j v Aglu(ld-4)
dh 1 - Al
,ﬁﬁl,‘., NiKal

e b,
",

stk bt Mty thnvy
0.0 0.8 1.6 24 32 0.0 0.7 1.4 21 2.8 35 0.0 0.7 14 2.1 2.8 0.0 0.7 1.4 2.1 2.8
position (um) position (um) position (um) position (um)

Fig. 18. Typical EDS line scan analysis of the interfaces between sintered Ag and different metallization layers sintered under different temper-
atures. (a) EDS line scan of sintered Ag/Cu interface; (b) EDS line scan of sintered Ag/Ni interface; (c) EDS line scan of sintered Ag/Au interface; (d)

EDS line scan of sintered Ag/Ag interface.

T T T T T T
—=— Cu-sintered Ag
256 + —eo— Ni-sintered Ag 4
—a— Au-sintered Ag
128 -
B 64t
Z
53
o 32
16
8 -

0.6

0.7 0.8

0.9 1.0 1.1

Inter-diffusion thickness (um)

Fig. 19. Relationship between the inter-diffusion thicknesses of different metallization layer-sintered Ag joints and their average Gy values.

14



S. Zhao et al. Engineering Fracture Mechanics 264 (2022) 108355

(@)

g Spectrum 4

O Spectrum 1 g Spectrum 5

O Spectrum6

Sintered Ag

@ Spectrum 10

o Spectrum 7 O Spectrum 11

o Spectrum 8
O Spectrum 9

Fig. 20. EDS quantitative analysis points at the interface of sintered Ag and Cu. (a) sintered at 240 °C for 60 min; (b) sintered at 260 °C for 60 min;
(c) sintered at 280 °C for 60 min; (b) sintered at 300 °C for 60 min.

Table 1

Element quantitative analysis results at different points.
Point Wt.% At.%

AgL Cuk 0K AgL Cuk 0K

1 18.78 80.06 1.15 11.56 83.65 4.78
2 68.62 27.86 3.52 49.13 33.86 17.00
3 88.03 10.48 1.50 75.95 15.34 8.71
4 7.67 91.41 0.93 4.53 91.77 3.69
5 32.86 60.43 6.71 18.19 56.78 25.03
6 74.75 20.26 4.99 52.35 24.08 23.56
7 1.19 98.36 0.45 0.70 97.54 1.77
8 24.26 67.34 8.41 12.42 58.55 29.03
9 92.04 6.62 1.34 81.95 10.01 8.05
10 12.62 85.63 1.75 7.44 85.62 6.95
11 34.73 57.31 7.96 18.71 52.40 28.89
12 82.09 14.34 3.58 62.88 18.64 18.48

interfacial connection ratio and tested shearing fracture toughness of bare Cu specimens close to that of Ni/Au plated specimens with
the inter-diffusion rate of Ag/Cu couples are much lower than Ag/Cu couples when sintered in 240-280 °C. In addition, with the rapid
increase of the denser oxidation layer, the values of the Gy for the bare Cu specimens are further increased, which lead them much
higher than that of those specimens metallized by Ag/Au layers.

5. Conclusions

In this paper, the effect of different surface finish metallization layers on the shearing fracture toughness of sintered silver joints
under different sintering temperatures is studied and the main conclusions are drawn as follows:

1. The shearing fracture toughness of sintered Ag joint increases with the increasing of sintering temperature when sintered from 240

°C to 300 °C, regardless of metallization layer types. Under the same sintering process, the sintered Ag/Ag joint exhibits the highest
average Gyyc value while the sintered Ag/Ni joint exhibits the lowest. The average Gy value of the Ag/Cu joint is a little lower than
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that of Ag/Au joint when sintered from 240 °C to 280 °C. However, the Gy¢ value of the Ag/Cu joint changes much higher than that
of Ag/Au joint when sintered under 300 °C.

2. For the Ag/Ni joint and Ag/Au joint, the cracks all prone to propagate along the interface of Ag/Ni and Ag/Au when the sintering
temperature varies from 240 °C to 300 °C. However, the crack propagation path changes from fracture along the interface
(interface cracking) to fracture in the interior of sintered Ag layer (cohesive cracking) for the Ag/Cu and Ag/Ag joints with the
sintering temperature increased from 240 °C to 300 °C.

3. The Ag particle size and porosity of sintered Ag are not the dominant factors affecting the discrepancies of shearing fracture
toughness, Gy, among different kinds of metallized specimens, while the interface connection ratio and the contact angle are
proved to be two dominant reasons.

4. The Ag-plated specimens possess the highest interface connection ratio and lowest contact angle, which can effectively increase the
actual cracking area and reduce the stress concentration at the interface. These two main factors are the reasons that why the
sintered Ag/Ag joint exhibits the highest average Gy value.

5. The possible reason for the difference of interface contact ratio and contact angle between different metallized specimens may be
the effect of different inter-diffusion rate for different bi-metal couples. In addition, the formation of Cuz0 at the Ag/Cu interface
can decrease the lattice strain and interfacial energy, which can also facilitate the increase of the contact interconnection ratio and
tested Gyic values.

This study shows a novel insight on deep understanding of the metallization layer effect on the shearing fracture toughness of
sintered silver bonded joints. This investigation could also inspire the future work on improving the mechanical reliability of sintered
silver by selecting suitable metallization layers.
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