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ABSTRACT

Ag sinter joining technology is emerging as a die attach material for next-generation

power modules in high-temperature applications. Thermal shock test has revealed

that the fracture characteristics and reliability of sinteredAg jointwere influenced by

thermo-mechanical stress. This was study conducted to understand the

microstructure, vertical crack formation, and fracture behavior of sintered Ag joints

which were designed with different metallization layers on a direct bonded alu-

minum (DBA) substrate, at different thermo-mechanical stresses during thermal

shock tests. Two kinds of metallization layers were designed as Ti/Ag and Ni/Ti/

Ag layers. A finite element model (FEM) simulation confirmed that the Ni layer

prohibited Al hillock-like deformation and generates different thermo-mechanical

stresses during the thermal shock test from - 50 �C to 250 �C. Depending on the

degradation of the interfaces for both of the Ag-sintered joints, the sintered Ag grain

necking thickness and microstructure characteristics including the Ag grain struc-

tures, which have a dominant influence on the bonding strength in terms of long-

term reliability, are considerably different from the results by an electron back

scatter diffraction (EBSD) analysis. This paper proposes a novel metallization

technology that can induce joint fracture with complete recrystallization of sintered

Ag joints by effectively suppressing interfacial degradation. The mechanism of this

technologywas systematically analyzed through experiments and FEM simulations.
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Introduction

Silicon carbide (SiC) and gallium nitride (GaN)

semiconductors offer many benefits in various

industries in terms of high power efficiencies [1–5]. A

power conversion system using SiC or GaN devices

can be applied beyond 250 �C and withstand higher

power density, enabling system volume miniatur-

ization. In the power modules, the huge heat gener-

ated from the SiC or GaN die surface is conducted

through the die attach material and the substrate and

finally reaches a heat sink plate. In this case, die

attach materials are a key element for the imple-

mentation of higher power and miniaturization,

especially for the high-temperature applications. The

development of die attach materials that can with-

stand the high temperature caused by a high power

density is urgently required to improve the long-term

reliability of power conversion systems without

massive and heavy cooling systems.

In the past, Pb-, Sn-, Au-, Zn-, and Ag-based solder

alloy materials were actively developed [6–8]. How-

ever, these materials have various limitations, such as

environmental effects, high price, high-temperature

processes, intermetallic compound (IMC) formation,

poor process-ability, and brittleness [9–14]. Recently,

Ag sinter joining technology represents a radical

departure from previous processes because it pos-

sesses excellent thermal, electrical, and mechanical

properties and a simple manufacturing process [15].

Recently, a low-temperature and low-pressure Ag

sinter joining process was also developed, increasing

the feasibility of actually application [16–19].

Ag sinter joining technology has been reported to

cause serious degradations to interfaces owing to the

coefficient of thermal expansion (CTE) mismatch in

harsh environments such as thermal shock (- 50 �C/
250 �C) or high-temperature aging [20]. Previous

studies have reported that vertical cracks formed

inner sintered Ag joining layer during repetitive

power cycling or thermal shock cycling tests, which

was one of the main features of the degradation mode

[20]. In addition, to achieve a robust interface bond-

ing, the metallization on both the chip and substrate

side usually used the Ag metallization layer because

the same element is present as the Ag particles,

leading to a better interface bonding than other

metallization layers especially in a low-temperature

low-pressure sintering process. In addition, Ni is

widely used as a metallization layer in power elec-

tronics, in Ni/Au, Ni/Pd/Au finishes as a diffusion

barrier and some other functions to provide good

solderability, for instance, to produce an intermetallic

compound (IMC) Ni3Sn4 layer after reacting with Tin

(Sn). Recently, to overcome these degradations, some

studies have focused on the improvement of various

metallization technologies on both the chip and

substrate side and various substrates to reduce the

thermo-mechanical stress and thus improve the

mechanical reliability of WBG die-attached structures

[21–23]. S. Noh et al. reported on the reliability of

sintered Ag joining on Ag, Ni/Ag, Ti/Ag and Ni/

Pd/Pt/Ag metallized substrate during a thermal

shock test [24]. The fracture characteristics and reli-

ability of die-attached modules by Ag sinter joining

technology was largely influenced by different met-

allization layers during a thermal shock test due to

the different thermo-mechanical stress.

In our previous study [25], Ni/Ti/Ag metallization

layers were designed and applied to a direct bonded

aluminum (DBA) substrate, therefore prohibiting the

plastic deformation of the Al layer during a thermal

shock test and improving the reliability of the sin-

tered Ag joint. The shear strength did not change

significantly after 500 h thermal shock test varied

from -50 to 250 �C. Compared to the case with the Ti/

Ag metallization layer, the crack formation and

fracture behavior were changed in the case of Ni/Ti/

Ag metallization layer [20]. Although the different

metallization layers led to different thermo-mechan-

ical stresses during the thermal shock test, the

mechanism of crack formation and the deformation

behavior of sintered Ag layer are not clearly under-

stood under different thermo-mechanical stresses.

The effect of thermo-mechanical stress on the

microstructure, crack formation, and fracture behav-

iors of sintered Ag joint structure is one of the most

important issues because it correlates with the life-

time of the die-attached power module.

In this study, two different metallization layers,

Ni/Ti/Ag and Ti/Ag, were sputter-coated on DBA

substrates in a GaN power module joined using Ag

sinter joining technology. The GaN die-attached

structures were implemented into a thermal shock

test from - 50 to 250 �C. The thermo-mechanical

stress and thermal flux in the two cases were ana-

lyzed using a finite element method (FEM) simula-

tion. The thermo-mechanical stress effects on the

grain structures of the sintered Ag layer,
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metallization layers, and Al (DBA) substrate layer

during the thermal shock test were systemically

investigated by electron backscatter diffraction

(EBSD), scanning electron microscope (SEM), and

energy-dispersive spectroscopy (EDS) analysis. In

addition, the mechanism of crack formation of sin-

tered Ag layer, fracture characteristics of the GaN

die-attached structure, which correlates with experi-

mental results, are proposed based on the other FEM

simulation.

Materials and methods

Specimen preparation

Hybrid Ag paste, which displays submicron Ag

particles and micron-scaled Ag flake particles, as

shown in Fig. 1a and b, respectively, was used in this

study. The Ag submicron particles (FHD, Mitsui

Mining and Smelting Co., Ltd, Japan) and micron-

sized Ag flakes (AgC239, Fukuda Metal Foil and

Powder, Kyoto, Japan) were mixed as Ag fillers in a

weight ratio of 1:1 [26]. GaN dies with the dimensions

of 5 mm 9 5 mm 9 0.5 mm were introduced to

bond with the DBA substrates (Al/AlN/Al) which

have a dimension of 30 mm 9 30 mm 9 1.23 mm.

Figure 1c shows a GaN/DBA die-attached structure

and its depiction of each metallization layer. In the

case of Ti/Ag metallization layers, 200 nm Ti and

2 lm Ag were orderly sputtered on the back side of

the GaN die and top side of the DBA substrate. In the

case of Ni/Ti/Ag metallization layers, 200 nm Ti and

2 lm Ag were sputtered on the back side of the GaN

die, and 7 lm Ni, 200 nm Ti, and 2 lm Ag were

sputtered on the top side of the DBA substrates. Ag

paste was printed on the DBA substrate by a metal

mask which has a thickness of 100 lm. After printing

the hybrid Ag paste on the metallized DBA substrates

with and without Ni, GaN die was mounted onto the

Ag paste by hand operation. Pressure-less sintering

was realized using a temperature profile of 250 �C for

30 min in air. The detailed sintering process can be

found in our previous study [26]. After the sintering

process, the sintered Ag layer has a micron-sized

porous network structure [26].

Thermal shock tests and evaluations

Thermal shock test was conducted using a thermal

shock chamber (TSE-11-A-S, ESPEC, Osaka, Japan).

The evolution of the microstructures and mechanical

properties were investigated before and after thermal

shock test. Thermal shock test was conducted at

temperatures ranging from - 50 �C to 250 �C, and

the dwell time is 30 min at - 50 �C and 250 �C for

each cycle (see Fig. 1d). The specimens subjected to

the thermal shock cycle test were then shear tested

using a shear tester machine (DAGE 4000 bonds

tester, UK) at a speed of 50 lm/s (see Fig. 1e). The

cross section of the sintered Ag joint was prepared by

an ion-milling polishing machine (IM4000, Hitachi,

Tokyo, Japan), and the microstructural characteristics

were observed by field-emission scanning electron

microscopy (FE-SEM, SU8020, Hitachi, Tokyo, Japan),

energy-dispersive X-ray spectroscopy (EDX), and

electron backscatter diffraction (EBSD; EDAX-TSL,

Hikari).

Microstructural information such as statistical dis-

tributions of grain size, misorientation angle, and R3
twin boundary was obtained by TSL-OIM analysis

software Ver. 4 after EBSD observation. The opera-

tion voltage of the SEM was 15 kV. The points with

confidence index (CI) less than 0.1 were excluded in

this analysis. The KAM data included the nearest

neighbor grain pixels was obtained by Hough-based

EBSD in order to quantify the intragranular misori-

entation. In addition, for quantitative microstructure

analysis, both EBSD detection and KAM analysis for

all the specimens were scanned under the same

conditions.

Numerical simulation models

Finite element method (FEM) simulations were per-

formed to understand the thermo-mechanical stress

and thermal behavior inside the sintered Ag joint

structure and to investigate the mechanical response

of the degraded interface during the shear tests. For

this work, ANSYS workbench R19.2, a commercial

finite element analysis (FEA) program, was intro-

duced for the FEM simulation, and the thermal–me-

chanical behavior was solved. The thermal

conductivity coefficient (k) was assumed as isotropic

and calculated by the Fourier’s thermal conductivity

Eq. (1) as follows:
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where a is a thermal diffusivity, c is a specific heat,

and q is a density of material. The FEM simulation

and boundary conditions used to determine the stress

mechanism are shown in Fig. 2. Because the shape of

the pore is difficult to specify in the FEM simulation,

all the pores were described as a circle shape. In

addition, to ensure the pore size was close to the

actually Ag-sintered joint in FEM simulation, which

were set as a range from 1 to 3 lm in FEM simulation.

Figure 2a and b exhibits the 2D-FE modeling of the

GaN-DBA die-attached structure without the Ni

metallization and with the Ni metallization by Ag

sinter joining, respectively. Steady-state and tran-

sient-thermal conditions were coupled to simulate

the change of thermal behavior during the cooling

process as shown in Fig. 2c. After the unsteady

thermal analysis, the static structural solver applied

to calculate the mechanical response to thermal shock

with the temperature change of 300 �C. The approach
was taken to simulate the 3-D porous material with a

2-D geometry. This could introduce errors which can

be quantified by calculating the effective thermal

conductivity of the porous material in the simulation

and comparing with the actual measured thermal

conductivity of the porous Ag with the same volume

fraction of pores. The difference between the two

values should be presented so that the size of the

errors can be estimated. To minimize and implement

effectively this issue, the properties of the porous Ag-

sintered layer applied in this study are the physical/

Figure 1 Ag particles, Ag

flakes, cross sections, and

bonding strength: a submicron

Ag particles, b micron Ag

flakes, c schematic description

of GaN die-attached structures,

and d thermal shock cycling

test condition, e schematic

description of a die shear test

condition after thermal shock

cycling test.

J Mater Sci (2021) 56:9852–9870 9855



mechanical properties that were measured and

applied to simulations reported in previous studies

[27–29]; the material properties used in the FEM

calculation are listed in Table 1.

Results

Microstructure evolution of Ag-sintered
joints

SEM cross section

Initial state of die-attached structures without a Ni

metallization layer and with a Ni metallization layer

are shown in Fig. 3a and b, respectively. Both cases

show structurally sound well-bonded as-sintered

state, and the sintered Ag layer exhibits a microp-

orous structure. In this study, the image processing

software IPWIN32 was applied to calculate the

porosity. The porosity of initial as-sintered joints

without Ni metallization layer was measured as 55%

and was measured as 56% for the Ni metallization

layer case. The thickness of sintered Ag layer was

about 30 lm for the joint without Ni metallization

and was about 20 lm for the joint with Ni

metallization. The difference in the thicknesses can be

attributed to the chip mounting process, where the

GaN die was mounted onto the Ag paste by hand

operation after printing the Ag paste on the metal-

lized DBA substrates. The thickness of sintered Ag

can be considered as a normal fluctuation during the

experiment. In addition, because Ag paste have the

same thickness of 100 lm, the fluctuation of sintered

Ag layer must be within a reasonable range. There-

fore, the difference in the thicknesses of the sintered

Ag layer should have a very small effect on the shear

strength and evolution during thermal cycling. Fig-

ure 4 shows scanning electron microscope (SEM)

cross section images of the die-attached structures

without a Ni metallization layer and with a Ni met-

allization layer after thermal shock cycles. In the case

of the GaN die-attached structures without Ni met-

allization layer, vertical direction cracks were gener-

ated inside the sintered Ag layer from 125 cycles.

Furthermore, considerable deformation of the Al

layer can be observed after 125 cycles. The vertical

cracking initiation inside the sintered Ag joint may be

induced by generation of the Al hillock-like struc-

tures, as shown in Fig. 4a. After 500 cycles, the ver-

tical direction cracks became more significant as the

Figure 2 Finite element method (FEM) simulation conditions for the thermal stress behavior. a FE modeling of the DBA substrate

without the Ni specimen, b FE modeling of the DBA substrate with the Ni specimen, and (c) the temperature condition.

Table 1 Material properties for the FEM calculation

Density

(kg/m3)

Thermal conductivity

(Wm-1 K-1)

CTE (K-1) Elastic modulus

(GPa)

Yield stress

(MPa)

Poisson

ratio (%)

GaN 6100 110 5.69 10-6 181 – 0.352

Ag-sintered joint [27–29] 6924 430 21.19 10-6 16.7 13.8 0.31

Al 2700 137 25.79 10-6 70 100 0.33

Ni 8900 90.7 13.49 10-6 200 – 0.31
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necking of the sintered Ag joint increased, and the

Ag–Al interface changed more heterogeneously

beyond the deformation and size of the Al hillock-

like structures, as shown in Fig. 4b.

On the other hand, in the case of the GaN die-

attached structures with Ni metallization, the

increase of the necking thickness of the sintered Ag

joint was uniform. In addition, Al hillock-like defor-

mation or major defects could not been observed after

125 cycles or even after 500 cycles (see Fig. 4c, d).

Here, the necking thickness represents the degree of

inter-diffusion of Ag grains. The necking thickness of

the as-sintered Ag layer is shown in Fig. 4e. Figure 4f

and g shows the magnified view of the sintered Ag

layer after 500 cycles for the Ag-sintered joint without

and with the Ni metallization layer, respectively. The

necking thickness of sintered Ag layer is marked in

Fig. 4f and g. Therefore, it can be suggested that the

growth of Ag necking thickness and Al hillock-like

deformation were largely related to the vertical

direction cracks formation of sintered Ag joint. The

main features related to the necking thickness growth

of the sintered Ag joint are discussed in detail in the

next section.

Pore size and necking thickness

The pore size and grain necking thickness of the

sintered Ag layer were measured using SEM utility

software of IPWIN 32 before and after the thermal

shock test. In addition, the average diameter of the

pore size was calculated by the pores area divided by

Figure 3 Cross-sectional

image of initial state

specimens. a Ag-sintered joint

structure without Ni finish and

b Ag-sintered joint structure

with Ni finish.

Figure 4 Cross-sectional image of Ag-sintered joint after thermal

shock test. a SEM image of a degraded specimen without a Ni

finish after 125 cycles and b 500 cycles; c SEM image of a

degraded specimen with a Ni finish after 125 cycles and (d) 500

cycles; e necking thickness of the as-sintered Ag, f necking

thickness change in the case of joint without Ni metallization; and

(g) in the case of joint with Ni metallization.
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the pores number based on the SEM image. Figure 5

shows the measurement results of the average pore

size and grain necking thickness of the microporous

sintered Ag joint before and after the thermal shock

test. In the case of the joint without Ni metallization,

if we do not consider the cracks generated inside the

Ag-sintered joint, the pore size of the sintered Ag

layer increased from 2.0 lm of as-sintered state to

3.1 lm after 125 cycles with cracking initiation, and to

3.9 lm after 500 cycles. This case showed that the

pore size from 125 cycles of thermal shock is almost

saturated and remains at a similar thickness up to 500

cycles. In addition, the pore size increased quickly if

all the cracks were accounted as the pore area as

shown in Fig. 5. In contrast, in the case of the joints

with Ni metallization, the pore size of sintered Ag

particles layer increased from the initial 2.0 lm to

5.2 lm after 125 cycles, and to 5.8 lm after 500 cycles.

It can be estimated from these results that vertical

direction cracks generation inside the sintered Ag

layer may prohibit the Ag atom from moving, leading

to a relatively slow pore size coarsening. This result is

further discussed in discussion section in detail. In

addition, the necking thickness of the sintered Ag

layer was influenced by the different metallization

layers, as shown in Fig. 5b. With Ni metallization, the

necking thickness of sinter Ag joint doubles com-

pared to the case without Ni metallization case.

Grain structure characteristics analysis by EBSD

Ag-sintered joints EBSD analysis was performed to

understand the change in the internal grain structure

of the sintered Ag particles layer before and after the

thermal shock tests, as shown in Fig. 6. For the

microporous Ag structures, the scanning area and

step size of EBSD in the Kikuchi pattern scanning

were 75 lm � 75 lm and 25 nm. About 20 grains

were taken into accounted for EBSD analysis for each

specimen. In the as-sintered Ag layer, grain orienta-

tions were randomly distributed with IPF map anal-

ysis as shown in Fig. 6a. Figure 6b exhibits the IQ

map where the low angle grain boundaries (LAGBs,

2�\ h\ 15�) are marked by a green line, the high

angle grain boundaries (HAGBs, 15�\ h) are marked

by a blue line, and the
P

3 boundaries are marked by

a red line. The kernel average grain misorientation

(KAM) maps in Fig. 6c are drawn by an average

grain misorientation angle with a maximum angle of

3�.
For the case of joints without the Ni metallization

layer on the DBA substrate, the grain orientation was

randomly distributed after 500 thermal shock cycles

as shown in Fig. 6d. It can be seen that the fraction of

LAGBs decreases significantly, as shown in Fig. 6e,

compared with the as-sintered Ag particles layer. The

KAM value after the thermal shock tests was lower

than that the initial state, indicating that the initial

dislocation of high energy from LAGBs was released

Figure 5 a Pore size change

after thermal shock test for

both joint with Ni and without

Ni, and the case of cracks

accounted for the case of joint

without Ni and (b) necking

thickness change of Ag-

sintered layer after thermal

shock test.

9858 J Mater Sci (2021) 56:9852–9870



during the process of the grain recrystallization of

sintered Ag layer where the fraction of LAGBs

decreased and HAGBs increased significantly (see

Fig. 6f). On the other hand, the grain orientation was

randomly distributed for the joint with Ni metal-

lization layer, as shown in Fig. 6g. In particular, it

had a lower LAGBs fraction and a higher overall

distribution of HAGBs than that the DBA substrate

Figure 6 EBSD observation results of Ni metallization-dependent

Ag-sintered joints before and after the thermal shock cycling test.

a IPF map of as-sintered Ag joint, b IQ and GB map of as-sintered

Ag joint, and its KAM map (c), d IPF map of Ag-sintered joint

without Ni metallization after 500 cycles; e IQ and GB map of Ag-

sintered joint without Ni metallization after 500 cycles, and its

KAM map (f), (g) IPF map of Ag-sintered joint with Ni

metallization after 500 cycles, h IQ and GB map of Ag-sintered

joint with Ni metallization after 500 cycles, its KAM map (i), and

(j) fraction of twin densities, k misorientation distributions, and

kernel average misorientation angle distributions. The green lines

represent the low-angle boundaries with misorientation angles

between 2� and 15�, the blue lines denote high-angle boundaries

with misorientation angles exceeding 15�, and the red line denote

\sum 3 boundary. EBSD, electron back scatter diffraction; IQ,

image quality; GB, grain boundary; KAM, kernel average

misorientation.
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without Ni metallization layer (see Fig. 6h). As the

fraction of HAGB increased significantly, the KAM

value of the recrystallized Ag grain was approxi-

mately 50% lower than that the initial state (see

Fig. 6i). In addition, the average grain size of the

initial sintered Ag layer was 0.22 lm, which grew for

both cases with and without Ni metallization layer,

where the average grain size was 0.45 lm and

0.57 lm, respectively. Both of the values after the

thermal shock test are more than twice as large as the

value of the initial state. In addition, the average

grain size of sintered Ag layer with the Ni metal-

lization layer was slightly larger than that without Ni

metallization layer. The reason will be discussed in

next section by analysis of Ag atom diffusion in the

both cases during the thermal shock test.

Furthermore, the grain boundaries change,

including the twin boundaries, and the misorienta-

tion angle for both cases joints with and without the

Ni metallization layer on the DBA substrate were also

investigated and analyzed. The twin boundary den-

sity was remarkably higher than that in the initial

state for both cases after the thermal shock test, as

shown in Fig. 6j. Twin boundary density is expressed

in length per unit area. In this study, it means the

value of the selected 20 grains for each specimen. In

addition, in the case of Ni finish it has a slightly

higher density of twin boundary than that without Ni

finish. The reasons may be attributed to the different

stress distributions during the thermal shock test for

the two joints, and will be further studied in our

future work with more data analysis. The quantita-

tive distribution related to these misorientation

angles and KAM are displayed in Fig. 6k and l,

respectively. This characteristic behavior of the grain

structure for the case of joint with the Ni metalliza-

tion layer was due to Al deformation was suppressed

at the bonding interface during the thermal shock

test. The thermo-mechanical stress from the interface

does not dissipate and is uniformly transferred to the

sintered Ag layer in the case with Ni metallization

layer, leading to more active recrystallization than

that of the die-attached structure without Ni

metallization.

Al of DBA layers In addition, EBSD observation was

conducted on the top part of Al (DBA) substrate as

shown in a schematic sketch of Fig. 7a. In the initial

state, the Al layer appeared as almost a single crystal

structure with the grain orientation of [001] and

shows a relatively low value of KAM with sub-grain

boundaries. However, the orientations of Al show a

dramatically different distribution depending on the

presence or absence of Ni metallization after 500

thermal shock cycles as displayed in Fig. 7b. In the

case of joints without Ni metallization, interfacial

deformation between Ag and Al interface was

observed as shown in the SEM image of Fig. 4, which

changed the orientation of Al to colors close to yellow

and promoted regeneration of many sub-grains. In

particular, since relatively strong KAM values were

measured in the sub-grains, it can be interpreted that

Al has a high KAM value in the sub-grains by

allowing plastic deformation. Conversely, in the case

of joints with Ni metallization, an orientation [001]

distribution after 500 thermal shock cycles was

almost same as the initial state. The mean length per

unit area of high-angle boundaries (HAB) is shown in

Fig. 7c. Comparing with the initial state, the value of

HAB largely increased after 500 thermal shock

cycling in the case with Ni metallization layer, which

is also larger than that without Ni metallization layer

after the same thermal shock cycling. The results

indicated that thermal stress will mainly promote the

sub-grains generation and HAB evolution in the case

of the joints with Ni metallization layer.

Ni metallization layers before and after thermal shock

tests Because the Ni layer plays an important role on

the thermal shock resistance, the grain structure of Ni

metallization layer was further investigated before

and after thermal shock.

Figure 8a exhibits a back-scattered electron (BSE)

image of joint structure to explain on the appearance

of the Ni metallization layer area before and after

thermal shock cycling tests. Figure 8b shows the IPF

and KAM value of the Ni metallization layer in initial

state and after 500 thermal shock cycles. The average

grain size of Ni metallization layer slightly increased

from the initial 0.6 lm to 0.7 lm after 500 thermal

shock cycles, and the KAM value decreased from the

initial 0.68 lm to 0.6 lm. The slight change may be

attributed to the thermo-mechanical stress during the

thermal shock test. In addition, there was no notice-

able change in grain orientation which was randomly

distributed before and after the thermal shock test as

shown in Fig. 8b.
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Mechanical characteristics

Grain size and pore size influence

Figure 9 shows the die shear strength before and

after the thermal shock cycle tests for both cases with

and without Ni metallization layer. In the case of the

DBA metallized by Ni/Ti/Ag, there was no sub-

stantial strength reduction after 500 cycles, but the

shear strength was approximately 72% of the initial

strength for the case of Ti/Ag metallization. Because

there are very few reports about the materials prop-

erties of porous Ag related with its grain structure, in

this study, the possible relationship between the

shear strength of Ag-sintered joint structure and its

grain structure is discussed. In both joints with and

without Ni metallization layer, the shear strength

decreased as the grain size gradually increased as

shown in Fig. 9. It is noteworthy that the Ag-sintered

joint structure with Ni metallization layer tended to

follow the typical Hall–Petch relationship by the

values before and after thermal shock 125 and 500

cycles. The Hall–Petch law is well known where the

strength of a polycrystalline material increases with

decreasing grain size [30]. In general, the Hall–Petch

relates the material’s yield strength with its grain size

where a smaller grain size would produce a higher

Figure 7 a initial state of

grain structure of IPF and

KAM of Al (DBA) substrate

by EBSD analysis, b the

EBSD analysis results of Al

substrate after 500 thermal

shock cycles for the Ag-

sintered joint with and without

Ni metallization layer, c the

mean length per unit area of

high-angle boundaries (HAB)

for the Ag-sintered joint with

and without Ni metallization

layer by EBSD analysis.
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yield strength. Some studies also pointed out that

because the maximum shear stress is a failure theory

that is regarded as the criterion for yield generation,

shear stress can be expressed as a function of yield

stress [31]. Therefore, the grain size of Ag-sintered

joint structure with Ni metallization layer may

directly influence the shear strength for the Ag-sin-

tered joint structure. In addition, for the Ag-sintered

joint without Ni metallization layer, the values just

before and after 500 thermal shock cycles were pro-

vided. The relationship between shear strength and

the Ag grain size for this case will be further studied

in our future work with more data analysis.

On the other hand, previous work has reported

that pore size also directly affects the stress distri-

bution of the Ag-sintered joint by a FEM simulation

analysis [32]. As analyzed in Figs. 4 and 5, the pore

size changes due to coarsening, and grain structure

evolution for both the Ag-sintered joints with and

without Ni metallization was largely different. The

different pore size may be one of the reasons of the

shear strength difference. In addition, due to the

vertical cracking generation induced by the hillock-

like deformation of Al layer for the case without Ni

metallization layer, the shear stress may be much

more concentrated at the cracks locations, leading to

facture mode change and shear strength decrease.

Therefore, the thermal shock reliability of sintered Ag

porous structure is a combination of grain structure,

pore size coarsening and vertical cracking generation,

which should largely depend on the thermo-me-

chanical stresses during the thermal shock test.

Fracture surface analysis

These different microstructural evolutions and

mechanical strength evolutions substantially affect

the fracture mode change. Figure 10 shows the

results of fracture surface analysis and EDX analysis

results for both cases with and without a Ni metal-

lization layer after 500 thermal shock cycles. The

shear force direction was marked in the figure. In

Fig. 10a, the surface was very non-uniformly frac-

tured, and the EDX analysis revealed that peaks can

distinguish two very different materials, i.e., Ag and

Al elements. Even the Al-detected part clearly

exhibited a severely deformed hillock, and the thin Ti

barrier was considered damaged by the severe

deformation of Al. Figure 10b exhibits the fracture

surface of Ag-sintered joint without Ni metallization

layer. The fracture occurred at the Ag–Al interface,

Figure 8 a the BSE image of the Ag-sintered joint at the bonding interface of Al substrate, (b) the IPF and KAM results of Ni

metallization layers (b) before and (c) after 500 thermal shock cycling tests by EBSD analysis.

Figure 9 Shear strength of Ag-sintered joint before and after

thermal shock test related with the Ag grain size change.
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and the loads probably concentrated at non-uniform

geometric discontinuities during fracture. However,

in the case of joint with Ni metallization layer, the

fracture surface exhibited a completely different

fracture surface morphology and EDX analysis

results. The EDX analysis revealed only Ag peaks as

shown in Fig. 10c, indicating that fracture occurred

inside the sintered Ag layer as shown in Fig. 10d.

Consequently, as can be seen from the remarkable

difference in the fracture mode after thermal shock

tests, in the specimen without sputtered 7 lm Ni

finish, the Ag-sintered layer–Al interface was

severely damaged, and the load from the shear test

was concentrated at geometrically uneven area,

leading to fracture easily. In this fracture behavior, it

is further discussed in the fracture mode simulation

section in detail.

In addition, the stress–strain curve can distinguish

whether a material behavior is brittle or ductile and is

important to evaluate the fracture behavior of the Ag-

sintered joint. As seen in Fig. 10, the difference in

failure mode was obviously revealed, and the stress–

strain curve responses were well with the fracture

surface analysis. Figure 11 shows the representative

stress–strain curve of sintered Ag joint after 500

thermal shock cycles. Both of the stress–strain curves

of sintered Ag joint with and without Ni metalliza-

tion were increased during the shear test. Based on

Figure 10 a Fractured surface and EDX element analysis of

sintered Ag joint without the Ni metallization where fracture

occurred inside the Ag joint, b schematic description of fracture

path of (a) and (c) fractured surface and EDX element analysis

with the Ni metallization where the fracture occurred at the

interface, d schematic description of fracture path of (c).

J Mater Sci (2021) 56:9852–9870 9863



the results of the microstructure and grain structure

of sintered Ag joint, this stress–strain curve is evi-

dence that the Ni metallization plays a role in sig-

nificantly increasing the fracture strength and

ductility of the Ag-sintered joint.

Thermal stress and fracture mode analysis
by FEM simulation

Thermal stress analysis

To understand the different metallization layers and

their effect on the shear strength, microstructure

evolution, and grain structure of the Ag-sintered

joint, FEM analysis was performed in both cases with

and without a Ni metallization layer during a thermal

shock test. Figure 12 shows the thermal and

mechanical responses for the substrates under tran-

sient-thermal conditions. To investigate the effect of

Ni metallization layer on the stress and strain distri-

bution, the three representative nodes were selected.

One node was near to the GaN chip (Node 3), the

other one was selected at the center of the joint (Node

2), and the third one was near the DBA substrate

(Node 1). In this study, ryy was determined as an

evaluation component of the stress to evaluate the

crack behavior in the vertical direction. Here, rxx is a

transverse stress component. The vertical direction

stress (ryy) distribution of the die-attached structure

without Ni metallization layer is shown in Fig. 12a.

The distribution of non-uniform stress appeared at

the interface between the sintered Ag layer and the

Al (DBA) substrate. In addition, the non-uniform

stress distribution was similar to the trace of Al hil-

locks-like deformation. The heat flux behavior is

shown in Fig. 12b, where the temperature of 250 �C
was applied to the sintered Ag layer. Heat flux (A)
can be defined as the rate of heat energy transfer

through a given surface (W), and the heat flux den-

sity (u) is the heat flux per unit area (W/m2). The

gradient of heat flux was more than three times dif-

ferent among the selected nodes, which directly

affected the stress behavior (see Fig. 12c). Micro-

cracks are considered to be caused by this stress

gradient, and it is assumed that their initiation and

propagation occurs in the non-uniform section, such

as hillock-like deformation.

On the other hand, the FE model with the Ni

metallization layer showed a relatively uniform stress

distribution without a thermal flux gradient (see

Fig. 12d). The stress mainly concentrated at the Al

(DBA) layer under the Ni metallization layer because

the Ni metallization layer prevented the Al layer

deformation during the thermal shock test. In addi-

tion, the heat flux gradients values were significantly

lower than that without the Ni metallization layer

case as displayed in Fig. 12e. This heat flux gradient

also directly affects the stress behavior, and its peak is

two times lower than that of the case without the Ni

metallization layer (see Fig. 12f). Thus, uniform

thermo-mechanical behavior did not cause noticeable

thermal and stress effects at the interface during

harsh thermal shock cycles. It has been numerically

found that different surface finishes can cause dif-

ferent vertical stress distributions in the Ag-sintered

joint.

Fracture mode simulation

To further understand the reason for the strength

reduction of the interface condition due to the dif-

ference in surface finish during the shear tests, the

other FEM simulation was performed. FE modeling

(see Fig. 13a–c) was performed based on actual SEM

cross-sectional images, as shown in Fig. 4(b, d), to

reveal how the degraded die-attached structure

affects the shear strength reduction. Elasto-plastic

analysis was implemented in the FEM simulation,

where the sintered Ag layer was assumed as an

elasto-plastic material, and the values of the elastic

Figure 11 Shear stress-shear strain curve of sintered Ag-sintered

joint with Ni and without Ni metallization from shear tests after

500 thermal shock cycles.
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Figure 12 Thermal stress calculation of the DBA substrates

without and with the Ni finish by FEM: a ryy distribution of the

die-attach substrates of the FE model without the Ni finish,

b transient heat flux result during the cooling process, and (c) its

stress intensity at specific nodes; d ryy distribution of the die-

attach substrates of the FE model with the Ni finish model,

e transient heat flux result during the cooling process, and (f) its

stress intensity at the selected specific nodes.

Figure 13 FEM simulation results of the shear test. a SEM image-

based FE modeling and boundary conditions without the Ni layer,

plastic strain distribution (b); c SEM image-based FE modeling

and boundary conditions with the Ni layer, and plastic strain

distribution (d).
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modulus, Poisson ratio, and yielding stress were 16.7

GPa, 0.31, and 13.8 MPa, respectively [29]. Figure 13b

shows the plastic strain (ep) distribution of the spec-

imen without Ni metallization during the shear

loading process. The intensity of the plastic strain is

mainly concentrated around the Ag–Al interface,

suggesting that fracture easily occurs at this Ag–Al

interface part. On the order hand, as seen in Fig. 13d,

the plastic deformation occurred relatively weakly

inside the sintered Ag layer, and the plastic strain

was not concentrated at the interface, which is con-

sistent with the fracture surface confirmed by the

actual experiment results (see Fig. 10). Previous

study also reported that fracture may have occurred

with a cohesive zone model by finite element analysis

to predict the fracture at interface [41]. Implementing

the simulation of fracture behavior from this point of

view will be covered in further detail in the future

works.

Discussions

Vertical crack mechanism

Vertical crack is a major degradation mode in Ag

sinter joining technologies during thermal shock

cycling and power cycling tests. Therefore, under-

standing the mechanism of crack formation can pro-

vide a decisive key for prevention of the failure. In

this study, based on the experiment and simulation

results, the mechanism of the vertical crack formation

was proposed as seen in Fig. 14, which can be largely

explained in four stages. Firstly, because the Al layer

was polycrystalline structure, stress induced by

coefficient of thermal expansion (CTE) mismatch will

concentrate at the grain boundaries of Al layer.

Similar studies have been reported where the poly-

crystalline metallic thin film is subjected to macro-

scopically uniform compressive stress [33]. As a

result, the grain boundary is subjected to a higher

compressive stress, while the inside of the grain is

subjected to a lower compressive stress. Stress gra-

dient is generated between the grain boundary and

the inside of the grain of the Al layer, leading to the

hillock-like deformation during the thermal shock

test as shown in Fig. 14a. Secondly, the path of the

crack opens as the porous networks are partially

broken in the vertical direction by this hillock as

displayed in Fig. 14b. Thirdly, as Al deforms further

by repeated thermal shock, the crack is completely

open with the stress gradient of the sintered Ag layer.

Finally, mechanical damage caused by these pro-

cesses results in completely deformed interfaces and

severe crack as displayed in Fig. 14c. The start of all

these processes started from the interfacial deforma-

tion by Al hillock, and no vertical cracks were

observed in the joint because interfacial behavior was

suppressed by Ni metallization layer.

Effect of Ag atom diffusion to promote
growth of Ag necking thickness

In this study, the effect of Ag atom diffusion to pro-

mote growth of Ag grain size and necking thickness

was also discussed. As introduced before, the aver-

age grain size of the initial sintered Ag layer was

0.22 lm, which grew for both cases with and without

the Ni metallization layer, where the average grain

size was 0.45 lm and 0.57 lm, respectively. The

average grain size of sintered Ag joints with the Ni

metallization layer was larger than that without Ni

metallization layer. Due to large deformation gener-

ated from Al layer without Ni metallization layer,

some notable vertical cracks and large voids gener-

ated inside sintered Ag layer as seen in Fig. 15a. The

thermal stress will concentrate to these cracks, and

resulting in relatively lower stress inner the sintered

Ag as the shear stress distribution shown in Fig. 13b.

The relatively lower stress leads to a slow driving

force for atomic diffusion. Therefore, these defects

have some effects on stress distribution and thus lead

to the Ag atom diffusion change to slow at the high

temperature.

In addition, as the Ag diffusion cannot progress

uniformly in sintered Ag layer, the recrystallization

process of the Ag grain become slower in the case of

joint without the Ni metallization layer than that with

the Ni metallization layer. In contrast, the Ni metal-

lization layer undergoes active recrystallization and

necking thickness growth due to atomic diffusion

throughout the Ag-sintered joint during thermal

shock tests because there is no deformation or

cracking at the Ag–Al interface as shown in the

schematic diagram of Fig. 15b.

In addition, Ag-sintered joint structures were

reported in previous studies during thermal aging

tests at high temperatures of 250 �C. The results

revealed that sintered Ag layer did not experience the

vertical cracking [23, 34–37]. The microstructure of
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sintered Ag layer became clearly coarsened after

aging at 250 �C in air for 100 h. On the other hand,

Ag-sintered joints were subjected to seriously vertical

cracking with interfacial damage during the thermal

shock cycling test [20, 38]. In particular, it was also

found that the growth of Ag necking thickness of

sintered Ag layer during the thermal shock cycling

was relatively slower than that the growth during

thermal aging. Therefore, vertical cracking can be

suggested as interfering with the growth of Ag

necking thickness by a discontinuous space

formation because it prevents the Ag atom from

actively diffusing inside sintered Ag layer.

Heat-resistant contribution of ultrafine-
grained Ni metallization

A previous study [39] has been reported that the

electro-less Ni–P coating has a fracture toughness of

less than about 10 MPa�m0.5, and electroplated fine-

grain nickel has been reported as having excellent

fracture toughness exceeding 53 MPa�m0.5 [40, 41].

Figure 14 Vertical crack mechanism from Al hillock generation. a Initial state, b the path of the crack opens as the porous networks are

partially broken in the vertical direction due to Al hillock formation, c completely deformed interfaces and severe crack formation.

Figure 15 a Schematic description of the relationship between Ag atom diffusion and interface degradation and (b) Ag atom diffusion in

the case of suppressed interface degradation.
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The sputtered nickel in this study was ultra-fine grain

of 600–700 nm, and thus, it can be expected to have

high fracture toughness. The Ni layer suppressed the

hillock-like deformation during the thermal shock

process, thereby successfully suppressing the vertical

cracking of the Ag-sintered layer. Moreover, as

shown in Fig. 8, since Ni sustains the same

microstructure as in the initial stage even after the

thermal shock test, it is expected to make a substan-

tial contribution in the automotive industry that must

guarantee a long life time in a harsh environment.

Conclusions

In summary, by sputtered 7 lm Ni with exceptional

mechanical properties on DBA substrate, we suc-

ceeded in inducing pore size reduction and complete

recrystallization of sintered Ag joint during harsh

thermal shock tests (- 50/250 �C). This result sup-

pressed the significant decrease in shear strength that

is often observed after severe long-term thermal

shock tests. The thermo-mechanical stress from the

interface does not dissipate and is uniformly trans-

ferred to the sintered Ag joint layer in the case with

Ni metallization layer, leading to more active

recrystallization than that the die-attached structure

without Ni metallization. This characteristic behavior

of the grain structure for the case of the sinter Ag

joints with the Ni metallization layer can be consid-

ered as evidence that the Al deformation is sup-

pressed at the bonding interface during the thermal

shock test.

The microstructure of sintered Ag layer was sig-

nificantly different for the cases with and without Ni

metallization because of the different thermo-me-

chanical stresses. It is seen that the Ag-sintered joint

structure with Ni metallization layer tended to follow

the typical Hall–Petch relationship by the values

before and after thermal shock of 125 and 500 cycles.

The grain size of Ag-sintered joint structure with Ni

metallization layer may directly influence the shear

strength for the Ag-sintered joint structure. In addi-

tion, the mechanisms of vertical cracking and

strength reduction were numerically verified in terms

of mechanics using a FEM simulation. Consequently,

we found that the vertical crack formation was

attributed to the propagation of the thermal and

stress gradients distributed within the sintered Ag

layer owing to the hillock-like deformation of the

interface. Our unprecedented demonstration pro-

vides an understanding of failure mechanisms with

different metallization layers that can improve the

long-term reliability of Ag sinter joining technology

to realize high-power density applications.
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