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ABSTRACT

With the development of electronic technology towards high power, miniatur-

ization, and system integration, power electronic packaging is facing increasing

challenges, especially for die attachment. This research aims to explore silver-

coated copper (Cu@Ag) paste with sufficient mechanical properties and high-

temperature reliability, as an alternative solution for silver sintering with lower

cost. Firstly, micro-Cu@Ag sintering pastes were investigated under four kinds

of polyol-based solvent systems and two types of particle morphologies, which

included sphere-type (SCu@Ag) and flake-type (FCu@Ag). Sintering perfor-

mance and microstructural evolution were compared and analyzed. Notably,

sintered joints employing the terpineol–polyethylene glycol solvent system and

flake-type morphology displayed a denser microstructure in comparison to

SCu@Ag joints. Its bonding strength reached 36.15 MPa, which was approxi-

mately 20% higher than SCu@Ag joints. Subsequently, the influence of key

sintering process parameters on Cu@Ag joints was analyzed, including sintering

temperature, pressure and time. Additionally, high-temperature aging and

thermal cycling tests were conducted on the optimized Cu@Ag joints to assess

their reliability. Finally, the micromechanical properties of Cu@Ag joints before

and after high-temperature aging were further evaluated by nanoindentation

including creep properties. The elastoplastic constitutive models of Cu@Ag

sintered materials with different particle morphologies were constructed, pro-

viding valuable insights for reliability evaluation. The results indicated that

FCu@Ag joints exhibited satisfactory creep resistance and high-temperature

reliability. In conclusion, the FCu@Ag micro-paste based on the terpineol–
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polyethylene glycol solvent system proposed in this study demonstrated suffi-

cient bonding strength, high reliability, and adequate mechanical properties as

an attractive solution for high-temperature power electronics packaging.

1 Introduction

With the rapid development of power electronics

applications such as high-speed rail transportation,

5G communication, and electric vehicles, power

semiconductor devices are required to work reliably

under severe conditions such as high power, high

temperature, high frequency, etc. The limitations

faced by current silicon-based (Si-based) semicon-

ductor devices in terms of operating temperatures

and efficiency have prompted researchers to explore

alternatives. Wide-bandgap (WBG) semiconductors,

exemplified by silicon carbide (SiC) and gallium

nitride (GaN), have emerged as highly promising

candidates. In comparison to traditional Si-based

semiconductors, these WBG semiconductors present

remarkable advantages, including high breakdown

voltage, high power density, and high-temperature

resistance, etc. [1].

The growing demands for the packaging of WBG

power modules present significant challenges for die

attach technology [2, 3]. Although conventional lead-

free solder alloys such as Sn-based solders and Zn-

based solders provide rapid connections to various

electronic components, their practical applications

are limited due to their low heat resistance and poor

corrosion resistance [4, 5]. Hence, numerous investi-

gations have been actively exploring substitution

materials and processes [6–8]. Among them, the low-

temperature sintered materials represented by sin-

tered silver (Ag) and sintered copper (Cu), have

emerged as promising candidates owing to their high

melting point, considerable mechanical strength,

excellent electrical and thermal conductivity, etc.

[9–12]. Compared with sintered Ag, sintered Cu

offers a lower material cost and better resistance to

electrochemical migration, which has attracted

increasing attention in recent years [13, 14]. Never-

theless, the high sintering temperature and high

oxidation risk of sintered Cu material led to its limi-

tations for industrial applications. To overcome these

shortcomings, the core–shell structure Cu@Ag parti-

cles has become an appealing research topic for die

attachment [15, 16]. Tian et al. [17] fabricated Cu@Ag

nanoparticles through a mild two-step method,

which reduced the initial sintering temperature by

almost 80 �C compared with sintered Cu, and

exhibited excellent performance even after two

months of storage. Thomas et al. [18] obtained

nanoscale Cu@Ag sintered joints with shear strength

above 20 MPa after sintering for 60 min at 200 �C air.

Hsiao et al. [19] prepared Cu@Ag particles by low-

temperature reduction method and mixed them with

submicron Ag particles for sintering. The Cu–Cu

bonding strength of 32.7 MPa was achieved at

10 MPa, 275 �C for 30 min, and the resistivity

reached 10.4 lX cm under the reducing atmosphere.

The research in this field has focused more on the

sintering properties of Cu@Ag nanoparticles rather

than microparticles due to the nano-size effect.

However, the high production cost and toxicity risk

associated with nanoparticles should not be ignored.

So far, few detailed investigations were focused on

Cu@Ag micro-scale particles for die attachment.

Furthermore, most previous studies have primarily

focused on macroscopic mechanical properties after

reliability tests, while micromechanical properties

have not been closely examined [20, 21]. Generally,

the micromechanical properties of high melting point

metals (such as Ag and Cu) were difficult to obtain by

the traditional uniaxial tensile method at room tem-

perature, especially the creep properties [22]. Recent

years, the nanoindentation test has been proven to be

an effective approach to accurately measure

micromechanical properties regardless of material

structure and volume [23–25]. Hence, it has emerged

as an effective approach to accurately measure

micromechanical properties, with providing valuable

insights into sintered materials. Zhang et al. [26]

studied the indentation hardness, plasticity, and ini-

tial creep properties of sintered nanosilver joints by

nanoindentation tests. They suggested that increasing

the sintering pressure from 5 to 30 MPa was benefi-

cial to optimize the indentation hardness, modulus,

and creep resistance of the nanosilver sintered joints.

Fan et al. [27] characterized the mechanical properties

of sintered copper nanoparticles using high-temper-

ature nanoindentation tests and considered that high

 1692 Page 2 of 19 J Mater Sci: Mater Electron         (2023) 34:1692 



auxiliary pressure would lead to a decrease in the

temperature sensitivity of hardness and indentation

modulus. However, the micromechanical properties

of Cu@Ag sintered joints and their evolution under

high-temperature aging have not been thoroughly

explored. Additionally, there is a lack of research on

the elastoplastic constitutive behavior of Cu@Ag

sintered materials, which is a crucial aspect for reli-

ability studies.

Therefore, the aim of this research is to explore a

suitable Cu@Ag micro-paste for die attachment with

sufficient strength and reliability. The influencing

factors of obtained joints on sintering properties were

discussed, including organic solvent systems, particle

morphology, and the sintering process. Besides, the

microstructure evolution of Cu@Ag microparticles

before and after sintering was observed for sintering

mechanism investigation. Comparisons between the

influence of key sintering parameters on perfor-

mances were analyzed to determine the optimal

sintering condition for such composite sintering

material. Furthermore, the reliability of the Cu@Ag

sintered joints after high-temperature aging was

examined, as well as high and low-temperature cyclic

shock cycles. At last, the micromechanical properties

of sintered Cu@Ag joints before and after high-tem-

perature aging were evaluated by using a nanoin-

dentation system, including hardness, elastic

modulus, and creep properties. Stress–strain consti-

tutive models of Cu@Ag sintered materials with

different particle morphologies were constructed

through finite element simulation inversion analysis,

providing insights into their elastoplastic behavior.

This study contributed to the optimization of sinter-

ing pastes by designing organic solvent systems and

particle morphology to improve their strength and

reliability, which is essential for advanced packaging

materials development for high-temperature and

high-power module packaging.

2 Experimental

2.1 Materials

Commercial core–shell Cu@Ag microparticles with

the size of 1–10 lm were provided by Guangzhou

Hongwu Material Technology Co., Ltd. These

microparticles were divided into spherical and flake-

type shapes, marked as SCu@Ag and FCu@Ag, and

the silver coating were 30 wt%. In this experiment,

glycerol (G) and triethanolamine (TEA) were pur-

chased from Sinopharm Chemical Reagent, poly-

ethylene glycol (PEG) was from Shanghai Aladdin,

and terpineol (T) was provided by Heraeus, Ger-

many. Core–shell Cu@Ag pastes with different

organic solvent systems were prepared, and the

components of Cu@Ag pastes were shown in Table 1.

The prepared pastes were stenciled onto direct-bon-

ded copper (DBC) substrates and pre-dried in a

140 �C nitrogen (N2) oven for 30 min to remove

organics. Before sintering, put the modules with the

silver-plated Si dummy (2*2 mm2) on the hot plate at

175 �C to preheat for 3 min. The sintering process

parameters were set at 250 �C, 20 MPa, and 600 s

under an N2 protection atmosphere. The schematic

diagram of the sintering process was shown in Fig. 1.

2.2 Characterization analysis

In this experiment, Fourier transform infrared spec-

troscopy (FT-IR, IRTracer-100, Japan Shimadzu) was

performed to characterize the chemical bonding of

the organic molecules on the particle surfaces. The

thermogravimetric analyzer (SDT-Q600, TA Instru-

ments, USA) was utilized to evaluate the weight

change and heat flow behavior of the prepared pastes

with different organic solvent systems. The heating

rate was 10 �C min-1 from room temperature to 400

�C, and the flow rate was 100 ml min-1 under N2

protection atmosphere. The microstructure of Cu@Ag

particles was observed by scanning electron micro-

scopy (SEM, Gemini 300) equipped with energy dis-

persed spectrometry (EDS). In the in-situ heating test,

Table 1 Formulation of Cu@Ag pastes in different organic

solvent systems

Pastes Shape T PEG TEA G

P1 Flake ? ? - -

P2 Flake ? ? ? -

P3 Flake ? - - ?

P4 Flake ? ? - ?

P5 Spherical ? ? - -

Symbols ? and - denote contain and exclude in the solvent

system
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the heating rate was 10 �C min-1 from room tem-

perature to 450 �C. The high-temperature aging test

was conducted in a blast oven (DHG-9035 A) set at

250 �C for 400 h, taken out samples after the settled

time (0 h, 50 h, 100 h, 150 h, 200 h, 300 h, 400 h). The

high and low-temperature cycle test was conducted

in the cold and heat shock chamber (VT37006S2) from

- 55 to 150 �C. The cycle conditions were 2 cycles h-1

for 450 cycles, and a set of samples were taken out

after each interval of 50 cycles. The shear strength of

the sintered joints was measured by a push–pull

tester (Dage-4000), with a shear speed of 0.3 mm s-1

and a shear height of 50 lm.

Nanoindentation tests were conducted on the Bru-

ker Hysitron TI980 nanoindentation instrument using

a standard Berkovich indenter, with the indenter

material was diamond. The SCu@Ag and FCu@Ag

samples were tested after different high-temperature

aging time (0 h, 50 h, 100 h, 200 h, 400 h). The specific

experimental test conditions were detailed in Table 2.

To minimize the influence of sample surface rough-

ness, the test samples were finely polished before the

experiment, and the distance between adjacent

indentations was more than three times the size of the

indentations. More than 5 test points were recorded

under each experimental condition, and the obtained

data were averaged. Equivalent indentation stress (r)
was defined as the ratio of impingement load to

indentation projection area, expressed as follows:

r ¼ P

A
; ð1Þ

where P is the load and A is the indentation projec-

tion area.

For an ideal Berkovich head, the projected area A

and the contact depth hc were calculated using the

following formula:

A ¼ 24:56hc
2; ð2Þ

hc ¼ hmax � �
Pmax

S
¼ hmax � � hmax � hrð Þ; ð3Þ

Fig. 1 Schematic diagram of the sintering process

Table 2 Design for

nanoindentation experiment of

Cu@Ag samples

Experiment conditions Loading rate (mN s-1) Maximum load (mN) Holding time (s)

Group 1 0.4 20 30

Group 2 0.8 20 30

Group 3 1.2 20 30

Group 4 0.8 10 30

Group 5 0.8 30 30

Group 6 0.8 20 300
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where hmax is the maximum pressing depth of the

indenter, S is the contact stiffness, �is the shape cor-

rection factor of the indenter (� = 0.75), and hr is the

remaining depth after unloading.

Based on the Oliver–Pharr model [28], hardness

(H) and elasticity modulus (E) were expressed as:

H ¼ r ¼ Pmax

A
; ð4Þ

Er ¼
ffiffiffi

p
p

2b
� S

ffiffiffiffi

A
p ; ð5Þ

1

Er
¼ 1� vi

2

Ei
þ 1� v2

E
; ð6Þ

where Er is the reduced modulus and a constant

related to the shape of the indenter (b = 1.034). Ei and

vi are the elastic modulus and Poisson’s ratio of the

indenter material (Ei ¼ 1140 GPa; vi ¼ 0:07), while E

and v are the elastic modulus and Poisson’s ratio of

the test material, respectively.

Contact stiffness (S) is defined as the slope at the

initial stage of the unloading curve in the load-in-

dentation depth curve, which was expressed as:

S ¼ dP

dh
: ð7Þ

In the nanoindentation experiment, when the load is

maintained for a while, the metal material will

undergo creep deformation, resulting in creep dis-

placement. The creep rate ( _h) and creep strain rate ( _�) of

the samples were calculated by the following formula:

_h ¼ dh

dt
; ð8Þ

_� ¼
_h

h
¼ 1

h

dh

dt
: ð9Þ

On the other hand, the hardness of samples at

room temperature can also be expressed as:

H ¼ C _�ð Þm; ð10Þ

wherein, C is the proportionality constant related to

the material structure, and m is the strain rate sensi-

tivity index.

Thus, combined with formulas (4), (9), and (10), the

strain rate sensitivity index m was described as:

m ¼ olnH

oln _�
¼ olnðP=AÞ

olnð _h=hÞ
: ð11Þ

2.3 Finite element simulation inversion
analysis

Typical nanoindentation load–displacement curve

(P–h curve) of the metal elastic–plastic materials were

shown in Fig. 2a. The loading curve in the P–h curve

satisfied Kick’s law [29], as depicted in the Eq. (12):

P ¼ Ch2: ð12Þ

In addition, the total work (Wt) in the loading phase

can be expressed as the sum of elastic work (We) and

plastic work (Wp), as demonstrated in Eq. (13):

Wt ¼ We þ Wp: ð13Þ

The power-law strengthening model was com-

monly used to describe the stress–strain relationship

of metal materials, as shown in Fig. 2b, which was

expressed as follows [30]:

r ¼
E�ðr� ryÞ

R�n ¼ ry 1þ E

ry
�p

� �

ðr[ ryÞ

8

<

:

; ð14Þ

where E is Young’s modulus, R is the strength coef-

ficient, n is the strain strengthening index, ry is the

yield strength, and ep is the strain at the plastic stage.

In this study, an axisymmetric two-dimensional

ANSYS finite elementmodel (FEM)was constructed to

simulate the indentation response of Cu@Ag samples,

as depicted in Fig. 3a. Since the FEM required a unified

unit system, the unit of length is lm, the unit of time is

s, the unit of elasticmodulus and stress isMPa, and the

unit of force is mN. To adhere to Saint-Venant’s prin-

ciple and achieve better grid accuracy, the FEMmodel

was divided into four parts. In this experiment, the

maximum displacement of 1000 nm was obtained by

the continuous stiffness measurement (CSM) tech-

niquewith a loading strain rate of 0.05 s-1. The elastic–

plastic constitutivemodel of Cu@Ag sintered particles

was established through inversion calculation, and the

inversion analysis flow chart was shown in Fig. 3b.

3 Results and discussion

3.1 Effect of solvent modulation
on sintering properties

The sintering performance was significantly impac-

ted by the organic solvent system used as the carrier
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for the sintering pastes. Therefore, the internal char-

acteristics of the solvent systems were investigated

first, with a focus on FTIR analysis and thermo-

gravimetric analysis. FTIR analysis offered valuable

insights into the chemical properties of the sintering

pastes, encompassing chemical bonds, functional

groups, and molecular structure. Besides, it facili-

tated the detection of potential impurities that could

adversely affect the performance and reliability of

Cu@Ag pastes. Figure 4a represented the FTIR spec-

tra of Cu@Ag pastes with different organic solvent

systems. It showed that the obvious absorption peak

at 3463 cm-1 to 3309 cm-1, which was related to the

stretching vibration of the hydroxyl group (–OH). By

contrast, P3 paste produced a relatively strong

absorption peak due to its solvent system containing

more glycerol and terpineol. The absorption peaks

near 2869 cm-1 and 1455 cm-1 represented the

Fig. 2 a Typical load–displacement curve of nanoindentation, b power-law constitutive model curve of material elastic–plastic behavior

Fig. 3 a Finite element geometric model of nanoindentation, b flow chart of inversion analysis
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stretching and bending vibrations of methylene

(–CH2–), respectively. Only the P3 paste did not

exhibit an ether bond (C–O–C) absorption peak at

1250 cm-1, this is because only P3 had no poly-

ethylene glycol. Similarly, the C–N bond exhibited

stretching vibration around 1063 cm-1 to confirm

that P2 contained triethanolamine. There were no

additional metal oxide absorption peaks were

observed below the 700 cm-1 regions, indicating that

P1–P5 pastes all had high-quality purity and oxida-

tion resistance.

Thermogravimetric analysis was employed to

investigate the thermal behavior of sintering pastes,

offering valuable insights for optimizing paste com-

position and sintering parameters. Thus, the differ-

ences between the thermal behaviors of the P1–P4

sample solvent systems were discussed, as displayed

in Fig. 4b, c. The results indicated that the P3 sample

underwent rapid decomposition before 250 �C,
resulting in a considerable number of pores in the

sintered layer, which adversely affected the bonding

strength and reliability. Almost all of the organic

components in the pastes were volatilized and

decomposed at temperatures below 350 �C, leaving
less than 4% organic residue, except for the P2 sam-

ple. The P1 sample showed an exothermic peak at

326.3 �C with a weight loss of 44.64%, attributed to

the decomposition of the PEG component. Similarly,

the P4 sample showed an exothermic peak at 301.8 �C
with a weight loss of approximately 35.08%, which

was ascribed to the decomposition of propanetriol to

neutralize some of the heat. Furthermore, the shear

strength of joints sintered by P1–P4 pastes with dif-

ferent solvent systems was investigated, as shown in

Fig. 4d. Among these four organic solvent systems,

the shear strength of P1 joints was the highest while

Fig. 4 a FTIR spectrum of P1–P5 pastes, b TG and c DSC curves of P1–P4 pastes, d shear strength of sintered joints
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P3 was the lowest, with an average value of

36.15 MPa and 12.28 MPa, respectively. The results

verified the above thermogravimetric analysis. The

shear strength of the P2 joints was slightly lower than

P1, as the P2 paste was found chemically unsta-

ble during the storing procedure. The P4 joints had

higher average bonding strength than the P3 joints

since the spatial barrier effect of the dispersant PEG

avoided agglomeration between the Cu@Ag parti-

cles. Additionally, the shear strengths of pure copper

and pure silver sintered particles in the P1 organic

solvent system were tested for comparison. The shear

strength of sintered Cu joints was slightly lower than

that of Cu@Ag sintered particles at 33.13 MPa, and

the joint bonding quality level fluctuated greatly. On

the other hand, the shear strength of sintered silver

joints achieved 49.39 MPa, while its industrial appli-

cation was limited by the high cost. As a result, the P1

paste based on FCu@Ag microparticles exhibited

great potential for die attachment due to its good

chemical stability, sufficient shear strength, and

potential low cost.

3.2 Effect of sintered particle
microstructure on sintering properties

The sintering process was significantly influenced by

particle morphology due to its relation to surface

energy, thus it is essential to investigate its influence

on the sintering performance. The microstructure of

the initial Cu@Ag core–shell particles before sintering

was illustrated in Fig. 5a–d. The particle size of

SCu@Ag was observed to be relatively uniform at

about 1–2 lm, while FCu@Ag was relatively large at

around 10 lm. Both types showed a great coating

effect that effectively insulates the copper core from

oxygen. Figure 5e showed that there was no signifi-

cant change occurred between the FCu@Ag particles

during the in-situ heating process, inferring that the

solvent system in the sintering paste played an

important role in connecting the metal particles and

initiating the sintering process. Figure 6 showed the

morphology of the sintered joints, which revealed that

the sintered Cu@Ag layer had a dense sandwich

structure. Comparedwith SCu@Agparticles, FCu@Ag

particle sizes were larger, which should lead to larger

porosity of sintered layer with the same silver content.

Despite this, the sintered FCu@Ag joints still exhibited

a dense structure and made close contact with the

substrate surface after sintering. Based on the obser-

vations, the contact between SCu@Ag particles was

point contact, while that of FCu@Ag particles was

surface contact. On the other hand, the relatively larger

surface area of FCu@Ag particles also increased the

probability of contact. Thereby, flake-type Cu@Ag

particles were more inclined to form denser connec-

tions during diffusion sintering. From Fig. 6c, f, it was

concluded that the Ag shell in FCu@Ag particles

exhibited relatively better protective and antioxidant

effects during the sintering process.

It is of great importance to analyze the necking

growth among Cu@Ag particles during the sintering.

Figure 7 displayed the microscopic morphology of

Cu@Ag sintered particles, and the necking growth

between Cu@Ag particles was clearly observed.

During the sintering process, the organic matter

gradually decomposed and volatilized, leading to the

sintering of contact areas between the Cu@Ag parti-

cles. On one hand, the Ag shell on the surface of

Cu@Ag particles entered the tiny gaps between the

particles through sintering. With further sintering, the

porosity of the sintered joints decreased gradually. On

the other hand, with the partial disappearance of the

Ag layer at the interface of Cu@Ag sintered particles,

copper cores contacted and diffused with each other,

resulting in the formation and coarsening of Cu sinter

necks. In summary, the results showed that the

FCu@Ag sintered particles exhibited condensed sin-

tered structures which linked with high reliability

under high-temperature and high-power conditions.

3.3 Effect of process optimization
and reliability test on sintering
performance

To investigate the influence of sintering process

parameters on mechanical properties, the shear

strength results and full factor analysis of P1 sintered

joints under different process parameters were

shown in Fig. 8. The results indicated that the shear

strength of joints sintered at 200 �C was below

10 MPa, suggesting the absence of effective sintering.

As the sintering temperature rose from 200 to 250 �C,
the bonding strength of Cu@Ag joints was improved.

When the temperature rose to 250 �C, the shear

strength sintered at 20 MPa for 5 min reached

22 MPa, which was 83.3% higher than that at 225 �C
under the same sintering condition. Furthermore, the
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shear strength of the joints sintered for 10 min

reached 36.15 MPa, which was sufficient for die-at-

tach applications. From Fig. 8b, it was clearly seen

that both sintering temperature, time and pressure

effectively improved the shear strength of FCu@Ag

sintered joints. Regarding P1 paste, the sintering

temperature was identified as the most critical factor,

while the sintering pressure had the least impact.

Considering that not only the sintering performance

and efficiency should be guaranteed, but also the chip

and substrate need to be protected from cracking, the

optimal sintering process parameters were recom-

mended as 250 �C, 20 MPa, 10 min.

To simulate the harsh and complex temperature

environment faced by high-power devices, high-

temperature aging tests and thermal cycling tests

were conducted on the sintered joints, as depicted in

Fig. 9. Before aging, the initial shear strength of the

FCu@Ag joints exceeded that of SCu@Ag joints,

which was consistent with the microstructure

Fig. 5 SEM and EDS mapping images of initial SCu@Ag (a, b) and FCu@Ag (c, d) particles; e In-situ SEM image of FCu@Ag

particles

Fig. 6 a–c SCu@Ag and d–f FCu@Ag samples after sintering: a, d cross section of the joints, b, e SEM images and c, f EDS mapping
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analysis in Sect. 3.2. After the high-temperature aging

test, the average bonding strength of SCu@Ag joints

rose to 52.53 MPa after 50 h aging, which was an

increase of 73% from the initial. Similarly, the mean

strength of FCu@Ag joints also increased to

63.49 MPa after 50 h aging, which was 76% higher

than before. In the initial 100 h of high-temperature

aging, the shear strength of both SCu@Ag and

FCu@Ag samples showed the fastest increase. The

results indicated that the shear strength of SCu@Ag

and FCu@Ag joints both improved after 400 h of high

temperature aging at 250 �C, demonstrating their

stable working properties under high operating

temperatures, particularly for FCu@Ag joints. On the

other hand, the thermal cycling test performed from

- 55 to 150 �C and 2 cycles h-1 conditions showed the

decreasing of shear strengths. After only 50 cycles in

the thermal cycling test, the shear strength of

SCu@Ag joints rapidly declined from the initial value

of 30.31–19.28 MPa by 36.4%. The bonding strength

of FCu@Ag joints decreased slower than SCu@Ag

joints.

Additionally, the microstructural evolution of

Cu@Ag samples during high-temperature aging was

observed, and the cross-sectional SEM images were

recorded in Figs. 10 and 11. Both the SCu@Ag and

FCu@Ag samples demonstrated a trend of decreasing

porosity with increasing high-temperature aging

time. The rapid densification after 100 h, as shown in

Fig. 10, corresponded to the rapid shear strength

increase shown in Fig. 9a. The increased bonding

strength after high-temperature aging was not only

attributed to the further decomposition and dissipa-

tion of chemical residues but also the densification of

the sintered structure.

Moreover, it also benefited from the tighter metal

bonding formed by the diffusion between Cu and Ag

at the interface of Cu@Ag particles after aging, as

Fig. 7 Cross-sectional SEM images of Cu@Ag sintered microparticles: a SCu@Ag, b FCu@Ag

Fig. 8 Shear strength of sintered FCu@Ag joints: a under different sintering process conditions, b main effect diagram
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shown in Figs. 11 and 12; Table 3. The sintering

behavior indicated that the copper cores tended to

diffuse and gathered into the contact interface or

structural void between particles, after the dewetting

of the Ag layer. Since Cu and Ag shared the same

face-centered cubic crystal structure, high-tempera-

ture aging also promoted their interdiffusion, thereby

improved the bonding quality. Besides the

microstructure capture through SEM, EDS is also

applied for sintering mechanism analysis. The

increase in oxygen content was observed from the

EDS mapping results, probably due to the formation

of copper oxide aggravated by aging tests. The sep-

arated Ag shell was filled into the tiny pores left by

the volatilization of organic matter. Although the

copper oxide structure formed was relatively loose,

the densification of the sintered structure had a rel-

atively dominant impact on the performance of the

Cu@Ag joints, resulting in enhanced shear strength.

It was worth mentioning that there were also differ-

ences in the shapes of pores formed by SCu@Ag and

FCu@Ag sintered particles, which were spherical

pores and narrow strip pores, respectively. Com-

bined with the strength results, it was inferred that

compared with spherical pores, the narrow and long

pores in the non-shear failure direction may have a

stronger hindering effect on crack propagation. Fig-

ure 13 illustrated the sintering evolution process of

Cu@Ag particles. In contrast to the isotropic sintering

of spherical particles, flake-type Cu@Ag particles

Fig. 9 Shear strength of sintered joints: a high-temperature aging, b thermal cycle impact

Fig. 10 SEM images of cross section of Cu@Ag samples after different high temperature aging time: a–d SCu@Ag: 0 h,100 h, 200 h,

400 h; e–h FCu@Ag: 0 h, 100 h, 200 h, 400 h
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exhibited anisotropic sintering, which was more

conducive to accelerating the sintering process of

Cu@Ag particles. Moreover, the bridging effect

between the flake-type particles also enhanced the

internal connection of the sintered joints, leading to

improved mechanical properties. In conclusion,

FCu@Ag joints embraced better resistance to high

temperature and thermal cycling, indicating their

excellent reliability to satisfy strict operating tem-

perature requirements of power devices.

Fig. 11 SEM images and EDS mapping of sintered joints after 400 h aging: a, b SCu@Ag, c, d FCu@Ag

Fig. 12 SEM image of Cu@Ag sintered particle after 400 h aging: a SCu@Ag, b FCu@Ag
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3.4 Nanoindentation analysis of sintering
properties

3.4.1 Main influencing factors of room temperature

nanoindentation test

Nanoindentation technology has been demonstrated

to be an effective method for accurately evaluating

the micromechanical properties and fatigue behavior

of sintered materials for chip interconnection, thereby

contributing to the improvement of chip reliability

and performance. At first, it was necessary to inves-

tigate the effects of nanoindentation parameters on

the load–displacement curves and micromechanical

properties of Cu@Ag joints, were shown in Fig. 14.

The Cu@Ag samples under the indenter underwent

elastoplastic deformation during the loading process,

while the elastic recovery occurred during the

unloading process. Under the same load condition,

the higher the loading rate, resulting in a smaller

indentation depth and steeper load–displacement

curve. Similarly, at a fixed loading rate, the indenta-

tion depth was positively correlated with the applied

load. This correlation can be attributed to the release

of stored elastic deformation energy during the load-

holding stage, which results in greater indentation

depth. Obviously, under the same test conditions, the

maximum indentation depths of SCu@Ag samples

were greater than FCu@Ag samples, indicating that

the latter exhibited stronger impact resistance. The

hardness of Cu@Ag samples decreased with the

increase in load, indicating that there was a slight

indentation size effect. In contrast, indentation per-

formance was more sensitive to load variation rather

than loading rate. After comprehensive considera-

tion, conditions of 0.8 mN s-1 and 20 mN were

selected for subsequent nanoindentation

experiments.

3.4.2 Hardness and elasticity modulus

Nanoindentation technology offers powerful advan-

tages of high resolution and high sensitivity in the

nanometer scale, providing more accurate informa-

tion on the micromechanical properties of sintered

materials, such as hardness and elastic modulus, and

helping to understand their deformation and failure

under stress. Figure 15 presented the average hard-

ness and elastic modulus values of Cu@Ag joints

after different high-temperature aging time. Both

indentation modulus and hardness increase with the

increase of high-temperature aging time. It was

attributed to the promotion of diffusion bonding

between Cu@Ag particles during short-term high-

temperature aging, leading to enhanced microstruc-

ture densification and resistance to plastic deforma-

tion. In comparison to SCu@Ag, the FCu@Ag joints

had higher indentation modulus and hardness over-

all. Specifically, the mean elastic modulus of FCu@Ag

joints increased from 59.18 to 68.68 GPa after 300 h of

high-temperature aging, with a growth rate of 16.1%.

Simultaneously, the hardness also increased by 3.8%.

Table 3 EDS data for different positions in Cu@Ag sintered

particles

Elements (wt%) Point 1 Point 2 Point 3 Point 4 Point 5

Cu 37.08 52.12 45.15 56.46 77.62

Ag 57.50 40.89 52.16 42.08 15.33

O 5.42 7.00 2.69 1.46 7.04

Fig. 13 The sintering evolution of Cu@Ag pastes
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3.4.3 Creep properties

The investigation of the deformation behavior of

sintered materials under high temperature and high

stress using nanoindentation technology, as well as

the analysis of their fatigue life and fracture behavior,

holds great practical significance for their industrial

application.Therefore, the creep characteristics of

Cu@Ag joints were observed by holding them for

300 s under 20 mN, as shown in Fig. 16. The Cu@Ag

sintered joints exhibited room temperature creep

behavior, and the deeper creep displacement of

SCu@Ag than FCu@Ag, which indicated that the

SCu@Ag joints were more prone to creep. The creep

displacement curves of Cu@Ag joints obtained in the

nanoindentation test were divided into two stages,

namely the initial creep stage and the steady creep

stage. In the initial creep stage, the creep displace-

ment increased rapidly with the increase of holding

time, while the creep rate gradually decreased. This

behavior was ascribed to the rapid nucleation of

dislocation and rapid absorption by grain bound-

aries. Then it entered the steady creep stage, where

the creep displacement slowly increased as the creep

rate decreased and became stable. At the initial state

of 0 h, the creep displacement of SCu@Ag and

FCu@Ag were 150.19 nm and 55.32 nm, respectively.

With high-temperature aging, the creep displacement

of Cu@Ag joints decreased and the creep strain rate

decreased. This indicated that the creep resistance

increased after high-temperature aging. In contrast,

FCu@Ag joints had smaller creep displacements than

Fig. 14 a, b The effect of loading rate on the indentation

properties of joints: a load–displacement curve; b indentation

modulus and hardness; c, d the effect of applied load on the

indentation properties of joints: c load–displacement curve,

d indentation modulus and hardness
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SCu@Ag joints after the same high temperature aging

time and exhibited better creep resistance.
To better evaluate the deformation mechanism of

Cu@Ag joints, the double logarithmic curves of

indentation strain rate and hardness were presented

in Fig. 17. The strong linear correlation between the

data indicated high fitting consistency. The hardness

exhibited relatively little decrease during the load-

holding process, suggesting that the creep deforma-

tion capacity of Cu@Ag joints at room temperature

was limited. Regarding Cu@Ag joints, the strain rate

sensitivity index m were mainly distributed between

0.01 and 0.05, which reflected that dislocation

climbing was dominant in the steady creep stage. The

slight fluctuations in data might have been caused by

surface defects and the roughness of the samples.

With the increase of high temperature aging time in

the short term, the m value decreased, indicating that

the creep resistance of Cu@Ag joints was enhanced.

The reason behind this enhancement was the further

promotion of microstructure densification and grain

growth of Cu@Ag microparticles during the aging

process. The grains gradually grew and the grain

boundaries formed a continuous network, leading to

enhanced interactions between dislocations and grain

boundaries. The creep resistance of Cu@Ag particles

was enhanced, thus limiting the room temperature

creep behavior of the Cu@Ag joints. Consequently,

Fig. 15 Hardness and elasticity modulus of Cu@Ag samples after different high temperature aging time

Fig. 16 Creep displacement of samples after different high-temperature aging time: a SCu@Ag, b FCu@Ag
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these results indicated that both spherical and flake-

type Cu@Ag sintered joints exhibited excellent creep

resistance and reliability.

3.4.4 Constitutive model of sintered Cu@Ag particles

The establishment of the constitutive model proved

beneficial for understanding the elastic–plastic behav-

ior of die attach materials, providing guidance for fail-

ure mechanism analysis and reliability assessment.

Basedon the inverseanalysis algorithm, the constitutive

relationship of Cu@Ag sintered joints with different

particle morphologies was investigated by finite ele-

ment modeling and compared with the results of

nanoindentation experiments. The reverse analysis

algorithm primarily relied on the nanoindentation

loading stage curve for calculation and simulation.

Firstly, an ideal elastoplastic model was assumed, and

the stress intensification exponent was 0 (n = 0). The

load–displacement curves were obtained through con-

tinuous iteration of FEMuntil the relative errorwith the

nanoindentation result was less than 0.5%, as depicted

in Fig. 18a.At this time, the characteristic stress rr of the

SCu@Ag and FCu@Ag samples were 228.3 MPa and

357.57 MPa, respectively. Subsequently, the stress

intensification index n obtained through dimensional

theoretical analysis was substituted into the simulation

for further iterative optimization, as shown in Fig. 18b.

The congruity observed between the finite element

method (FEM) results and experimental data in this

figure substantiates the feasibility and precision of the

elastic–plastic constitutive relationship for sintered

Cu@Ag samples, as determined through inversion

analysis. At this time, the characteristic strain values er

of SCu@Ag and FCu@Ag samples were 0.0248 and

0.0258, respectively. The yield stressrywas 24 MPa and

53.23 MPa, respectively. As a summary, Table 4 pre-

sented the constitutive parameters of SCu@Ag and

FCu@Ag sintered samples. The Von Mises stress cloud

diagrams of the Cu@Ag sintered samples under

nanoindentation simulation were shown in Fig. 18c, d.

The deformation of the Cu@Ag sintered samples was

primarily concentrated in the contact area between the

indenter and the samples, with stress propagating lon-

gitudinally and transversely in a circularmanner. Itwas

observed that FCu@Ag sintered particles exhibited a

smaller stress concentration range compared to

SCu@Ag sintered particles.

Finally, elastic–plastic constitutive models were

developed for Cu@Ag sintered materials, providing

descriptions of the stress–strain relationship for both

SCu@Ag and FCu@Ag sintered particles, as repre-

sented by formulas (15) and (16) respectively. Figure 19

illustrated the corresponding micromorphology and

stress–strain relationship curves of the sintered Cu@Ag

particles. The yield stress (ry) of FCu@Ag sintered

particles measured 53.23 MPa, which was 2.28 times

higher than that of SCu@Ag sintered particles. This

significant difference indicated that FCu@Ag sintered

particles exhibited a notably higher yield stress and

enhanced resistance to plastic deformation, resulting in

reducedplasticdeformationunder the sameconditions.

In addition, the n value of FCu@Ag samples was also

higher than that of SCu@Ag, which revealed that

Fig. 17 Creep strain rate-hardness curves of Cu@Ag samples after different aging time
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FCu@Ag sintered particles had a higher strain harden-

ing effect, leading to uniform deformation, which was

beneficial to relieve stress concentration and suppress-

ing cracks. In summary, FCu@Ag pastes demonstrated

enhanced reliability and application value attributed to

their superior deformation resistance and mechanical

properties.

r ¼ 47; 750� ðr� 24:00Þ
24:00ð1þ 1989:58�Þ0:5748 ðr[ 24:00Þ

�

; ð15Þ

r ¼ 51; 870� ðr� 53:23Þ
53:23ð1þ 974:45�Þ0:5838 ðr[ 53:23Þ

�

: ð16Þ

4 Conclusions

In this study, sintering pastes based on two types of

micro-size Cu@Ag particles with four solvent sys-

tems were successfully prepared and characterized

Fig. 18 Comparison of load–displacement curves predicted by the elastoplastic model of Cu@Ag sintered joints with experimental

results: a n = 0, b n 6¼0; Results of Von Mises stress contours in finite element simulation: c SCu@Ag, d FCu@Ag

Table 4 Constitutive

parameters of Cu@Ag sintered

samples

rr

(MPa)

Wp/Wt hr/hm n er ry

(MPa)

R (GPa) E (GPa) H (GPa)

SCu@Ag 228.2979 0.8771 0.9093 0.5748 0.0248 24.0042 1.8951 47.75 0.83

FCu@Ag 357.5723 0.8118 0.8624 0.5838 0.0258 53.2296 3.003 51.87 1.28
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for die attachment. The main findings regarding this

alternative material for silver sintering are as follows:

1. Both solvent systems and particle morphology

played important roles in the properties of sin-

tered joints. Particularly, the organic solvent

system had a considerable impact on the sinter-

ing effect of FCu@Ag pastes. The positive effect of

the Terpineol–polyethylene glycol solvent system

on sintered Cu@Ag particles was not only to

prevent particles agglomeration and oxidation

due to the steric hindrance effect but also that the

solvent can be almost completely volatilized

during the sintering process, thereby facilitating

further densification of the particles.

2. Flake-type Cu@Ag microparticles had a denser

microstructure than spherical Cu@Ag due to their

larger contact area. As a result, the shear strength

of the FCu@Ag joints achieved 36.15 MPa, which

was approximately 20% higher than that of

SCu@Ag joints and deemed adequate for die-

attach applications.

3. Among the sintering process parameters, the

mechanical properties of Cu@Ag joints were

most significantly influenced by the sintering

temperature, while the sintering pressure had the

least effect. Furthermore, the optimized process

parameters (250 �C, 20 MPa, 10 min) were pro-

posed as a reference for industrial applications.

Notably, FCu@Ag joints demonstrated satisfying

high-temperature reliability and thermal cycling

resistance, maintaining a bonding strength of

over 70 MPa even after 400 h of high-temperature

aging.

4. The micromechanical properties of Cu@Ag joints

after aging were evaluated by nanoindentation,

encompassing hardness, elastic modulus and

creep properties. The results revealed that the

micromechanical properties of FCu@Ag joints

were not significantly affected by 400 h of high-

temperature aging. Moreover, the construction of

elastic–plastic constitutive models for Cu@Ag

sinter materials offered valuable guidance for

analyzing its mechanical behavior and reliability

life in-depth.

In conclusion, the FCu@Ag paste proposed in this

paper not only had considerable mechanical strength,

but also had satisfying creep resistance and high-

temperature reliability, which provided a promising

solution for power electronic packaging.
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