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a b s t r a c t

Robust bonding of Cu quasi-nanoparticles sintering for Ag coated chip and bare copper

substrate was achieved. The effect of temperature, pressure and time on the sintering

bonding strength and microstructural evolution was deeply studied. 36.5 MPa shear

strength was achieved when applied 5 MPa pressure. By increasing to 30 MPa, it shows the

best die shear strength of 116 MPa, accomplished with a sintering temperature of 250 �C for

3 min. Temperature also influenced the shear strength a lot. Between 210 �C and 230 �C can

already provide strength over 30 MPa. When increased to 270 �C, the strength was

extremely enhanced to over 120 MPa. Inspection on the fracture behaviors and cross-

section of sheared off samples was conducted by SEM, EDS, and XRD. It is found that

low bonding performance is due to both of the incomplete burnt out of organics and

incomplete Cu QNPs sintering. In addition, high bonding is account for the positive effect of

pressure and temperature on promoting the necking growth, sintering networking for-

mation, pores isolation and brittle-ductile fracture transformation. The recommended

sintering profile is 250 �C, 3 min, 20 MPa. Finally, the feasibility for SiC MOSFET power

electronics DA was verified by testing its static characteristics at both room temperature

and 150 �C.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Power electronics (PE) have been widely used in high-speed

rail transportation, electric vehicles, 5G network and indus-

trial motors for energy conversion and controlling [1,2]. In

these applications, the reliable operation of semiconductor

devices at high temperature is of great significance. Recently

wide-bandgap (WBG) semiconductors materials, such as

silicon carbide (SiC) and gallium nitride (GaN) were more and

more applied due to their outstanding electrical, thermal and

mechanical properties. However, conventional Pb-free sol-

der joint materials such as SneAgeCu alloys with reflow

temperature of 220e260 �C is not suitable at application

temperatures higher than 200 �C due to their low remelting

temperature and poor reliability. Therefore, there is an ur-

gent need to develop new type of bonding materials, which

can ensure excellent performance for higher operating

temperature and higher power density raised by WBG

semiconductors [3].

Nano-silver sintering [3e10] and transient liquid phase

soldering (TLSP) method [11e13] have emerged as promising

alternative bonding techniques for high temperature appli-

cations. However, these techniques possess inevitable

drawbacks such as formation of brittle intermetallic com-

pounds (IMC), risk of electro-chemical migration (ECM) and

high material costs, which limit the largescale application in

the future. Recently, nano copper sintering is receiving great

attentions because of its much lower material cost (about

1e10% of the Ag price), lower ionmigration tendency, as well

as sufficiently high thermal conductivity (398 W/mK for bulk

material) [14e18]. However, for the industrial application,

the biggest challenges that nano copper material encoun-

tered are the high oxidation risk, high agglomeration ten-

dency, higher sintering temperature and complex sintering

process [6,19]. To solve these problems, different methods

have been attempted. First of all, the most effective way to

avoid copper oxidation and guarantee good bonding perfor-

mance is injecting reducing atmosphere with specific con-

centration during sintering [20,21]. The similar scheme also

includes setting an intentional oxidation-reduction process

of copper NPs during the sintering [6,22e24]. However, from

the industrial/practical application perspective, the reducing

gas and oxidation-reduction reaction may increase the pro-

cess cost as well as the complexity. For this reason, a pro-

tective treatment for Cu nano particles (NPs) in advance

combined with applying of inert atmosphere during sinter-

ing can be a better way [25]. Different Cu NPs synthesis

methods were proposed to obtain small-size NPs with low-

temperature sintering ability and stable properties. Most of

synthesis methods are based on the modified polyol method

applying different precursor and reducing agent, such as

hydrazine [26,27], citric acid [26], PVP [28,29], L-ascorbic acid

[30,31], formic acid [32]. However, the above-mentioned

methods heavily rely on the precise control of additives

(polymers and surfactants) amount to control the diameter

and prevent aggregation of Cu NPs in organic solvents

simultaneously. Therefore, for the industrial scale applica-

tions such in-situ coating during the Cu NPs generating
process is problematic. Accordingly, creating protective

capping after the copper nano particle synthesis could be a

more feasible solution. Liu et al. [33,34] used formic acid to

treat the as-produced Cu NPs. Compared with the untreated

Cu NPs, the treated Cu material shows better bonding

strength (43.4 MPa) after sintering at 260 �C in H2/N2 mixing

atmosphere with 10 MPa assisted pressure. To further reduce

the oxidation risk during sintering, the sintering process

should be as short as possible so that the coppermaterial will

not be exposed to the oxygen for too long. Hence, the most

effective method to shorten the process time is to employ a

moderate external pressure during the die attachment (DA)

[25,29,30,32e34]. Gao et al. [35] used ascorbic acid to treat the

as-produced NPs, and the produced NPs obtained the self-

reductive ability. After sintering at 250 �C for 30 min with

0.4 MPa the joint showed over 15 MPa bonding strength. Zhao

et al. [36] synthesized 30 nmmono-dispersed copper NPs and

then did special treatment on them. The as treated copper

paste could have 17 MPa shear strength after sintering at

240 �C. Even though, the reduction of Ag and Cu particle size

could effectively lower the sintering temperature, pressure

and process time to obtain the densified sintered joint

[34,36,37], it can also increase the risk of particle sponta-

neous oxidation and agglomeration [38]. Applying Cu quasi-

nanoparticles (QNPs, average diameter is between 100 nm

and 200 nm) could be an alternative option [25,39,40]. In our

previous researches [41,42], it was found that, via proper

particle treatment, the particle with around 100 nm size

could already be sintered well. Mou et al. [25] reported that

they used carboxylic acid (formic acid and oxalic acid) to

modify the surface of Cu NPs(150e200 nm) and they obtained

over 20 MPa bonding performance by sintering at 250 �C for

60 min in AreH2 (5% H2) with 10 MPa assisted pressure.

In past few years, thanks to the development of pressure-

assisted sintering machine (or so-called sintering press), it is

possible to provide precise pressure control to multiple

samples at the same time. Therefore, fast sintering process

(less than 5 min per batch) is achieved in the industry. In

order to ensure the sintering performance in such short

time, it is first necessary to study the effect of process pa-

rameters on microstructural evolution and bonding mecha-

nism. In the field of Ag sintering, there are plenty of

researches on the impact of sintering process parameters

[43e46]. However, for copper sintering the relative study is

rare. In this work, the mass-production available Cu QNPs

were applied to carry out the study. Cu QNPs reductive pre-

treatment was conducted and reducing additives was

blended to prepare a reductive copper paste. Then an in-

depth study on the effect of temperature, pressure and

time on the sintering joint bonding strength and sintering

microstructural evolution was carried out. The relevant

sintering joint neck formation, pores development and

fracture surface were investigated. The sintering mechanism

was obtained along with the optimized sintering process

parameters which can be used in the practical application.

Finally, the feasibility of the nano copper sintering as the real

DA material for SiC MOSFET power electronics devices was

verified by testing its static characteristics at both room

temperature and 150 �C.

https://doi.org/10.1016/j.jmrt.2022.05.122
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2. Material process and tests

2.1. Cu particles and others

In this study, the Cu quasi-nanoparticles (QNPs) used were

synthesized by physical vapor deposition (PVD) methods.

Fig. 1a and 1b shows the SEM morphology and TEM photos of

copper particles after treatment. From Fig. 1a, it can be

observed that Cu QNPs are quasi-spherical and uniformly

mixed. The average particle diameter is around 150 nm and

300 nm. The detailed information of size distribution charac-

terization will be discussed in next section. Fig. 1b shows that

after treatment, there was a coating layer formed with

nanometers thickness. Carboxylic acids A (99.0%), terpinol

(95%), ethylene glycol (99.5%), and ethanol (99.7%) were pur-

chased from Aladdin reagent Co., Ltd. The direct bonded

copper (DBC) substrates and active metal brazing) (AMB)

substrates with 38 mm � 27 mm size were purchased from

Ferrotec. The thickness of Al2O3 layer is 0.38 mm and the

thickness of upper and bottom copper plate are both 0.3 mm.

A 3 mm � 3 mm � 1 mm oxide free copper (OFC) small plate

with 2 mm Ag metallization surface coating was used as the

dummy die.

2.2. Cu QNPs treatment and paste formulation

Then a reductive pretreatment was conducted to the QNPs in

advance. 1 portion of reductive agent carboxylic acids A were

dissolved into 500 mL absolute ethyl alcohol by magnetic

stirring to prepare treating solution B. Then 50 g copper QNPs

were added into solution B under continuous agitation. The

treatment reaction was conducted at room temperature for

40 min till the color of solution changed to dark red (solution

C). Then the solution C was centrifuged at 4000 rpm for 5 min,

and washed 3 times by absolute ethyl alcohol to remove

unreacted reactants. The obtained composite particles were

heat-treated at 55 �C for 8 h in vacuum to obtain final com-

posite QNPs. Then the as-treated QNPs (77 wt.%) were mixed

with ethylene glycol (EG) and terpilenol with 1:1 ratio at

2000 rpm for 10 min through a mechanical blender to form a

paste. Finally, the as-milled paste was further homogenized

by the planet agitator at 1500 rpm for 2 min to form the final

paste.
Fig. 1 e (a) SEM photo of Cu QNPs in this study. (b) TEM results

photo for a Cu QNP marked by a blue arrow.
2.3. Sintering and tests

The morphology of Cu QNPs was observed by a field-emission

scanning electron microscope (SEM, Zeiss GeminiSEM 300)

and transmission electron microscopy (TEM, FEI Tecnai G2

F30). Then, the size distribution of Cu QNPswasmeasured and

calculated by further analyzing the SEM photos. The X-ray

diffraction (XRD) patterns were obtained by using an X-ray

diffractometer (Rigaku Smartlab) with monochromated Cu Ka

radiation (l ¼ 1.54 A). Thermogravimetric analysis (TGA) was

conducted by using simultaneous thermogravimetry e dif-

ferential scanning calorimetry (STA 449 F1 Jupiter) from room

temperature (25 �C) to 600 �Cwith a ramping rate of 10 �C/min,

under N2 atmospheres.

In this research, there was a sandwich-like structure

(dummy die/sintering layer/substrate) of Cu sintering joint

samples being applied for shear strength test. As depicted in

Fig. 2, first the copper paste was printed onto a DBC substrate

forming six 5 mm � 5 mm � 100 mm sized patterns. Next, the

substrates were delivered into a vacuum oven for drying

process at 120 �C for 5 min to remove the organic solvent.

Then six copper dummy die were placed onto the as-dried

copper pad by using pick & place machine (Tresky T3002

PRO) with 0.5 MPa pressure. Finally, pressure-assisted sinter-

ing was conducted in nitrogen atmosphere using the indus-

trial standard sintering machine (Boschman Sinterstar Mini).

The built-in dynamic pressing tool could precisely control the

sintering temperature (230e270 �C), sintering time (1e4 min)

and sintering pressure (5e30 MPa). The design of experiment

(DOE) in this study is shown in Table 1. Moreover, to check the

bonding strength of the sintering joint, five bonded dummy

die were sheared off by using the die shear tester (Dage 4000,

Nordson) with 100 mm/s shear rate. The samples for cross-

section inspection and porosity analysis were prepared via

the methods introduced in [47e51]. The samples were first

polished on a metallographic grinder and then finely polished

by on an ion milling machine (Hitachi, IM4000Plus) for at least

1 h to guarantee the flatness of the surface. After taking SEM

image of the cross-section, the image processing software

(Image J) was adopted to screen out unwanted noises and

“binarize” the SEM pictures to the threshold value in the gray

scale to gain the porosity. Then, the fracture surface and the

cross-section morphologies were observed by using the SEM

(Zeiss GeminiSEM 300).
of as treated Cu QNPs and the inset is the magnified TEM

https://doi.org/10.1016/j.jmrt.2022.05.122
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Table 1 e Design of experiment for sintering process
parameters study.

NO. Pressure/MPa Temperature/�C Time/min

1 5 250 3

2 10 250 3

3 20 250 3

4 30 250 3

5 20 210 3

6 20 230 3

7 20 270 3

8 20 250 1

9 20 250 2

10 20 250 4

Fig. 2 e Schematic diagrams of Cu paste preparation, pressure-assisted sintering bonding process and sample testing.
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3. Results and discussion

3.1. Characteristics of Cu QNPs

Fig. 3a shows that the size of majority of the as-treated Cu is

around 130e150 nm. Some particles can be found has

agglomeration effect with the adjacent ones which is due to

the high activity of Cu QNPs. Fig. 3b shows the XRD patterns
Fig. 3 e (a) Size distribution of treated Cu QNPs. (b) XRD p
for the original Cu QNPs, the Cu QNPs after oxidation

removing treatment and the as-treated Cu QNPs stored for 30

days respectively. The as-treated Cu was stored in an open

beaker in the lab. The temperature of the labwas around 25 �C.
It can be seen that the main characteristic peaks at 43.29�,
50.43� and 74.13� exist for all three curves representing the

lattice plane (111), (200) and (220) of pure Cu. Original Cu QNPs

also possess diffraction peaks at 36.59�, 42.51� and 61.68�,
corresponding to the lattice plane of (111), (200) and (220) of

Cu2O. However, for the as-treated Cu QNPs and stored as-

treated Cu QNPs, there are no diffraction peaks for Cu2O

anymore, which indicates that the proposed treatment

method is feasible for Cu oxidation remove and storage

protection.

The Cu paste was fabricated by blending Cu QNPs with

organic vehicle. The organic vehicle was comprised of solvent,

resin and reductant. To determine the appropriate drying and

sintering process parameter TG/DSC test was performed.

Fig. 4 exhibits the TG/DSC results of the copper paste used in

this work. It can be noted that, the total weight difference is

around 23wt.%, which is corresponding to themass load of Cu

metal (77 wt.%) in the paste. Moreover, from the curve the first

rapid mass drop started at around 150 �C and reached an
atterns for original Cu QNPs and as-treated Cu QNPs.

https://doi.org/10.1016/j.jmrt.2022.05.122
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Fig. 4 e TG/DSC curve for the Cu paste in-N2 atmosphere.
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endothermal peak at 186 �C as a result of solvent evaporation.

For this reason, the drying temperature was set as 150 �C. To
secure the complete removing of solvent and avoid the

oxidation of copper at too high temperature, the drying time

was set as 5e10 min. Then the second weight loss occurred at

200 �C and reached an exothermal peak at 223.9 �C due to the

burnout of organic additives. The last two slow mass drop

happened at around 319 �C and 394 �Cwhichwas attributed to

the burn out of residue organics.

3.2. Effects of process parameters on the mechanical
properties

Fig. 5a and 5b and c show the results curve of shear strength

versus different process parameters. From the figures, it is

clear that the pressure and temperature could effectively

improve shear strength, whereas the effect of time is mar-

ginal. To study the pressure effect on bonding strength first,

four groups of the die attachment (DA) samples were sintered

at 250 �C for 3 min with 5, 10, 20 and 30 MPa sintering pressure

respectively. For each sample, five bonded dummy die were

sheared off to calculate the average value and standard de-

viation. First, as sintering pressure increases from 5 MPa to

10MPa, themean shear strength is enhanced from 36.5MPa to

61.2 MPa. The increasing rate for shear strength is 68%. Then

by providing higher sintering pressure (20 MPa), the shear

strength reached 100.1 MPa. The increasing rate was still high
Fig. 5 e Shear stress results versus different (a) sintering pressur

250 and 270 �C), (c) sintering time (1, 2, 3 and 4 min) for copper
(63%). Finally, when the sintering pressure increased to

30 MPa, the shear strength increases slightly to 116.7 MPa,

with only 17% increasing rate compared with 20MPa-pressure

sintering. The microstructural reason for the positive effect of

applied pressure on shear strength improvement will be dis-

cussed in the following sections.

Fig. 5b reveals the temperature effect on the shear strength

of sintered Cu joint. It shows similar trend as pressure effect.

The applied pressurewas set as 20MPa and sintering timewas

kept as 3min.When the samplewas sintered only with 210 �C,
it shows less than 30 MPa mean shear strength, which is

insufficient for electronics packaging [19]. Surprisingly, when

only added up 20 �C sintering temperature, it provided over

70 MPa shear strength with 135% increasing rate. In addition,

shear strength over 100 MPa was obtained at above 250 �C
sintering temperature. Combining the DSC and shear test re-

sults, it denotes that only temperature over 230 �C can ensure

the organic compounds decomposition and sintering process

completion, which was also proved in previous studies [41]. It

is worth noting that for higher temperature such as 270 �C, the
standard deviation of shear strength is also huge. One reason

could be that high temperature caused warpage of substrate

and then influence the effective contact area and applied

pressure to different dummy die. The other reason is that

higher temperature may increase the risk of copper oxidation

during sintering, since high oxygen element content is found

from EDS results of next section. From results discussed

above, it is found that with the increase of sintering temper-

ature, the shear strength exhibits noticeable increase.

Fig. 5c displays the relationship between sintering time

and shear strength. From the perspectives of industrial

manufacturing, the unit per hour (UPH) of yielding is critical.

Normally, each batch of sintering process for electronics

packaging needs to be less than 5 min. Therefore, in this work

dwell time scope less than 4 min was selected. The sintering

temperature was set as 250 �C and applied pressure was

20 MPa. It can be easily found from the figure that even in

short sintering time, thematerial can still obtain over 100 MPa

shear strength. There is no statistical difference among sam-

ples sintered for 1 min to 4 min. For one thing, this result

implies that the material in this work is suitable for the fast

sintering for the industrial application. For another thing,

although longer sintering time can secure more complete

sintering structure, 100 MPa bonding strength is already high

enough for packaging application. Thus, longer time case will
e (5, 10, 20 and 30 MPa), (b) sintering temperature (210, 230,

sintered joint samples.

https://doi.org/10.1016/j.jmrt.2022.05.122
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not be discussed in this work. In summary, 250 �C, 20 MPa and

3 min are the optimized process parameters for the nano

copper paste in this study, considering mechanical strength,

UPH and results stability. Table 2 shows the typically reported

die shear strength of both Ag sintered joints [47] and Cu sin-

tered joints [32,52,53]. The shear strength obtained in the

present study is higher than not only the commercial Ag

sintering material, but also the typical current Cu sintering

paste. Furthermore, compared with nano Ag sintering with

precious metal and nano Cu sintering with smaller particles,

the QNPs Cu paste has advantages such as higher UPH and

lower cost.

3.3. Fracture modes

In order to determine the effect of sintering conditions on the

fracture mode, the fracture surface morphologies for sheared

off samples were observed by SEM. First for samples sintered

with different sintering pressure, the global views of sheared

off samples are shown in Fig. 6a to d. It is identified that each

sample contains both a smoother, low-contrast region and a

rougher, high-contrast region. EDS results for position A and B

in Fig. 6b verified that high-contrast region and low-contrast
Table 2 e Typical die shear stress in this study and other stud

Material Sintering temperature Sintering press

Commercial sinter Ag 250 �C 30 MPa

Cu 275 �C 2 MPa

Cu 225 �C 20 MPa

Cu 280 �C 9 MPa

Cu 250 �C 20 MPa

Fig. 6 e SEM fracture morphology of sheared-off dice and partia

group of samples were sintered at 250 �C for 3 minwith different

20 MPa, (d), (h) and (k) 30 MPa.
region are mainly Cu (94.81 wt%) and Ag (99.31 wt.%) indi-

vidually. Therefore, the smoother region is the exposed Ag

metallization layer on the dummy die and the rougher one is

the residue copper sintered layer.

Fig. 6ee6h are the 2000 � magnified photos of the sintered

Cu residual regions as marked by blue frame in Fig. 6a to d. It

shows clear relationship between the fracture surface

morphology and the sintering pressure. In Fig. 6a, along the

fracture direction, it contains relative flat broken facet on

certain QNPs, as marked by red arrows. Such fracture

morphology indicates the brittle fracture process. Moreover,

the magnified photos also reflect the relationship between

microstructural evolution and shear strength during the sin-

tering. Neck growth between adjacent Cu QNPs can be clearly

observed as marked by green arrows. Apparently, the sinter-

ing is incomplete since the neckingwidth is short and all QNPs

still remain spheroidal shape. Besides the neck structure,

large-size connected pores also exist in between. In this case,

the primary adhesion forces in the joint were van der Waals

forces from particle adsorption [54]. These structures can be

the reason for the relatively low shear strength of this sample.

By contrast, some plastic deformation positions exist in the

fracture facets (marked by red arrows in Fig. 6f) of 10 MPa
ies.

ure Sintering time Shear strength Reference

3 min 73.4 MPa H. Zhang et al. [47]

10 min 35.1 MPa Y. Mou et al. [52]

5 min 63 MPa W. Choi et al. [32]

5 min ＞80 MPa J. Jo et al. [53]

3 min 100.1 MPa This work

l magnified images for blue and green frame regions. This

pressure: (a) (e) and (i) 5 MPa; (b) and (f) 10 MPa; (c), (g) and (j)

https://doi.org/10.1016/j.jmrt.2022.05.122
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sample. Apart from that, there is not only longer neck size

compared with that of 5 MPa sample, but also the increased

number of necking regions for each QNPs, as marked by green

arrows as well. This can be the microstructural reason of

strength improvement for this sample.

Based on above mentioned observations, it is deduced that

the 5 MPa and 10 MPa sintered samples have the mixed (more

adhesive) fracture mode as shown in Fig. 7a. In addition,

Fig. 6g and h indicate that the 20 MPa and 30 MPa samples

have severe plastic deformation on the fracture regions. More

significantly, the sintered Cu layer of 30MPa sample left on the

dummy dice exhibited the severest plastic deformation and

contained a uniformdistribution of dimple structure as yellow

arrows marked. In addition, Cu QNPs in Fig. 6g and h have

already formed large area of network with wide necking size,

which indicates that the sintering process for 20 MPa and

30 MPa sample are at near complete stage. Also, the pores in

between became smaller andwere isolated by the Cu network.

These results are corresponded to the excellent mechanical

strength for them, and meanwhile representing the mixed

(more cohesive) fracture mode as shown in Fig. 7b. Among

these samples, the crack first initiated from one side (bottom

surface of dummy dice or top surface of DBC), and then

propagate into the copper joint layer. At certain point, the

crack finally transferred into the opposite side.

Moreover, Fig. 6i, j and k are the 2000 � magnified photo of

the exposed coating Ag region marked by green frame in

Fig. 6a, c and d. Fig. 6i shows that there were small isolated

particles found embedded in the translucent background

substance. EDS result (as shown in Fig. 8a) at position 1 and 3

show that the particles were mainly Cu QNPs, and the trans-

lucent substance was mainly carbon residues tiled on the

coating Ag layer. Based on the DSC/TG result, expect for sol-

vent, the organic additives and coating agent material on Cu

QNPs would start to be burnt out at temperature above
Fig. 7 e Schematic diagrams of shear test fracture mode. (a) mix

more cohesive portion, (c) pure adhesive mode, (d) pure cohesiv

Fig. 8 e EDS results for themarked positions in the SEM fracturem

points in Fig. 10.
223.9 �C. Therefore, during the sintering process of this group

(250 �C, 3 min with different pressure), the organics was

indeed evaporated. Normally, with the help of pressure the

gas would be expelled quickly [55]. However, for low pressure

(5 MPa, Fig. 6e and i) scenario, the outgassing process is slow

and incomplete within 3 min. Therefore, large amounts of

organics did not have time to expel out and was gathered and

locked insides the sintered layer. In contrast, for higher

pressure scenario (30 MPa, Fig. 6j, k) the carbon content was

dramatically reduced. Apart from that, in Fig. 6j and k more

deformed and broken sintered Cu structure was found on the

coating Ag. Also, with the increase of sintering pressure there

are more and more Ag element left on copper sintered layer

region and Cu element on exposed metallization layer region

respectively (position 2 and 4). The above-mentioned results

indicate that higher pressure may promote the atomic diffu-

sion during the sintering process, and at the same time,

effectively enhance bonding strength by promoting the

necking growth, networking formation, pores isolation and

brittle-ductile fracture transformation.

The fracture morphology SEM photos of sample sintered at

210 �Ce270 �C are shown in Fig. 9. Combined with the dis-

cussion in the previous part it is proved that the exposed layer

of 210 �C samplewas sintered Cu. Thus, the sample sintered at

210 �C shows adhesive fracture mode as shown in Fig. 7c.

Unlike other samples, the fracture area for 210 �C sintered

sample is mainly on the interface between substrate and

sintered layer. It suggests that the Cu sintered layer did not

form strong bonding with DBC substrate yet. Although some

particles were found to be slightly deformed, most of Cu QNPs

kept their sphere-like shape and yielded short necking struc-

ture (marked with green arrows) with its adjacent particles,

which again represented that such at such low temperature,

sintering was at incomplete stage. Additionally, huge pores

distributed randomly around particles and therefore created
ed mode with more adhesive portion, (b) mixed mode with

e mode.

orphology figures. (a) points in Fig. 6; (b) points in Fig. 9; (c)
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Fig. 9 e SEM fracture morphology of sheared-off dice and partial magnified images for blue and green frame regions. This

group of samples were sintered with 20 MPa for 3 min at different temperatures: (a) and (d) 210 �C; (b) (e) and (g) 230 �C; (c), (f)
and (h) 270 �C.
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relatively loose structure. Fig. 9e shows the magnified image

of blue frame area in Fig. 9a. The large amount of dark

translucent substance was also found in this region. The EDS

result at position C proves that it is organics residues laying

around sintered Cu, containing large amount of carbon and

oxygen. This can be attributed to that sintering temperature

was lower than the organics evaporating temperature. In

addition, it can be found that the surface of organic residue is

smooth, and thus, there was neither physical nor chemical

bonding between the organic gathering residue and the sub-

strate surface. Since on the interface some regions were

occupied by such substance, it reduced the region for bonding

between Cu sintered layer and substrate surface. Conse-

quently, it further reduced the bonding strength of this

sample.

Fig. 9b, c, e and f indicate that both samples sintered at

230 �C as well as 270 �C are mixed mode (with more cohesive

portion) For 230 �Ce270 �C samples fracture occurs on the

interface but propagated into the sintered layer. Most of sin-

tered layer were left on the substrate whereas only slight

amount remained on the dummy die. Therefore, the bonding

between sintered layer and the substrate is relatively high.

The magnified view of 230 �C sample fracture surface shows

relatively denser microstructure with obvious mono-

directional plastic flow as marked by yellow arrows. Hence,

before the fracture, moderate plastic deformation occurred at

these areas. Similarly, the magnified view of 270 �C sample

shows sintered Cu structure with large deformation and
uniformly distributed dimple structures on both the exposed

Ag metallization layer and the residue copper sintered layer.

Such deep dimples indicate even more sever plastic defor-

mation during the shear test [45]. Furthermore, the EDS re-

sults for position 5 to 8 reveals that higher temperature

effectively increased the Cu and Ag interdiffusion, and at

the same time helped to remove organic residues more

completely.

Fig. 10 shows the fracture morphology SEM photos of

sample sintered for 1, 2 and 4 min. We found that the fracture

modes for this sample group all belong to mixed mode (more

cohesive portion). In such fracture mode, crack initiated from

one interface and propagated into sintering layer and then

fast transferred onto the other interface on opposite side.

Similarly, EDS results in Fig. 8c of position 9 to 12 prove that

few of sintering material was taken away by dummy die but

most of the Cu sintered material was remained on the sub-

strate. Fig. 10de10f are the magnified view of the position

marked by blue frame in Fig. 10a to c. From these figures, all

the sintering material has huge necking formed and no

spheroidal shape existed anymore. Distinct plastic flow can be

found in all samples and obvious dimplemicrostructure exists

in the 4 min sintering one, which is corresponding to the high

shear strength for all samples. By further comparing the EDS

results for samples sintered for different dwell time, it is

found that the Cu content and Ag content are almost un-

changed on the copper sintered residue (CSR) layer and the

exposed silver metallization (ESM) layer on the dummy die.

https://doi.org/10.1016/j.jmrt.2022.05.122
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Fig. 10 e SEM fracture morphology of sheared-off dice and partial magnified images for blue and green frame regions. This

group of samples were sintered at 250 �Cwith 20 MPa for different dwell time: (a) (d) and (g) 1 min; (b) and (e) 2 min; (c), (f) and

(h) 4 min.
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Therefore, it is deduced that within 1e4 min, there is little

difference on atomic diffusion process in the Cu sintered body

and bonding interface.

3.4. Interface evolution

Next, the cross-section microstructure inspection was con-

ducted for each sintered bonding sample in order to study the

densification effect and interface diffusion of sintered layer.

From Fig. 11 it can be seen that the sintering pressure has

marked impact on the morphology of both the Cu sintered

layer and the bonding interface. Fig. 11 a to d and Fig. 11 e to h

display morphologies near the bonding interface between

sintered layer andAgmetallization layer of dummydie aswell

as morphologies near the bonding interface between sintered

layer and substrate, respectively.

To begin with, it can be clearly observed that with the in-

crease of sintered pressure, 1) the number and size of inter-

face voids on the AgeCu interface decreased dramatically first

from 5 MPa to 20 MPa, and then increased a little with 30 MPa.

2) the voids on the substrate CueCu layer interface decreased

over time. As discussed in previous section, for 5 MPa sample,

the sintering was not done thoroughly, causing short neck

growth between Cu QNPs.

In addition, the removing of organics was incomplete. Lots

of transparent substance which was proved to be the organic

residue was found on each interface hindering the contact
between Cu sintered layer and the surface to be attached.

Plenty of large-size voids connected with each other and

formed the large-size cracks asmarked by red dotted box.With

the increase of sintering pressure (10 MPa, 20 MPa and 30 MPa),

the size of sintered neck and network of sintered body

increased. Also, the organics residue is hardly to be found on

the interface anymore. More Cu QNPs was able to be connected

with the upper and lower surface. For 20 MPa and 30 MPa

sample, the voids on the CueCu interface were diminished by

further increasing pressure forming a voids-free complete

bonding region. This is believed as one of the most important

reasons for bonding strength improvement and fracture mode

transition found in the previous section. However, at the upper

interface, the voids size was increased again. Thiswas reported

in other studies aswell. This ismainly attributed to the unequal

Ag to Cu and Cu to Ag interdiffusion speed at this region. More

Ag atoms were transported into Cu and left the so-called Kir-

kendall voids [45,56]. Fig. 11ie11l are the magnified photos for

the sintered layer. Necking and networking morphologies can

be clearly observed. Previous research [48,49,57] found that

intrinsic pores existed in the sintering joints and affected the

bulk mechanical properties such as elastic modulus, yield

strength, ultimate tensile strength and so on. Thus, analyzing

porosity property of sintered structure is significant. By

applying Image J analysis, the porosity value for each sample

can be extracted. With low sintering pressure (5 MPa) it shows

large sized pores with the highest porosity (26.5%). Via

https://doi.org/10.1016/j.jmrt.2022.05.122
https://doi.org/10.1016/j.jmrt.2022.05.122


Fig. 11 e SEM images of cross-section morphology with different sintering pressure: (a)e(d) near the CueAg bonding

interface; (e)e(h) near the CueCu bonding interface; (i)e(l) sintered body.

Fig. 12 e SEM images of cross-section morphology with different sintering pressure and at different sintering temperature:

(a)e(d) near the CueAg bonding interface; (e)e(h) near the CueCu bonding interface; (i)e(l) sintered body.
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increasing sintering pressure to 10 MPa and 20 MPa, the pore

size decreased dramatically to 14.6% and 3.3%. However, by

further increasing bonding pressure to 30 MPa, the porosity

reversely increased to 4.0%. The reason for the porosity in-

crease is the sintered body shrinkage at the final sintering

stage. Higher pressure can provide more energy for NPs coa-

lescence, which can promote sintering process and cause the

shrinkage of sintered body [58].

To further study the cooperative effect of pressure and

temperature on the microstructure, the SEM cross-section
figures for samples sintered at 210 �C with 10 MPa and 20

MPa, and at 270 �Cwith 10MPa and 20 MPawere analyzed (see

Fig. 12). For low temperature scenario (210 �C), when pressure

is 10 MPa, Cu QNPs were only pushed to contact with each

other and slightly sintered to form short necks. Due to the

incomplete burnt out of organic additives, lots of residues

were left inside the sintering body and on the bonding inter-

face. Similar to low pressure case in previous discussion, large

cracks were formed on the interface and therefore causing the

delamination after sintering. By increasing pressure to 20
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MPa, the QNPs was pushed together closer, and the necks

length grew effectively. It also can be deduced that the pres-

sure can affect isolation of poresmore than temperature does.

The porosity reduced from 32.7% to 8.54%. Most of pores were

already isolated. The rest pores only have less than 0.5 um

diameter distributed in the sintered network. On both the

upper and lower interface, the QNPs was connected with the

surface by diffusion, providing over 30 MPa bonding strength.

At high temperature, the Cu particles have almost completely

sintered forming strong networking. The sintering body of

both 10 MPa and 20 MPa cases show high density. The dif-

ference comes from the pores size and amounts. With

increasing of pressure, the voids became smaller, and on the

CueCu interface, most of voids were diminished leaving a

complete bonding region. Compared with low temperature

scenario, the porosity also shows slightly decrease from 8.54%

to 7.83% for 210 �C and 230 �C and then from 3.30% to 2.01% for

250 �C and 270 �C.
Next, the comprehensive effect of pressure and dwell time

on the microstructure was investigated. From cross-section

photo in Fig. 13, the effect of pressure on the microstructure

for of different dwell time cases is clear. With the increase of

sintering pressure for both 1min and 4min cases, 1) again the

sintering density increased effectively. 2) the number and size

of interface voids on both of the AgeCu and CueCu interface

decreased dramatically, 3) and uniform bonding interface

were formed. Then, by further comparing the results for

samples with same sintering temperature and pressure but

different time, it can be found that there is little difference on

the microstructure. Combined with shear stress results in

Fig. 5c, it shows that, the sample can already be well sintered

at 250 �C with 20 MPa within 1 min. However, longer sintering

time is necessary to ensure the formation of rigid sintering

body networking as shown in Fig. 13b and d.
Fig. 13 e SEM images of cross-section morphology with differen

CueAg bonding interface; (e)e(h) near the CueCu bonding inter
3.5. Bonding mechanism

During the pressure assisted sintering, with the help of tem-

perature, dwell time and pressure, the residue polymer con-

tentwill be burnt out and degassing from sintered body. At the

same time, the copper QNPs contact with their adjacent par-

ticles and substate surface, forming mechanical-chemical

bonding, providing high bonding strength. In low tempera-

ture case, the shear strength was relatively low, and the

fracture surface was adhesive mode. Microstructural sche-

matic drawing in Fig. 14 shows that the necks between Cu

particles were short. The EDS and DSC/TG results prove that

the organics in the paste was not completely removed.

Therefore, the organics residues were distributed in the sin-

tering body and tiled on the AgeCu interface. Therefore, the

weak bonding in this case is due to the comprehensive effect

of insufficient sintering energy provided by low temperature

and organics hindrance on the particle contact. By increasing

the pressure at low temperature, although the sintering was

still incomplete, the contact area of each particle and the

density of sintered body and was enhanced. Additionally, the

organics was squeezed out and thus providing more space for

particle coalescence.

When sintering at low pressure, it shows low shear

strength and mixed mode but with more adhesive portion.

Fig. 14 indicates that fragile bonding is due to incomplete

neck growth and large amounts of pores in between. Mean-

while, although organics was evaporated at 250 �C, without

high pressure it could not be expelled quickly. Thus, most of

organics again condensed on the upper surface, leaving large

area of unconnected delamination on the AgeCu interface as

observed by SEM and EDS. By increasing temperature at low

pressure, the bonding strength and microstructure was

improved. It is found that higher sintering temperature
t sintering pressure and for different time: (a)e(d) near the

face; (i)e(l) sintered body.
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Fig. 14 e Schematic diagram of sintering mechanism for different process conditions.
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increased Cu content in both of the Cu sintered joint and the

Ag coating layer on the dummy die, and as a result, forming

the CueAg metallization bonding. Hence, the higher tem-

perature effectively improved the atomic diffusion in the

bonding process. Meanwhile, the content of carbon

decreased with increase of sintering temperature, which is

because polymer will burn out more thoroughly at higher

temperature.

However, when the temperature was too high, there was

oxidation issue. In the SEM fracture morphology photo we

found that there was small hillocks and corresponding small

pits on the dimples with couple of nanometers in high tem-

perature case. Combined with EDS results, it is found that the

oxygen content was higher than other samples. Such hillocks

were also observed in some studies [6] which was believed to

be copper oxides generated duringmaterial treatment or high-

temperature sintering. Other studies also reported [59] that

the copper oxide formed during reliability test may enhance

the bonding strength. It is deduced that the small hillocks

could improve the bonding strength by mechanical inter-

locking effect in this study. However, the microstructural

evolution and negative effect during reliability test of such

structure is still unclear. Moreover, the interface on Cu sin-

tering layer and Ag coating layer on the chip was observed to

contain more voids than that of the interface between Cu

sintering layer and Cu ceramic substrate. This ismainly due to
Fig. 15 e (a) Image of 1200 V/200 A SiC MOSFET DA sample. (b) Im

static output characteristics of the sample.
the unequal diffusion rate of Ag to Cu and Cu to Cu. Conse-

quently, most of fracture surface appeared at the AgeCu

interface side.

3.6. Feasibility study of copper sintering for SiC MOSFET
die attachment application

To verify the feasibility of the nano copper as the DA material

for WBG power electronics devices, a 1200 V/200 A SiC MOS-

FET DA sample on bare copper AMB substrate was fabricated

as shown in Fig. 15a. This sample was sintered at 250 �C with

20 MPa for 3 min and the gate and source of the chip were

interconnected onto the substrate by using 5mil and 12mil Al

bonding wires, respectively. The static output IeV character-

istics (VGS ¼ 15 V) of the sample was obtained by using Agilent

B1505A power device analyzer at both room temperature and

150 �C as seen in Fig. 15b and c. At room temperature, Rdson is

measure as 10.52 mU for the DA sample. When increase the

temperature to 150 �C the curve shifts to the right and the

measured Rdson increased to 11.91 mU as well. However, the-

ses test results are still within the scope of the theoretical

calculation result of the parallel structure of two bare chips

(8.5e12 mU, calculated with the data in the datasheet). The

measured static characteristics proves that the copper sin-

tering technique in this work is feasible for WBG power elec-

tronics packaging process.
age of static testing of the sample on a heating plate. (c) The
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4. Conclusion

In this work, a die attachment process SiC electronics pack-

aging. was demonstrated by applying pressure-assisted sin-

tering process. First of all, Cu QNPs reductive pretreatment

was conducted to the commercial Cu particles. It is proved

that the copper oxidation was effectively removed and the

Cu QNPs were protected by the reductant for long time. Then

the nano copper paste was fabricated by using as-treated Cu

QNPs blended with organic vehicles. Robust bonding of Cu

sintering on bare copper DBC substrate was achieved. The

effect of temperature, pressure and time on the sintering

bonding strength and microstructural evolution was deeply

studied. 36.5 MPa shear strength was achieved when applied

5 MPa low pressure. By increasing pressure to 30 MPa, it

shows the best die shear strength of 116 MPa, accomplished

with a sintering temperature of 250 �C for 3 min. Tempera-

ture also plays an important role for bonding strength

improvement by promoting NPs coalescence and atomic

interdiffusion on the interface. Temperature between 210 �C
and 230 �C could provide strength over 30 MPa. Such low

strength is due to both of the incomplete burnt out of or-

ganics and Cu QNPs sintering. When increased to 270 �C, the
shear strength was extremely enhanced to over 120 MPa. In

addition, it turns out that high bonding is account for the

positive effect of pressure and temperature on promoting the

necking growth, sintering networking formation, pores

isolation and brittle-ductile fracture transformation. More-

over, in the present short-time range, time will insignifi-

cantly affect the microstructure and bonding strength.

Finally, the optimized sintering process parameters (250 �C
with 20 MPa for 3 min) for the industrial application was

proposed. A 1200 V/200 A SiC MOSFET DA sample on bare

copper AMB substrate was fabricated by using the present

sintering copper material. Both of the room-temperature and

high-temperature performance are satisfying, which in-

dicates that the present material is feasible for WBG power

electronics packaging process.
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