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Effects of sintering pressure on the densification
and mechanical properties of nanosilver double
side sintered power module

Hao Zhang, Yang Liu, Lingen Wang, Fenglian Sun, Jiajie Fan, Senior Member, IEEE,
Mark D. Placette, Xuejun Fan, Fellow, IEEE, Guogi Zhang, Fellow, IEEE

Abstract—Modern power electronics has the increased
demands in current density and high temperature reliability.
However, these performance factors are limited due to the die
attach materials used to affix power dies microchips to electric
circuitry. Although several die attach materials and methods exist,
nanosilver sintering technology has received much attention in
attaching power dies due to its superior high temperature
reliability. This paper investigated the sintering properties of
nanosilver film in double side sintered power packages. X-ray
diffraction (XRD) results revealed that the size of nanosilver
particles increased after pressure-free sintering. Comparing with
the pressure-free sintered nanosilver particles, the 5 MPasintered
particles showed a higher density. When increasing sintering
pressure from 5 to 30 MPa, the shear strength of the sintered
package increased from 8.71 MPa to 86.26 MPa. When sintering
at pressures below 20 MPa, the fracture areas are mainly located
between the sintered Ag layer and the surface metallization layer
on the fast recovery diode (FRD) die. The fracture occurs through
the FRD die and the metallization layer on bottom Mo substrate
when sintering at 30 MPa.

Index Terms—power electronics, nanosilver sintering, shear
strength, fracture

I. INTRODUCTION

HE rapid development of wide-band gap semiconductors
have facilitated power electronics becoming key
components in hybrid electric vehicles, traction, wind turbine
and high-voltage power transmission systems due to their
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combined advantages of fast switch speed and low power
consumption [1-3]. Despite these promising attributes, the
development trends of power electronics require increased
current carrying capacity and higher operating temperatures.
This proposes a challenge to power electronics’ packaging
components, particularly die attachment materials. The die
attach layer plays an important role in power electronics. Yu et
al. [4] indicated that the die attach layers are responsible for
mechanical connection of microelectronics to the substrate,
thermal dissipation of processing units, and electric conduction.
Therefore, the effectiveness of the die attach layer significantly
contributes to the overall performance of the entire package.
Moreover, die attach materials typically limit the operating
temperature and power density of the device. In the work of
Navarro et al. [5], the silicon-based packages, for example,
have an operating temperature of only about 175°C and a power
density of 200 W/cm?. These physical limitations as well as the
health concerns of lead-based solders have led to alternative die
attach technologies.

Currently, several advanced die attach materials and
methods of attachment exist that increase electrical/temperature
performance of power electronic devices, but the
manufacturing and service processes often reduce mechanical
reliability and manufacturing efficiency. For instance, Gold-tin
eutectic solder alloy has been widely used as soldering material
in attaching power dies due to its favorable mechanical
properties and capability of fluxless soldering [6, 7]. Huang et
al. [8] implied that the AuSn eutectic layer has been proven to
provide good electrical and thermal conductivity, and reliable
high temperature interconnection for power electronics.
Howewver, Wang et al. [9] proved that the coarsening of
microstructure inthe service process decreased the reliability of
AuSn solder joint. In addition, Arabi et al. [10] suggested that
the voids can cause localized stress and cracks under thermal
cycles as well as thermal stress from its high processing
temperature which limit the wide application of AuSn solder
alloy. Transient liquid phase (TLP) bonding technology has
been dewveloped as a die attaching process in response to
increased concerns over lead-based attachments. As described
by Khazaka et al. [11], a metallic interlayer is usually used in
the TLP process, such as Sn or In. This interlayer reacts under
low pressure with a substrate that has a higher melting point,
such as Cu, Ag, Ni, Au [12-15]. The formed die attach layer
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consists of full intermetallic compounds (IMCs) and its
remelting temperature is much higher than the melting point of
the corresponding solder material. But Shao et al. [16] found
that the TLP process is quite time consuming because of the
diffusion dominated reaction between the interlayer and
substrate, and IMCs are brittle causing performance issues.

Recently, nanosilver sintering technology has shown great
potential in attaching power dies while potentially maintaining
favorable physical properties [17]. The nanosilver particles are
usually mixed with dispersant, binder and thinner to form
nanosilver paste, which can be further screen printed or
dispensed on the substrate. The nanosilver paste can be sintered
at low temperatures around 250<C to form a bonding, and then
serve at relatively high temperatures. Bai et al. [18] reported
that the electrical conductivity and thermal conductivity of
pressure-free sintered Ag layer can reach as high as 2.6x10’
/(Q-m) and 240 W/(m-K), respectively. However, Qi et al. [19]
indicated that low shear strength is generated in sintered Ag
layer without the assistance of pressure, especially when die
sizes are larger than 9 mm?. It was reported by Ogura et al. [20]
that the fracture surface of pressure-free sintered nanosilver
layer exhibited uneven morphology with randomly distributed
weak spots on the bonding area. In addition, as demonstrated by
Knoerr and Schletz [21], the density of sintered Ag layer can be
improved from 58% to 90% when the sintering pressure
increased from 0 MPa to 30 MPa. The increased density will
also be bereficial for the improvement of electrical and thermal
conductivity of sintered Ag layer. Zhao et al. [22] have already
applied pressure assisted sintering in industrial production, and
the thermal shock test results revealed that the better reliability
of pressure sintered power module was obtained when
comparing with soldered power module. Therefore, the
sintering pressure is quite necessary to ensure the long term
high temperature reliability of power package, especially for
bonding package with large dies.

The applied pressure during sintering increases particle
density and contact between nanosilver particles, and thus
achieves better mechanical, electrical, and thermal properties.
During sintering, the organic shells will first evaporate and
allowcoalescence between particles, as shownin Fig. 1 (a). The
free energy of nanosilver particles decreases by reducing the
surface area. Then the sintering necks are irregularly formed
between adjacent particles without pressure, as depicted in Fig.
1 (b). As demonstrated by Peng et al. [23], the densification rate

Nanosilver particle Organic shell Sintering necks
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of particles during sintering process can be expressed by
equation (1):

1
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where dp/dt represents the densification rate, o represents the
driving force for densification, a represents the geometrical
constant, p represents the density, and # represents the
densification viscosity. Mackenzie and Shuttleworth [24] used
equation (2) to express the driving force o between two

particles:
1

1
where vy represents the surface energy of material, R, and R,
represents the principal radii of curvature at the contact point,
and P represents the applied pressure. Based on the equation
abowe, it can be concluded that the densification will be
enhanced by decreasing the particle size and the increasing the
applied pressure. During pressure assisted sintering process, the
nanosilver particles will be compressed tighter and thus
resulting in the more and larger contact surface area as seen in
Fig. 1 (c) when comparing with pressure-free sintered particles.
Greater number sintering necks are formed with larger contact
areas, which would further enhance the bonding quality and
performance of the sintered layer. A more continuous matrix of
nanosilver would then be indicative of better performance
properties.

According to our previous test results [25], the two
Molybdenum (Mo) substrates, coated with Ag/Cu/Ni(Mo),
were successfully bonded by the sintering of nanosilver film. In
this paper, a real power module that involves with power dies
was studied. We are trying to apply this result in our further test
to werify the feasibility in bonding real products, which
involves the power dies. This paper investigated the effect of
sintering pressure on nanosilver films and double-sided
nanosilver sintered power packages. Particle densification of
the nanosilver films during fabrication can have significant
effects on the performance of the package, and this effect was
examined by comparing sintered, not sintered, and
pressure-assisted nanosilver films. The thermal behavior of
nanosilver film was studied by differential scanning
calorimetry (DSC) test. The morphology and phase
composition of the pure nanosilver film before and after
pressure-free sintering were investigated by scanning electron
microscopy (SEM) and X-ray diffraction (XRD), respectively.

Sintering necks

e

(©

Fig. 1. Schematic diagram of sintered nanosilver particles, (a) original particles; (b) pressure-free sintered; (c) pressure assisted sintered
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The morphologies of pressure-free and pressure-assisted
sintered nanosilver film were then compared by SEM. The
mechanical performance of a power package often limits its
reliability. The mechanical performance of pressure sintered
power packages inthis paper were determined by shear tests for
a variety of sintering pressures. The fracture morphologies
achieved by the shear tests were then further analyzed by SEM
to demonstrate the effect of sintering pressure on bonding
strength. Energy-dispersive X-ray spectroscopy (EDS) was
conducted in conjunction with SEM to determine material
transfer after fracture.

Il. EXPERIMENTAL PROCEDURES

A. Nanosilver film material investigation

The nanosilver film was the commercial sintering material
from Alpha Assembly. In order to characterize the structure and
phase composition of sintered nanosilver particles, two pure
nanosilver films were sintered at 250°C for 3 min. One film was
pressure-free sintered, and another was sintered with a pressure
of 5 MPa. SEM was used to investigate the morphology of
nanosilver of these two samples. X-ray Diffraction (XRD) was
conducted to investigate the crystal structures of the
pressure-free nanosilver particles. All films in this analysis and
this paper had a thickness of 65 jm. Besides, the DSC test was
performed for nanosilver film in N, atmosphere, and the
heating range and heating rate was set as 130 to 260 C and
10<C/min, respectively.

B. Power package fabrication

Four power packages were produced for the shear tests in
this study. Each power package was fabricated with nowvel
equipment, Sinterstar Innovate-F-XL, which could precisely
and uniformly control the applied pressure at high temperatures
through the real time feedback system embedded in the
equipment, as shown in Fig. 2. There are three main steps in

| ; I ‘g’% l Step 1: Lamination

—

Nanosilver film ; 7

fabricating these power packages as seen in Fig. 2. First, two
Molybdenum (Mo) substrates were laminated with nanosilver
film on one side. The Mo substrate was coated with several
layers on the top and bottom surfaces: Ag/Cu/Ni/(Mo substrate).
The larger Mo substrate was to be the bottom Mo substrate with
dimension of 13.613.6>2.0 mm?, and the smaller was to be the
top Mo substrate with dimension of 9.4>9.4>1.2 mm?®. This
process was achieved at 130 <C with the pressure of 5 MPa for 2
min. Second, the FRD die (13.53x13.53>0.41 mm’) coated
with Ag onthe top surfaces of up and down sides was placed on
the laminated side of the bottom Mo substrate, and then sintered
at 250C for 3 min. In order to investigate the effects of
sintering pressure on the bonding quality of the sintered Ag
layer, four samples were created, each at different applied
pressures of 5, 10, 20, 30 MPa during the sintering process in
this step. Then, the laminated side of the top Mo substrate was
placed on the top of the sintered bottom Mo substrate. The
assembled package was then sintered at 250 <C for 3 min and
the same sintering pressure was used as last step. The entire
process was achieved in air. The schematic diagram of cross
section of double side sintered power package is shown in Fig.
2, and the thickness of each layer is also marked.

C. Shear andfracture tests of power packages

To determine the mechanical properties of sintered Ag layer,
a shear test was performed on the Instron 5569
electromechanical test machine. The test settings were based on
the standard of MIL-STD-883E, Method 2019.5. The sintered
package was first secured in a special designed rigid frame and
a constant test speed was set as constant of 0.3 mm/min, as
shown in Fig. 3. The mechanical properties of sintered package
were measured in displacement control mode. The fracture
surface morphology of sheared sample was examined by SEM
and EDS.

Top Mo
N

/ - i ] Laminated top Mo

Bottom Mo

7 \ , - ; Laminated bottom Mo

Step 2: First sintering
Laminated

FRD die D
Step 3: Second sintering

Laminated Sintered
top Mo

Sinterstar Innovate-F-XL

bottom Mo

Sintered bottom Mo

-

Top Mo
(1.2 mm)
o FRD die Ag film
bottom Mo Double side sintered package ©41 mm)\ (/‘/(0_065 ars)

r \ / Bottom Mo
“;‘ - ] L —— (2 mm)
“ Cross section and height

Fig. 2. Sintering equipment and schematic diagram of fabrication process (not drawn to scale)
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Force

Sintered package

Fixture

Fig. 3. Schematic diagram of the shear test

I1l. RESULTS

A. Characterization of pressure-free sintered nanosilver film

The thermal behavior of nanosilver film is first investigated
by DSC test. Fig. 4 shows the DSC heat curve of nanosilver
film within the temperature range of 130-260 <C. As indicates in
the figure, one exothermic peak at approximately 220-240<C is
obviously observed during heating process. When the sintering
temperature increases to 220<C, the organics inside the
nanosilver film decompose gradually. It is suggested that the
coalescence of silver nanoparticles starts at this temperature.
The decomposition of organics ends around 240<C. Therefore,
it is reasonable to conclude that the sintering temperature of
nanosilver film should be higher than 240 <C in order to get the
good bonding between silver nanoparticles. In this paper, the
temperature of 250 <T is selected for the sintering tests.

An initial SEM inwestigation was conducted to examine
morphologies of pure nanosilver film before and after sintering,
as shown in Fig. 5 (a) and 5 (b) respectively. The nanosilver
particles are coated with a nearly transparent layer on the

surface, which can prohibit the aggregation between particles,
as shown in Fig. 5 (a). The nanosilver particles have an average
diameter around 200 nm. The close contact of nanosilver
particles is likely to result from the compression during the film
fabrication process. During sintering, the organic shells start to
decompose and allow adjacent nanosilver particles to combine
with each other. This combining of particles is seen upon
comparing Fig. 5 (a) and 5 (b). Li et al. [26] suggested that
surface diffusion is the primary sintering mechanism at the
beginning of the sintering process due to its lowest activation
energy, and then followed by grain boundary diffusion and
lattice diffusion as temperature increases. After pressure-free
sintering at 250°C for 3 min, sintering necks are formed
between particles, which indicate bonding of the nanosilver
layer, as shown in Fig. 5 (b).

23

Endo.
é

22
21

20

Heat flow/ mW

18

Exo.
—

17 -

1 1 1 1 1 1
125 150 175 200 225 250 275

Temperature/ °C
Fig. 4. DSC heat curve of nanosilver film

Fig. 5. SEM images of nanosilver film, (a) original; (b) pressure-free sintered at 250°C for 3 min

Crystal structures of nanosilver particles before and after
pressure-free sintering at 250°C for 3 min were studied with
XRD, and the results are shown in Fig. 6. According to the test
results, five obvious peaks appear in the original nanosilver
film, and the corresponding crystal plane index is (111), (200),
(220), (311) and (222), respectively. Because of the existence
of a large number of oriented small crystal particles in the
irradiated area, the nanosilver particles exhibit a polycrystalline

structure. The full width at half maximum (FWHM) of the
nanosilver particles are listed in Table 1 for the crystal planes
found in Fig. 6. Comparing the FWHM of nanosilver particles
before and after sintering, the peaks of sintered particles show
slightly narrowed width due to the increased particle size.
Similar results have been obtained by sintering different types
of silver particles [27, 28]. In addition, there is no oxidation
peak observed after sintering inair. This result indicates that the
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nanosilver particles are not greatly oxidized and the formed
sintered joint is mainly composed of silver particles, which also
implies good bonding between nanosilver particles.

—— After sintering

arn ——— Original

(200)

L

(220)

-

(311)

Intensity

40 50 60 70 80 90
260/ degree
Fig. 6. XRD spectra of nanosilver particles before and after sintering

B. Comparison of pressure-free and pressure-assisted
sintering nanosilver particles

An SEM study was conducted to inwvestigate the effect of
applied pressure during sintering on the structure of nanosilver
particles. The results in Fig. 7 (a) and 7 (b) show the
pressure-free and 5 MPasintered layers respectively. As seenin
Fig. 7 (a), the overall morphology of pressure-free sintered
nanosilver particles shows an irregular structure. Some of the
particles only combine with the nearest ones, which will result
in the discontinuous matrix. Howewver, the dense and
well-structured sintered Ag layer seenin Fig. 7 (b) is achieved
with the help of sintering pressure. Most of the particles have
formed sintering necks with particles around them. Comparing
the micrographs also illustrates that the pressure-free sintered
structure is more porous. The porosity of pressure-free and 5
MPasintered nanosilver particles were measured using Image-J
software and the corresponding result is 16.26% and 5.38%,
respectively. These results and the results in the previous
section confirm both sintering and pressure during nanosilver
sintering may enhance the performance of the power package.

TABLE | FWHM OF NANOSILVER PARTICLES

Nanosilver particles 20/ degree 20/ degree 20/ degree 20/ degree 20/ degree
P (111) (200) (220) (311) (222)
Original 0.46 0.54 0.52 0.56 0.60
After sintering 0.41 0.46 0.47 0.50 0.50

C. Mechanical properties of sintered package

During sintering, the formation of necks between particles
can be enhanced with the help of applied pressure and finally
result in the high mechanical properties. The shear strength of
sintered package reveals an increasing trend with the increase
of sintering pressure, as shown in Fig. 8. The average shear
strength of 5 MPa sintered package is 8.71 MPa. When
sintering pressure increases to 10 MPa, the sintered package
has the average shear strength of 24.68 MPa and the increase
rate is 64.71%. The maximum increase rate of 65.83% is
achieved when pressure increases from 10 MPato 20 MPa. The
highest shear strength of 86.26 MPa is obtained at a pressure of
30 MPa. This gives empirical evidence that pressure-assisted
sintering will increase the mechanical performance of the

; \ N M L-
s ’
'S ! b
L- > aal - LN d "

Fig. 7. Comparison of sintered nanosilver particles at 250 for 3 min, (a) 0 MPa, (b) 5 MPa

package, but the rate of increase is most effective between 10
and 20 MPa.

D. Fracture surface morphology analysis of sintered package

Shear tests were conducted on the power packages, and the
fracture morphologies of a sintered package under 5 MPa are
shown in Fig. 9. According to the optical image in Fig. 9 (a), the
fracture area is mainly located at the interface between the
sintered Ag layer and the surface metallization layer on FRD
die. The top Mo substrate and the whole sintered Ag layer are
peeled off the package, which indicates weak bonding between
sintered nanosilver particles and die surface metallization. The
fracture surface of sintered Ag layer is quite smooth, as shown
in the partial magnified image in Fig. 9 (b) and (c). The detailed
morphology is shown in Fig. 9 (d), and there are only sintered
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Fig. 8. Relationship between sintering pressure and shear strength
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nanosilver particles found in this location, which can be
identified by energy-dispersive X-ray spectroscopy (EDS) in
Fig. 9 (e). Inaddition, the fracture surface in Fig. 9 (d) is not flat
and pores with various sizes are formed between particles.

Fig. 10 displays the fracture morphology of 10 MPa sintered
package. Similar to the 5 MPa sintered package, the facture
area in this package is also located at the interface between the
sintered Ag layer and the surface metallization layer on FRD
die, as shown in Fig. 10 (a). The magnified fracture
morphologies are quite flat and smooth, as seen in Fig. 10 (b)
and (c), which indicates the uniform diffusion bonding of
nanosilver particles under 10 MPa pressure. Based on the
magnified image in Fig. 10 (d) and the EDS analysis in Fig. 10
(e), the fracture surface mainly consists of sintered nanosilver
particles. The sintered nanosilver particles have a lower
porosity when comparing with the 5 MPa sintered ones in Fig.
10 (d).

:- (e)r enesis genmaps.epe 95 Jan 0Tt 201133
s Ag
1.3
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Fig. 9. Fracture morphology of sintered package under 5 MPa, (a) optical image of fracture surface; (b), (c) and (d) are the gradually partial magnified image of (a);
(e) EDS pattern of the fracture surface in (d)

Howewer, as the sintering pressure increases to 20 MPa, the
fracture occurs partially on the FRD die and partially on the
sintered Ag layer, as shown in Fig. 11 (a). The sintering
pressure of 20 MPa has an obvious effect of strengthening the
bonding between sintered Ag layer and metallization layer on
FRD die. As seen in Fig. 11 (b) and its magnified image in Fig.
11 (c), the fracture surface is not flat and there are many
depressionsonit. More details can be obtained from Fig. 11 (d),
the fracture area is composed of Ag coating on FRD die and the
sintered Ag particles. The element composition is proven by
EDS results in Fig. 11 (e), showing no significant material
transfer other than the sintered silver.

At 30 MPa, fracture occurs through the FRD die and the
metallization layer on bottom Mo substrate as shown in Fig. 12
(a). The fracture surface of 30 MPa sintered package is quite
rough, which is different from other packages that are sintered

at pressures lower than 30 MPa, as shown in Fig. 12 (b). The
further magnified image is showninFig. 12 (c), and the fracture
surface is partially lifted up and partially ripped. More details
are depicted in Fig. 12 (d), and no nanosilver particles are found
on the surface. According to the EDS analysis in Fig. 12 (e), the
facture area is located at the metallization layer on the Mo
substrate, which contains Ag, Cu and Ni elements.

Combining the results of Fig. 8 and Figures 9-12, there is
strong evidence that increasing the applied pressure when
sintering increases the shear and bonding strength of the
package, but only at pressures below 30 MPa. The change of
fracture area may due to the enhanced bonding strength of
metallization layer under high sintering pressures. Dudek et al.
[29] also proved that the bonding quality of metallization layer
can be improved by the increased sintering pressure from 5
MPa to 20 MPa, which resulted in the change of fracture area
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from the die attach layer to the die. Based on the results above,  not be optimal for manufacturing due to the limited increase
it can be concluded that a sintering pressure higher than5 MPa  rate in shear strength when increasing the sintering pressure
is quite useful to ensure the high bonding quality of sintered from 20 MPato 30 MPa.

package. However, the sintering pressure beyond 20 MPa may
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Fig. 10. Fracture morphology of sintered package under 10 MPa, (a) optical image of fracture surface; (b), (c) and (d) are the gradually partial magnified image of
(@); (e) EDS pattern of the fracture surface
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Fig. 11. Fracture morphology of sintered package under 20 MPa, (a) optical image of fracture surface; (b), (c) and (d) are the gradually partial magnified image
of (a); (e) EDS pattern of the fracture surface

help of 5 MPa sintering pressure. This result indicates that the
application of sintering pressure during nanosilver sintering

According to the crystal structure analysis before and after ~ may enhance the performance of the power package. The shear
pressure-free sintering, the peaks of sintered particles exhibit  strength of sintered package increases with pressure increasing
slight narrowed width due to the increased particle size. The  from 5 MPato 30 MPa. The highest increase rate was obtained
overall morphology of pressure-free sintered nanosilver  when sintering pressure increases from 10 to 20 MPa. The
particles shows irregular and discontinuous matrix. However,a  fracture areas are mainly locate between the sintered Ag layer
dense and well-structured sintered layer was obtained with the  and the surface metallization layer on FRD die at sintering

IV. CONCLUSIONS
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Fig. 12. Fracture morphology of sintered package under 30 MPa, (a) optical image of fracture surface; (b), (c) and (d) are the gradually partial magnified image of
(a); (e) EDS pattern of the fracture surface

pressures lower than 20 MPa, and finally change to the FRD die
and even the metallization layer on bottom of Mo at 30 MPa.
Howewer, the shear tests indicate increasing the sintering
pressure beyond 20 MPa may not be optimal for
manufacturing.
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