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Cracking of sintered silver layer always leads to the reliability issues in power devices. In this paper, the cracking
behaviors of sintered silver layer have been investigated through numerical analysis with fracture based method.
Energy release rate of various interfacial cracks and vertical cracks in sintered silver are computed. It is found
that the energy release rate of interfacial crack and vertical crack are significantly influenced by their thickness.
The thinner of the sintered silver layer, the higher of the energy release rate it will meet. For interfacial crack, the
adding of the metallization layer does not improve the energy release rate significantly. For vertical crack, two
conditions are considered, i.e., vertical crack emanating from the chip sider or emanating from the copper
baseplate side, and it is found that the energy release rate is strongly dependent on its location and the existence
of metallization layer. The increase of the thickness of Ni layer enables to lower down the entire level of energy
release rate for vertical crack. Otherwise, the energy release rate of vertical crack near the edge region of the
sintered silver layer is much higher than other locations. It implies that the cracking risk is higher for thinner
sintered silver layer around the edge region which should be avoided. It is also found that the porosity effect on

interface cracking and vertical cracking of sintered silver is also important.

1. Introduction

Sintered silver is very promising to be adopted as the die attach
material for high temperature aimed power electronics of next genera-
tion in recent years [1-4]. Similar to study of the cracking of the
traditional solder joint [5,6], cracking of sintered silver is also one of the
main focus because of the reliability issue for the electronic devices,
which has recently drawn great attentions [7-11]. Different cracking
morphologies have been found for sintered silver layer in different
experimental and numerical works [7-11], however, for the most of the
cases, it is hard to give a reasonable explanations on them as most of the
investigations differ from each other to some extent.

Herboth et al. [7] made an experimental investigation and found the
cracking starts from the die corner, then the crack grows through the
interlayer of sintered silver after 1250 thermal cycles. Different from
Herboth et al. [7], Kraft et al. [8] performed an active thermal test which
shows that the crack in the sintered silver grows vertically, and some

cracks even grow down forward to the copper substrate layer. Another
important information that we can obtain form Kraft et al. [8] is that
effect of metallization is also important on the cracking of sintered silver
layer. To further reveal the morphology of the crack initiation in sin-
tered silver considering creep effect, Tan et al. [9] performed a 3D x-ray
visualization observation and the creep crack is dominated along the
interface region of the sintered silver layer. A more recent observation of
cracking of sintered silver is presented by Agyakwa and coworkers [12],
complicated crack network morphology of sintered silver layer is clearly
shown in their study.

Regardless of active thermal test or passive thermal test of sintered
silver, it should be related with thermal fatigue or thermal mechanical
fatigue in essence. Noting this point, Tan et al. [13], Shioda et al. [14],
Kimura et al. [15], and Osaki et al. [16] have studied the fatigue crack
propagation of sintered silver where classic fatigue theories have been
brought in such as concepts of inelastic strain energy density and cyclic
J-integral [14]. Rather than studies on fatigue for sintered silver, the
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fracture behaviors of sintered silver have also drawn the attentions.
Wang et al. [17] performed a fracture test through compact tension
cracked sintered silver specimen. Chen and coworkers [18,19] investi-
gated the macro and micro fracture toughness of sintered silver as well
as the effect of different metallization layers. Recently, the influences of
crack on the equivalent thermal conductivity were reported by our
group [20]. One of the greatest challenge to analysis the cracking
behavior of sintered silver is that the mechanical behaviors of sintered
silver is significantly dependent on its porosity [21,22]. Some experi-
mental results have verified this point, e.g. Wereszczak et al. [23] pre-
sented that Young's modulus and Poisson's ratio is a function of porosity.
Those factors will surely affect the stress intensity and failure modes of
sintered silver [24,25].

Although some efforts have been made to investigate the cracking
problem of sintered silver, some important topics are still not touched in
depth. Some confusions always exist, e.g., does the cracking should be
influenced by its thickness and to what extent? Vertical cracking and
interfacial delamination which would be more dangerous? Are there
some guidelines can be provided to reduce the cracking risk of sintered
silver by structure design or by adding different metallization layer? In
this paper, those confusions will be answered from a perspective of
fracture mechanics.

Toward this end, the organizations of this paper are arranged as the
following. The problem to be investigated will be stated in Section 2. The
interfacial cracking and vertical cracking behaviors and the detail
comparisons are studied in Section 3 and Section 4, respectively. The
discussions will be given in Section 5, and the concluding remarks will
be drawn in the last Section.

2. Problem statement, methodology and numerical procedures
2.1. Model description and materials property

In general, a typical “sandwich” liked SiC chip/sintered silver layer/
copper baseplate structure is presented as shown in Fig. 1. For most of
the conditions, the back of the SiC chip is sputtered with metallization
layer such as nickel (Ni) layer, silver (Ag) layer and so on. To enhance
the adhesive forces, the top of the copper (Cu) baseplate is also metal-
lized with gold (Au) layer and Ni layer.

The geometry parameters such as interfacial crack length, vertical
crack length, sintered silver thickness, width of the chip length, metal-
lization layer thickness on the backside of SiC chip and metallization
layer thickness on the topside of copper baseplate for the structures
shown in Fig. 1 are denoted as a;, ap, hs, w, t; and tp, respectively. During

Interfacial crack Vertical crack
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the calculations, a simplified geometry model is shown where it comes
from the real size of a SiC power module in a commercial new energy
electric vehicle. The width and thickness of the SiC chip are kept as 2.3
mm and 0.18 mm, respectively. The width and thickness of the Cu
substrate is 9.05 mm and 0.7 mm, respectively. The width of sintered
silver layer is same as that of SiC chip. The thickness of sintered silver
layer and metallization layer varies accordingly.

Considering the cracking behavior of the sintered silver presented in
different experiments, four different kinds of crack locations are adopted
to perform the simulation. First kind, the crack is assumed to appear on
the interface of SiC chip and sintered silver layer. The crack bonding
between copper baseplate and sintered silver layer is assumed to be the
second kind. The third kind of crack is assumed to lay vertically in
sintered silver layer and emanating from the SiC side. The fourth kind of
crack is assumed to distribute vertically in sintered silver layer and
emanating from the copper baseplate. Those four kinds of crack types
are the mainly possible crack types appearing in sintered silver layer.
The finite element model is based on those defined four kinds of crack
locations. The material properties are summarized in Table 1 where the
material properties are collected from the published references listed in
Table 1.

Noted that Young's modulus and Poisson's ratio are dependent on
porosity based on the solutions given by Wereszczak et al. [23], e.g.
Young's modulus is 72 GPa with porosity of 3-4% and Young's modulus
is 58 GPa at porosity 7%. If the porosity increases to 19%, the Young's
modulus is 40 GPa. For the influence of porosity on Poisson's ratio, a
fitting formula has been given by Wereszczak et al. [23], some of which
have been listed in Table 2. There are also other data about the porosity
effect on the Young's modulus and Poisson's ratio in which can be found
in the review article recently presented by Chen and Kim [21].

Table 1

Material properties adopted in the simulations.
Material Young's modulus Poisson's CTE (ppm/ References

(MPa) ratio °C)
Sintered 12,900 0.1 19.2 [26]
silver

SiC 430,000 0.17 4.1 [27]
Cu 99,800 0.34 16.5 [27]
Ag film 76,800 0.37 18.9 [28,29]
Ni film 200,000 0.31 13.4 [26]
Au film 82,900 0.42 14.3 [28,29]

(a) L $h

SiC chip

Metallization layer 1 ¢
Sintered silver layer h,3
Metallization layer 2 £,
Horizontal crack length: @

Vertical crack length: Qo

Fig. 1. Geometry model and finite element meshes for SiC/sintered silver/copper baseplate structures: (a) geometry model, (b) entire FE mesh and (c) crack

tip mesh.
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Table 2
Young's modulus and Poisson's ratio under different porosities [23].

Porosity Young's modulus (MPa) Poisson's ratio
3-4% 72,000 0.37
19% 40,000 0.28
38% 14,000 0.20

2.2. Methodology and numerical procedures

To characterize the interface crack of two bonding materials, the two
Dundurs parameters a and f are defined as following:

a=f"E &)
E,+E,
G —1) =& —1) %)

ﬂ:M1(§2+ 1) +py (& + 1)

where E; and E, are the equivalent elastic modulus, and they satisfy
E; = E; / (1 —vl-z) and & = 3 — 4v; for plane strain condition. There will be
Ei = E; under plane stress condition. Herein, E; and v; are Young's
modulus and Poisson's ratio for i-th material, respectively. The sub-
scripts 1 and 2 represent the two bonding materials.

For interface crack, the oscillatory singularity index is defined as
below:

1 (1-p
e 7271,1(@) ®)

With the defined oscillatory singularity index, the energy release
rate, G, of an interface crack along the bonding materials is defined as.

1{1 1 |K|?
G == = = T a7 N 4
2\ E, + E, | cosh?(me) “
in which
K> = K2+ K2 5)
And, the following relation is given.
1
h? =—— 6
cosh*(xe) 7 (6)
The mode mixity or phase angle y is defined as following:
K;
w = tan”! (%) 7

where K; and Kj; are the stress intensity factors of mode I and mode II,
respectively.

To simulate the cracking of the sintered silver under thermal loading,
the energy release rate of various kinds of cracking types will be
analyzed. The applied temperature loading varies between 25 °C and
250 °C and the stress free reference temperature is set as 25 °C.

To obtain the energy release rate of the interface crack under various
conditions, the interaction integral method implemented in commercial
software ABAQUS is adopted. The energy release rate of the interface
crack tip field can be obtained directly through extraction. A more detail
method to simulate the crack tip can be found in our previous investi-
gation [30]. The typical FE mesh of a crack front is given in Fig. 1(c). The
solution extracted from integral of contour is a robust method which can
maintain a fine accuracy.
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3. Results
3.1. Interfacial cracking of sintered Ag/SiC interface

Herein, the first cracking condition is considered. The crack is
assumed to be along the interface of sintered silver and SiC chip, and no
metallization layer is considered. The energy release rate of interfacial
crack between sintered silver and SiC chip is considered. The variations
of energy release rate with crack depth with different sintered silver
thicknesses are given in Fig. 2. Four different thickness of sintered silver
are considered, i.e. 40 pm, 60 pm, 80 pm and 100 pm.

From Fig. 2, it is found that the effect of sintered silver thickness on
the energy release rate is remarkable. In general, the thicker of the
sintered silver layer, the higher value of the energy release rate will
reach. With the increase of the crack length, the energy release rate of
interfacial crack between sintered silver and SiC chip will increase
firstly. If the crack length still grows, the energy release rate of the
interfacial crack between sintered silver and SiC chip will become stable.
The steady values of energy release rate of interfacial crack are 0.0836
N/mm, 0.079 N/mm, 0.0745 N/mm and 0.0703 N/mm, respectively.

For a specific sintered silver and SiC chip layer, the critical energy
release rate is assured. The results show that the interfacial crack at hs =
40 pm will extend more easily as the energy release rate is much easier to
exceed the critical energy release rate. It indicates that the cracking risk
of thinner sintered silver layer is higher.

The variations of phase angle for interfacial crack between sintered
silver layer and SiC are shown in Fig. 3. It is seen that variations of phase
angle generally increases from negative phase angle and then decreases
with the increase of the crack depth and the finally reaches to a steady
value. It also shows that the thinner of the sintered silver layer, the
higher of the phase angle it will approach. In general, the interface
cracking presents a mixed mode case and much close to the shearing
mode.

To consider the metallization layer thickness effect on the crack tip
energy release rate, the computations of energy release rate with
different layer thicknesses are presented in Fig. 4. Five different thick-
nesses of metallization layers are considered in this paper. Compared
with the calculated solutions, it can be found that the lowest values of
energy release rate of metallization layer is the case with thickest Ni
layer with 5 pm Ag layer. The highest energy release rate approaches
when the thickness of metallization layer become 0.7 pm and 1.0 pm. It
represents that the increase of metallization thickness will lead to the
reduction of energy release rate to some extent. Similarly, the energy
release rate of interfacial crack will become unchanged when the length
of the interfacial crack exceeds 0.6.

- critical G

stable crack growth

—— 11_‘:410 pm

—— h_;=60 pm
8 —O—h,=80 pm
- ; ; : ; : : : —=0=—h,=100 ym
0.00 0.04 0.08 0.12 0.16 0.20

al/w

Fig. 2. Variations of energy release rate of interfacial crack along sintered Ag/
SiC interface with different sintered silver layer thicknesses.
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Fig. 3. Variations of phase angle for interfacial crack along Ag/SiC interface
with different sintered silver layer thicknesses.
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Fig. 4. Variations of energy release rate of interfacial crack with different
metallization thicknesses.

3.2. Interfacial cracking of sintered Ag/Cu interface

Except for the interfacial cracking of sintered silver and SiC chip
layer, cracking could also occur along the interface of Ag/Cu. The var-
iations of energy release rate with different metallization conditions are
shown in Fig. 5. Herein, a; is still the length of the interfacial crack. w is
still the width of the die attach layer.

According to Fig. 5(a), the energy release rate of the interfacial crack
generally increases with the increase of the die attach layer thickness.
For thinner sintered silver layer, the energy release rate will be higher. If
the interfacial crack between sintered silver and bare copper is shorter,
the variations of energy release rate will change differently. For
example, the energy release rate of interfacial crack at h3 = 100 pm
increases firstly and decreases slightly, then the energy release rate will
increase to reach a steady value. It indicates that the thicker of the die
attach layer and the energy release rate of interfacial crack between
sintered silver and bare copper will be higher at deep crack length.

From Fig. 5(b), the influences of the Ni layer thickness and Au layer
thickness on the energy release rate of interfacial crack are not that
remarkable. It represents that the adding of Ni layer and Au layer will
almost not affect the energy release rate of the interfacial crack.
Although the numerical simulation shows the rule of Ni layer and Au
layer is not the main factor which affect the energy release rate of the
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Fig. 5. Variations of energy release rate for interfacial crack along sintered
silver/Cu interface (a) various sintered silver thicknesses; (b) various Ni and Au
metallization layer and (c) sputtering silver layer.

interfacial crack, however, the adding of Ni layer and Au layer may still
play an important role on the strengthening of adhesive force between
sintered silver and bare copper.

If the metallization layer is changed to sputtering silver, similar
tendencies of the variations of energy release rate are between Ni and Au
layer as well as sputtering silver. With the increase of the thickness of the
sputtering silver, the discrepancy of the energy release rate is not
significant.
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3.3. Vertical cracking

Another common cracking mode is the vertical crack emanating from
the SiC chip side or copper baseplate side. Herein, the vertical cracking
emanating from the SiC chip side is discussed firstly. The variations of
the energy release rate of the vertical crack emanating from the SiC chip
side are presented in Fig. 6. Three different sintered silver layer thick-
nesses are adopted to perform the numerical simulation, i.e. 40 pm, 60
pm and 80 pm, respectively. For those cases, the crack length of the
vertical crack and the thickness of the sintered silver layer are denoted
as ap and hg, respectively. Three different locations for the crack are
considered, i.e. left, middle and right side of the sintered silver layer.
The distance of the left side vertical crack, middle side vertical crack and
right side vertical crack to the left edge are 0.2 mm, 1.15 mm and 2.1
mm, respectively.

From Fig. 6(a), i.e. cracking emanating from the copper baseplate
side, it can be seen that the highest energy release rate appears at hg =
40pm in the left side location. It indicates that the energy release rate of
the vertical crack appearing in the left side, which is much higher than
those of the other locations even with the same sintered silver layer
thickness. For the same crack location, the energy release rate of vertical
crack decreases with the increase of the sintered silver layer thickness.
The lowest energy release rate among those vertical cracking conditions
are the middle cracking case of the simulated sintered silver layer at hg
= 40pm. It implies that the most dangerous cracking case appears at the
left side of the sintered silver which should be avoided in the
manufacturing or reliability evaluation. For cases with hs = 60pm and
hs = 80pm, similar tendencies can be found to the cases with hs = 40pm,
i.e. the left side vertical cracking condition possesses the highest energy
release rate. Otherwise the vertical cracking in the middle location
possesses the lowest energy release rate.

From Fig. 6(b), i.e. cracking emanating from the SiC chip side, it can
be seen that the highest energy release rate also appears at hs = 40pm in
the left side location. Again, the energy release rate of the vertical crack
increases with the increase of crack length. The lowest energy release
rate appears at the vertical cracking in the middle of the sintered silver
layer.

Comparing with the values of the energy release rate, the maximum
energy release rate between those vertical cracking is almost the same
between those cases emanating from SiC chip side and emanating from
the copper base plate side. The lowest energy release rate is obtained
under the middle crack location with h3 = 40pm.

3.4. Metallization geometry on the vertical cracking
Another important factor affecting the cracking behavior of the

vertical crack is the influence of metallization layer thickness. Fig. 7 is
presented to show the effect of metallization layer on the energy release

(a)o.05 Crack emanating from Cu side without metallization —=—5.=40 um Left
i . : —&—1.=40 um Middle
004 - —=— ;=40 um Right
| —=—h,=60 ym Left
003 L —0—hj=60 um Middle
—&—h,=60 nm Right
B —<—h,=80 um Left
© 002 |- —&—/1,=80 ym Middle
| —&—h,=80 um Right
001 |-
0.00 | L
0.0 0.3 0.6 0.9 1.2
a,/h,
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(b) —&—without metalization h,=80 ym

—&— sputtering Ag 10 ym

—£—Ni (0.7pm)+Ag (1.0pm)
L ——Ni (0.7um)+Ag (5.0pm)
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Fig. 7. Variations of energy release rate for vertical cracking with different
metallization thickness (a) crack from the sintered silver and (b) crack from the
SiC chip side.

rate of the vertical cracking. From Fig. 7(a), it can be seen that the
thicker of the sputtering silver, the energy release rate will be higher.
Comparing with the values of energy release rate of vertical crack with
sputtering silver metallization layer, the values of energy release rate of
vertical crack with Ni and Au layers are slight lower although the dif-
ference is not that remarkable. With the increase of the crack length, the
energy release rate improves significantly.

From Fig. 7(b), i.e. crack emanating from the copper baseplate side,
it can be found that the highest energy release rate of vertical cracking is

0.04

(®)

—=— /=40 um Left
—&—h,=40 um Middl¢]
——h,=40 um Right
—— h3 60 pm Left
_— hj=60 pm Middld]
—— hj=()0 pm Right
——/,=80 um Left
—<—h,=80 ym Middl¢}
—&— =80 um Right

Crack emanating from SiC side without metalization

0.3

0.6
az/h3

Fig. 6. Variations of energy release rate for vertical crack emanating from the SiC chip side: (a) with metallization; (b) without metallization;
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still under the condition of sputtering silver with thickness of 10 pm.
Generally, the values of energy release rate with Ni and Ag metallization
layers are lower than those with sputtering silver layer. The increase of
Ni layer enables to reduce the level of energy release rate. At the same
time, the thicker of the Ni layer and the energy release rate will be lower.
With the increase of crack length, the energy release rate become
approaching to a stable value.

Comparing with those vertical crack emanating from the SiC chip
side, the energy release rate of the vertical crack emanating from the
copper baseplate side is slight higher if the crack length ratio is less than
0.4.

4. Discussions
4.1. Effect of porosity on the interface cracking

It has been given in Section 2 that the Young's modulus and Poisson's
ratio are highly dependent on the porosity of the sintered silver. Hence,
it is very necessary to investigate the porosity effect on the interface
cracking as sintered silver are general porosity-dependent. It should be
pointed out that the effect of porosity on mechanical properties contains
many aspects, e.g. Young's modulus, Poisson's ratio and yielding
strength. As the discussion in this paper are limited in linearly elastic
condition, the main factors depending on porosity, i.e. Young's modulus
and Poisson's ratio, are considered here. The variations of energy release
rate with crack ratio are presented in Fig. 8 from which it is seen that the
levels of energy release rate of sintered silver decreases with the increase
of porosity. Note that the Poisson's ratio and Young's modulus of sintered
silver at high porosity is smaller than those with low porosity. It implies
that higher stiffer sintered silver with will lead to higher energy release
rate. However, according to the experimental investigations given by
Wang et al. [17], the fracture toughness of sintered silver is also a
function of porosity and they found that the fracture toughness of sin-
tered silver decreases with the increase of porosity. Hence, it implies
that the cracking risk of sintered silver may need an evaluation between
the reduction of porosity and reduction of fracture toughness.

4.2. Effect of porosity on vertical cracking

Except for the interface crack, the vertical cracking behaviors can be
also caused by the variations of porosity of sintered silver. The variations
of the energy release rate of vertical cracking are presented in Fig. 9.
Herein, the vertical cracking of a left crack is adopted as the case to state
the effect of porosity on vertical cracking of sintered silver. It is seen that
the energy release rate of vertical crack generally increases with the

0.20
—O—Porosity 38%
i Porosity 19%
——Porosity 3-4%
0.15 |-

0.00 ) . 1 . 1 " ] .
0.00 0.05 0.10 0.15 0.20
al/w

Fig. 8. Variations of energy release rate for interfacial cracking for sintered
silver with different porosities.
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—&— Porosity 3~4%@ h, =80pum
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Fig. 9. Variations of energy release rate for vertical cracking with different
porosities under different thicknesses.

augment of crack length. Similar to that of the interface crack, the
vertical crack with higher porosity holds the relative higher energy
release rate. It is noted that the energy release is also influenced by the
thickness of the sintered silver. Thicker sintered silver will lead to lower
energy release rate for vertical cracking.

4.3. Some hints obtained from the cracking simulation

Based on the numerical solutions, it is found that the most remark-
able factor, which affects the energy release rate of interfacial crack, is
the sintered silver thickness. In general, the thicker of the sintered silver
layer, the higher of the energy release rate it will be, which implies that
the formation of the interfacial crack is more easily in the thicker sin-
tered silver layer.

Regarding to the metallization layer, the numerical solution shows
that the adding of sputtering silver or Ni and Au layers does not change
the energy release rate of the interfacial crack for interfacial crack be-
tween sintered silver and copper. Instead, the effect of metallization
layer on the interfacial crack of sintered silver and SiC chip is relative
more significant. It may indicate that the adding of metallization will not
change the energy release rate of the interfaces in SiC/sintered silver/
copper baseplate system remarkably, which means that the physical
adhesive force is more important to be improved than energy release
rate of interfacial crack by adding metallization layer. Many experi-
ments have demonstrated that the interfacial crack forms more easily in
sintered silver layer rather than those cases with interfaces of metalli-
zation layers. It should be noted that not all metallization layer materials
are preferred as the adhesive force of those interfacial layers depends on
the lattice structure of the materials among different layers.

For vertical cracking, the energy release rate depends on the crack
location, crack origin as well as metallization layer. The thicker of the
sputtering silver, the energy release rate will be higher. The adding of Ni
metallization layer can help to reduce the level of energy release rate to
some extent. For the vertical cracking, the vertical cracks emanating at
the left side of the sintered silver layer may be more critical which
should be considered carefully. However, the porosity effect is also
important on the contribution of cracking behaviors as the variation
tendencies for sintered silver with different porosities are different for
interfacial cracking and vertical cracking according to our numerical
investigations.

5. Conclusions

Through numerical simulation with rigorous fracture mechanics
based modelling, the effect of metallization on different cracked
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conditions of sintered silver layer under thermal loading are studied.
The conclusions are obtained as following.

a) The most important factor which influences the energy release rate

b

C

d

=

—

—

for interface cracks along the interfacial system of interconnection
layers for SiC power devices is the thickness of sintered silver. The
adding of metallization layer does not improve the energy release
rate of the interface crack significantly although the energy release
rate can be slightly influenced by the thickness of metallization layer.
It indicates that the most important role of the metallization layer is
the contribution to improve the adhesive force rather than
improvement of the energy release rate.

For interface cracks, the values of energy release rate are very close
regardless of the interface crack along sintered silver and copper
interface or the interface crack along the SiC chip and sintered silver
layer. Generally, the energy release rate of the interface crack
heightens with increase of sintered silver layer thickness. The in-
fluence of metallization layer on the energy release rate of interface
crack is in a limited level.

For the vertical crack, the level of energy release rate is strongly
dependent on the crack location. The vertical crack near the chip
edge shows the highest energy release rate. The vertical crack in the
middle region of the simulated model presents the lowest energy
release rate. The adding of the Ni layer enables to lower down the
level of energy release rate of vertical crack.

The porosity effects of sintered silver on the interface cracking and
vertical cracking are also studied. It is found that the higher porosity
will lead to higher energy release rate for vertical cracking. However,
the higher porosity will lead to lower energy release rate for interface
cracking. It is also confirmed that the energy release rate of vertical
crack are both influenced by thickness of sintered silver as thicker
sintered silver could lead to lower energy release rate if the porosity
effect is taken into account.
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