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Abstract. Thermo-mechanical failures may occur in the passivation layer of micro-electronic devices during the
fabrication process. These are in form of cracks which initiate at keyhole corners. In order to predict and eventually
prevent these cracks a failure criterion is presented, based on an average value of the elastic strain energy in the
vicinity of a reentrant corner of any angle. The proposed strain energy density (SED) failure criterion is validated
by a test including 24 full size wafers which have been fabricated with different parameters: the interconnects
(metal lines) height, the passivation thickness, and the passivating plasma power which was shown to correlate
with the mechanical properties of the passivation layer. For each wafer, a FE model has been constructed, and the
SED computed. It has been clearly shown, that above the critical value of SEDcr [R = 0.15µm] ≈ 1000 [J/m3],
all wafers manufactured were cracked. The SED criterion seems to correlate well with the empirical observations,
and may be used as a standard tool for the mechanical design of failure free micro-electronic devices.

1. Introduction

The fabrication of micro-electronic devices (chips) is a multi-step process aimed at creating a
layered structure made of semiconductors, metals and insulators. Thin aluminum interconnect
lines are fabricated by sputtering technology on top of which the passivation is deposited by
PECVD (Plasma Enhanced Chemical Vapor Deposition). At this last step of the fabrication
process, the wafer is heated to approximately 400 ◦C, and the passivation Si3N4 layer is
deposited to cover the metalic lines. Then, the wafer is cooled to room temperature, at which
stage mechanical failures in the form of cracks are sometimes encountered. A typical layered
structure before and after the passivation layer is deposited is shown in Figure 1. The cracks
are often detected on ‘test chips‘ placed on the silicon wafer (typically of diameter of 6, 8 or
12 inches (0.1524, 0.2032 or 0.3048 m)) among the many chips fabricated on same wafer. The
‘test chips‘ are manufactured so to represent the worst possible configurations which increase
their affinity to failure. I.e. if failure does not initiate in them (mechanical, functional, etc.), all
other chips on the wafer are fail safe (see Figure 2). Previous work indicated that these cracks,
emanating in the passivation layer at reentrant corners are due to the thermal loading caused
when cooling the wafer in the last step of fabrication. Thermal stresses in confined metal
lines during thermal cycling have been experimentally investigated by Moske et al. (1993),
where it was demonstrated that these can lead to damage formation in the passivation. The
cause for the cracks is identified as a mismatch of the elastic constants and thermal expansion
coefficients between the metal lines and the passivation layer. Typical cracks can be observed
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Figure 1. The layered structure of a typical chip. The first offwhite layer is the silicon substrate, the red layers are
insulators, the blue layers as well as the thin blue lines are made of metals, and the passivation layer is green.

Figure 2. The silicon wafer patterned with hundreds of square dies. The unpatterned areas are the scribes. The 3
wide rectangles dies are the test chip arrays seen in the blowup.

Figure 6. Finite element models superimposed in color on the SEM cross section of the test chip device.
Blue-Aluminum, Red-SiO2 dielectric and Green-Si3N4 passivation.

by sectioning the wafer at the test chip followed by a scanning electron microscope (SEM)
inspection, as shown in Figure 3.

Zoom-in figures of a typical top view and cross section of failed components show that the
failure initiates at the vertex of a reentrant V-notch (keyhole corner) – as shown in Figure 4.
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Figure 3. Cracks in the passivation layer: on the right a top view of the wafer, on the left a Scanning Electron
Microscope image of the cross-section.

Figure 4. Top view of a crack (right) and a zoom-in at a cross-section (left) of typical failure initiation sites in the
passivation layer (SEM image).

In an attempt to predict and eventually prevent these failures, a combined analytical-
numerical and experimental research has been conducted, which is presented herein. The
typical feature dimension of the studied electronic devices are 0.1 to 1 µm where the as-
sumptions of linear elasticity still hold, see e.g. Brandt et al. (1992). In this case, the V-notch
tip, where failure initiates, is a singular line at which the elastic stress tensor tends to infinity.
Because failures are manifested by long planar cracks along reentrant V-notch tip lines in
the passivation, a plane strain analysis of a cross-section represents well the problem. Same
assumptions have been adopted in previous theoretical investigations of stress singularities by
Michael and Hartranft (1991) and Miyoshi et al. (1992). They used finite element analysis
(FEA) for the computation of the singular stress field in the vicinity of singular points under
thermal loading, and concluded their work by suggesting of further research for formulating
a failure criterion. Sauter and Nix (1990) used FEA to investigate the thermal stresses in
passivated lines bonded to substrates. Their work indicates that thermal stresses depend on the
line width (increasing dramatically with decreasing its aspect ratio), the passivation material
and geometry (increasing with thicker and stiffer passivation).

Wan et. al (1999) investigated failure initiation at a 90 degrees re-entrant corner in a mi-
cromechanical silicon structure. They correlated the critical mode I stress intensity to fracture
initiation, using it as the failure initiation criterion. This approach is well suited for a constant
V-notch angle, but is not suited for V-notches of varying opening angles. Mazza and Dual
(1999) proposed a failure criterion for a silicon micromechanical structure having a re-entrant
corner of 135 degrees. It is based on the equilibrium of the strain energy in a radial sector of
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Figure 5. The domain of interest and notations.

radius R and thickness h and the surface energy required to create a crack of same length R

along a thickness h, in a specific direction in silicon. Since the strain energy increases non-
linearly as a function of the radial sector R, while the surface energy increases linearly in R,
there exists a radius Rcr (equals to 0.8 nm for silicon) where the strain energy distribution
equals the surface energy for crack creation. This critical radius (which of course is material
dependent) is chosen in their paper as the failure criterion. Mazza and Dual’s criterion applies
well to plane stress situations (very thin structural layers) and requires the knowledge of the
specific surface energy of the materials of interest. Since we are interested in a different
geometry (plane strain situation), and the specific surface energy is not known, a different
approach is advocated.

This paper is organized as follows: we first introduce and formulate a mechanical failure
criterion in passivation layers, denoted by strain energy density (SED). In section 3 we identify
the fabrication parameters which have the largest influence on the failure initiation. As shall be
shown, the mechanical properties and shape of the passivation layer and the metal lines have
a dominant influence on the failure. Therefore, the material properties of the various layers
have to be measured. In section 4 the failure criterion (SED) is validated via an experimental
program. It involves the fabrication of wafers with different values of critical parameters,
followed by a numerical procedure for the computation of the SED associated with each
of the fabricated wafers. To establish the critical value (SED)cr under which no failures are
observed, the experimentation had been carried out in three phases. In section 5 we summarize
the obtained (SED)cr , and demonstrate that under a threshold value no failures are observed,
validating the proposed failure criterion.

2. The Strain Energy Density Failure Criterion

It is conceivable to assume that failure initiates when the average elastic strain energy con-
tained in a sector around the singular point, over the volume of this sector, reaches a critical
value. This averaged elastic strain energy density we denote by strain energy density (SED).

Consider a circular sector �R of radius R centered in the singular point (this is the V-notch
tip at which the failure initiates):

�R
def= {(r, θ) | 0 ≤ r ≤ R, θ0 ≤ θ ≤ θ1},
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with traction free boundary conditions on the faces intersecting at the singular point (Figure 5).
Assume that a constant temperature change of �τ = constant is imposed, so that the un-
coupled isotropic thermo-elastic problem to be solved, under the assumption of plane-strain
is given by:

µ∇2u + (λ + µ)grad div u = 0 in �R (1)(
2µεij (u) + λεkk(u)δij

)
n = α(3λ + 2µ)�τn on θ = θ0, θ1 (2)

summation notation is implied unless otherwise specified, λ and µ are the Lamé material
constants, and u = (u1, u2)

T denotes the displacements in x1 and x2 directions. The strain
tensor is computed from the displacements using the standard kinematic connections:

εij = 1
2 (∂iuj + ∂jui)

The displacements in the vicinity of the singular point, namely the solution of the thermo-
elastic system, consist of two parts. A homogeneous part uH , as if no thermal loading is
present in the neighborhood of the singularity, �R, and a particular part uT h, which is the
particular solution chosen so to satisfy the non-homogeneous right-hand-side of the thermo-
elastic system in �R. The homogeneous solution can be represented as (see e.g. [9]):
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∞∑
i=1

Air
αi

{
u

(i)

1 (θ)

u
(i)

2 (θ)

}
=⇒ σH =

∞∑
i=1

Air
αi−1




σ
(i)

11 (θ)

σ
(i)

22 (θ)

σ
(i)

12 (θ)


 (3)

where αi are the singularity exponents, with α1 ≤ α2 ≤ α3 · · · (for cracks α1 = α2 = 1/2),
and Ai’s depend on the thermal loading away from the singular point, and directions 1 and
2 mean x1 and x2. The particular solution due to a constant temperature increase is given by
(see [10, p. 11], [11]):

uT h = β�τ

{
x1

x2

}
(4)

where β = α(3λ+2µ)

2(λ+µ)
.

It is easily seen that:

εij = εH
ij + εT h

ij , with εT h
ij = β�τδij , i, j = 1, 2. (5)

The connection between the stress tensor and elastic strain tensor is given for an isotropic
elastic material via the Hooke’s law. The ‘homogeneous’ part of the strain tensor εH is the
so-called ‘elastic’ part of the total strain. For plane strain conditions the stress tensor is:

σij = 2µεH
ij + λεH

kkδij . (6)

For plane strain:
ε33 = 0 = εH

33 + α�τ (7)

thus εH
33 = −α�τ , and

σ33 = λεii − α(3λ + 2µ)�τ

= λεH
ii − 2λβ�τ − α(λ + 2µ)�τ

= λεH
ii − α

µ(3λ + 2µ)

λ + µ
�τ (8)
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We now proceed and define the elastic strain energy U(u)[R]. For a fully 3-D domain:

U(u)[R] def= 1
2

�
�R×b

σmnε
H
mnd�, m, n = 1, 2, 3 (9)

For a domain of constant thickness b, the elastic strain energy can be split into two:

U(u)[R] = 1
2b

�
�R

[
2µεH

ij εH
ij + λ

(
εH
kk

)2
]
d� + 1

2b
�
�R

σ33ε
H
33d�

def= UH [R] + U∗[R]
(10)

the first term is associated with the stresses and strains acting in-plane, and the second term
reflects the stresses and strains perpendicular to it.

We first concentrate our attention to UH [R]. Using Green’s theorem, the area integral is
first transformed into a boundary integral, which is zero along �1 and �2, thus

UH [R] = 1
2b

∫
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(11)

inserting (3) in the above:

UH [R] = 1
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For isotropic materials, with traction free boundary conditions in the neighborhood of the
singular point, the following orthogonality relation holds (see Yosibash and Szabó, 1995):
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which simplifies (12) to:
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Now, consider U∗[R], after substituting of equation (8)
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It is important to note that U∗[R] is the strain energy generated due to a strain component
in the x3 direction, hence is not of importance for a crack initiation in the x1 − x2 plane and
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will not be taken into consideration. Thus we define the in-plane strain energy density (SED)
as:

SED[R] def= UH [R]
b × �R

and using (14), we finally obtain:
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k A2

k
R2αk−2

(π− ω
2 )

∫ θ1
θ0

[
σ

(k)
11 u

(k)
1 cos θ + σ

(k)
12

(
u

(k)
1 sin θ + u

(k)
2 cos θ

)

+σ
(k)

22 u
(k)

2 sin θ
]
dθ

(16)

For the problems treated herein, where a constant temperature change is imposed (�τ =
const), the second thermal generalized stress intensity factor is zero, A2 ≡ 0. Thus, (16) can
be written as:

SED[R] = A2
1
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is the integral of the k-th eigen-pair. To demonstrate that the second and further terms in (17)
are negligible in comparison with the first term, consider the ratio of the second term over the
first term, denoted by γ :

γ =
(

A3

A1

)2

R2(α3−α1)
I3

I1
(18)

For problems at which the opening angle is 0 ≤ ω ≤ π/2, α1 ≈ 0.5 and α3 ≈ 1 to 1.5, so that
2(α3 − α1) is between 1 to 2. The ratio I3

I1
is close to 1 because the eigen-pairs are normalized

so that the normalization factor is reflected in the coefficients Ai’s. The values of A3 in all
our numerical investigations are at the same order of magnitude as A1, and in most cases are
smaller, so that A3

A1
= O(1). Thus one obtains:

R2 � γ � R1 (19)

If R << 1 (we used in our computation R = 0.15µm), the terms in the series (16) for which
αk > 1 are orders of magnitude smaller compared to the first term, thus negligible, simplifying
(16) to:
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(20)

To numerically test that (20) approximates well the strain energy density, we computed the
SED[R] using the stresses and strains according to (9), and compared to these obtained by
using (20). For all cases they match within less than 3% difference. The SED[R] depends of
course on a characteristic length size R. It should be chosen small enough so that �R is within
the K-dominance region, ensuring that the singular terms do represent the exact solution. The
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small difference between the SED[R] first computed by (20), and the ones computed by (9)
ensures that the chosen radius R is not too large. Given the value of SED[R1], one can easily
determine the value of SED for a domain having a different radius R2 by the simple equation
derived from (20):

SED[R2] = SED[R1]
(

R1

R2

)2−2α1

(21)

A characteristic material dependent R can be determined for macroscopic domains, which
is a function of the ultimate stress and the critical stress intensity factor, but for micro-
scopic domains considered in this paper, these parameters are unavailable. We chose R as
a characteristic dimension of 0.15µm and report all results for this value.

The SED proposed above reminds the well known SED criterion by Sih and Macdonald
(1974), however it is considerably different in several respects. The SED of Sih is a pointwise
value evaluated at any point on an arc located at a radius R away from the crack tip and is
usually applied to crack tip singularities. Because it is a function of θ , a minimum value can be
found at a given angle θ∗. Thus, Sih’s SED may be used as a criterion for predicting the crack
propagation direction. Correlated to a critical material dependent parameter, it can be used
also as a failure criterion. The SED failure criterion proposed herein is an avaraged value, is
not aimed at predicting directions of crack propagation, but at predicting failure initiation at a
specific critical value for any opening angle of the V-notch.

3. Material Properties

The electronic device in the neighborhood of the failures (Figure 6) is a layered structure made
of the passivation layer (Si3N4 green colour in the Figure), the metal lines under the passiva-
tion and in the dielectric (made of aluminum, blue colour in the Figure) and the SiO2 dielectric
shown in red. It has been observed that failures if occur, initiate at one of the reentrant corners
above the gap in the wide metal lines. Simulating of a small portion as shown in the right part
of Figure 6 does not mimic important details and there is a need to simulate a larger portion
as shown in the left part of Figure 6. There are several parameters which may contribute to
the failure initiation, however, the design rules allow to change three during the fabrication
process, namely:

(a) the thickness of the passivation layer (denoted by h),

(b) the height of the metal lines (denoted by H ),

(c) plasma power applied during the chemical vapor deposition of the passivation layer.

Passivation thickness has two effects. First, the deposition PECVD process has a relatively
poor step coverage, and therefore tends to form overhangs resulting in ‘keyholes’ (e.g. Sze,
1983, p. 95) and singular points. Second, the reentrant angle tends to zero as the passivation
thickness increases until a given thickness, and the strength of the singularity is more severe

(see Figure 7), then, beyond h ≈ 6500
◦
A, the angle slightly increases again.
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Figure 7. Nonconformal step coverage of deposited passivation film

3.1. MATERIAL PROPERTIES OF PASSIVATION LAYERS.

Variation of the plasma power causes different chemical reactions (silane and ammonia) dur-
ing the chemical vapor deposition of the silicon nitride. This in turn causes variation in the
thermal expansion coefficient α and the Young modulus E (Poisson ratio ν is assumed to
remain constant). Hence a correlation between material properties and the plasma power was
necessary. These can be evaluated from measurements of residual stresses incurred in a bi-
material domain under thermal loading. A useful method to evaluate these stresses in thin
films is the Stoney method described in Tu et al. (1992, pp. 409–413). Unpatterned layers
of Si3N4 were deposited with different plasma powers and different thicknesses on circular
Si wafers at the ordinary elevated temperature, and then cooled to room temperature. The
residual stress in each wafer was determined from the curvature of the bi-material wafer.

Properties of thin layers of Si3N4 found in the literature indicate a large variation (see
e.g. Tu et al. (1992)). Starting with typical values of E, and α, we varied them in order
to match the measured residual stresses in the wafers. A unique evaluation of the material
properties could have been obtained by using two different substrate materials, however, this
was not available for this research. It was found that with increasing power, E increases and
α decreases, obeying the equations:

E(W) = 0.682 exp (0.0097 × W) [GPa] (22)

α(W) = 1.22 × 10−4 exp (−0.0224 × W) [1/Co] (23)

(where W stands for the plasma power in Watts). Figure 8 summarizes the results, the expo-
nential fit equations and the table lists the material properties.

Equations (22–23) are used for evaluating the material properties associated with each
plasma power.

Because the material properties E and α are temperature dependent, the above fit represents
their averaged value between the deposition temperature (400 ◦C) and room temperature.

A simplified finite element model as shown in the right side of Figure 6 was used to invest-
igate the influence of several other fabrication parameters on the strength of the singularity. It
was found that the height of the metal lines H has a large influence while the width seemed
to have little to no influence. Therefore H was chosen as the third parameter of investigation.
The simplified finite element model has also been used to verify that the ‘plastic radius’ (the
maximal length measured from the V-notch tip where the equivalent stress is above yielding)
is negligible compared to the passivation thickness.
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Figure 8. Passivation material properties vis. plasma power

Table 1. Material properties (E, ν and α) - A survey

Property Al line interconnect SiO2 diel. Si3N4 pass. Ref.

71.5 71.7 150 [5]

E [GPa] 63.9∗ 72.9∗ 30 [16]

35 nm 100 nm bulk – –

24.1 16.5 62 – – [15]

ν 0.35 0.16 0.25 [5]

0.36∗ 0.17∗ 0.22 [16]

α (10−6/Co) 23.6∗ 0.55∗ 1 [5]

23.434 + 6.996�τ/103 + 248.1(�τ)2/106 – 1.1 [14]

∗Value used in our computations.

3.2. ALUMINUM LINES AND DIELECTRIC LAYERS

For the proposed failure criterion, the Young modulus (E), Poisson ratio (ν), and the coef-
ficient of thermal expansion (α) of the aluminum lines and SiO2 dielectric layers are also
essential. These are known to vary according to the nature of their deposition and their minor
scale lengths. A literature survey shows different values for the aluminum lines. Experiments
by Steinwall and Johnson (1990) on aluminum fibers removed from substrates to produce
free standing fibers of 8mm long 1µm (grain sizes of 35 and 100 nanometers) show Young
modulus of the range of 16–24 GPa. However, Ohring (1992, p. 426) and Tu et al. (1992) lists
Young modulus of evaporated thin films similar to these of bulk. In our numerical simulations
we used the material properties marked by ∗ in Table 1: for the SiO2 dielectric the material
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Table 2. Fabrication parameters and results of phase 1 of the
experiments

Wafer # H [
◦
A] h [

◦
A] Plasma Power Cracked?

[Watt]

1 7000 5000 305 Cracked

2 7000 8000 305 Cracked

3 7000 5000 485 Cracked

4 7000 8000 485 Not Cracked

5 11000 5000 305 Cracked

6 11000 8000 305 Cracked

7 11000 5000 305 Cracked

8 11000 8000 305 Not Cracked

9 9000 6500 305 Cracked

properties do not vary in different references, so that E = 72.9 GPa, ν = 0.17 and α = 10−6

1/Co. For the Aluminum lines we used the the values E = 68.9 GPa, ν = 0.36 and α = 23.6
1/Co. For the Si3N4 passivation we used E and α from (22), and ν = 0.22.

4. Experimental validation of the failure criterion

Validation of the failure criterion requires the same critical value of the SED to be obtained
for different configurations of the device. A set of experiments have been designed to test
the hypothesis, and herby to determine the failure envelope. Past experience showed that the
failure envelope resides within the following extreme limits:

1. Al lines of height 7000
◦
A ≤ H ≤ 11000

◦
A with the standard being H = 9000

◦
A.

2. Si3N4 thickness of 5000
◦
A ≤ h ≤ 8000

◦
A with the standard being h = 6500 ± 300

◦
A.

3. Plasma power of 305 Watts ≤ p ≤ 485 Watts with the standard being 395Watts (E
and α for Si3N4 computed by (22)).

Phase 1 of the experiments consisted of nine wafers fabricated as full factorial design of
experiment (3 parameters, 2 levels + 1 center point). The precise manufacturing parameters
of the nine wafers is listed in Table 2, and their visualization, in a form of a ‘test-cube’ is
shown in Figure 9. The last column of Table 2 indicates whether a crack was detected in the
passivation layer after fabrication.

Based on the results of phase 1, at high plasma power and thick passivation , failure does
not occur, regardless of the metal thickness.

For refining the failure envelope another fifteen wafers were fabricated in phases 2 and
3, with parameters which lie between any pair of cracked and intact wafers from phase 1.
Table 3 summarizes phases 2 and 3 fabrication parameters. All the 24 wafers were examined
for cracks in a SEM by cross sectioning, and selected pictures for 6 of the wafers are shown
in Figure 10. In order to correlate the experimental observations with the proposed failure
criterion, one needs to compute the SED associated with each tested wafer. This procedure is
described in the following subsection.
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Figure 9. The ‘test-cube’ illustrating the different fabrication parameters in the test plan. The full circles represent
phase one experiment where the center is the standard parameters.

Table 3. Fabrication parameters of phase 2&3 tests

Wafer # H [
◦
A] h [

◦
A] Plasma Power Cracked?

[Watt]

10 7000 6500 415 Not Cracked

11 7000 6500 515 Not Cracked

12 7000 8000 415 Not Cracked

13 11000 5750 485 Cracked

14 11000 8000 350 Cracked

15 11000 5750 350 Cracked

16 7000 6500 515 Not Cracked

17 7000 8000 415 Not Cracked

18 7000 6500 415 Not Cracked

19 9000 8000 515 Not Cracked

20 9000 8000 395 Crack roots

21 9000 6500 515 Not Cracked

22–24 9000 6500 395 Cracked
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Figure 10. Selected SEM cross sections from the 24 tested wafers.

4.1. COMPUTING SEDS BY P-VERSION FEM.

The precise dimensions and the geometry in the neighborhood of the singular points has been
measured for each of the tested wafers, and a p-version parametric finite element model has
been constructed, as shown in the left picture of Figure 6. By varying these parameters, each of
the 24 tested wafers have been represented. These models consist up to two main designs:

1. Models with passivation thickness of up to 5750
◦
A.

2. Models with passivation thickness between 6500
◦
A and 8000

◦
A.

The reason for the two different models is because, as was seen in the SEM cross-sections,
the passivation tends to connect and close up on top of the keyholes, leaving the keyholes
open. Another important difference is contributed to the non-conformal step coverage. The
passivation is thicker on horizontal walls, and thinner on the vertical walls. During the initial

stages of the passivation process (around 5000
◦
A), a ‘hill’ is built in the middle of the keyhole,

having sharp angles therefore increasing the stress singularity. Continuation of the deposition

and the closing of the rooftop around h =5750 to 6500
◦
A, causes the sharp ‘crack-like’ tips

to become no longer sharp. Figure 11 presents the finite element models used for phase 1
wafers. The p-FEM commercial code StressCheck1 has been used in our computations. The
polynomial degree has been increased over each element from 1 to 8, using the product space.
This code has been chosen for the following reasons:
1StressCheck is trademark of Engineering Software Research and Development, Inc, St. Louis, MO, USA
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Figure 11. Finite element models simulating phase 1 wafers.
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Table 4. SED for tested wafers.

Wafer # H h Plasma Power E α ν SED∗[R = 0.15µm]
[ ◦
A] [ ◦

A] [Watts] [GPa] [1/Co] [J/m3]
1 7000 5000 325 16.0 8.40E–06 0.22 114,000

2 7000 8000 325 16.0 8.40E–06 0.22 124,000

3 7000 5000 485 79.3 2.37E–07 0.22 1,380

4 7000 8000 505 82.0 2.10E–07 0.22 985

5 9000 6500 395 25.7 1.25E–06 0.22 4,430

6 11000 5000 325 16.0 8.40E–06 0.22 108,000

7 11000 8000 325 16.0 8.40E–06 0.22 121,000

8 11000 5000 485 79.3 2.37E–07 0.22 1,350

9 11000 8000 505 82.0 2.10E–07 0.22 88.8

10 7000 6500 415 25.7 2.1E–06 0.22 664

11 7000 6500 515 85.0 2E–07 0.22 25.5

12 7000 8000 415 25.9 1.9E–06 0.22 985

13 11000 5750 485 79.3 2.37E–07 0.22 1,260

14 11000 8000 350 22.7 4.94E–06 0.22 54,400

15 11000 5750 350 22.7 4.94E–06 0.22 52,400

16 7000 6500 515 79.3 2.4E–07 0.22 25.5

17 7000 8000 415 26.3 1.7E–06 0.22 985

18 7000 6500 415 26.3 1.7E–06 0.22 664

19 9000 8000 515 79.3 2.37E–07 0.22 13.6

20 9000 8000 395 26.3 1.68E–06 0.22 612

21 9000 6500 515 79.3 2.37E–07 0.22 39.2

22 9000 6500 395 26.3 1.68E–06 0.22 4,430

23 9000 6500 395 26.3 1.68E–06 0.22 4,430

24 9000 6500 395 26.3 1.68E–06 0.22 4,430

∗Bold face numbers indicate failures.

− The numerical error is reported and can thus be controlled. In our computations all
models are under 1% error in the energy norm (see e.g. [17]).

− Curved boundaries are represented accurately, and large aspect ratios of the elements do
not deteriorate the accuracy of the results.

− Special optimal mesh design using geometric progression of the elements with a factor
of 0.17 towards singular points ensures high accuracy and exponential convergence rates.

− The eigen-pairs (αi, u(i)(θ)) of (3) are being computed and reported for any singular
point (see details in [12]).

− The thermal generalized stress intensity factors Ai’s are computed accurately and repor-
ted together with the eigen-pairs (see [11]).

Using the eigen-pairs, the Ai and an integration radius of R = 0.15µm, the SED in the vicinity
of the singular points has been computed for all test wafers, and summarized in Table 4. To
visualize the failure envelope, all wafers are shown on the test-cube together with the SED
values in Figure 12.
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Figure 12. Mapping of SEDs on the ‘test-cube’ (Units are J/m3). The variation of the SED appears to reflect the
mechanical status of the devices.

A semi-cylindrical failure envelope is observed, assessing the proposed criterion. A single
value of the SED distinguishes between the cracked and intact wafers - under a threshold value
of SEDcr [R = 0.15µm] ≈ 1000 [J/m3], all wafers manufactured are intact.

5. Summary and Conclusions

In the fabrication process of electronic devices, cracks may emanate at the vertex of key-
holes reentrant corners in the passivation layers. These failures are believed to be due to
thermal loading at the final cooling stage of the electronic device. To enable the prediction
and eventually preventing of such failures a failure criterion has been presented, formulated
and experimentally validated. It is based on the elastic strain energy density absorbed in the
vicinity of a reentrant corner of any angle. Because of the very small dimensions of the site
where failures occur, we estimated the zone where plastic deformation occur in the vicinity of
the reentrant corner, to verify that the elastic assumption is valid. Computations fully support
the assumption because the plastic zone is orders of magnitude smaller than the scale length
of the Al lines or passivation thickness.

To validate the SED criterion’s applicability to the electronic industry, a test plan has
been designed so to obtain the SEDcr below which failures are not observed. Because failure
initiation depends on several physical parameters, we limited this research to three of them
which can be easily changed in the fabrication process: the Al lines height, the passivation
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thickness, and the plasma power which was shown to correlate with the mechanical properties
of the passivation layer. Fabricating 24 wafers with different values of these parameters, we
succeeded to obtain wafers free of failures as well as cracked wafers. For each wafer, a FE
model has been constructed, and the SED computed. It has been clearly shown, that above
the critical value of SEDcr [R = 0.15µm] ≈ 1000 [J/m3], all wafers manufactured were
cracked, for the three tested parameters. The proposed SED criterion seems to correlate well
with the empirical observations, and may be used as a standard tool for the mechanical design
of failure free electronic devices. This has major advantages because it shortens time to market
by using simulation tools in place of trial and error fabrication processes.
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