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Creep of Al Underlayer Determined by Channel Cracking
of Topical Si3N4 Film
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This paper presents the results of channel cracking experiments performed on a multilayered structure. Room temperature creep behavior of
a metallic underlayer was studied by using a newly developed channel cracking method. By the analysis of a channel crack propagating under
tensile load in an elastic Si3N4 topical layer, the creep properties of an aluminum underlayer were determined. The experimental results were
compared with the results of room temperature creep studies performed on commercial Al and Al–Mg micro-wires. As expected, the viscosity of
pure Al underlayer is less than that of these materials. It is about 50% of the viscosity attributable to the primary creep region of commercial Al
micro-wires. Compared to the viscosity of a harder alloy, the viscosity of the pure Al underlayer is about 20% of that attributable to the primary
creep region of Al–Mg micro-wires. The growing cracks are observed to terminate at surface flaws that relieve their stress fields.
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Introduction

The reliability of microelectronics and microdevices
used in various applications including computers,
automotive industry and biomedical fields greatly depend
on the mechanical properties of the materials [1–3].
Since mechanical behavior of small structures used
in microelectronic and microelectromechanical devices
(MEMS) differ from those of bulk materials, it is necessary
to conduct micro-mechanical tests on these materials in
their final geometries [4–7]. Room-temperature creep of
metallic layers in microelectronics and metallic components
in MEMS can lead to unexpected failure of these devices
[8, 9].
Channel cracking [9–15] has been developed to study

and compute [10, 16] the steady state energy release rate
of channeling cracks in thin films. The application of
this method is important in the prediction of the fracture
behavior of multilayered structures that are under residual
stress developed during the fabrication process. In the
presence of a sharp corner or a microcrack, the stress field
intensifies at the interface between dissimilar materials.
Residual stress is not the only component that affects

the failure of structures. Other parameters such as thickness
of the layers will play an important role in the failure
process. The successful application of multilayered structure
relies on designs that optimize processing variables. These
include: residual stresses, the thickness of the individual
layers, as well as the type of the materials used in each
layer.
In multilayered structures consisting of dissimilar

materials, cracking of one layer may lead to the plastic
deformation of another. Consider crack extension in an
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elastic Si3N4 layer deposited on an Al thin film, which, in
turn, is deposited on Si. Crack propagation in the topical
Si3N4 layer can reach a steady state, which is dictated by
two parameters: the rate of decohesion at the crack tip and
the rate of creep of the Al layer.
Shear lag models have been used to study cracking of

brittle films deposited on viscous [9, 11, 14]. Liang et al.
[11] developed a shear lag model that approximates the
fracture process in an elastic film blanketing a metal
underlayer. The creep properties of the underlayer and the
fracture toughness of the topical inelastic layer are inter-
related such that if one is known the other one can be
calculated. Ma et al. [12, 13] studied channel cracking
in brittle Si3N4 films deposited on Al [12] and on Si
[13] substrates. They reported two different values for the
fracture toughness of Si3N4, as will be discussed later.
Under bending loads, both Al and Si3N4 layers are under

tension. At high stress levels, beyond the yield point of
Al, the Si3N4 layer experiences elastic strains while the
Al underlayer undergoes plastic deformation. The system
remains in equilibrium if no cracking occurs. However, once
a crack is initiated in the Si3N4 layer, the stress intensity in
the vicinity of the crack tip causes further deformation of
the Al underlayer. This additional strain accumulated in the
Al film can be attributed to the presence of excess stress at
the crack tip.
In this paper, the approach of Liang et al. [11, 15, 16] has

been adopted to study the room-temperature time-dependent
deformation of an Al layer undergoing creep concurrent
with the propagation of crack in its Si3N4 overlayer. The
information obtained here will be complementary to the
mechanical properties of bulk Al and Al alloys [17–19]
on micron scale. These include room temperature creep
properties [20, 21] obtained for thin aluminum micro-wires.

Theory

This section presents an overview of the underlying theory
that was used to extract the creep viscosity. For brevity,
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the theory is only summarized here. More complete
descriptions of the underlying theoretical framework can be
found in papers by Liang et al. [11, 15, 16].
For the current problem of multilayered coatings

consisting of 2mm Al films on a 4mm thick Si3N4 layer
deposited on a Si substrate, Liang et al. [11, 15, 16] have
modeled the effects of creep on the Al underlayer on the
driving force for channel crack growth in the Si3N4 layer.
Since the underlying Al layer can creep at room temperature
[20–22] the total strain in the Al foil (e.g. plastic+ elastic)
should be equal to the elastic strain of Si3N4 at the crack
tip.

�Al
e + �Al

p = �Si3N4
e (1)

However, the far field stresses are elastic in both Al and
Si3N4 layers. The stress in the Si substrate can be calculated
from the load applied to the specimen:

�Si = −3PLy

bh3
Si

(2)

where P is the applied load, y is distance from the neutral
axis of the wafer, L is the support span, b is the width of
the sample and hSi is the thickness of the wafer. The stress
in the Si3N4 film can be calculated from the superposition
of the residual stress as follows:

�Si3N4
= �res + �Si

1− �2
s

1− �2
f

ESi3N4

ESi

(3)

The steady state velocity of crack tip, V�
ss , can be related

to the thickness of Si3N4 film, h, thickness of Al, H ,
Young’s Modulus of the Si3N4 film, ESi3N4

, stress magnitude
in the Si3N4 film, �Si3N4

, viscosity of the underlying Al
layer, �, and the fracture toughness of the Si3N4film, Kc

through a dimensionless parameter � as following:

V�
ss = �

HhESi3N4
�2
Si3N4

�K2
c

(4)

Equation 3 can be solved either for the � or Kc. If one
is known the other one can be calulated. Rearranging the
terms in Eq. 4, the viscosity of Al can be obtained from

� = �HhE�2
0

K2
c V

�
ss

(5)

Finally the fracture toughness of a brittle film on an elastic
substrate can be calculated from the following [12, 13]:

Gc = �
�1− �2� �2

f hf

Ef

(6)

Here � is a dimensionless function that depends on
the elastic mismatch between the film and the substrate.
It also includes any plasticity involved in the process.

Figure 1.—(a) Schematic of order of films on Si substrate, (b) Loading of
the sample in three point bend configuration with the films being placed under
tensile loading.

An approximation of this parameter, derived from shear lag
models is presented by Hu and Evans [23] as follows:

� = �f√
3�y

+ �el (7)

There are two components in the above relationship:
plastic and elastic. While the plastic component is a function
of the yield stress of the metal underlayer, �y, and the film
stress of the Si3N4 layer, �f , the elastic component is only
a weak function of the elastic mismatch between the film
and the substrate.

Experimental procedure

The samples that were used in this study were supplied
by Dr. Qing Ma of Intel Corporation, Santa Clara, Calif.
The multilayered samples consisted of Si substrates that
were coated with a 2µm Al film on which a 4µm thick
Si3N4 was grown (Fig. 1a). The topical Si3N4 film was
examined for residual stress, which was determined to be
compressive in nature, with a magnitude of 97.9MPa. A
test sample was cut from the substrate with dimensions of
∼10mm ×∼32mm. The sample was subsequently loaded
in the bending apparatus, as shown in Fig. 1(b) and Fig. 2.
The loading device (Fig. 2) consisted of a thumb wheel

screw attached to the load frame mounted in series with an
EntranTM micro-load cell that measured the load during the
test. The load was applied by imposing strain at the center
of the sample using a a flexure blade connected to the load
cell. The surface of the sample was initially scratched with
a diamond pen to create microcracks at the edge of the

TMEntran is trade mark for Entran Devices Inc., Fairfield NJ 07004.
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Figure 2.—Schematic of loading device for channel cracking of Si3N4 on Al
on Si.

sample. A monoscope equipped with a video camera, and a
tape recorder was used to capture the images during crack
growth. The loci of the crack tip were determined from the
consecutive images and were plotted against time. These
plots were then used to calculate crack tip velocity.

Results and discussion

Crack Growth
The orientation of the channel crack and its propagation

direction relative to the edge of the sample is shown in
Fig. 3. The loci of the crack-tip (recorded versus time) are
presented in Fig. 4. A typical picture of the cracks is shown
in Fig. 5. While a crack has swept the area on the right
hand side of the image, a second crack has stopped in the
presence of a surface flaw that has apparently relaxed the
stress field in the vicinity of the crack tip. A new crack has
grown in a nearby location in lieu of continuation of the
stopped crack.
For the crack growth rate of 2	67 × 10−6 m/s obtained

in the current study, Eq. 5 and the material property data
presented in Table 1 were used to estimate the viscosity of
Al film. This gives a viscosity of 9	6× 1016 Pa.s as shown
in Table 1. The values of �, �, and E for the films and
the substrates are taken from Liang et al. [11, 15, 16] and
Ma et al. [12, 13]. The calculated value is based on the

Figure 3.—Channel cracking of the topical Si3N4 layer deposited on Al
underlayer.

Figure 4.—Crack growth rate of Si3N4 on Al on Si.

fracture toughness values obtained by Ma et al. [13] from
channel cracking experiments performed on Si3N4 films
grown on Si.

Fracture toughness

Ma et al. [12, 13] have reported two values for the fracture
toughness of Si3N4 based on the nature of substrates. A
fracture toughness of 4.9 J/m2 was reported [13] for Si3N4
deposited on Si. Using a metal underlayer, Ma et al. [12]
obtained a different fracture toughness value of 8.7 J/m2

for Si3N4 deposited on Al film. This aluminum film was
deposited on SiO2 grown on Si.

Figure 5.—Interaction of a growing crack with a surface flaw. The crack
has terminated and a new crack has initiated. Relaxation of stress field in the
vicinity of the flaw has stopped the crack.
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Table 1.—Calculation of various parameters leading to the viscosity of Al. Values for ESi, ESiN, Kc
QM ,
�Si �SiN, �, and �el and �y
Al are from Refs. [12, 13, 15, 16].

Calculation of stress Calculation of viscosity Calculation of G

�residual 97	90MPa ESi 169E + 05MPa �maxi
SiN 440Mpa
b 9	83mm HAl 2	00E − 06m �Si 0	25
L 30	00mm hSiN 4	00E − 06m �SiN 0	25
P 2	45kg ESiN 1	95E + 05MPa �SiN 381MPa
L 30	00mm Vss 1	65E − 05m/s �total �max + �residual
Ymax 0	25mm � 0	613 �total
SiN=�f

479MPa
hs 0	50mm Kc
QM 9	47E − 01MPam1/2 �y
Al 75MPa
�max
Si 44	8kg/mm2 �0 4	79E + 02MPa � 5	68
�max
Si 440MPa � ��HhE�2

0 �/�Vss
∗K2

c
QM� Gc
apparent 25	06J/m2

� 1	48E + 16Pa.s Kc
apparent 2	21MPam1/2

The difference between the two values of fracture
toughness that Ma et al. obtained for two Si3N4 film on
two different substrates (e.g. 8	7 − 4	9 = 3	8J/m2) can be
attributed to the energy expended for the viscous flow of
Al underlayer. Apparently Eq. 6 is more appropriate for
brittle films on elastic substrates. Using Eqs. 6 and 7 and
ignoring the effect of Al creep, a value of 25 J/m2 is obtained
for the apparent fracture toughness of Si3N4 deposited
on Al (Table 1). This apparent value cannot be used for
the fracture toughness of Si3N4. In fact, the true fracture
toughness of topical Si3N4 can be obtained if the viscosity
of Al is known. Since Ma et al. [13], (4.9 J/m2� have
independently examined the fracture toughness of Si3N4
deposited on Si, their number could be used to calculate the
viscosity of the Al underlayer. Equations 2–5 are used for
this purpose.

Room-Temperature Creep in Al and Al Alloys
The importance of the room temperature creep of Al is

not only important for microelectronics and microdevices,
but also in bulk materials. Al alloys have been adopted in
drift chambers to minimize multiple scattering. The tension
of these wires mitigates with room temperature creep [20].
Like many low melting point meals, Al [20, 24] and

Al alloys [21] tend to creep at room temperature more
than some other materials [19, 22]. This creep occurs
not only in bulk Al wires [20, 21] but also in thin
films used in microelectronics [11, 12, 15]. Recovery and
recrystallization of metals and alloys usually occur at a
temperature that falls within 0.3 to 0.5 of their melting
point Tm� on an absolute temperature scale. Creep of Al is
possible at room temperature where T/Tm = 0	32 (within
the 0.3–0.5 range).
The results of room temperature viscosity of Al obtained

here can be compared with the room temperature creep
properties of Al alloys including Al micro-wires reported
by Lu and McDonald [20]. Under stress levels of 200MPa,
these authors obtained strain rates of 1	7 × 10−10 s−1 to
1	7× 10−9 s−1 for the initial and steady state stages of creep
respectively. Higher creep rates were reported for Al–Mg
alloys tested by Bencivenni et al. [21]. Under stress levels
of 172MPa, they reported initial creep rates equivalent to
about 5	5× 10−10 s−1 and a steady state creep rate of about
1	7× 10−10 s−1 The shear strain rate, �̇, attributable to these

creep rates can be converted into an apparent viscosity,
�, by:

� = ��̇ (8)

where � is shear stress associated with creep process.
The creep results mentioned above can be converted into
apparent viscosities, assuming that deformation occurs by
shear on the planes of maximum resolved shear stress. The
apparent viscosities associated with the creep rates reported
by Lu and McDonald [20] will be 2	9 × 1016 Pa.s for the
initial creep stage and 2	9 × 1017 Pa.s for the steady state
creep stage. The corresponding viscosities associated with
the creep of Al–Mg alloy, reported by Bencivenni et al.
[21] will be 8	5 × 1016 Pa.s for the initial stage and 2	5 ×
1017 Pa.s for the steady state creep stage.
The value of viscosity of pure Al obtained in this

study (1	48 × 1016 Pa.s) is nearly one half of the viscosity
attributable to the initial stage of creep of commercial
Al micro-wires reported by Lu and McDonald [20]. A
higher creep resistance is expected for these wires due to
strengthening effects of alloying elements. In comparison
with a harder Al alloy, our calculated viscosity is 20% of the
value attributable to the initial stage of Al–Mg alloy [21].
This suggests that creep of pure Al film is much faster than
that of 5056 Al-Mag alloy wire at room temperature [21].
This alloy contains 4	5−5	6%Mg, 0	10%Cu, 0	30%Si,
0	40%Fe, 0	05−0	20%Mn, 0	1%Zn and 0	05−0	20%Ti
[25]. The higher viscosities of the Al–Mg alloy can be
attributed to the presence of alloying elements that promote
creep strengthening [26, 27].
The presence of alloying elements in the Al alloys can

increase the energy release rate associated with the cracking
of the Si3N4 film deposited on the Al alloy layer. The
increase in the energy release rate will be through an
increase in the viscosity of the Al underlayer. The increase
in the creep resistance of Al–Mg alloy has been related to
the effects of Mg solute atoms and also to the presence
of particles in the grain boundaries [27]. Usually 3%Mg
is enough to promote solute drag creep in Al–Mg alloys
[17, 22]. Magnesium solutes are believed to interact with
the grain boundary dislocations during creep of Al–Mg [27].
This suggests that alloyed Al films may be used to improve
the creep resistance and the resistance to channel cracking
in the type of multilayered films examined in this study.
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Summary and concluding remarks

Based on the channel cracking experiments performed
on multilayers of Si3N4/Al/Si tested under a stress level
of 479MPa (in Si3N4 film) the following conclusions are
reached:

1) The apparent viscosity of Al underlayer obtained in
this study is 1	48× 1016 Pa.s. This apparent viscosity is
nearly 1/2 of viscosity attributable to the primary creep
of Al micro-wires. Compared with the harder Al–Mg
alloy, the viscosity of pure Al underlayer is about 1/5 of
that attributable to the primary creep region of Al–Mg.

2) Growing cracks were observed to terminate in the
vicinity of surface flaws where stress fields are relaxed.
The apparent energy release rate for the growing cracks
was ∼25J/m2 which includes the energy required for the
creep of Al underlayer.

3) The current results suggest that multilayered structures
with Al underlayer can be improved by alloying to
improve the room-temperature creep resistance.
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