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ARTICLE INFO ABSTRACT

Keywords: Semiconductor devices integrate dissimilar materials, including semiconductors, ceramics, metals, and polymers.

Ratc_hetmg ) These materials have different coefficients of thermal expansion, so that the devices develop stresses when

Is)‘lfmlF‘?nduCtor devices temperature changes. Here we study a failure mode caused by cyclic changes in temperature. Under certain
asticity

conditions, thermal cycling causes a metal to accumulate plastic deformation cycle by cycle, a phenomenon
called ratcheting. The ratcheting in the metal can drive a crack to grow in a nearby brittle material. We simulate
a representative structure using the finite element method. As the temperature cycles, the plastic deformation in
the metal ratchets, and the energy release rate of the crack in the brittle material increases. After a large number
of temperature cycles, the metal no longer ratchets, and the energy release rate plateaus. We find that this
plateau is well approximated by the energy release rate in a structure where the metal is replaced by a void,
calculated by a monotonic change in temperature. This simplification reduces computational cost for modeling
ratcheting induced cracking. We also examine the effects of material and geometric parameters. It is hoped that
this study will aid the design of semiconductor devices.

Crack growth

1. Introduction

A semiconductor device integrates dissimilar materials in complex
geometries [1-3]. Consider a specific example (Fig. 1a). During fabri-
cation, a silicon die is first attached to an organic substrate through
solder reflow at an elevated temperature typically around 220 °C [4].
After cooling to room temperature, a polymer underfill is dispensed and
cured at Ty = 150 °C to reinforce the solder joints and improve reli-
ability [4]. As a common industrial practice to assess reliability, the
structure is cycled between two temperatures [5], e.g., —40 °C and
125°C, up to 1000 cycles (Fig. 1b). The dissimilar materials have
different coefficients of thermal expansion. As temperature changes, the
structure develops a stress field, which concentrates near the die
corners.

Near a die corner, a copper line is surrounded by an etch stop layer
(ESL) and an extreme low-x dielectric (ELK) (Fig. 1c). The copper line
serves as an interconnect due to its high electrical conductivity [6,7].
Under thermal cycling, the copper line can undergo plastic deformation
[8]. ESL functions as a barrier or structural layer, and is brittle [3,6]. ELK
insulates the copper line and reduces parasitic capacitance [2]. To
reduce permittivity, highly porous ELK is used, which makes it
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extremely brittle, prone to debonding and cracking [2,9]. For example,
debonding is often observed at both ESL-ELK and Cu-ELK interfaces after
thermal cycling (Fig. 1¢). Understanding these failure modes is essential
for interpreting reliability tests and guiding device designs. This paper
describes a mechanism by which thermal cycling drives a crack to grow
cycle by cycle.

2. A qualitative understanding of ratcheting induced crack
growth

The integrated structure in a semiconductor device is complex. To
illustrate the basic mechanics, we study debonding between two brittle
materials, ESL and ELK, caused by ratcheting plastic deformation in
copper using a simplified structure (Fig. 2a). The substrate has a larger
coefficient of thermal expansion than the silicon die (Fig. 1a). The
underfill is cured at 150 °C. Upon cooling, the mismatch in the co-
efficients of thermal expansion of the substrate and the silicon die causes
a shear stress at the die-substrate interface, pointing toward the center of
the die. The reliability of the structure is assessed by a thermal cycling
test (Fig. 1b). During the test, the temperature changes, but stays below
the curing temperature of the underfill. Consequently, the shear stress at
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the die-substrate interface does not change direction and always points
toward the center of the die. This unidirectional shear stress is further
transferred through the underfill to ELK and copper. At the die-substrate
interface, the shear stress varies with the position and temperature. To
simplify the discussion, we will assume a constant shear stress, 7¢.

The thermal expansion mismatch also causes other stress compo-
nents in copper. To illustrate the idea, consider a simplified stress state
in which the copper is under unidirectional shear stress of a constant
magnitude, 7o. Furthermore, the mismatch in the coefficients of thermal
expansion between copper and the surrounding materials also causes a
cyclic normal stress in the horizontal direction, ¢. The copper is taken to
be a non-hardening material. For simplicity, we further assume that the
yield strength of copper, oy, is constant, independent of temperature.
Under the combined stresses, 7o and o, the metal yields when the mag-
nitudes of the two stresses fall on an ellipse: 62 +372 = 6% (Fig. 2b).

When the combined stresses satisfy the yield condition, the copper
deforms plastically. As the temperature cycles, the increment of normal
plastic strain, de’, in the horizontal direction also cycles, but the
increment of shear plastic strain, dy*, accumulates cycle by cycle, always
in the same direction. This unidirectional accumulation of plastic strain
is called ratcheting.

The ratcheting phenomenon in semiconductor devices and thin film
structures has been studied before [10-14]. For a silicon die attached to
a substrate, cracking was observed in a silicon nitride (SiN) film over
aluminum pads near the die corner [12]. Caused by ratcheting plastic
deformation, the stress relaxes in the aluminum but builds up in the SiN
film, leading to fracture. Another related study analyzed the crawling of
a blanket metal film on a silicon substrate [10]. When temperature cy-
cles, the metal film accumulates plastic shear deformation directed by
the unidirectional shear stress. Both studies focus on the evolution of
plastic deformation and stress redistribution.

In the current work, we extend the analysis by calculating the energy
release rate of a crack. For the structure in Fig. 2a, as temperature cycles,
the plastic deformation in the copper ratchets. Consequently, the energy
release rate of a crack at the ESL-ELK interface increases. After many
thermal cycles, the copper no longer ratchets, behaves like a void, and
the energy release rate plateaus. The buildup of the energy release rate
causes a crack to grow in the nearby ESL-ELK interface.
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3. Ratcheting plastic deformation redistributes stress

We first simulate the structure in Fig. 2a without a crack in Abaqus to
ascertain the mechanism of ratcheting plastic deformation. Geometric
parameters are listed in Table 1. The width w and the thickness t refer to
the horizontal and vertical dimensions, respectively. The aspect ratio of
copper is defined by we, /tcy.

ESL and ELK are modeled as linear elastic materials. For ESL, we use
a Young’s modulus E = 295 GPa [15], Poisson’s ratio v = 0.24 [16],
coefficient of thermal expansion a = 3.8 ppm/°C [17]. For ELK, we use E
=10.5GPa, v = 0.22, a = 6.8 ppm/°C [18]. For simplicity, copper is
modeled as an elastic-perfectly plastic material. We use E = 130 GPa, v
=0.34, a = 16.5 ppm/°C [18]. The yield strength of copper oy varies
from 100 to 170 MPa [19]. The structure is assumed under plane strain
conditions. The top boundary is fixed in both directions (ux = u, = 0).
The left and right boundaries are traction-free. A constant shear stress 7o
is applied to the bottom boundary. In our study, 7o ranges from 10 MPa
to 50 MPa, consistent with typical underfill yield strength [20]. The
reference temperature is Tp = 25 °C. During thermal cycling, tempera-
ture ranges from 125 °C to —40 °C. The mesh is refined until results
converge. In this study, we assume temperature-independent material
properties of ESL, ELK, and copper. These simplifications will affect the
quantitative values but not the qualitative picture of ratcheting induced
crack growth.

Fig. 3a shows the accumulated plastic deformation of the structure
after 1, 100, and 1000 thermal cycles at 125 °C. For clarity, ELK is not
shown. As expected, copper ratchets to the right cycle by cycle, dis-
torting the Cu-ELK interface. Between 100 and 1000 cycles, copper no
longer ratchets, and the additional deformation is small, indicating that
a steady state is approached.

Fig. 3b shows the shear stress S along the bottom surface of the
copper. The left end is defined as X = 0. After the first cycle, Sy2 is nearly
uniform except near the two ends, and close to the applied shear stress
79 = 50 MPa. After 100 cycles, S;2 vanishes along most of the copper,
except near the two ends. The copper no longer carries shear stress. The
stress distribution in the copper changes negligibly between 100 and
1000 cycles, confirming a steady state. Similarly, Fig. 3c shows the shear
stress S;2 along the ESL-ELK interface, with X = 0 marked by the yellow
circle in Fig. 3a (top). After the first cycle, S5 is nearly uniform and close
to 79. After 100 cycles, S;2 builds up in the left region of the interface,
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Fig. 1. Thermal cycling may cause debonding in a semiconductor device. (a) A silicon die is first bonded to a substrate via solder reflow at ~220 °C, followed by
underfill curing at Ty = 150 °C. (b) The bonded structure is then cycled between —40 °C and 125 °C. (c) Illustrated at a corner of the die are several materials: silicon,
etch stop layer (ESL), extreme low-k dielectric (ELK), and copper (Cu). After thermal cycling, ESL-ELK and Cu-ELK interfaces may debond.
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where stress concentration can initiate crack growth.
4. Energy release rate

Next, we introduce a crack of length ¢ = 50 nm along the ESL-ELK
interface (Fig. 4, inset) using the built-in seam crack function in Aba-
qus. The left tip of the crack is placed at the junction of the three ma-
terials. As mentioned above, the top boundary is fixed. The left and right
boundaries are traction-free. A uniform shear stress is applied on the
bottom boundary, pointing to the right. Given these boundary condi-
tions, the two crack surfaces open under thermal cycling, rather than
slide relative to each other. Therefore, we neglect friction between the
two crack surfaces. For both ESL and ELK, the inelastic zone around the
crack tip is on the order of ~1 nm, much smaller than the crack length c.
Therefore, the linear elastic fracture mechanics are applicable. The en-
ergy release rate at the crack tip is computed using the built-in J-integral
function in Abaqus. In this simulation, we use wey/tcy = 20, 79
= 50 MPa, and oy = 100 MPa.

Initially, copper negligibly ratchets and carries most of the shear
load. The crack length is small, ¢ = 50 nm. The energy release rate G
scales with the crack length ¢, and is small in the initial cycles. As
temperature cycles, ratcheting in copper increases the stress in the left
region of the ESL-ELK interface. In the transient regime (N < 200), the
energy release rate G increases rapidly with the number of cycles N.
After 200 cycles, copper no longer accumulates the plastic shear strain,
and the energy release rate plateaus. Meanwhile, copper no longer
carries shear stress and behaves like a void. Together, the void and the
pre-existing crack act as an effective crack with length comparable to the
width of copper, wg, = 3 um. The energy release rate plateau scales with
the effective crack length. Because wg, is much larger than the initial
crack length c, the plateau value is much larger than the energy release
rate in the initial cycles.

We next investigate the effect of the yield strength of copper, oy, on
the energy release rate G (Fig. 5a). In the simulation, we fix ¢/tgs; = 0.5,
Weu/tey = 20, and 7o = 50 MPa. The normalized yield strength oy /7o
varies from 2 to 3.4.

For a smaller oy /7o, copper yields over a wider temperature range
during heating and cooling. Ratcheting in copper and stress buildup
along the ESL-ELK interface occur more quickly. As a result, in the
transient regime, G increases more rapidly with the number of cycles N.
In the steady state, copper no longer ratchets and behaves like a void.
Within the range of oy/7o explored in this study, the plateau value is
nearly independent of oy /7.
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Table 1

Geometric parameters.
Material w (um) t (um)
Copper 15,3 0.15
ESL 15 0.1
ELK 15 0.25

We further study the effect of the aspect ratio of copper wg,/tc, on
the energy release rate G (Fig. 5b). In the simulation, we set ¢/tgs; = 0.5,
79 = 50 MPa, and oy/79p = 3. We fix tg, = 0.15 pm and vary wey/tey
from 10 to 20. In both cases, during the transient regime, the energy
release rate G increases rapidly with the number of cycles N. In the
steady state, copper with a larger w¢, /tc, behaves like a larger void. As a
result, the effective crack length is larger, leading to a higher plateau
value.

Notably, for copper with a larger aspect ratio, more thermal cycles
are required to reach the plateau energy release rate. This trend is
interpreted as follows. The thickness of copper and the overall dimen-
sion of the ESL-ELK-Cu structure are fixed. In the steady state, the
applied shear stress is carried only by the ESL-ELK structure. When
copper has a larger aspect ratio, the surrounding ELK is less. Conse-
quently, the plateau shear strain is larger, and more thermal cycles are
required to reach the steady state.

5. Approximation of the plateau energy release rate

We finally propose a method to approximate the plateau energy
release rate using a monotonic temperature change. As discussed above,
after many thermal cycles, copper no longer carries shear stress and
behaves like a void. In the steady state, the effective crack length is
comparable to the width of copper. This understanding allows us to
further simplify the structure by replacing copper with a void (Fig. 6a).
In the unsimplified structure, we use c¢/tgs; = 0.5, wey/tey = 20, oy =
100 MPa and simulate 1000 thermal cycles. In the simplified structure,
we set ¢/tgs;, = 0.5, an aspect ratio of void as w, /t, = 20, and simulate a
monotonic temperature increase from 25 °C to 125 °C. The shear stress
7o varies from 10 MPa to 50 MPa.

At different shear stress levels, the plateau energy release rate
calculated from thermal cycling is well approximated by the value
computed from the simplified structure under a monotonic temperature
change (Fig. 6b). The slight difference is explained as follows. In the ESL-
ELK-Cu structure, in the steady state, copper no longer accumulates

b

Yield condition

Fig. 2. The plastic ratcheting of copper caused by unidirectional shear stress and cyclic temperature. (a) Top: the undeformed structure. Bottom: the deformed
structure after thermal cycles. (b) On the plane of normal stress (¢) and shear stress (7o), the yield condition is represented by an ellipse. During thermal cycling, the
normal stress cycles, but the shear stress remains constant. The plastic shear strain accumulates cycle by cycle.
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Fig. 3. Thermal cycling causes plastic deformation to accumulate and stress to redistribute. As temperature cycles, (a) plastic shear deformation accumulates, (b) the
shear stress in copper vanishes, and (c) the shear stress on the ESL-ELK interface builds up. (6y = 100 MPa, 7o = 50 MPa, and wg,/tcy = 20).
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@ & & @4 the ESL-ELK interface. As a result, the plateau energy release rates from
the simplified and unsimplified structures differ slightly. Nevertheless,
this simplification provides a good approximation of the plateau energy
release rate while significantly reducing computational cost for
modeling ratcheting induced cracking.
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U U We have studied crack growth in brittle materials caused by ratch-

7, = 50 MPa eting plastic deformation in a nearby metal. When temperature cycles,
the plastic deformation in the metal ratchets, and the energy release rate
of a crack in nearby brittle materials increases. After many thermal cy-
cles, the metal no longer ratchets and carries negligible shear stress, and
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200 400 600 8oo 1000 approximated using a simplified structure in which the metal is replaced
Number of thermal cycles, N by a void, calculated using a monotonic temperature change. We also
examine how the energy release rate depends on material and geometric
parameters. In the transient regime, a lower metal yield strength leads to
faster buildup of the energy release rate. However, the plateau energy
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Fig. 5. The effect of (a) yield strength oy and (b) aspect ratio of copper wg,/tc, on the energy release rate G over thermal cycles.
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Fig. 6. Approximation of the plateau energy release rate. (a) Simplified
structure with copper replaced by a void. (b) Plateau energy release rate from
the simplified structure, compared with the energy release rate from the
unsimplified structure under thermal cycling.

release rate is nearly independent of yield strength. Furthermore, a
larger aspect ratio of the metal leads to a larger effective crack length
and thus a higher plateau energy release rate. This study provides an
understanding of ratcheting-induced crack growth in semiconductor
devices under thermal cycling. We hope that this work will aid in the
design of semiconductor devices.
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