
Available online at www.sciencedirect.com
Scripta Materialia 60 (2009) 803–806

www.elsevier.com/locate/scriptamat
Evaluation of thermal fatigue damage of 200-nm-thick Au
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Thermal fatigue properties of 200-nm-thick Au interconnects with a width of 2 lm were evaluated by applying alternating cur-
rent. We found that the temperature distribution along the Au interconnect can be described by a simplified one-dimensional equa-
tion of heat conduction. The lifetime as a function of thermal cyclic strain range (De) for the narrow Au lines follows the
conventional Coffin–Manson relationship when De 6 0.47%, while the number of cycles to failure extends to an engineering-defined
high-cycle fatigue region.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Metallization interconnects in microelectronic
circuits experience extreme conditions during fabrica-
tion and service, including relatively high temperature,
high current density and thermal cyclic strain. Conse-
quently, three typical kinds of failure modes can affect
the reliability of the interconnect: electromigration
(EM), stress-induced voiding (SIV) and thermal fatigue.
Both EM and SIV had been actively investigated for sev-
eral decades [1]. Thermal fatigue comes from the time-
varying temperature in the interconnect during its ser-
vice due to the power dissipation within the interconnect
and the surrounding structures. The variation in temper-
ature creates time-varying thermal strain due to the ther-
mal expansion mismatch between the metal line and the
surrounding material, which can lead to the formation
of thermal cyclic strain-induced damage. Even though
several observations of fatigue in thin metal films at
room temperature have shown that fatigue properties,
damage behavior and dislocation structures of the metal
films are quite different from that of their bulk counter-
parts when the film thickness is on the sub-micrometer
scale [2–10], limited work on thermal cyclic strain-in-
duced damage behavior has been conducted for the nar-
rower metal lines [11–16], which is becoming a more and
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more important reliability issue. In this paper, thermal
fatigue damage of a 200-nm-thick Au interconnect gen-
erated by alternating current (AC) are investigated. The
temperature distribution along the Au lines under AC-
induced cyclic Joule heating was analyzed theoretically,
and failure lifetimes of the Au lines were evaluated.

A 200-nm-thick Au film were deposited onto a quartz
substrate by a radiofrequency magnetron sputtering sys-
tem under a high vacuum. X-ray diffraction h–2h scans
show that the grains in the Au film have a (111) out-
of plane texture, as shown in Figure 1(a). The grain size
of the Au film was estimated as 74.0 ± 11.1 nm by scan-
ning electron microscopy (SEM; LEO Supra 35), as
shown in the inset of Figure 1(a). Subsequently, a set
of the Au interconnect lines 2 lm in width and 50 lm
in length were fabricated by a focused-ion-beam (FEI
Nova200 NanoLab) milling technique under a beam
current of 50 pA. In order to have a smooth side surface
of the metal line, a fine beam current of 10 pA at a low
accelerating voltage of 5 keV was finally used to clean all
the sides of the metal line.

In terms of the basic idea proposed by Mönig et al.
[14], the Au lines were tested in situ by applying AC.
The principle for such a testing system is based on the
fact that AC-induced Joule heating of a metal film
bonded to a substrate potentially causes thermal cyclic
strain due to the difference in thermal expansion coeffi-
sevier Ltd. All rights reserved.

mailto:gpzhang@imr.ac.cn


Figure 1. (a) X-ray diffraction of 200-nm-thick Au film. (b) Schematic
diagram of a testing set-up for thin metal interconnect line subjected to
AC.

Figure 2. Temperature distribution (a) in the silica substrate beneath
the Au interconnect line, which is subjected to AC with the rms current
density of 5.3 MA cm�2 (based on finite element analysis) and (b)
along the Au line as a function of position and time (based on Eq. (4)).
(c) Cross-sectional view of (b) in a certain cyclic time of t = 2 h; (d) the
cross-sectional view of (b) in a certain position of x = 25 lm; (e)
partially enlarged drawing of the squared region in (d).
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cients between the metal line and the underlying sub-
strate. Figure 1(b) schematically depicts the testing sys-
tem we used. Here, the AC with a sinusoidal wave and
a frequency of 50 Hz was applied to the Au line through
two tungsten needles controlled by two micromanipula-
tors, as schematically illustrated in Figure 1(b). By com-
paring the experimental resistance of the Au line with
the theoretical resistance calculated by R ¼ q� l

s , we
found that the difference between them was very small.
The effect of the contact resistance between the tungsten
needles and the Au pads could therefore be neglected.
The root mean square (rms) current density (Irms) of
the applied AC varied from 3.5 to 11.5 MA cm�2, which
was expected to generate a temperature cycle with a
range DT in the Au lines. The total strain range applied
to the Au line can be estimated by
De ¼ ðaCu � aSiO2

Þ � DT based on coefficients of thermal
expansion (CTE) of gold (aAu = 1.42 � 10�5 K�1) and
silicon dioxide (aSiO2

¼ 5:5� 10�7 K�1). The lifetime,
i.e., the total number of cycles to failure, was recorded
at the moment when the Au line is broken.

It is necessary to determine the AC-generated temper-
ature distribution along the Au line prior to examining
damage behavior. The temperature distribution of the
substrate beneath the Au interconnect under
Irms = 5.3 MA cm�2 was calculated first by finite ele-
ment analysis (FEA). The substrate temperature be-
neath the Au interconnect was described by the red
region in Figure 2(a). It is clear that the temperature
of the substrate can reach the steady magnitude of
133 �C in a very short time. Thus, the substrate temper-
ature can be regarded as a heat reservoir and directly
corresponds to the lowest temperature of the Au line.
Mönig et al. [14] reported that the temperature of the
Si substrate beneath the Cu interconnect was about
100 �C, as evaluated by FEA. This is due to the fact that
the coefficient of thermal conductivity of silicon dioxide
is far lower than that of Si. It is assumed that the AC-
generated Joule heating in the Au line would disperse
mainly towards the two pads, but rather less in air due
to the pad areas being much larger than that of the
Au line and the lower convection coefficient of the air.
According to Fourier’s law, the heat flow rate per unit
area can be expressed as

q ¼ �k �rT ¼ �k � @T
@x

ð1Þ

where k is the coefficient of thermal conductivity of the
Au line. The differential equation of thermal conduction
is established based on the first law of thermodynamics,
which can be written as

DE ¼ DQþ W ð2Þ
where DE is the increment of internal energy in the sys-
tem, DQ is the increment of calorific power in the system
and W is the work of the system obtained from the
external condition. In this case, W is equal to zero.
The first law of thermodynamics is applied to the differ-
ential system, dxdydz, as depicted in Figure 1(b). Eq. (2)
then becomes

q� qþ @q
@x

dx
� �� �

� dydzþ P ðtÞ
V
� dxdydz

¼ qc� @T
@t
� dxdydz: ð3Þ

Eq. (1) can be substituted into Eq. (3) and the differen-
tial equation of thermal conduction of the one-dimen-
sional transient temperature field can be obtained as:

qc� @T
@t
� k

@2T
@x2
¼ P ðtÞ

V
ð4Þ

The original and boundary conditions are given as T(x,
0); T(0, t) = T(50, t) = f(t), where f(t) is the functional
variation of the substrate temperature. Tx(25, t) = 0;
0 < x < 50 lm and t > 0 s. Letting Irms = 5.3 MA cm�2,



Figure 3. SEM images of the Au line after 7.45 � 106 cycles under
De = 0.27%. (a and b) Whole views of the Au line before and after
experiment, respectively; (c and d) high magnification of the arrowed
regions in (b); (e and f) close observations of the squared regions in (b).
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an analytic solution of the temperature (T) as a function
of the position from the left side of the Au line (x) and
the cyclic time (t) was solved, and the temperature distri-
bution along the Au line is presented in Figure 2(b).
Two clear features can be seen in Figure 2(b). First, at
a certain cyclic time, the temperature along the Au line
exhibits a gradient distribution. The highest temperature
appears in the middle of the Au line while the lowest one
occurs on both sides of the Au line close to the two pads.
Secondly, with increasing cyclic time the temperature of
the Au line increases rapidly to a steady state, then
slowly in a sinusoidal variation. A cross-sectional view
of the temperature distribution along the Au line after
cyclic Joule heating for 2 h is shown in Figure 2(c). It
is clear that the temperature in the middle of the Au line
is close to 343 �C and gradually decreases down to about
133 �C at both sides of the Au line close to the two pads.
Figure 2(d) shows that the temperature of the Au line
reaches 133 �C rapidly (within about 1 s) and then varies
in a sinusoidal wave with a range of DT = 210 �C with
cyclic time. An enlarged curve of the squared region in
Figure 2(d) reveals that the temperature in the middle
of the Au line also increases gradually in a sinusoidal
variation, and the variable periodic time was half of
the AC (see Fig. 2(e)).

It is worth noting that the above analysis of the tem-
perature distribution along the Au line depends on the
line dimensions, such as the size of the pad and the
length of the line, which control the dissipation of the
Joule heat in the line. The fact that the length of the
Au line used here is shorter than that used by Mönig
et al. [14] and Keller et al. [17] means that the ability
to store the heat in the Au line is significantly decreased.
As a result, there was an evident gradient distribution of
temperature in the Au line, which led to more severe
damage in the middle of the Au line than at other places
along the line. The above theoretical calculation of the
temperature distribution along the Au line can be dem-
onstrated by the following SEM observations of the
damage morphology at the line surface.

From Figure 2(b), the difference in temperature be-
tween the Au line and the substrate in the steady state
was obtained as DT = 210 �C in the case of
Irms = 5.3 MA cm�2. Thus, the thermal cyclic strain
range can be calculated as De = 0.27%, which was applied
to the as-deposited Au line shown in Figure 3(a). Figure
3(b)–(f) presents damage morphologies of the Au line
after 7.45 � 106 cycles under De = 0.27% generated by
AC. Figure 3(b) reveals that the Au line was broken in
the middle due to the local melting. The damage became
more extensive and severe the closer the position to the
middle of the Au line. In particular, the top and side sur-
faces of the Au line close to the middle part became much
rougher. Closer inspection shows that the grains close to
the pad did not grow (see Fig. 3(c)), while those close to
the middle part of the line have grown much larger and
have even become somewhat faceted, as shown in Figure
3(d). This indirectly demonstrates that temperature is dis-
tributed inhomogeneously along the Au lines. The grain
growth in the thin film can be described as [18],

r2 � r2
0 ¼ a0 exp � Q

kT

� �
t; ð5Þ
where r is the average grain radius after a time t, r0 is the
average initial grain radius, a0 is a weakly temperature-
dependent constant, Q is the activation energy for grain
boundary motion and k is the Boltzmann constant.
Using Eq. (5) and the values based on the SEM observa-
tions, the temperature in the middle of the Au line was
estimated as T � 400 �C after 7.45 � 106 cycles. Com-
pared with the result from the grain growth model, it
was found that the temperature calculated by the equa-
tion of thermal conduction (Eq. (4)) is less than 57 �C.
This demonstrates that it is reasonable to describe the
temperature variation with the differential equation of
thermal conduction of a one-dimensional transient tem-
perature field.

The thermal fatigue damage morphologies shown in
Figure 3(e) and (f) are different from the results reported
by Park et al. [16]. Several wedge-shaped pits formed in
the Au line, as indicated by the arrows in Figure 3(e).
The size of the center of the pits approximates to a grain
size, while the external size of the pits is 500 ± 50 nm.
The other damage behavior identified was the formation
of microcracks at triple junctions (see Fig. 3(f)). Owing
to the small grain size (several tens of nanometers) of
the present Au line, the wrinkles found in the Cu line
with micron-scale grains by Mönig et al. [13] were not
observed here. In contrast, the different damage behav-
iors at the different locations of the Au line (see
Fig. 3(b)–(f)) are attributed to the effect of different
amplitudes of thermal cyclic strain or the temperature.

Figure 4 presents the relation between the thermal
strain range (De) generated by AC and the number of cy-
cles to failure (Nf) of the Au lines. The thermal fatigue
lifetime significantly decreases with increasing De. Spe-
cifically, Figure 4 can be divided into two regions, corre-
sponding to the low strain range (region I) and the high
strain range (region II). In region I (De 6 0.47%),
Nf � De follows the conventional Coffin–Manson rela-
tionship, with a fatigue strength exponent of �0.5. This
value is close to that of most bulk metals [19]. This indi-
cates that under De 6 0.47% (corresponding to
Irms < 8 MA cm�2) the damage behavior of the thin
Au line with a line width of 2 lm is controlled by the



Figure 4. Relationship between the numbers of cycles to failure and
the applied strain range generated by AC.
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thermal fatigue mechanism even though the number of
cycles is above 106, which usually belongs to a high-cycle
fatigue region. As De > 0.47%, corresponding to region
II, the experimental data deviate far from the Coffin–
Manson equation. This may be attributed to the exces-
sive effect of the higher current density, which directly
led to large Joule heating, causing the Au lines to rapidly
melt and fail.

Recently, Zhang et al. [20] found that there were low
and high cycle regions in thermally fatigued 60-nm-thick
Cu lines on an Si substrate with a line width ranging
from 5 to 15 lm. The corresponding thermal strain
range varied from about 0.015% to 0.2%. These strain
ranges are lower than that of the present study. It should
be noted that the CTE of silicon is far larger than that of
SiO2. Thus, compared with the present Au line on a sil-
ica substrate, there exists a relatively low strain range in
Cu lines on an Si substrate even with the same temper-
ature variation. Specifically, the temperature difference
between the metal lines and the substrate applied by
Zhang et al. on the Cu lines was not large [20].

In the present study, it is found that under the ‘‘low”
strain range (De 6 0.47%) the relationship between the
cyclic lifetime and the thermal strain range follows a
typical Coffin–Manson equation, which can describe
well the fatigue lifetime in a low-cycle fatigue region
for bulk metals [21]. Generally, when the number of cy-
cles to failure of the bulk metals is more than 104–105, it
is conventionally considered to be high-cycle fatigue.
However, the operating lifetime of the metal intercon-
nects in many microelectronic devices is far higher than
engineering-defined 107 cycles in the practical applica-
tions, and can even exceed 1012 cycles [22]. Compared
with such high cycles, the number of cycles in region I
(De 6 0.47%) should belong to the low-cycle fatigue re-
gion for thin metal lines even if the fatigue lifetime is
much higher than 104 cycles. Thus it is not difficult to
understand why the Nf � De follows the conventional
Coffin–Manson relationship in conventional high-cycle
fatigue regions.

From our results, it is expected that the so-called
high-cycle fatigue behavior of metal lines may extend
to ultrahigh cycles at a relatively low strain range. In
fact, Park et al. [16] found that the relationship between
the cyclic lifetime and the thermal strain range of
200 nm Cu lines could not satisfy the Coffin–Manson
equation in the ultrahigh cycle region up to 1010 cycles.
This further demonstrates that when the size of metal
films decreases to the sub-micron scale or less, the fati-
gue lifetime and behavior is quite different from that
of bulk metals, even though the whole relationship be-
tween the cyclic lifetime and the strain range is similar
to that of bulk metals [7,10,13,16].

In summary, we demonstrated that the temperature
distribution along Au interconnect lines generated by
AC can be described by a simplified one-dimensional
equation of heat conduction. Under a relatively low strain
range (De 6 0.47%), the variation with thermal strain in
the lifetime of an Au line with a width of 2 lm follows
the conventional Coffin–Manson relationship. The dam-
age of thin Au lines is controlled by an AC-induced ther-
mal fatigue mechanism. In contrast, under a high strain
range (De > 0.47%), the damage behavior of the Au lines
was dominated by excessive Joule heating.
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