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Thermal fatigue testing of thin metal films
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An experimental method is described for performing thermal fatigue testing of thin films and lines
on substrates. The method uses Joule heating from alternating currents to generate temperature,
strain, and stress cycles in the metal structures. The apparatus has been installed in a scanning
electron microscope and allowsin situ observations of the fatigue damage evolution. First
observations on Cu films reveal that fatigue damage forms in submicrometer thick films and is
strongly affected by the film thickness and grain size. In addition, results from a special test structure
confirm that the damage is caused by fatigue and not by electromigration. ©2004 American

Institute of Physics.[DOI: 10.1063/1.1809260]
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I. INTRODUCTION

Thermal fatigue is a threat in any composite system
experiences thermal cycles during use. Historically, the
fatigue has been a major reliability threat in systems use
structural applications. More recently, concerns have
raised about thermal fatigue in much smaller structure1–4

For instance, extensive work has been performed on pre
ing thermal fatigue failure of the components of electro
packages with dimensions on the order of 10–100mm.2

Thermal fatigue is even a concern in metal structures
submicrometer dimensions, such as the lines found in m
electronic circuits and microelectromechanical systems.1,4

Fatigue damage and failure in bulk materials are b
on the formation of stable dislocation structures with len
scales on the order of a micrometer. Therefore, it is rea
able to question whether fatigue in submicrometer struc
proceeds in the same fashion as in bulk materials, since
location nucleation and motion are constrained by s
dimensions.5–8 This question is even more relevant for th
mal fatigue, where diffusion-controlled processes which
promoted by elevated temperatures may proceed differ
in small scale structures containing a high density of in
faces. Several observations of fatigue in thin metal struc
show that although some of the characteristic features o
tigue are still present, the samples show significantly di
ent fatigue behavior from their bulk counterparts.1,4,9–16Both
the fundamental issues and the potential threat to va
applications provide strong reasons to study thermal fa
in small scale structures.

This article describes a method and an apparatu
thermal fatigue testing of thin films on substrates and
sents results ofin situ scanning electron microscopy(SEM)
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observations of thermal fatigue damage in Cu films. The
sic concept underlying the method is the use of contro
Joule heating, by means of alternating currents, to intro
temperature cycles in the films. The temperature cycle
combination with the unavoidable mismatch in coefficie
of thermal expansion, lead to cyclic straining of the m
films and eventually to damage formation.1,4 The method i
well suited forin situ adaptation and has been implemen
in a scanning electron microscope, where the initial tes
Cu lines were performed. The majority of the article w
address the experimental setup and the cyclic tempera
generated in the metal. Some first observations of fa
damage in Cu lines will be presented and the role of
electrical currents in damage formation will be addres
Then, advantages and disadvantages of the method in
parison to conventional fatigue experiments will be
cussed. Finally, some of the implications for the reliability
interconnects in microelectronic devices will be mention

II. TEMPERATURE IN A CURRENT-CARRYING METAL
LINE

A current-carrying metal line experiences a tempera
increase due to Joule heating. For a metal line on a subs
such as illustrated in Fig. 1(a), most of the heat generated
the line is conducted away by the metal and the under
substrate. The temperature of the line is determined b
line and substrate geometries, the thermal conductivitie
the materials, and the presence of a heat sink or reserv

Despite the straightforward concepts behind heatin
current-carrying lines, solutions to the temperature dist
tions are generally quite complicated. For example,
simple analytic expression is available for the geom
shown in Fig. 1(a), or even for the simpler two-dimension
case of an infinitely long line on a substrate. However, fil:

element analysis(FEA) is well suited to modeling such prob-

© 2004 American Institute of Physics
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lems. A steady state temperature distribution is shown in
1(b), which was calculated using temperature-indepen
thermal and electrical properties and applying a dc voltag
8 V to an 800-mm-long Cu line directly on Si. The temper
ture of the lower side of the 100-mm-thick wafer was held a
a constant temperature of 100 °C, providing a heat rese
for the sample. Figure 1(b) shows that there is a temperat
gradient across the Si which results in heating of the line
expected, the steady state temperature difference betwe
line and the reservoir is found to be proportional to
power dissipated in the line and is determined by the the
properties of the materials lying between the line and
reservoir.

When an alternating voltage rather than a constant
age is used, the sample experiences temperature oscilla
The magnitude of these oscillations depends not only o
sample geometry and materials, but also on the frequ
For very low frequency signals in samples that are in g
thermal contact with a heat reservoir, the sample remai

FIG. 1. (a) Schematic of line structure used for testing. The line is 800mm
long, 8 mm wide, and 0.3mm thick. The region that is modeled by FEA
outlined with a dashed line.(b) FEA contour plot of temperaturess100 °Cd
due to Joule heating in the line.
steady state during the power cycles and the temperatur
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difference between the line and the reservoir remains pr
tional to the instantaneous power dissipated throughout
a cycle. For instance, if a sinusoidal voltageV0 sinvt is ap-
plied to the line, the instantaneous dissipated powe
V0

2 sin2 vt /R=V0
2s1–cos2vtd /2R, whereR is the line resis

tance. Thus the temperature difference between the lin
the reservoir will swing between zero and a maximum v
proportional toV0

2/R at twice the frequency of the electric
signal.

At higher frequencies, there is not enough time
steady state to be reached and the temperature differe
no longer proportional to the instantaneous power. Fo
ample, for frequencies higher than roughly 15 Hz, the t
mal wavelengthsD /2vd1/2 of Si is of the order of or below
typical substrate thickness of 525mm used in the microele
tronics industry.D is the thermal diffusivity of the substra
The temperature in the line will still have a periodic com
nent at twice the frequency of the electrical signal, but it
be superimposed on a slower transient. The transie
caused by heating of the substrate and the underlying sa
holder due to the time-averaged power. After a characte
time, which depends on the thermal conductivity and the
capacitance of the sample, the transient will have satur
but steady, periodic temperature oscillations will continu
occur. This situation is illustrated schematically in Fig
where the transient results in a temperature increaseT0 and
the periodic component causes cycles with a total tem
ture rangeDT (two times the temperature amplitude).

An infinitely long and infinitely narrow line on a sem
infinite substrate can serve as a model to study the frequ
behavior of the temperature oscillations. This problem
been solved analytically for the case of a periodically he
line source.17,18After the transient has saturated and caus
temperature increase of the line and its surrounding m
als, the steady periodic temperature oscillations of rangDT
can be calculated. In the immediate vicinity of the line(at a
distance from the line much smaller than the thermal w
lengthsD /2vd1/2), the solution for the temperature rangeDT

FIG. 2. Schematic illustration of voltage and temperature during ac te
including the transient(dashed line) and periodic component. The tempe
ture oscillations occur at twice the frequency of the voltage oscillation
ecan be approximated as
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Rev. Sci. Instrum., Vol. 75, No. 11, November 2004 Thermal fatigue of thin metal films 4999
DT =
Q

p ·k
s− lns2vd/2 + constd, s1d

whereQ is the amplitude of the power per unit length in
line, v /2p is the electrical signal frequency, andk is the
thermal conductivity of the substrate. Thus, the amplitud
the periodic component of the temperature is expected
proportional to the power and to fall off as the logarithm
the signal frequency. For very high frequencies, the am
tude of the periodic component becomes very small, bec
most of the power is dissipated in heating the thermal m
of the line and its immediate surroundings and less po
remains for the flow which causes the temperature grad

III. EXPERIMENTAL DETAILS

A. General setup

Copper lines fabricated on silicon chips, such as the
shown in Fig. 1, were used to test and optimize the the
fatigue setup. The chips were mounted on a tempera
controlled heater block in the chamber of a SEM and e
trical connections were made to the contact pads of th
line structure using a motorized needle probe station. T
perature cycles were generated by applying a sinusoi
alternating electrical voltage to the lines. This method
been used previously,1,4 except here the temperature in
Cu line was measured during the experiment. The tem
ture ranges of the cycles were determined from four p
resistance measurements and, due to the mismatch in th
expansion coefficients between the metal and the subs
resulted in strain and stress cycles, which caused the
fatigue in the lines. The evolution of the fatigue dam
during testing was monitored using SEM imaging. In or
to obtain good quality images, the alternating voltage
turned off while the sample was imaged to avoid deflec
of electrons by the magnetic fields set up by the alterna
current in the Cu lines.

Voltage control rather than current control was used
the experiments to minimize “run away” local heating
damaged regions due to resistance increases. Performi
experiments with a fixed voltage amplitude also allow
better control of the sample temperature, since as the sa
temperature increased at the beginning of each experi
the resistance also increased and the average p
s,V0

2/Rd decreased. However, voltage control made the
of established methods for temperature measurement(e.g.,
the 3v method18) very complicated.

The sinusoidal voltage signal was applied to the
structures using a signal generator and an amplifier as
trated schematically in Fig. 3. A signal frequency of 100
was used in the tests presented here, but could be varied
dc to roughly 20 kHz. The voltage amplitude was adjuste
reach the desired temperature rangeDT in the line. For the
geometries and structures used here, the voltage ampl
were between 3 and 8 V which resulted in current am
tudes between roughly 0.6 and 1.0 As14–24 MA/cm2d, and
maximum powers between 2 and 8 W. The dc compo

was minimized and typically below 5 mA.
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The time-resolved voltageVstd and the resultant curre
Istd in the test structure were monitored with a digital os
loscope. Due to the temperature variation during the cy
the current signal is not sinusoidal as can be seen by
paring the voltage and current in Fig. 4(a). The noise in thes
time-resolved measurements was reduced by averaging
several cycles and the time-resolved resistance was c
lated from the voltage and current signals. A typical re
tance trace is shown in Fig. 4(b) for a signal frequency o
100 Hz. As expected, the resistance varied periodical
twice the frequency of the applied voltage due to the
perature variations created by Joule heating. The scat
the smallest values of resistance comes from the fact th

FIG. 3. Schematic illustration of the testing setup.

FIG. 4. (a) Voltage (black) and current(gray) as a function of time.(b)
Resistance(data points) and temperature determined using an instantan
power fit(line). Dashed line corresponds to the temperature measured

thermocouple cemented to the edge of the Si chip.
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voltage and current both pass through zero at this point i
cycle. The temperature of the Si chip was measured us
fine gauge wire thermocouple cemented to a corner o
chip. This thermocouple was used to measure the tran
temperature increase(illustrated in Fig. 2) at the beginnin
of each test due to overall heating of the sample and
underlying sample holder. The thermocouple tempera
rose for a period of roughly 1–2 h and then saturated
value ofT0 between 70 and 110 °C depending on the vol
signal amplitude. To bring the chip more quickly to this te
perature, a temperature-controlled heater installed in
block underneath the sample was used to heat up the s
and its surroundings before the tests were started, and
was turned off during the test. With this method, a ste
value of T0 could be reached within 15 min of starting
test. This heater was also used in order to have indepe
control of the average sample temperature during a test
allowed additional heating of the sample up to a maxim
temperature of 400 °C. Limited cooling of the sample co
also be achieved using a Peltier element cemented be
the Si chip and the heater block, which provided up
roughly 40 °C of cooling during a typical experiment.

B. Sample description

The Cu line structures used for the tests were prep
using electron beam lithography, sputter deposition, a
lift-off step. Small pieces(1 cm by 1 cm) of oxidized Si,
525 mm thick with 50 nm of SiO2 on the top and bottom
surfaces, were coated on one side with photoresist an
posed in a SEM. After development, 5 nm of Ta and 10
300 nm of Cu were deposited without a vacuum break
the substrates using magnetron sputtering. Lines 8–15mm
wide, 100 or 300 nm thick, and roughly 800mm long were
formed by dissolving the photoresist. The 5 nm Ta layer
necessary for adhesion of the Cu to the substrate durin
lift-off step. After fabrication, the samples were annealed
vacuum oven at 400 °C for 15 h in order to allow for gr
growth and to stabilize the microstructure. Focused ion b
microscopy revealed a heavily twinned columnar grain s
ture with grain sizes of roughly 0.3 and 1.5mm in the an
nealed 100- and 300-nm-thick films, respectively.u-2u x-ray
diffraction measurements showed that the films had a
dominately k111l out-of-plane texture with a smallk100l
component.

C. Temperature measurements

The temperature dependence of the resistivity of the
line samples was determined by heating the sample in
vacuum chamber of the SEM using the heater block. The
resistance and temperature of a thermocouple cemen
the Si chip were recorded during cooling back down to ro
temperature. The thermocouple gives an accurate meas
the line temperature during slow cooling since loss of
by radiation is negligible.18 It was found that the resistan
increased linearly with temperature and that the temper
coefficient,sdR/dTd /R0=3.6310−3/K agreed well with val
ues in the literature for bulk Cu. There was some variatio

the absolute value of the room temperature resistance from
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structure to structure, presumably due to variations in
geometry. However, the temperature coefficient of the r
tivity remained constant to within 1% for all of the structu
measured.

The time-resolved resistance can be used to dete
the temperature in the Cu line from the measured tem
ture dependence of the resistivity. However, in practice
process is complicated by two effects. First, there wil
temperature nonuniformities along the line. As shown in
FEA calculated temperature distribution in Fig. 1(b), the
temperatures at the ends of the line are lower than
in the middle of the line due to the flow of heat into
contact pads. The line temperature increases rapidly with
tance from the pad, reaching 90% of the peak temper
(which occurs at the middle of the line) at a distance o
25 mm from the pad and reaching 99% at a distanc
140 mm from the pad. Using the FEA predictions of the te
perature distribution along the line, a correction fa
(1.031) was obtained to account for the smaller resista
contribution from the cool ends of the Cu line and to ac
rately predict the temperature in the central uniformly he
region of the 800-mm-long lines studied here. FEA was f
ther used to estimate the effect of resistance inhomogen
in the line. These are expected after severe damag
formed, such as a crack that partially spans the line.
calculations show that, for example, a temperature inc
of only a few degrees is caused by a crack that span
third of the linewidth. Thus, the heat is effectively distribu
by the Cu line and the Si substrate and local heating d
defects can be neglected up until shortly before failure.

The FEA calculations that have been used for com
son with the experiments are somewhat simplified relativ
the actual conditions. Due to periodic boundary conditi
the FEA model represents an array of periodically sp
current carrying lines rather than the single, isolated
used in the experiments. Also, the Si wafer in the mod
thinner that that used in the experiments. And, the under
SiO2 layers, both those between the metal and the Si
between the Si and the reservoir, have been neglected
calculation. Similarly, the small effect of interface re
tances19 has been neglected. Also, deviations from the
thermal constants due to the small length scales have
ignored.19 The use of these simplifications in the FEA mo
mean that the absolute temperature predictions will no
accurate, but the basic trends are believed to be reliabl

The second effect that complicates the determinatio
the temperature from the time-resolved resistance is the
in the data when the current and voltage signals pass th
zero. This makes it difficult to accurately determine the m
mum temperatureT0. One method to compensate for t
effect is to assume that the temperature in the line is pro
tional to the instantaneous dissipated power,VstdIstd. Such
an assumption ignores the effects of temperature depe
material properties, heat losses by radiation, and phase
between the temperature and the power signals. A fit t
resistance data using this assumption is included in Fig.(b)
and fits the data very well. Also included in the plot is
temperature measured by a thermocouple cemented to

ner of the Si chip. For frequencies as low as 100 Hz, the
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thermocouple temperature lies somewhat below the m
mum temperature in the line.

Plots of the minimum temperatureT0 and the maximum
temperatureT0+DT are shown as a function of the appl
peak power in Fig. 5. Both temperatures could be determ
with a precision of roughly ±3 °C using the describ
method. The fact that bothT0 andDT scale linearly with th
power supports the idea that radiative heat losses from
sample are negligible in comparison with the heat condu
away through the Si18 and that the temperature depende
of the material properties(other than the resistance) can be
ignored. The relatively small scatter in the data means
the desired temperature range can be accurately selec
choosing the appropriate peak power.

A plot of the temperature rangeDT as a function of th
signal frequency for constant applied voltage amplitud
shown in Fig. 6. A constant maximum power of 4.5 W w
applied and the minimum and maximum temperature in
line were recorded at different frequencies. The temper
of the thermocouple attached to the corner of the Si st
nearly constant between 102 and 105 °C for all of the
quencies. As expected from Eq.(1), DT falls off with in-
creasing frequency, so that larger and larger powers
needed to reach a desired temperature range. This inc
the average temperatureT0 and eventually makes the te
impractical. With a linear fit to the data at lower frequenc
using Eq. (1), a value of the thermal conductivity
82 W/mK was obtained. This agrees well with literature d
for Si at 500 K. However, above 6 kHz,DT falls off more
rapidly with frequency. This can be understood by cons

FIG. 5. Minimum and maximum temperature in eight different test s
tures plotted against the applied peak power. The scatter in the tempe
data is mainly due to scatter in the minimum temperature which results
not allowing the initial transient to reach saturation.

FIG. 6. Temperature rangeDT as a function of applied frequency for
constant power amplitude. The solid line is a fit to the data using the

tion for a line heat source at the surface of a semi-infinite solid[Eq. (1)].
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ing the sample geometry in conjunction with the ther
wavelengthsD /2vd1/2. At 100 Hz, the thermal wavelength
on the order of 200mm, but for a frequency of 6 kHz, th
thermal wavelength is only two or three times larger than
linewidth. The observed behavior at high frequencies
presumably be understood as the transition from a re
where the line acts as a line heat source to a regime w
the line acts as a planar heat source. For a planar heat s
DT is proportional to the inverse of the square root of
frequency20,21and falls off more quickly with frequency th
for a line source[Eq. (1)], explaining the behavior shown
Fig. 6.

D. Thermal stresses

Due to the differenceDa between the thermal expans
coefficients of Cus17310−6/ °Cd and Sis3310−6/ °Cd, the
temperature variations cause strain cycles in the line. As
ing Da is temperature independent, the total biaxial st
amplitude due to the temperature cycles is given byD«
=DaDT. In writing this equation, several approximatio
have been made. Strain relaxation at the line edges has
ignored, which is reasonable in lines which are much w
than they are thick. In addition, the fact that the Si un
neath the Cu line is somewhat cooler than the line itself[Fig.
1(b)] has been ignored since it has only a small effect on
strain amplitude in the line.

The imposed strains result in both elastic and pla
responses in the Cu lines. These can be estimated fro
measured stress in a continuous film prepared by the
deposition process as the line structures. Figure 7 show
fer curvature measurements of the stress from such a
during thermal cycling in a controlled atmosphere oven.7 On
heating from room temperature, the initial biaxial ten
stress in the film decreases and becomes compre
roughly following the thermal-elastic slope for ak111l out-
of-plane oriented Cu polycrystal(solid line in Fig. 7). Con-
tributions from the 5-nm-thick Ta film to the stress cur
were assumed to be negligible. At around 200 °C, the s
deviates from the elastic slope, indicating the onset of m

re

-

FIG. 7. Stress during temperature cycling(black points) in a 300-nm-thick
Cu film. The total strain change imposed on the Cu film by the temper
change is shown on the top axis. The gray points show a thermal cycl
a typical temperature range of a fatigue test. The thermal-elastic slope
k111l out-of-plane oriented film is shown as a solid line. Arrows indicate
direction of heating and cooling.
roscopic plasticity. Plasticity continues to determine the
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stress behavior up to the maximum temperature. On coo
the stress first increases elastically, and then begins to d
plastically below 250 °C. Based on the cycles shown in
7, a thermal cycle between 50 and 400 °C imposes a
strain range of 0.49% on the sample and results in a
stress amplitude of 800 MPa with considerable plasticit
cycle between 100 and 250 °C imposes a total strain r
of 0.21% on the sample and gives a completely tensile c
with a total amplitude of 400 MPa with very little macr
scopic plasticity.

The difference between the stress state in the film, d
mined using wafer curvature measurements, and in the
width line used in the thermal fatigue tests can be ignore
first order since the substrate is relatively stiff and the l
width is much greater than the line thickness. Howeve
number of important differences are expected due to is
such as cycle frequency(1 h was typically required for
single wafer curvature cycle) and number of cycles. Mo
importantly, the stress–strain curves are expected to ch
and evolve during fatigue testing due to fatigue hardenin
softening of the metal.22 Thus, the wafer curvature measu
ments provide only an estimate of the stress in the sam
during thermal fatigue testing.

IV. FATIGUE DAMAGE IN COPPER LINES

Fatigue tests were performed for several different t
perature rangesDT from 120 to 190 °C and for up to
3108 cycles. The minimum temperatureT0 was between 7
and 130 °C during all tests. The voltage signal freque
was 100 Hz. In all cases except the smallest temper
ranges, damaged patches were observed to form during
ing along the length of the Cu line. In general, the patc
were evenly distributed along the length of the line exce
regions close to the contact pads where no patches we
served, presumably because the temperature amplitud
smaller in these regions. Figure 8 shows several dam
patches in a region of a 300-nm-thick line after 3.33105

cycles at a temperature range of 170 °C(imposed total strai
range of 0.24%). In the damaged region at left, parallel s
face wrinkles can be seen. These surface wrinkles are s
to the parallel extrusions and intrusions observed at the
face of mechanically fatigued bulk metals.22 A cross sectio
of one of the wrinkled regions made using a focused
beam microscope revealed that the intrusions extende

FIG. 8. Damaged patches in a 300-nm-thick Cu line after testing aDT
,170 °C (imposed total strain range of 0.24%) for 3.33105 cycles.
most to the substrate.
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As the number of cycles was increased, the dama
the 300-nm-thick Cu lines became more severe and ev
ally the lines failed by an electrical open. A typical failu
site is shown in Fig. 9. The edges next to the failure site
as though they have melted during the failure process.
presumably occurs because a decrease in the line cros
tion, possibly near an intrusion, results in current crow
and local heating which eventually causes local melting
failure. A series of experiments to determine the numbe
cycles to failure revealed a strong dependence on the
perature amplitude. ForDT of 120 °C (imposed total strai
range of 0.17%), no failure could be found even after
3107 cycles. For largerDT, failure happened more quick
and at the highestDT of 190 °C (imposed total strain rang
of 0.27%) failure occurred within as few as 13105 cycles
The fact that the number of cycles to failure decreases
increasingDT, or strain amplitude, is consistent with gene
fatigue behavior.

Fatigue damage was also observed in the 100-nm-
films. In these films, the damage appeared as thinned g
hillocks, and grain boundary grooves all along the lengt
the line. Wrinkled damaged patches(such as shown in Fig.)
were occasionally observed, but only in the largest grain
the 100 nm films. In addition, the number of cycles to fai
of the 100-nm-thick films was up to two orders of magnit
higher than that of the 300 nm films for a given tempera
amplitude. This increase in the number of cycles to fa
with decreasing film thickness supports previous obse
tions on mechanically fatigued Cu films.14 The change in th
damage morphology reveals that with decreasing grain
and film thickness, fatigue appears to be more and
controlled by diffusive mechanisms and interface prope
rather than by dislocation glide.

Although the alternating current densities used here
large in comparison with those used in dc electromigra
experiments, the damage observed here does not loo
typical electromigration damage. Typical electromigra
damage usually appears as depletion at one end of the
line and hillock formation at the other23 and is caused by
current-induced atom motion in the direction of the elec
flow. Early stage electromigration damage can be “hea
by reversing the current, which explains why it is not
served under high frequency ac tests.24 Nonetheless, to ru

FIG. 9. Failure site in a 300-nm-thick Cu line after testing atDT
,180 °C (imposed total strain range of 0.25%) for 2.03105 cycles.
out contributions from electromigration-induced atom trans-
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port in the experiments made here, tests were performed
a special test structure in which temperature oscillat
could be introduced without current. The test structur
illustrated in Fig. 10(a). A sinusoidal voltage signal was a
plied to the outer, wider line using the contact pads.
middle, narrower line experienced temperature oscillat
due to the current in the neighboring wider lines, althoug
carried no current. The magnitude of the temperature o
lations in the middle line was estimated from tw
dimensional FEA calculations as being roughly 0.93 of
temperature oscillations in the outer lines. Following,105

cycles at a temperature range of,250 °C in the outer lines
damaged patches were observed to have formed in bo
outer and middle lines. An image of the damage forme
the middle line is shown in Fig. 10(b). The damage look
different from that in Fig. 8 due to the finer grain size
these structures. Nonetheless, it provides unequivoca
dence that the damage observed in the experiments pre
here is predominately due to thermal fatigue and no
electromigration-induced atom transport.

V. DISCUSSION

Compared to conventional fatigue experiments,
method has several advantages. The most obvious adva
is the ease of use. In typical fatigue experiments, ten
compressive tests are performed by precise mecha
equipment. Therefore the frequency of the experimen
limited and experiments are difficult to perform when
size of the specimens is in the micrometer range. In con
ac induced fatigue testing does not rely on any mecha
parts or specimen clamping and therefore very small sam
can be examined. Instead of complicated equipment fo
plying and measuring force and displacement, only elect
contacts are needed to supply the power and apply
strains. This offers the possibility of performing the exp
mentsin situ, to investigate the damage locally during tes
as shown here in a SEM. The frequency of the tests is
limited by the sample dimensions and thermal diffusivit
therefore experiments on a wide range of frequencies
1 to 104 Hz (and presumably higher depending on ma
als) can be run. Further application of this method, for
ample, to in situ transmission electron microscopy is c
tainly possible although the appropriate electrical power
frequencies will need to be carefully considered in a ge
etry where thermal contact to the sample is difficult.

One major limitation of this method is that the strain

FIG. 10. (a) Schematic illustration of structure used to test
electromigration-induced damage. The inner line is electrically isolated
the outer line and carries no current.(b) Damage in the middle line h
formed without a current.
the temperature cannot be varied independently. This fac
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also means that the maximum strain range is limited by
difference between the thermal expansion coefficients o
metal and the substrate and by the applied temperature
A second major limitation is that the stresses cannot be
sured during testing. This is an important issue, because
metals undergo cyclic hardening or softening during fat
tests. Thus, when experiments are performed under
control, the stresses during testing may deviate from
stresses measured at the beginning of the tests, limitin
utility of wafer-curvature-determined stress–strain curve

Due to effects of high current densities and tempera
used in these experiments, electromigration, thermom
tion and other diffusive processes can contribute to dam
processes. However, the damage observed here in Cu fi
to first order generated by cyclic loading and is not cause
electromigration. There may still be small effects from e
tromigration, and once damage has formed and therma
dients are present, thermomigration issues may
contribute.25 Since these effects are all strongly tempera
dependent, they can be minimized by keeping the ave
temperature in the sample sufficiently low.

Preliminary observations of fatigue damage and fa
have been obtained using this method from 100- and
nm-thick Cu lines. The results show that despite the s
dimensions, fatigue damage does form in thin films, altho
it depends on the film thickness and grain size. In the
nm-thick Cu films, the parallel surface wrinkles reveal
damage formation is controlled by repetitive disloca
glide, just as it is in bulk metal samples. In the 100-nm-t
Cu films, dislocation motion appears to be hindered by
small volumes and fatigue damage formation is controlle
diffusion along boundaries and surfaces.

The prevalence of fatigue damage and failure, eve
small samples, suggests that thermal fatigue may be a
ability threat to the interconnects of microelectronic devi
The interconnects in typical microelectronic devices exp
ence temperature variations due to the power dissipat
the interconnects and transistors. Although the clock
quency in modern devices is around a GHz—which is
high to produce a significant temperature amplitude—lo
frequency temperature variations are still expected. Th
act temperature-frequency spectrum at a given location
device will depend on the chip architecture, electrical lay
and the particularly application being run. The results
sented here show that damage occurs for temperature r
as small as 150 °C. This is not much greater than the 10
temperature increase that is allowed in high performanc
vices during use. Current roadmaps for microelectronic
vices include introducing interlevel dielectric materials w
low thermal conductivities and low elastic modulii. Th
materials may worsen the threat to interconnect reliab
from thermal fatigue by causing larger temperature cy
and reducing the mechanical constraint on the metal i
connects. Future results from studies of this kind may he
further reveal the effect of length scale on mechanical p
erties and to help better assess the reliability threat
thermal fatigue in the small metal structures used in m

tapplications.
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