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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 allowis 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 electromigrati@®00@ American
Institute of Physics[DOI: 10.1063/1.1809260

I. INTRODUCTION observations of thermal fatigue damage in Cu films. The ba-
sic concept underlying the method is the use of controlled
Thermal fatigue is a threat in any composite system thajoule heating, by means of alternating currents, to introduce
experiences thermal cycles during use. Historically, thermajemperature cycles in the films. The temperature cycles, in
fatigue has been a major reliability threat in systems used igombination with the unavoidable mismatch in coefficients
structural applications. More recently, concerns have beepf thermal expansion, lead to cyclic straining of the metal
raised about thermal fatigue in much smaller structtfés. films and eventually to damage formatibhThe method is
For instance, extensive work has been performed on prediciyell suited forin situ adaptation and has been implemented
ing thermal fatigue failure of the components of electronicin a scanning electron microscope, where the initial tests on
packages with dimensions on the order of 10-100°  Cu lines were performed. The majority of the article will
Thermal fatigue is even a concern in metal structures wittyddress the experimental setup and the cyclic temperatures
submicrometer dimensions, such as the lines found in microgenerated in the metal. Some first observations of fatigue
electronic circuits and microelectromechanical systéfhs. damage in Cu lines will be presented and the role of the
Fatigue damage and failure in bulk materials are baseg|ectrical currents in damage formation will be addressed.
on the formation of stable dislocation structures with lengthThen, advantages and disadvantages of the method in com-
scales on the order of a micrometer. Therefore, it is reasorparison to conventional fatigue experiments will be dis-
able to question whether fatigue in submicrometer structuregussed. Finally, some of the implications for the reliability of
proceeds in the same fashion as in bulk materials, since disnterconnects in microelectronic devices will be mentioned.
location nucleation and motion are constrained by small
dimensions~® This question is even more relevant for ther-
mal fatigue, where diffusion-controlled processes which ardl.- TEMPERATURE IN A CURRENT-CARRYING METAL
promoted by elevated temperatures may proceed differently/NE

in small scale structures containing a high density of inter-  p current-carrying metal line experiences a temperature
faces. Several observations of fatigue in thin metal structureg,crease due to Joule heating. For a metal line on a substrate,
show that although some of the characteristic features of fagch as illustrated in Fig.(4), most of the heat generated in
tigue are still present, the samples show significalrgtly differthe line is conducted away by the metal and the underlying
ent fatigue behavior from their bulk counterpars™*°Both g pstrate. The temperature of the line is determined by the
the fundamental issues and the potential threat to variouge and substrate geometries, the thermal conductivities of
applications provide strong reasons to study thermal fatigughe materials, and the presence of a heat sink or reservoir.
in small scale structures. Despite the straightforward concepts behind heating in
This article describes a method and an apparatus fogyrrent-carrying lines, solutions to the temperature distribu-
thermal fatigue testing of thin films on substrates and pretions are generally quite complicated. For example, no
sents results oih situ scanning electron microscopEM)  simple analytic expression is available for the geometry
shown in Fig. 1a), or even for the simpler two-dimensional
author to whom correspondence should be addressed:; electronic mai$ase Of an infinitely long line on a substrate. However, finite
cynthia.volkert@imf.fzk.de element analysi@-EA) is well suited to modeling such prob-
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FIG. 2. Schematic illustration of voltage and temperature during ac testing,
including the transientdashed lingand periodic component. The tempera-
286.9 I ture oscillations occur at twice the frequency of the voltage oscillations.

266.2

difference between the line and the reservoir remains propor-
tional to the instantaneous power dissipated throughout such
2246 a cycle. For instance, if a sinusoidal voltaggsin wt is ap-
plied to the line, the instantaneous dissipated power is
V3 sir? wt/R=V3(1-cos2wt)/2R, whereR is the line resis-
tance. Thus the temperature difference between the line and
the reservoir will swing between zero and a maximum value

2452 °

162.3 proportional toVS/R at twice the frequency of the electrical
signal.

141.5 At higher frequencies, there is not enough time for
steady state to be reached and the temperature difference is

123.8 no longer proportional to the instantaneous power. For ex-

100.0 ample, for frequencies higher than roughly 15 Hz, the ther-

mal wavelengti(D/2w)*? of Si is of the order of or below a
FIG. 1. (a) Schematic of line structure used for testing. The line is 860 typlc':al SUbStrate t_h'CkneSS of SZBT] us_eq in the microelec-
long, 8 um wide, and 0.3um thick. The region that is modeled by FEAis tronics industryD is the thermal diffusivity of the substrate.
outlined with a dashed lingb) FEA contour plot of temperaturé400 °Q The temperature in the line will still have a periodic compo-
due to Joule heating in the line. . . . T
nent at twice the frequency of the electrical signal, but it will
be superimposed on a slower transient. The transient is
| A q distribution is sh i Fi caused by heating of the substrate and the underlying sample
ems. A steady state temperature distribution IS snown In Figy, | 4e que to the time-averaged power. After a characteristic

1(b), which was galculated using tempergture-lndepende me, which depends on the thermal conductivity and thermal
thermal and electrical properties and applying a dc voltage %Lapacitance of the sample, the transient will have saturated
8 V to an 800um-long Cu line directly on Si. The tempera- P Pie, '

ture of the lower side of the 10@m-thick wafer was held at but steady, periodic temperature oscillations will continue to

a constant temperature of 100 °C, providing a heat reservoceyr: This situation is illustrated schematically in Fig. 2,

for the sample. Figure(l) shows that there is a temperature V€€ the transient results in a temperature incrégsand
gradient across the Si which results in heating of the line. AN€ Periodic component causes cycles with a total tempera-
expected, the steady state temperature difference between i€ rangeAT (two times the temperature amplityde _

line and the reservoir is found to be proportional to the AN infinitely long and infinitely narrow line on a semi-
power dissipated in the line and is determined by the thermd/finite substrate can serve as a model to study the frequency

properties of the materials lying between the line and thdehavior of the temperature oscillations. This problem has
reservoir. been solved analytically for the case of a periodically heated

When an alternating voltage rather than a constant voltine source’”**After the transient has saturated and caused a
age is used, the sample experiences temperature oscillatiol§mperature increase of the line and its surrounding materi-
The magnitude of these oscillations depends not only on thals, the steady periodic temperature oscillations of rakige
sample geometry and materials, but also on the frequencgan be calculated. In the immediate vicinity of the li@a a
For very low frequency signals in samples that are in goodlistance from the line much smaller than the thermal wave-
thermal contact with a heat reservoir, the sample remains itength(D/2w)'?), the solution for the temperature ranyy&
steady state during the power cycles and the temperatuan be approximated as
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whereQ is the amplitude of the power per unit length in the
line, /27 is the electrical signal frequency, ardis the
thermal conductivity of the substrate. Thus, the amplitude of{
the periodic component of the temperature is expected to bej
proportional to the power and to fall off as the logarithm of
the signal frequency. For very high frequencies, the ampli-
tude of the periodic component becomes very small, becaus
most of the power is dissipated in heating the thermal mas:
of the line and its immediate surroundings and less power
remains for the flow which causes the temperature gradients
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FIG. 3. Schematic illustration of the testing setup.

A. General setup

Copper lines fabricated on silicon chips, such as the one
shown in Fig. 1, were used to test and optimize the thermal
fatigue setup. The chips were mounted on a temperature- The time-resolved voltag¥(t) and the resultant current
controlled heater block in the chamber of a SEM and eleci t) in the test structure were monitored with a digital oscil-
trical connections were made to the contact pads of the Clbscope. Due to the temperature variation during the cycles,
line structure USing a motorized needle prObe station. Tenl‘he current Signa' is not sinusoidal as can be seen by com-
perature cycles were generated by applying a sinusoidallgaring the voltage and current in Figa# The noise in these
alternating electrical V0|tage to the lines. This method haqime_resohled measurements was reduced by averaging over
been used previously} except here the temperature in the several cycles and the time-resolved resistance was calcu-
Cu line was measured during the experiment. The temperaated from the voltage and current signals. A typical resis-
ture ranges of the cycles were determined from four pointance trace is shown in Fig(l) for a signal frequency of
resistance measurements and, due to the mismatch in thermado Hz. As expected, the resistance varied periodically at
expansion coefficients between the metal and the substratgyice the frequency of the applied voltage due to the tem-
resulted in strain and stress cycles, which caused therm@lrature variations created by Joule heating. The scatter in

fatigue in the lines. The evolution of the fatigue damagethe smallest values of resistance comes from the fact that the
during testing was monitored using SEM imaging. In order

to obtain good quality images, the alternating voltage was

turned off while the sample was imaged to avoid deflection 8
L . 6 {os
of electrons by the magnetic fields set up by the alternating 4] loa =
current in the Cu lines. e 2] 10, S
\oltage control rather than current control was used for E’ 0. Joo §
the experiments to minimize “run away” local heating in S 2] 1023
damaged regions due to resistance increases. Performing the -4 04
experiments with a fixed voltage amplitude also allowed 6 1-06
better control of the sample temperature, since as the sample =8 108

temperature increased at the beginning of each experiment, 5 10 15
. . Time (ms)

the resistance also increased and the average power
(~V§/R) decreased. However, voltage control made the use
of established methods for temperature measurerfegt,
the 3» method® very complicated.

The sinusoidal voltage signal was applied to the test
structures using a signal generator and an amplifier as illus-
trated schematically in Fig. 3. A signal frequency of 100 Hz

o
£

=
o

Resistance (Ohm)
©

was used in the tests presented here, but could be varied from 5

dc to roughly 20 kHz. The voltage amplitude was adjusted to , i
reach the desired temperature rargein the line. For the 3 10 5
geometries and structures used here, the voltage amplitudes (b) Time (ms)

were between 3 and 8 V which resulted in current ampli- _ _
tudes between roughly 0.6 and 1 o(d—24 MA/CH’?) and FIG. 4. (a) Voltage (black) and current(gray) as a function of time(b)
’ ’ ’ Resistancgdata pointy and temperature determined using an instantaneous

maXim_Ur_n powers bet\"{een 2 and 8 W. The dc componentower fit(line). Dashed line corresponds to the temperature measured by the
was minimized and typically below 5 mA. thermocouple cemented to the edge of the Si chip.



5000 Rev. Sci. Instrum., Vol. 75, No. 11, November 2004 Monig, Keller, and Volkert

voltage and current both pass through zero at this point in thetructure to structure, presumably due to variations in line
cycle. The temperature of the Si chip was measured using geometry. However, the temperature coefficient of the resis-
fine gauge wire thermocouple cemented to a corner of thévity remained constant to within 1% for all of the structures
chip. This thermocouple was used to measure the transienteasured.

temperature increagdlustrated in Fig. 2 at the beginning The time-resolved resistance can be used to determine
of each test due to overall heating of the sample and théhe temperature in the Cu line from the measured tempera-
underlying sample holder. The thermocouple temperaturéure dependence of the resistivity. However, in practice this
rose for a period of roughly 1-2 h and then saturated at @rocess is complicated by two effects. First, there will be
value of T between 70 and 110 °C depending on the voltaggemperature nonuniformities along the line. As shown in the
signal amplitude. To bring the chip more quickly to this tem- FEA calculated temperature distribution in Fig(by, the
perature, a temperature-controlled heater installed in theemperatures at the ends of the line are lower than those
block underneath the sample was used to heat up the sampie the middle of the line due to the flow of heat into the
and its surroundings before the tests were started, and thentact pads. The line temperature increases rapidly with dis-
was turned off during the test. With this method, a steadytance from the pad, reaching 90% of the peak temperature
value of Ty could be reached within 15 min of starting the (which occurs at the middle of the linat a distance of
test. This heater was also used in order to have independep ,m from the pad and reaching 99% at a distance of
control of the average sample temperature during a test. This40 um from the pad. Using the FEA predictions of the tem-
allowed additional heating of the sample up to a maximumperature distribution along the line, a correction factor
temperature of 400 °C. Limited cooling of the sample could(1.031) was obtained to account for the smaller resistance
also be achieved using a Peltier element cemented betweedntribution from the cool ends of the Cu line and to accu-
the Si chip and the heater block, which provided up torately predict the temperature in the central uniformly heated

roughly 40 °C of cooling during a typical experiment. region of the 80Qum-long lines studied here. FEA was fur-
ther used to estimate the effect of resistance inhomogeneities
B. Sample description in the line. These are expected after severe damage has

The Cu line structures used for the tests were prepareg)rmed’ such as a crack that partially spans the fine. The

using electron beam lithography, sputter deposition, and galculations show that, .for example, a temperature increase
lift-off step. Small piecest1 cm by 1 cm of oxidized Si, of only a few degrees is caused by a crack that spans one

525 um thick with 50 nm of SiQ on the top and bottom third of the linewidth. Thus, the heat is effectively distributed

surfaces, were coated on one side with photoresist and e;gy the Cu line and the Si substrate and local heating due to

posed in a SEM. After development, 5 nm of Ta and 100 o efects can be neglected up until shortly before failure.

300 nm of Cu were deposited without a vacuum break onto The FEA calcqlaﬂons that have been.use.d. for comparl-
the substrates using magnetron sputtering. Lines 85 son with the experiments are somewhat simplified relative to

wide, 100 or 300 nm thick, and roughly 8@0n long were the actual conditions. Due to periodic boundary conditions,

formed by dissolving the photoresist. The 5 nm Ta layer wa§he FEA mOO_'e' r(_apresents an array of periodi_cally spaped
necessary for adhesion of the Cu to the substrate during tH&!Tent carrying lines rather than the single, isolated line
lift-off step. After fabrication, the samples were annealed in aS€d in the experiments. Also, the Si wafer in the model is
vacuum oven at 400 °C for 15 h in order to allow for grain thinner that that used in the experiments. And, the underlying

growth and to stabilize the microstructure. Focused ion bearf?i©Q2 1ayers, both those between the metal and the Si and
microscopy revealed a heavily twinned columnar grain strucPetween the Si and the reservoir, have been neglected in the
ture with grain sizes of roughly 0.3 and L&n in the an- calculation. Similarly, the small effect of interface resis-
nealed 100- and 300-nm-thick films, respectiveéh2 x-ray tanced® has been neglected. Also, deviations from the bulk

diffraction measurements showed that the films had a pre_t_hermallgonstants due to the small length scales have been
dominately (111) out-of-plane texture with a small100) ignored.” The use of these simplifications in the FEA model
component. mean that the absolute temperature predictions will not be

accurate, but the basic trends are believed to be reliable.
The second effect that complicates the determination of
the temperature from the time-resolved resistance is the noise
The temperature dependence of the resistivity of the Cun the data when the current and voltage signals pass through
line samples was determined by heating the sample in theero. This makes it difficult to accurately determine the mini-
vacuum chamber of the SEM using the heater block. The linenum temperaturel,. One method to compensate for this
resistance and temperature of a thermocouple cemented édfect is to assume that the temperature in the line is propor-
the Si chip were recorded during cooling back down to roontional to the instantaneous dissipated povi4i)I(t). Such
temperature. The thermocouple gives an accurate measureari assumption ignores the effects of temperature dependent
the line temperature during slow cooling since loss of heamaterial properties, heat losses by radiation, and phase shifts
by radiation is negligiblé® It was found that the resistance between the temperature and the power signals. A fit to the
increased linearly with temperature and that the temperatunesistance data using this assumption is included in Klg. 4
coefficient,(dR/dT)/Ry=3.6x 10°3/K agreed well with val- ~ and fits the data very well. Also included in the plot is the
ues in the literature for bulk Cu. There was some variation intemperature measured by a thermocouple cemented to a cor-
the absolute value of the room temperature resistance fromer of the Si chip. For frequencies as low as 100 Hz, the

C. Temperature measurements



Rev. Sci. Instrum., Vol.

75, No. 11, November 2004

300
2751

Thermal fatigue of thin metal films 5001

Total Strain (%)

02 03 04 05

250
2254
200
1751
1501
1251
100

751

50

Temperature (°C)

Stress (MPa)

50 100 150 200 250 300 350 400
Temperature(°C)

FIG. 5. Minimum and maximum temperature in eight different test struc-
tures plotted against the applied peak power. The scatter in the temperature
data is mainly due to scatter in the minimum temperature which results from . . o .
not allowing the initial transient to reach saturation. FIG.. 7. Stress durlng'temperatu're cyclifidack point$ ina 300-nm-thick
Cu film. The total strain change imposed on the Cu film by the temperature
change is shown on the top axis. The gray points show a thermal cycle over

thermocouple temperature lies somewhat below the mini@ typical temperature range of a fatigue test. The thermal-elastic slope for a
in the li (112) out-of-plane oriented film is shown as a solid line. Arrows indicate the

mum temperature- II‘.I the line. . direction of heating and cooling.

Plots of the minimum temperatuiigy and the maximum

temperaturely+AT are shown as a function of the applied . _ ) ) )

peak power in Fig. 5. Both temperatures could be determinel!d the sample geometry in conjunction with the thermal

with a precision of roughly +3 °C using the described wavelengthD/2w)~'<. At 100 Hz, the thermal wavelength is

method. The fact that bothy andAT scale linearly with the on the order of ZOQL_m' but for a freque_ncy of 6 kHz, the

power supports the idea that radiative heat losses from th@erm_al wavelength is only two or three pmes larger than the

sample are negligible in comparison with the heat conductefin®Width. The observed behavior at high frequencies can

away through the &8 ond that the temperature dependenceoresumably, be understooq as the transition from.a regime

of the material propertie@ther than the resistancean be where the line acts as a line heat source to a regime where

ignored. The relatively small scatter in the data means tha{'® liné acts as a planar heat source. For a planar heat source,

the desired temperature range can be accurately selected By 'S Propartional to the inverse of the square root of the
choosing the appropriate peak power. frequenc§ “~and falls off more quickly with frequency than

A plot of the temperature rangkT as a function of the fqr a line sourcdEq. (1)], explaining the behavior shown in
signal frequency for constant applied voltage amplitude id'9- 6-
shown in Fig. 6. A constant maximum power of 4.5 W was
applied and the minimum and maximum temperature in th@®. Thermal stresses
line were recorded at different frequencies. The temperature
of the thermocouple attached to the corner of the Si :stayegOe

nearly. conitant betv;/eder} 102 Eand 1A0'? fC|:| forﬁall ct)rf1 t_he fre'temperature variations cause strain cycles in the line. Assum-
quencies. As expected from E(l), alls off-with 1n- ing Aa is temperature independent, the total biaxial strain

creasing frequency, so that larger and larger powers argmplitude due to the temperature cycles is given Ay

needed to reach a desired temperature range. This increas:egam._ In writing this equation, several approximations
f[he av?_raglJeV\tl_etrﬁpelratuFQf_??dtﬁvednttjalI)t/ Imake? the SIS |ave been made. Strain relaxation at the line edges has been
impractical. With a finear fit fo the data at lower requenCIeSignored, which is reasonable in lines which are much wider

using Eq. (1), a v_alue Of. the thermal c_onc_iuctivity of than they are thick. In addition, the fact that the Si under-
82 W/mK was obtained. This agrees well with literature dataneath the Cu line is somewhat cooler than the line ifgetj

for .S' at .500 K. However,_ above 6 kHAT falls off more 1(b)] has been ignored since it has only a small effect on the
rapidly with frequency. This can be understood by Cons'derétrain amplitude in the line

The imposed strains result in both elastic and plastic

Due to the differencé«a between the thermal expansion
fficients of CU17x107%/°C) and Si(3x107%/°C), the

130, ' R responses in the Cu lines. These can be estimated from the
1200 . ] measured stress in a continuous film prepared by the same
110, e, 1 deposition process as the line structures. Figure 7 shows wa-
61:,, T . fer curvature measurements of the stress from such a film
:‘: 801 T . ] during thermal cycling in a controlled atmosphere olé@n
< 701 o] heating from room temperature, the initial biaxial tensile
80 '-._. stress in the film decreases and becomes compressive,
50 ] roughly following the thermal-elastic slope for(a11) out-
100 1000 10000 of-plane oriented Cu polycrystasolid line in Fig. 3. Con-
Frequency (Hz) tributions from the 5-nm-thick Ta film to the stress curves

. . were assumed to be negligible. At around 200 °C, the stress
FIG. 6. Temperature rang&T as a function of applied frequency for a . . .
constant power amplitude. The solid line is a fit to the data using the soludev'ate_S from the elastic _sl_ope, 'nd_|Cat|n9 the 0n33t_0f mac-
tion for a line heat source at the surface of a semi-infinite g@ligl (1)]. roscopic plasticity. Plasticity continues to determine the
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FIG. 8. Damaged patches in a 300-nm-thick Cu line after testingTat
~170 °C(imposed total strain range of 0.24%r 3.3% 10° cycles.

FIG. 9. Failure site in a 300-nm-thick Cu line after testing AT
stress behavior up to the maximum temperature. On cooling; 180 °C(imposed total strain range of 0.25%r 2.0x 10° cycles.

the stress first increases elastically, and then begins to deform
plastically below 250 °C. Based on the cycle; shown in Fig.  Ag the number of cycles was increased, the damage in
7, a thermal cycle between 50 and 400 °C imposes a totghe 300-nm-thick Cu lines became more severe and eventu-
strain range of 0.49% on the sample and results in a tota})y the lines failed by an electrical open. A typical failure
stress amplitude of 800 MPa with considerable plasticity. Agjte js shown in Fig. 9. The edges next to the failure site look
cycle between 100 and 250 °C imposes a total strain ranggs though they have melted during the failure process. This
of 0.21% on the sample and gives a completely tensile cyClgresumably occurs because a decrease in the line cross sec-
with a total amplitude of 400 MPa with very little macro- tion, possibly near an intrusion, results in current crowding
scopic plasticity. _ _ and local heating which eventually causes local melting and
_ The difference between the stress state in the film, deteigjjyre. A series of experiments to determine the number of
mined using wafer curvature measurements, and in the flnltgydes to failure revealed a strong dependence on the tem-
width line used in the thermal fatigue tests can be ignored t®erature amplitude. FakT of 120 °C (imposed total strain
first order since the substrate is relatively stiff and the "”e'range of 0.17% no failure could be found even after 5
width is much greater than the line thickness. However, a, 17 cycles. For largeAT, failure happened more quickly
number of important differences are expected due to issueg,q at the highesAT of 190 °C (imposed total strain range
such as cycle frequencil h was typically required for a  of o 2794 failure occurred within as few asx10° cycles.
single wafer curvature cycleand number of cycles. Most e fact that the number of cycles to failure decreases with

importantly, the stress—strain curves are expected to changgcreasingAT, or strain amplitude, is consistent with general
and evolve during fatigue testing due to fatigue hardening ofatigue behavior.

softening of the metdl Thus, the wafer curvature measure- Fatigue damage was also observed in the 100-nm-thick

ments provide only an estimate of the stress in the sampl&fims. In these films, the damage appeared as thinned grains,
during thermal fatigue testing. hillocks, and grain boundary grooves all along the length of
the line. Wrinkled damaged patch@sich as shown in Fig.)9
were occasionally observed, but only in the largest grains of
the 100 nm films. In addition, the number of cycles to failure
Fatigue tests were performed for several different tem-of the 100-nm-thick films was up to two orders of magnitude
perature rangedT from 120 to 190 °C and for up to 2 higher than that of the 300 nm films for a given temperature
X 1P cycles. The minimum temperatulig was between 70 amplitude. This increase in the number of cycles to failure
and 130 °C during all tests. The voltage signal frequencywith decreasing film thickness supports previous observa-
was 100 Hz. In all cases except the smallest temperaturions on mechanically fatigued Cu film&The change in the
ranges, damaged patches were observed to form during testamage morphology reveals that with decreasing grain size
ing along the length of the Cu line. In general, the patchesnd film thickness, fatigue appears to be more and more
were evenly distributed along the length of the line except incontrolled by diffusive mechanisms and interface properties
regions close to the contact pads where no patches were ofather than by dislocation glide.
served, presumably because the temperature amplitudes are Although the alternating current densities used here are
smaller in these regions. Figure 8 shows several damagddrge in comparison with those used in dc electromigration
patches in a region of a 300-nm-thick line after 8.80°  experiments, the damage observed here does not look like
cycles at a temperature range of 170 (il@posed total strain typical electromigration damage. Typical electromigration
range of 0.24% In the damaged region at left, parallel sur- damage usually appears as depletion at one end of the metal
face wrinkles can be seen. These surface wrinkles are simildine and hillock formation at the oth&rand is caused by a
to the parallel extrusions and intrusions observed at the sucurrent-induced atom motion in the direction of the electron
face of mechanically fatigued bulk metafsA cross section  flow. Early stage electromigration damage can be “healed”
of one of the wrinkled regions made using a focused iorby reversing the current, which explains why it is not ob-
beam microscope revealed that the intrusions extended aserved under high frequency ac tet$onetheless, to rule
most to the substrate. out contributions from electromigration-induced atom trans-

IV. FATIGUE DAMAGE IN COPPER LINES
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also means that the maximum strain range is limited by the
difference between the thermal expansion coefficients of the
metal and the substrate and by the applied temperature range.
A second major limitation is that the stresses cannot be mea-
20um 2um sured during testing. This is an important issue, because most
@) | ' metals undergo cyclic hardening or softening during fatigue
tests. Thus, when experiments are performed under strain
FIIG.trolrgi. rga:)ionsicnr:jir::gcda::l;StgaEIi%r; ir?r:ersltirnuec?s”;ecutzigll t?solte’:-:ts(-:ttd lf:)crmcontml' the stresses during testing may deviate from the
fhicoutergline and carries no gur.renlu) Damage in the midgle line has stresses measured at the beginning of the tests, limiting the
formed without a current. utility of wafer-curvature-determined stress—strain curves.
Due to effects of high current densities and temperatures

port in the experiments made here, tests were performed withS€d in these experiments, electromigration, thermomigra-
a special test structure in which temperature oscillationdion and other diffusive processes can contribute to damage

could be introduced without current. The test structure igProcesses. However, the damage observed here in Cu films is
illustrated in Fig. 108). A sinusoidal voltage signal was ap- to first order generated by cyclic loading and is not caused by
plied to the outer, wider line using the contact pads. Theelectromigration. There may still be small effects from elec-
middle, narrower line experienced temperature oscillationéromigration, and once damage has formed and thermal gra-
due to the current in the neighboring wider lines, although itdients are present, thermomigration issues may also
carried no current. The magnitude of the temperature oscilcontribute® Since these effects are all strongly temperature
lations in the middle line was estimated from two- dependent, they can be minimized by keeping the average
dimensional FEA calculations as being roughly 0.93 of thetemperature in the sample sufficiently low.

temperature oscillations in the outer lines. Followird.0° Preliminary observations of fatigue damage and failure
cycles at a temperature range-e250 °C in the outer lines, have been obtained using this method from 100- and 300-
damaged patches were observed to have formed in both then-thick Cu lines. The results show that despite the small
outer and middle lines. An image of the damage formed indimensions, fatigue damage does form in thin films, although
the middle line is shown in Fig. 1B). The damage looks it depends on the film thickness and grain size. In the 300-
different from that in Fig. 8 due to the finer grain size in nm-thick Cu films, the parallel surface wrinkles reveal that
these structures. Nonetheless, it provides unequivocal evitamage formation is controlled by repetitive dislocation
dence that the damage observed in the experiments presenigiitie, just as it is in bulk metal samples. In the 100-nm-thick
here is predominately due to thermal fatigue and not taCu films, dislocation motion appears to be hindered by the

electromigration-induced atom transport. small volumes and fatigue damage formation is controlled by
diffusion along boundaries and surfaces.
V. DISCUSSION The prevalence of fatigue damage and failure, even in

. . . . small samples, suggests that thermal fatigue may be a reli-
Compared to conventional fatigue experiments, this | .. . . . .

. ability threat to the interconnects of microelectronic devices.
method has several advantages. The most obvious advantage

is the ease of use. In typical fatigue experiments, tensile he interconnects in typical microelectronic devices experi-
compressive tests are performed by precise mechanic?
equipment. Therefore the frequency of the experiments i ) ) ; o
limited and experiments are difficult to perform when the dUéncy in modern devices is around a GHz—which is too
size of the specimens is in the micrometer range. In contrasfidn t0 produce a significant temperature amplitude—lower
ac induced fatigue testing does not rely on any mechanicd[€dUeNcy temperature variations are still expected. The ex-
parts or specimen clamping and therefore very small sampleiCt temperature-frequency spectrum at a given location in a
can be examined. Instead of complicated equipment for agdevice will de_pend on thg ch!p arch_ltecture, electrical layout,
plying and measuring force and displacement, only electrica®nd the particularly application being run. The results pre-
contacts are needed to supply the power and apply theented here show that damage occurs for temperature ranges
strains. This offers the possibility of performing the experi-as small as 150 °C. This is not much greater than the 100 °C
mentsin sity, to investigate the damage locally during testingteémperature increase that is allowed in high performance de-
as shown here in a SEM. The frequency of the tests is onlyices during use. Current roadmaps for microelectronic de-
limited by the sample dimensions and thermal diffusivities,vices include introducing interlevel dielectric materials with
therefore experiments on a wide range of frequencies fronpw thermal conductivities and low elastic modulii. These
1 to 1¢* Hz (and presumably higher depending on materi-materials may worsen the threat to interconnect reliability
als) can be run. Further application of this method, for ex-from thermal fatigue by causing larger temperature cycles
ample, toin situ transmission electron microscopy is cer- and reducing the mechanical constraint on the metal inter-
tainly possible although the appropriate electrical power and¢onnects. Future results from studies of this kind may help to
frequencies will need to be carefully considered in a geomfurther reveal the effect of length scale on mechanical prop-
etry where thermal contact to the sample is difficult. erties and to help better assess the reliability threat from
One major limitation of this method is that the strain andthermal fatigue in the small metal structures used in many
the temperature cannot be varied independently. This faapplications.

ce temperature variations due to the power dissipated in
e interconnects and transistors. Although the clock fre-
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