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ABSTRACT

A brief review is given of models which propose a conelation between electromigration
resistance and the mechanical sirength of thin film interconnects. In an attempt to achieve
metallurgical strengthening and improved electromigration resistance, aluminum films were
implanted with oxygen ions. Preliminary electromigration tests on line arrays patterned from
these films resulted in Jifetimes comparable to the stundard Al films. The lack of improvement is
attributed to enhanced hillock/whisker growch during clectromigration in the implanted
interconnects, This behavior is coincident with & lower compressive strength in similarly treated
continuous films at elevated temperatores us meesured by the substrate curvalure wechnigue.

INTRODUCTION

Electromigration is the major failure mechonism for conducior lines in integmated circuits and,
with further mininturization, its importance is llkely to incrense in the future. Strategies to inhibit
electromigration behavior of pure aluminum lines have involved the addition of alloying
elements, such as copper, silicon, magnesium, and nickel, smong others. However, due to the
lack of a generully nccepted explanntion for alloying effeets, progress is mainly made by irial and
crror. The sccond strategy, i.e. grain coarsening, is somewhat more clear-cut becanse grain
boundaries are known to provide the dominant diffusion paths at the low homologous
temperutures that ure relevant for chip operation. Tt i3 curious that the measures of alloying and ef
grain structure manipulation seem ta parullel the steps tuken to achieve high mechanicel strength
in advanced aluminan alloys for structural applicatians. Therefore it might be speculated that
strenglh is somehow rtelated to electromigration resistance. In order to provide a more rational
basis for the development of conductor line nlloys, a better understanding of this possible
connection is hence desiruble,

In this paper we uttempt to carry this hypothesis a step further. We first review the classical
Blech model and more recent theories, all of which seem to propose a connection between
electromigration resistance and yield or creep stength, Then a Ffirst attempt to test these
predictions is described: aluminum thin films, which were ion implanted in an altempt to raise the
mechanical sirength, were tested for sirength (using continuous films) and for electromigration
resistance (using patterned interconnects). The results, while still preliminary, help 1o shed new
light on the electromigration process.

MODELS FOR THE EFFECT OF MECHANICAL STRENGTH ON ELECIRCMIGRATION

Mechanical considerations have influenced the understanding of E-M ever since the discovery
that the directed diffusion of mewl atoms, due (o the momentum transfer from the electrons, can
lead to stresses in the conductor ling, ¢.5. [1-3]. The probable mechanism is schemntically
depicted in Fig. 1 {4], where the E-M drift is assumed 1o be concentrated along a grain boundary
running perallel to the line. Tf the flux continuity is ocally disiurbed, in the most extreme case by
blovking boundaries (as shown in the figure), then the accumulation of atoms (removal of
vacancies} at the anode end will set up a hydrostatic compressive stress; likewise, 4 hydrostatic
tensile stress will develop at the cathode end becnuse of the removal of atoms (accumulation of
vacancies) there. Such swess gradients have in Fact been measured expetimentally [3,5,6] and -
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magnitudes of several hundred Megapascals (up to a Gigapascal) must be consideted a8 typical.
These "electromigration stresses™ superimpose on uny thermal stresses thut are usually present in
the line.

Gradients in the hydrostatic stress along the line are thought to influznce the E-M kinetics in
the following way [1]: they cause gradients in the chemical potential for atoma (or vacancies),
which in tumn drive a diffusional flux that opposes the drift due to E-M. When this effect is
incocparated in Black's [7] phenomenalogical equation, the following expression for the drift
velocity results [1]:

D . . _ o*Q2
v = EcZ"‘p()—}c) where Ik = m (1)

Here D is the appropriate diffusivity (for the case considered in Fig. 1, D is identical to the grain
boundary diffusivity), eZ* the effective charge of the atom (vacuncy), p the electrical resistivity, §
the current density, Q2 iz the ntomic volume, £ the length of the element considered, and o* the
maximum hydrostatic stress the line can sustain, The quantitiy i, signifies the critical current
density up to which the backdiffusion mechenism manages to folly counterbalance the E-M drift
such that no damage occurs. With this reasoning, the ling appesrs "immune” to E-M damage as
long as

ot
EZ*P (2)

el =4-j%

In other words, E-M occurs only when (at 2 given element length) the current density exceeds
Jo or when (at & given current density) the element is longer than £e. Many conceptual problems
remain with this simple approach, but equation 2 clearly suggests o correlation between E-M
resistance and the maxhmum hydrostotic stress, o*, While it must be remembered thue
hydrostatic suesses by themselves cannot produce plastic deformation, they can open pores, and
thus 6* can e related ta the flow strength of the conductor line muterial.
This result has recently been extended by Arzt and Nix [8] in an attempt ta madel the
concument effects of mechanieal strength and line width on the time-to-failure distribution.

cleetron
wind
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Fig. 1: Schematic illustration of the development of stress gradients along a conductor line as o
result of divergences in the E-M flux. Such an element is generally referred to as a "Blech-
Schireiber element”,
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By applying grain steuctuse statistics o the Blech length effect, they arrive at an equution for the
Faiture distribution which containg both the maximurn stress and the line width-to-graln size ratio.
A typical prediction from this model, shown in Fig. 2, emphasizes the strang cffect of
mechunical strength on fuilure times, especially for the case of "near-bamboo™ grain stuctures.
With regard to alloy development, the authors ulso stress the importance of distinguishing
between measures {such s alloying) that i) lower the diffusivity D or if) incrense the srengLh 6%,
The analysis of E-M data showed that both effects muy be present in metallization alloys.

In more recent madels, an addidansl clement has been ndded: in view of the elevated
temperatures, creep-type deformation is allowed as a siress relaxation mechanism and the
assumption of asharp deformation batrier o* is dropped. Glickman et ul. [9,10] consider hillock
growth by power-law creep, tather than the E-M drift, as the rate-controlling mechanism.
Furlhermore, & recent model by Arzt [11] trents the coupling between the E-M flux and
whisker/hillock growth by climbing grain boundary dislocations. It can be shown that under
realistic conditions the kinetics of B-M seem to be governed by the dislacation mobility, rather
than by the drift process, In both approaches, the o*-concept is replaced by a “ereep strength”
cancept, which ullows recent displacement measurements 10 be better rationalized.

In conclusion, both the carly Blech-type models and the refined versions of the theary lead ton
seemingly inescapable speculation: if E-M resistance is indeed corrclated with mechanical
strenpth or dislocation mobility, then the classical concepts of metalturgical strengthening should
be applicable in order to improve E-M behavior, The remuinder of this paper describes a first,
preliminary attempt to systematically test this hypothesis.

EXPERIMENTAL PROCEDURE AND STRESS CHARACTERIZATION

Al films 0.5 pm thick were magnetron sputtered onto unheated thermally axidized (100)
orientation 100 mm diameter silicon substrates. The deposition Tate was 18 Afsec. ot an Ar
pressure of 3.0 10-3 torr. Sputter system base pressure was 4.0 107 tom, The films were then
annealed at 400 °C for 45 min. in forming gas. Several films were fon implanted with Ghg, in
order to metallurgically harden the films, a1 » tolal dose of 1.0 1017 ionsfem?. The implontation
was carged aut in five partlal implants, ranging in energy and dosnge from 10 kev lo 190 kev and
5.0 1015 jons/fem? to 4.5 1016 ions/em?, respectively, in order to achicve a relatively uniform O
concontration through the film thickness. Final O concentralion is approximately 3.0 at.%.
Preliminary TEM investigation of he 015 implanted film microstructure showed conurast from a
high density of small features ~10 nm in diameter, presumably as a result of the implantation.
Future more detailed work will fully characterize these features.

Al Flms from each condition were pattemed into parallel line arrays (PLA) of 20 lines 1.0
mm long using standard lithographic and dry etch pracesses. Such PLA patterns are suitable for
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simultancous B-M testing of a large number of interconnects, without refractory metal
underlayers, at constant applied voltage. PLA structures preserve the fuilure sites by preventing
arcing as the line produces un epen circuit and are ideal [or characterizing the nawre and
microstructural dependence of the induced damage and failure morphologies as a function of
testing conditions. E-M testing, ut 228 *C and at 2 current density of 2.0 106 A/fcm?, was
performed at wafer level on unpassivated lines = 1.8 pm wide using diced wafer chips on a probe
station with a hot chuck, Both the standurd Al and Oy implanted Al films received a finai 400°C-
45 min. anneal after processing prior to testing. Circuit resistance was constant as the current was
increased to the test condition, indicating thac joule heating did not incrense the tine temperature
measureably above the hot chuck temperatuze,

Al film stress behavior during anncaling was meusured for each film using the wafer
curvature technique. Several stress-temperature eycles with final 1emperatures up 10 560°C were
carried out in order to monitor the variation of filim stress behavior under repeated annealings, A
comparison of the second heuting and cooling cycle swess curves is shown in Fig. 3. Note that
the implanted film is weaker in compression than the standard “control" Al film, with n lower
compressive yield stress (38 MPa) at a lower temperature (300 °C) compared to 117 MPA at
340 *C far the control Al film. A more complete characterization of {ilm microstructure along
with a correlation to film stress hehavier and tendency for hillock formation will be presented
elsewhere.

ELECTROMIGRATION RESULTS AND FAILURE ANALYSIS

Preliminury results of E-M testing and analysis of induced damage for several film conditions
are reporied here, Film resistivities ut room temperatore us measured on the ciresit were 3,32 pO-
cm for the conirol Al and 5.38 uf2-cm for the Q15 implanted films. The E-M Median Times to
Failure (MTF) for the tested Film conditions are 27 hours for the control Al and 30.5 hours for
the implanted Al interconnects. However, these differences nre not conclusive as the Qg5
implanted Al interconnects showed significant resistance increases prior to open circuit fatlure.
The accuracy of testing of PLA structures under constunt voltnge relies on small resistance
changes in ench interconnect prior to open circuit, since 4 gradual change in resistance will change
the current supplied 1o the circnit. Individual Oy implanted interconnects showed resistance
increnses of as much as 50% prior to failure, significantly reducing the current density in each
surviving line. Therefore the MTF for the Oy implonted structures is significantly less than the
measured 30,5 hours.

SEM inspection was perfonmed over the complete line length for each line in the PLA
srructure for each film, The SEM observitions of the tested scructures revealed clear differences
in the nature and extent of B~-M damnge between each film condition. It has been shown that the
extent of damage, the spacing between comesponding voids and hillocks, and the average void
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Fig. 4 SEM of E-M void and comesponding Fig. 5: SEM of E-M void and hillocking in
hillock in the siandard Al film. Void at dght the O5implanted Al film. The [ailnre void
is a complete open circuit filure. is at the base of the whisker on the right.

volume are functions of film microstructure and applied testing conditions. Fig. 4 shows & typical
open circuit void and eorresponding hillack in the control Al film. Fig. 5 shows the voiding and
corresponding whisker formation in the O16 implanted intereennects, The tendency for whisker
formation and extent of voiding is much grouter in the Oy implanted film. Whiskers as long as
30 ptm are present. Each linc in this PLA showed such extensive damage at many siles along its
length, It is evident that the large resistance increnses during testing for this film are due to this
extenslve void formation. Correspondingly, the small resistance change prior to open circuit
Eailure in the control Al films is evident in the relatively small amount of volding and hilloex
formation seen after testing.

The umount of E-M induced dumage in the Ojg implanted film prior to open cirouit Failure is
remurkable, Extensive voiding and whisker formation has been typically observed only in
multiple layer interconnects such as Al nlloys deposiled aver TiN or TiW barrier layers. Barrier
layers serve as redundant conduction pathg which allow for continued E-M induced mass flux
and demage in the Al film even nfter a complete open circnit in the Al In the present case, the
effect of Qg implantation has heen to dramatically incrense the mute of mass flux, flux divergence
and damage in the interconnects without the ald of redundant conduction layers.

The extensive E-M damage in the Oy interconnects corespands to the incressed stze and
density of annealing hillocks, and lower compressive flow stess, in the similar continuonus films
especinlly when compared 1o the corresponding hehavior of the slandard films., The extensive E-
M whislker formations may also be characlerized s sites of positive mass flux divergences and
of mass accumulation. These mass accumulations may be considered a5 repions of increased
compressive stress, and the whiskers the result of a compressive stess relaxation precess at these
sites. These results suggest that the effect of the implantation is to produce & weaker AL Llm in
compression, and (hat the formation of hillocks in continuous fiims during annealing and
whiskers in interconnects during E-M are nresult of decreased compressive strength or increased
plastic deformition.

DISCUSSION

The airm of the inpluniation treutment of the Al films was to introduce dislocation obstacles
which would raise the yleld strength of the conductor line matesial. The stress measurements by
the waler curvatare (Fig, 3) clearly show that a strengthening cffect was only echicved in the
tensile stress tegion, while the compressive strength was slightly weaker compared to the
weantrol” film. It is therefore sorprising that the "control” film showed much less hilleck growth
fand no whiskers) both of which are usually as the result of high compressive stesses, This
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effect of the implantation on the tendency to enhunced hillock/whisker growth is at present not
understood.

The failure of the iroplanted film to produce longer E-M lifetimes can be explained on the
basis of the hillock/whisker observations, The kinetics of E-M damage involves at least three
sequential processes: I) the drift due to the electron wind (which is usually considered to be rate-
controlling), I) the depletion of atoms at the cathode-near flux divergence (which leads to void
nucleation and growth), and I1I) the depletion of vacancies ot the anode-near flux divergence
(resulting in whisker or hillock growth), Sotne of the recent models us discussed above assume
process O to be rale-controlling, This is in qualitative agreement with our observed correlation
between hillock/whisker growth and damage formation,

Qur preliminary experiment suggesis that the strategy of strenpgthening the conductor line
material cun be successful only if it improves the compressive strength. This conclusion is
supported by early measurements of stress gradients [3,5] which delecied compressive, but no
tensile stresses. Also it can be expected that a grain coarsening treatmem would reduce the
whisker/illack growth, Such cxperiments are currently underway.

CONCLUSIONS

L. Emly and recent models ol electromipration suggest a correlation between mechanical streagth
and elecromigration resistance.

2. First experiments in which the conductor line materinl was deliberately strengthened by ion
implantation resulted in higher tensile strength, but in slightly lower compressive strength, B-M
tests failed to result in longer lifetimes in the implanted films, presumably due Lo enhanced
hillock/whisker grrowth,

3. Irappeurs that an increase in compressive strength is necessary ta improve E-M behavior. The

reason for the failure of the implantation process to achieve that goal is at preseat nol understood.
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