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MICROSTRUCTURAL ASPECTS OF INTERCONNECT FAILURE
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ABSTRACT

The range of microstructural effects on thin film and interconnect properties is briefly described,
and the improvement of interconnect reliability with increased strength is reviewed. We show that
the strengthening eifect of dispersed second phases depends on their resistance to coarsening
during thermal treatments. The rapid coarsening of © phases during annealing and accelerated
electromigration testing is reviewed, leading to a discussion of metallurgical factors which
determine the coarseming behavior. We describe alloy systems expected to have reduced
conrsening rates. We suggest that the recently reported increased reliability of Al-Sc interconnects
is due to finely dispersed cohcrent phases which are particulerly resistant to coarsening. The range
of electromigration failure morphologies is illustrated with particular emphasis on transgmanular slit
failures, The failures are discussed in terms of diffusion pathways and medels for faiture.

INTRODUCTION

The reliability of Al alloy interconnects in integrated circuit (IC) devices is of paramount interest
for IC manufacturers and users. Interconnect failures are due to electromigration and stress
induced voiding processes. The processes which limit reliability arc determined by the interconnect
microstructure, which in turn may be influenced by the interconnect width and thickness.
Interconnect microstructure includes grain size, grain size distribution, and grain crystallographic
texture as well as the effects of alloying sdditions to the Al film. However the interconnect
microstructure may evolve during annealing, relinbility testing and device service, and the potential
effect of microstructure changes on the interconnect performance may be profound. We shall
briefly review the range of microstructural cffects on film properties and interconnect lifetime,

Since metallizations are typically Al alloyed with Cu [1], Ti {2}, Pd [3] and Sc {4], we shali
include those microstructural aspects associated with alloying such as solute distributions and the
distributions of dispersed second phases. We focus on potential cfiects of dispersed second
phases on film and interconnect properties, and show 1hat the potential beneficial effects of
dispersed second phases, such as film strengthening, may depend on the relative stability of
dispersed phases. Here we define "Fu:tic]c stability" as the resistancc to coarsening during
treatments such as annealing and accelerated electromigration testing. Using Al-Cu thin films and
interconnects as an illustrative system for microstructural evolution we review the coarsening [5] of
AlCu @ phases during annealing and the enhancement of © coarsening [6] during electromigration
testing. Examples of electromigration failures located along coarsened © phases will be shown [6-
8], which suggest a correlation between © coassening and processes which limit interconnect
lifetime, This leads o the proposal that increased interconnect reliability may depend in part upon
improved particle stability. We review the metallurgical factors which detenmine the rate of particle
coarsening, and illustrate that alloy systems such as Al-Pd, Al-Ti and Al-Sc alloys may provide
more stable second phases and stronger films and interconnects, In particular the coherent Al3Sc
phases produced in the Al-Sc system are especially resistant to coarsening. We note that
interconnects fabricated from these alloys have been shown to provide electromigration resistance
comparable to or greater than the widely used Al-Cu alloys.

Finally, we illustrate the range [7] of morphology of electromigration demage and failures in Al
and Al-Cu interconnects, including hillocks, whiskers, large equiaxed voids and transgranular slit
foilares, The morphology of these features will be discussed in terms of mechanisms for failure,

EFFECTS OF MICROSTRUCTURE-STRENGTH CORRELATIONS FOR FILMS AND
INTERCONNECTS

Grain sizs (d) is the most ebvious microstructural feature to affect interconnect reliability, Since
clectromigration diffusion processes occur primarily via boundary diffusion, increased grain size
reduces the amount of diffusive flux along interconnects. This generally leads to an increase in the
electromigration lifetime. Interconnect line width (W) also determines the grain structure, When
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Fig. 1. Pian view focussed ion
beam (FIB) micrograph of a bambaooe
grained Al-2% Cu interconnect 1.3
wm wide and 0.5 um thick, showing
contrast benween different grains.

Wi/d = 1, large segments of the interconnect are composed of bamboo grains as ilustrated in figure
1 fora 1.3 pm wide Al-2% Cu inwerconnect. Obviously na boundary transport is possible in these
line segments, and interconnects with W/d =1 and below show a significant increase in
¢lectromigration lifetime (9,10]. However the microstructure of narrow interconnects is not
expected to be entirely bamboo [11]. Often electromigration damage occurs ar those line segments
containing a boundary path along the interconnect length, figure 2, which shows correlated void
and billock damage in a 1.8 pm wide Al intezconnect. The effect of W/d on failure times has been
maodelled recently on the basis of grain boundury statistics in a line [20].

Film strength is also determined in part by grain size in an effect analogous to the "Hall-Peich”
effect in bulk Al. Recent work [12] has shown that the yield strength (o) of Al and Al-Cu films is
the sun of film thickness (h) dependent znd grain size dependent components, oy end ay,
respectively,

Of = Oy + Gg = m/h + k/d? (1),

where the coefficients (m) and (k) und the exponent {n = 1/2) have been measured experimentally
[12]. However it is not abvious that prain size strengthening occurs in unpassivated bamboo
interconnects, Recent work [13] has demonstrated that the stress levels (or yield stresses) in
narrow unpassivaled Al-0.3% Cu interconnects were substantially below those in continuous films
of the sume alloy. The interconnects sustained relutively small uniaxial stresses (less than = 80
MPa at temperatures above 200°C) aligned along the interconnect fength, and were virtually stress
free mcross the line width, Continuous films typically have uniform biaxial stresscs and can sustain
stresses of several hundred MPa. We conclude that grain size strengthening in continuaus films
does not directly ranslate to the strengthening of narrow interconnects. The possibility exists
however that grain size muy hove some effect on the sength of passivated interconnects, since
boundaries may play a role in siress relaxation processes which are limited by the passivation.
Interconnect crystallographic texture also helps to determine electromigration reliability, Tt has
been shown that interconnects putterned from films with more uniform {111} texiore have
impraved reliability [9,14,15]. It has been proposed that this effect is due to Uie tilt boundaries

Fig. 2 FIB micrograph of clecromigration damage in a laser reflowed Al interconnect 1.8 um
wide and 0.5 pm thick. Void and billock are connected by u boundary parallel to line. (Electron
flux was from right to left.)
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Fig. 1. Plan view focussed ion
beam (FIB) micrograph of a bamboo
grained Al-2% Cu interconnect 1.3
pm wide and 0.5 ptrn thick, showing
contrast between different prains,

W/d = 1, large segmenis of the interconnect are composed of bamboo grains as illustrated in figure
1 for a 1.3 pm wide Al-2% Cu interconnect. Obviously no boundary transport is possible in these
line segments, and interconnects with W/d ~1 and below show a significant increase in
clectromigration lifetime [9,10]. However the microstructure of narrow interconnects is not
expected to be entirely bamboo [11). Often electromigration damage oceurs at those line segments
containing a boundary path along the interconnect length, figure 2, which shows correlated void
and hillock damage in a 1.8 pm wide Al interconnect. The effect of W/d on failure times has been
modelled recently on the basis of grain boundary statistics in a line [20).

Film strength is also determined in part by grain size in an effect analogous to the "Hall-Petch"
effect in bulk Al Recent work [12] has shown that the yield strength (Gq) of Al and Al-Cu films is
the sum of film thickness (h) dependent and grain size dependent components, o), and &y,
respectively,

Of = O + Gg = m/ -+ k/d" (1),

where the coefficients (m) and (k) and the exponent (n = 1/2) have been measured experimentally
[12]. Howcver it is not ohvious that grain size strengthening occurs in unpassivaled bambaa
interconnects. Recent work [13] has demonstrated that the stress levels (or yield stresses) in
narrow unpassivated Al-0.5% Cu intercannects were substantially below those in continuous films
of the same alloy. The interconnects sustained relatively small uniaxial stresses (less than = 80
MPs at temperatures above 200°C) aligned along the interconnect length, and were virtually stress
free across the line width. Continuous films typically have uniform biaxial stresses and can sustain
stresses of several hundred MPa. We conclude that grain size strengthening in continuous flms
does not directly translate to the strengthening of narrow interconnects. The possibility exists
however that grain size may have some effect on the strength of passivated interconnects, since
boundaries may play a role in stress relaxation processes which are limited by the passivation,
Intercennect crystallographic texture also helps to determine electromigration reliability. It has
been shown that interconnects patterned from films with more uniform {111) texwire have
improved reliability [9,14,15]. It has been proposed that this effect is due to the tilt boundaries

Fig. 2 FIB micrograph of electromigration damege in a laser reflowed Al interconncet 1.8 pm
wide and 0.5 m thick. Void and hitlock are connected by a boundary parallel to line. (Electron
flux was from right to left.)



formed between the {111} fiber oriented grains, where the boundary tilt axis is normal to the film
plane. These boundaries [15] are expected to have a more uniferm distribution in specific
boundary energies and a (presumed) more uniform distribution in boundary diffusivitics (Dgp).
This microstructure will lead to a decrease in mass flux divergences at, for example, triple points.
Randomly oriented grains will in general produce random boundaries with an increased distribution
in Dy, which is more likely to produce larger flux divergences and carlier failures.

exture may also determine in part the strenpth levels in continuous films. The effect of crystal
orientation on dislocation moton in films is shown in figure 3 [16]. We consider sinple phase
films, capped with a surface (oxide) layer, on arigid substrate. Dislocation glide is impeded by
the top and bottom interfaces and by grain boundaries, as shown schematicelly in figure 3. The
flow stress (oy) required for dislocations to giide on the plane indicated there is dependent on the
film thickness as described by

sin ¢ G*b _ .. G*b ,
cosh cosA h = Cije— @

ay =

Here ¢ and A are the included angles between the glide plane normal direction and Burgers vector
and the film normal direction, respectively, and b is the Burgers vector. The constant Cig is
defined for simplicity as = sin ¢ / cos ¢ cos A. The dislacation motion leaves trailing dislocation
segments at the top and bottom of the film at the oxide/film and film/substrate interfaces,
respectively, which leads to an effective shear modulus G* which is a detaited function [16] of the
thicknesses and shear moduli of the film, oxide cap and substrate. The film thickness determines
the width of the glide plane (Ly) for a given grain oricntation by the factor Ly, = h / sin ¢, and the
grain orientation also results in the resolved stress on the glide planes that is reduced from the
applied stress by a factor (cos ¢ cos &), Cjy thus helps determine the dependence of the film flow
stress on grain oricntation (ijk). We note é:at Cy111 is = 3.46, while the average of the four lowest
values of Cyjq for the available {111} <1102 slip systems in (110) orieated grains is = 1.42 [17].
Films of principally [111] textured grains will be stronger than {110} textured films, given
equivalent grain sizes and film thicknesses. It is not known at present how variations in the
strength level of variously textured grains along an interconnect will affect reliability. However
inmerconnect siresses and stress relaxation processes have been proposed to affect electromigration
lifetimes. Therefore the role of texture in determining reliability may in part be through the texture
influence on the interconnect mechanical properties.

Eff; f Mechanical Strength on Interco liabili

We briefly revicw the proposed interactions between interconnect strength and electiomigration
rcliability. On the basis of the “critical length" effect during electromigration in interrupted stripes,
Blech [18] proposed that the electramigration mass flux may produce tensile and compressive
stresses at regions of mass depletion and accumulation, respectively. The resulting stress gradicnts
waould induce mass fluxes in a direction epposite to the electromigration fluxes and would reduce
the flux divergences and damage caused by the applied current. Since the siresses that may be
produced are limited by the interconnect "yield" strengih, stronger interconnects would be more
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resistant to electromigration damage since they would sustain larger stress gradients and induced
back fluxes. This model has been extended to continuous lines under passivations [19]. In
addition it has been shown [20] how an increase in strength of near bamboo interconnects may
dramatically improve the electromigration reliability, figure 4. In this fipure the critical current
density j* 1s proportional to the interconnect strength, and it is shown that aa increase in the
strength (and j*) by a faclor of two significantly increases the time for a 0.1% foilure rate and for a
0% \t;}aiflurc rate a5 the interconnect microstructure becomes more bamboo-like with decreasing
ratio W/d,

Deiled understanding of the interactions between interconnect stength, large hydrostatic
tensile stresses in passivated lines [21], stress relaxation processes and failure is lacking. However
there is mounting evidence that mechanical sength should be o major consideration in the design
of new metallization alloys. We may therefore describe possible methods for film and interconnect
strengthening by the control of the microstructure and the proper choice of materials systems.

Mechanisms For Film and Interconnect Strengthening

Menallizations are typically alloyed with additions such as Cu, Ti, Pd and Sc in order to improve
the interconnection reliability. However becanse of the limited solubility of these elements in Al,
Ex}:ascs such as AloCu, Al3Ti, AlgPd and Al3Sc are formed. Film and interconnect propertics may

sensitive functions of the phase size and distribution. We shall briefly describe several probable
cffects of particles on film and interconnect strenpth,

Traditionally, smengthening in crystalline materials involves impeding dislocation motion by
presenting barriers to glide such as disperscd second phases and grain boundarics. In the context
of plasticity in films, figure 3, a potential effect of dispersed phases of mean radius (0) and volume
fraction (fy) is to block dislocation motion on the glide plane as shown on figure 5a. The mean
distance between blocking obstacles (Ly), for the regime of low volume fraction of second phase, is
given by Lr =r (£,/2)-1/2, Thus particle strengthening is expected when Ly < Ly /2, or when

E P h
(fy/2)1/2 ~ 2 5sin ¢

(3).

Chaosing nomtinal values of ¢ = 45 * and fy = 0.05, we calculate that dispersed particles of radius
less than r = 0.1 um arc expected to strengthen & 1.0 wm film, while 0.5 pm thick films require
particles of size r = 0,05 pm for strengthening by this mechanism,

An Indirect mechanism of particle strengthening of films invelves the particle pinning of
boundary motion and the suppression of grain growth, leading to a retained small grain size. The
grain size strengthening effect as described in equation 1 is illustrated in figure 5b. We note that
such strengthening in Al films has also been observed in free standing films [22] and films
deposited on Si substrates [23). The effect of a dispersed phase of mean radius (r) and areal
fraction (fy) is to pin the prains at a size (dp) given by [24]

dp=(3.4 1) 512 (.
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Fig. 5. Models for particle strengthening of thin films: a) a dispersion of small second phases will
block dislocation motion, leading to strengthening; b) second phases (not shown) may maintain a
small film grain size (dp) leading to "Hall-Petzh" type of strengthening.

The extent of this indirect strengthening may be calculated from the difference of the grain size
dependent flow stress levels (o) between single phase films (with grain size d) and films where
particles have grains pinned at size dp. Using equation 4 and oy = k/d" from equation 1 it can be
shown that the fractional increase in fljirn flow stress due to grain size pinning may be estimated as

(Odp-0a)/0g =(d/dp)2-1=(d2/3.41)172 -, (5).

We may estimate the magnitude of this effect for typical 1,0 pm thick films in which the annealed
grain size is approximately twice [25,26] the film thickness, d = 2.0 pm. Assuming that v =~ 0.05
pm and £, = 0.05, the fractional increase in film strength is significant, approximately (gup - 04 ) /
od ~ 0.62. Again we note that the grain size strengthening effect in interconnects may not be
operative to the same degree ns in films, In fact reducing the interconnect grain size generally leads
to reduced electromigration lifetimes, However the final effect of dispersed phases on reliability
will be a combination of the strengthening and microstructural factors described above. A recent
comparison [4] of the elecoromigration lifetimes of Al-Cu end Al-Sc alloys showed greater
reliability of the Al-Sc interconnects in spite of a smaller grain size than in the Al-Cu interconnects,

We note that the beneficial effect of Cu additions on eleciromigration reliability is not due to a
strengthening effect. Recent measurements found roughly equal strength levels in Al and Al-Cu
films [12). This is to be expected since the © phases found in the binary Al-Cu films reside along
boundaries and triple points [27). Considering the strengthening imechanisms described above, @
phases with this morphology are expected to contribute liitle to the film or interconnect stength.
The beneficial effect of copper additions in Al interconnects is generally agreed to be the reduction
of prain boundary diffusivity due to Cy segregation to the boundaries.

8 COARSENING IN Al-2% Cu THIN FILMS AND INTERCONNECTS

Both mechanisms described above show that the efficiency of particle strengthening, at constant
volumne fraction, is increased for smaller mean particle radivs. Thus a fine dispersion of particles
which remain smalf during the thermal treamments of device fabrication is desirable. Particle size
stability is determined by the rate of coarsening of the sccond phases. As an example, we review
the kdnetics of © particle size evolution during Ostwald coarsening in Al-2% Cu thin films during
annealing. The enhancement of @ coarsening during electromigration testing will elso be
presented. We then review those metallurgical factors which determine the coarsening rates of
second phases and describe the characteristics of alloy systems which are expected to have
improved particle stability and intcrconnect reliability. This leads to the suggestion that increased
particle thermal stebility, due to reduced second phase coarsening rates, may be a significant factor
in the design of more reliable interconnect alloys.

Experimental

Al-2% (wt.) Cu thin films 0.5 um thick were sputter deposited onto thermally oxidized (100)
100 mm Si substrates at a rate of 120 nm/minute without applied heating or substrate bias. Base
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Fig. 3. Models for particie strengthening of thin films: a) a dispersion of smull second phases will
block dislocation motion, leading to strengthening; b) second phases (not shown) muy maintain &
stull film grain size (dy) leading to "Hall-Petch” type of strengthening,

The extent of this indirect strengthening may be calculuted from the difference of the grain size
dependent flow stress lovels (G¢) between single phase films (with grain size d) and {ilms wherc
particles bave grains pinned at size dp. Using equation 4 und oy = k/d" from equation 1 it can be
shown that the fractional increase in ﬁ‘llm flow stress due to grain size pinning may be estmated as

(Odp-0a)/og =(d/dpl2-1=(d 1273412 -1, ().

We may cstimate the magnitude of this effect for typical 1.0) um thick films in which the annealed
grain size is approximately twice [25,26] the film thickness, d = 2.0 pm. Assuming that r = 0.03
pm and f; = 0,05, the fractional increase in film strength is significant, approximately (Gqp - 64) /
oy = 0.62. Again we note that the grain size strengthening effect in interconnects may not he
operafive to the same degree as in films. In fact reducing the interconnect grain size gencrally leads
to reduced electromigration fifetimes. However the final effect of dispersed phases on reliabiljty
will be a combination of the strengthening and microstructural factors described above. A recent
comparison [4} of the electromigration lifetimes of Al-Cu and Al-Se alloys showed greater
reliability of the Al-Sc interconnects in spite of a smaller grain size than in the AJ-Cu interconnects.

We note that the beneficial effect of Cu additions on clectromigratinn reliability is nat due to a
strengthening effect. Recent measurements found roughly equal swength levels in Al and Al-Cu
films [12]. This is to be expected since the © phases found in the binary Al-Cu films reside along
boundaries and triple peints [27], Considering the strengthening mechanisms deseribed above, ©
phases with this morphology are cxpected to contribute [ittle to the: [itm or interconnect strength,
The beneficial effect of copper additions in Al intervonnects is generally agreed to be the reduction
of grain boundary diffusivity due to Cu segregation to the boundarics.

0 COARSENING IN Al-2% Cu THIN FILMS AND INTERCONNECTS

Both mechanisms described above show that the efficiency of particie strengthening, at constunt
volume fraction, is tncreased for smaller mean particle radius. Thus a fine dispersion of panicles
which remain stmalfl during the thermal treatments of device fabrication is desirable. Pacticle size
stability is determined by the rate of coarsening of the second phases. As an example, we review
the kinetics of © particle size evolution during Ostwald coarsening in Al-2% Cu thin films during
annecaling. The enhancement of @ coarsening during clectromigration testing will also be
presented. We then review those metatlurgical factors which determine the coarsening rates of
second phases and describe the chareteristics of atloy systems which are expected io have
improved particle stability and interconnect relisbility. This leuds to the sugpestion that increased
purticle thermal stability, due 1o reduced second phase coarsening ttes, may be a significant factor
in the design of more reliable interconnect alloys.

Experimental

Al-2% (wt.) Cu thin films 0.5 ym thick were sputter deposited onto thermally oxidized (100)
100 mm §i substrates at a rate of 120 nim/minute without applied heating or substate bias. Basc
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pressure of the spulter system was less than 2.0 10-3 mTarr. One wafer was sectioned into small
(L em x 1 cm) sections which were annealed in forming gas in a hot wall tabe furnace at 310°C for
up to 40 minutes. Samples for transmission electron microscopy (TEM) were prepared with
additional care taken 10 prevent inadvertans heating of the films.  Measurements of @ phase and Al
grain size were obtained frorm TEM prints taken from several areas for each film condition. (See
tef, [5] for details of sample preparation and phase size measurement.} In addition the films were
examined in a scanning electron microscope (SEM) with an energy dispersive x-ray analysis (EDS)
system. This allowed for the elemental characterization of local areas of interest in the film.

Other sirnilar films were photolithographicaily patierned and etched to produce electromigmation
test circuits consisting of arrays of 25 inlerconnects in parallel. Line widths were from 1.0 um to
6.0 pm, and line length was 1.5 mm. Prior to testing samples were winealed in forming gas at
425°C for 30 minutes. Wafer level necelernted clectromigration testing on individually diced chips
was performed us part of a larger study [7.8] of interconnect microstructure and electromigration
faiture analysis. Testing conditions were 1,73 109 Afem2 to 2.5 108 AJem? and 175°C 1o 265°C.
In addition pure Al interconnects were fabricated and tested. Their preparation is described in detail
elsewhere [28,29], however several Al films were laser reflowed prior to patterning. The laser
reflow process serves to locally anneal Lhe metallization in order to improve film stcp coverage over
device topology and to enlarge the film grain size. The grooves correspanding Lo the junction of
grain boundaries and the film surface were readily apparent after the tnser reflow process.

The microstructure of tested and untested but otherwise identically treuted interconnects was
observed with SEM, TEM and focussed ion beam (FIB)Y techniques. (The TEM results have been
presented elsewhere [7,8,30].) The FIB induced secondury electron and ion yields are dependent
upon the orientation of the larget crystal with respect to the beam direction [31} and produce
bright/dark contrast between grains of different crystallographic orientation in the filns,

Results: 6 Coarsening in Continuous Films

The as deposited € particles, about 200 am in diameter, urc uniformly distributed along grain
boundaries and grain interiors [27]. Cross section TEM resuits on identical filins show a relatively
cven dispersion of © through the film thickness ([27] and no cvidence of the metastable @ phascs.
Plan view TEM results [5] show the initiation of @ phase coarsening at wiple points after annealing
for 5 minutes at 310°C, figure 6a. Annealing for 40 minutes at 310°C shows extensive Al growth
and much larger @ phases due to coarsening at triple points, figure 6b. The © particles remaining
in the largest grain interiors, us shown in several grains in figure 6b, have also increased in size to
about 0.06 pum for this anneal. Identical films annealed at 345°C have shown that coarsening has
completely removed @ phases in grain interiors after only |5 minutes [27]). It is also possible to
detect the coarsened © phases in the SEM, figure 7a. Here the enhanced secondary eleciron
emission provides bright contrast of the © phase for the same filim condition as in figure 6b. These

G R ] - o

Fig. 6. Plan view TEM micrographs of 0.5 pim thick Al-2% Cu thin films after annealing for 5
minutes (u) and 40 minutes (b) at 310°C. © phases have black contrast and are shown to coursen
at triple points with continued annealing.
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pressure of the sputter system was less than 2.0 10-5 mTorr. One wafer was sectioned into small
(1 e x 1 cm}) sections which were anncaled in forming gas in a hot wall tube furnace at 310°C for
up to 40 minutes. Samples for transmission electron microscopy (TEM) were prepared with
additional care taken to prevent inadvertant heating of the films, Measurements of @ phase and Al
grain size were obtained from TEM prints taken from several areas for each film condition. (See
ref, [5] for detils of sample preparation and phasc size measurement.) In additon the films were
cxamined in a scanning electron microscape (SEM) with an cnergy dispersive x-ray analysis (EDS)
system. This allowed for the elemental characterization of local areas of interest in the film.

Other similar films wete photolithographically paterned and ciched to produce electromigration
test circuits consisting of arrays of 25 interconnects in parallcl. Line widths were from 1.0'um to
6.0 pm, and line length was 1.5 mm. Prior to testing samples were anncaled in forming gas at
425°C for 30 minutcs. Wafer level accelerated electromigration testing on individually diced chips
was performed as part of a larger study [7.8] of interconnect microstructure and electromigration
failure analysis. Testing conditions were 1.75 109 Afcm? to 2.5 106 Afem? end 175°C to 265°C.
In addition pure Al interconnects were fabricated and tested. Their preparation is described in detail
elsewhere [28,29], however several Al films were laser reflowed prior to patterning. The laser
reflow process serves to locally anneal the metallization in order to improve film step caverage over
device topology and to enlarge the film grain size. The grooves corresponding 10 the junction of
grain boundaries and the film surface were readily apparent after the laser reflow process.

The microstructure of tested and untested but otherwise identically treated interconnects was
observed with SEM, TEM and focussed ion beam (FIB) techniques. (The TEM results have been
presented elsewherc [7.8,30).) The FIB induced secondary electron and ion yields are dependent
upon the orientation of the target crystal with respect to the beam direction [31] and produce
bright/dark contrast between prains of different crysmllographic orientation in the film.

Results; 8 Coarsening in Continuons Films

The as deposited © particles, about 200 nm in diameter, are nniformly distributed along grain
bounduries and grain interiors [27]. Cross section TEM results on identieal films show a relatively
even dispersion of © through the film thickness ([27] and no evidence of the metastable ©° phases.
Plan view TEM results [5] show the initiation of © phase coarsening at triple points after annealing
for § minutes at 310°C, figurc 6a. Annealing for 40 minutes at 310°C shows extensive Al growth
and much larger © phases due 1o coarsening at riple points, figure 6b. The © particles remaining
in the largest grain interiors, as shown in several grains in figure 6b, have also increased in size to
about 0.06 pm for this anneal, Identical films anncaled at 345°C have shown that coarsening has
completely removed © phases in grain interiors after only 15 minutes [27]. It is also possible to
detect the coarsened © phases in the SEM, figure 7a. Here the enhanced secondary electron
emission provides bright contrast of the © phase for the same film condition as in figure 6b. These
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Fig, 6, Plan view TEM micrographs of 0.5 pm thick Al-2% Cu thin films after annealing for 5
minates (a) and 40 minutes (b) at 310°C. © phases have black contrast and are shown to coarsen
at triple points with continued annealing.
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Fig. 7. a) SEM micrograph of 0.5 pum thick Al-2% Cu thin film after annealing Jor 40 minutes at

310°C (condition as in figure 6b). b) Encrgy analyzed x-rays from same area 85 in 7a showing
enhanced Cu at bright areas, verifying these as © phases.

e |

bright areas are further verified as the copper rich @ phase by mapping of the copper x-rays
generated by the incident electron beam and analyzed by Lﬁc EDS. Figure 7bis an elementat copper
mapping of the same area as in figure 7a, showing the correspandence between the bright areas in
the secondary electron and copper x-ray mapping images. The bright contrast of @ in the SEM will
be uscful for the subsequent correlation of electromigration damage with @ phases after westing.

The coarsening rate of the triple point @ is shown in figure 8. Note that the © size shows an
initial period of rapid coarsening which decreases to steady state behavior after about 10 minutes.
This initial period also corresponds to rapid initial grain growth of the aluminum, during which
boundary migration may intcrsect additional small © phases previously in grain interiors, thereby
increasing the © volume fraction and coarsening rare [5].

Enhanced 8 Coarsening During Electromigration

© coarsening is enhanced [6] during accelerated clectromigration testing as clearly shown in
figure 9 for a 5.0 pm wide Al-2% Cu interconnect. The testing conditions were 230°C and 1.75
108 A/em?2. The median time to failure (MTF) for this array was approximately 24 hours, however
the circuit remained on the hot chuck for approximately 40 hours to allow for the failure of all of
the interconnects in the circuit. SEM figure 9a shows the © phase size and distribution in an
untested interconnect after completion of the test (i.e., 40 hrs. at 250"C). Figure b shows the @
phase morphology in a tested interconnect adjacent to that in figure 9a. The enhancement of the
coarsening process is evident since the effect of electromigration has been to increase the size and
decrease the number of © phases, figure 9b. This cffect is in contrast to a simple "Cu
accurnulation” effect [32] where the average concentration of Cu increases near the positive
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Fig. 7. a) SEM micrograph of (L5 pm thick A1-2% Cu thin film after annealing for 40 minuteys at
310°C (condition us in figure 6b). b) Enerpy annlyzed x-rays from same area as in 7a showing
enbanced Cu at bright areas, verifying these as © phases.

bright areas are further verified as the copper rich @ phase by mapping of the copper x-rays
gencruted by the incident electron beam and analyzed by the EDS. Figure 7b is an elemental copper
mapping of the same aren s in figure Ta, showing the correspondence between the bright arcas in
the secondury electron and copper x-ray mapping images. The bright contrast of @ in the SEM will
be useful for the subsequent correlition of clecromigration damage with © phases after testing.

The coarsening raie of the triple point © is shown in figure B. Note that the @ size shows an
initiul period of rapid coarsening which decreases 10 steady state behavior after about 10 minutes.
This initial period also corresponds to rapid initial grain growth of the aluminum, during which
boundary migration may intersect additionat small © phases previously in grain interiors, thercby
increasing the © volume fraction and coarsening tate [5).

Enhanced 6 Coarsening During Electromipraiion

© coursening is enhanced [6] during accelerated clectromigraton testing as clearly shown in
figure 9 for 4 5.0 um wide Al-2% Cu interconnect The testing conditions were 230°C and 1.75
166 A/em?. The median time 10 failure (MTF) for this array was approximately 24 hours, however
the circuit remained on the hot chuck for appraximately 40 hours to allow for the failure of all of
the interconnects in the circuit. SEM figure 9a shows the @ phase size and distribution in un
untested interconnect after completion of the test {i.e., 40 hrs, at 250°C). Figure 9b shows the ©
phase morphology in a tested interconnect adjacent to that in figure 9a. The enhancement of the
coarsening process is evident since the effect of electromigration has been to increase the size and
decrease the number of @ phases, figure 9b. This cifcct is in contrast to & simple "Cu
aecarmulation” effect [32] where the wverage concentration of Cu increases near the positive
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Fig. 9. Bright SEM contrast of ® in an Al-29% Cu 5 pm wide interconnect after a) = 40) hrs. at
250°C without current; b} identical interconnect ind same thermal expostire as in figure Qa except
with an applied cucrent density of 1.75 106 Afem?2, showing the enhancement of © phase
coarsening during electromigration.

terminul of the line. Sueh a process would increase the size and/or the number of @ phases in this
region. However Cu accumulation at the positive end and depletion at the negative end of
interconnects occurs by a process in which the coarsening mechanism is modified by the directional
electromigration flux of Cu along the line. A detailed discussion of the effect of electromigration
on the kinetics of coarsening is oulside the scope of this discussion, however we note that
eleceromigration will modify and increase the rate of coarsening,.

The © coarsening enhancement is significant since oflen electromigration induced voiding
oceurs along such phases [7,8,30]. Figure 10 shows an example of a large erosion [7] void near
© phases in an interconnect from the same arvay us shown in figure Y. Examination of 1.3 um
wide Al-2% Cu interconnects tested at the same conditions as above clearly show a failure, figure
11a, and mass accumulation and depletion damage, figure 11b, along coursened @ phases. The @
shown in figure 11b have coarsened along humboo boundartes, effectively serving as obstacles o
mass flux. (The direction of electron und mass flux is from right to left in the micrographs of
tested interconnects showsn here.) Such blocking © phases are formed only by enhanced
coursening durinp electromigration.

Mophology of Interconnect Failures

FIB nnd SEM microscopy wete used 1o determine the morphology of Failures in relation to local
grain structures, The damage and failures associnted with coarsened ® phases have been shown,
Of particular interest are the wansgranular stit failures previously observed in Al-Cu-Si lines [7,30).

i, i 3 i %

Fig. 10. SEM micrograph of
clectromigrtion tested Al-2% Cu 5.0
pm wide interconnect as in figure 9.
Large erosion void is shown adjacent
to coarsened @ and hillocks. Current
waus from right to lefi.
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Fig. 9. Bright SEM contrast of © in an Al-2% Cu 5 um wide interconnect after ) =~ 40 hrs, at
250°C without cwrrent; b) identical interconnect and same thermal exposure as in figure 9a except
with an applied current density of 1.75 106 A/cm2, showing the cnhancement of © phase
coarsening during electromigration.

terminal of the line, Such a process would increase the size and/or the number of © phases in this
region, However Cu accumulation at the positive end and deplction at the negative end of
interconnects occurs by a process in which the coarsening mechanism is modified by the directional
clectromigration flux of Cu along the line, A detailed discussion of the cffect of electromigration
on the kinetics of conrsening is ontside the scope of this discussion, however we note that
clectromigration will modify and increase the rate of coarsening.

The @ coarsening cnhancement i5 significant since often electromigration induced voiding
occurs along such phases [7,8,30]. Figure 10 shows an example of a large erosion [7] void near
© phases in an intercontect from the same array as shown in figure 9. Examination of 1.3 tm
wide Al-2% Cu interconnects tested at the same conditions as above clearly show a fafiure, figure
11a, and mass accomulation and depletion damage, figure 11D, along coarsened © phases. The ®
shown in figure 11b have coarsened along bamboo boundaries, effectively serving as obstacles 1o
mass flux. (The direction of electron and mass flux is from right to left in the micrographs of
tested interconnects shown here.) Such blocking © phases are formed only by enhanced
coarsening during clecromigration.

holo f Interconne il

FIB and SEM microscopy were used to determine the morphology of failures in relation to local
grain structures. The damage and failures associated with coarsened © pheses have been shown.
OF particular interest are the transgranular slit failures previously observed in Al-Cu-Si lines [7,30].

Fig. 10. SEM micrograph of
electromigration tested Al-2% Cu 5.0
pm wide interconnect as in figure 9.
Large erosion void is shown adjacent
to coarsened @ and hillocks. Current
was from right to left.
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1.0 pim

Fig. 11. Plan view SEM micrographs of electromigration damage at coarsened © (marked with
arrows) in Al-2% Cu 1.3 im wide interconnects. a) Shows voiding at region "a" and mass
accumulation at "b", b) Shows a failure at the © phase (arrow). Current flux was right to left.

FIB figures 12a, b show a narrow failure in a laser reflowed Al interconnect in two orientations of
tilt and rotation with respect to the jon beam. Each view provides different contrast in each grain,
s described above. The relatively even contrast of material on either side of the void for both
orientations suggests that the void i5 transgranular, but the evidence is not definitive. However the
interesting change of contrast along the line indicated by the arrows does not correspond to a
detectable surface groove. This may be explained as a low energy boundary or possibly a twin. A
transgranular slit is clearly shown in figure 13a for a laser reflowed Al interconnect. The grain
boundary is located along the line of contrast change, and the slit is shown by the arrows. Figure
13b is another view of the same slit, rotated 40" from the orientation in figure 13a to illustrate the
even contrast across the slit. A final transgranular slit, figure 14, is shown to emanate from a small
wedge void (at the black arrow), to traverse grain 2, and to cross the boundary between grains 2
and 3 while maintaining the same direction. The change in contrast between grains 1 and 2
indicates that the slitis nof the site of the boundary that might have migrated into grain 2.

DISCUSSION
As shown in figure 8 the © coarsening kinetics at 310°C are described by the relation
t-ret= Kt (5%
where T is the initial phase radius, t is annealing time and K is a rate constant to be described

below, This behavior is consistent with Ostwald coarsening controlled by solute diffusion along
grain boundaries [33] and is described in more detail elsewhere [51.

Fig. 12. FIB micrographs of slit failure in laser reflowed Al interconnects. a) Shows grain
contrast, failure and a low angle or twin boundary (at arrows); sample tilted 45° normal to beam
direction. b) Shows sume sample tilted 35" from beam normal and rotated from position in 12a,
showing change in grain contrast and the low angle ot twin boundary (arrows).
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Fig. 11. Plan view SEM microgmaphs of electromigration damage at coarsened @ {marked with
arrows) in Al-2% Cuo [.3 um widc interconnects. ) Shows vaiding al region "a" and mass
accumulation at "b". b) Shows u failure at the © phase (arrow). Current flux was right to Icfi,

FIB figures [2a, b show a narrow failure in & Jaser rellowed Al interconnect in two orientations of
61t and rolation with respect to the jon beam. Euach view provides different contrast in each grain,
as described above. The relatively even contrast of material on either side of the void for bath
oricntutions suggests that the void is iransgranular, but the evidence is not definitive. However the
interesting change of contrast ulong the line indicated by the srrows does not correspond to a
detectable surface groove. This muy be explained as a Jow energy boundary or possibly a twin. A
transgranular slit is clearly shown in figure 13a for a laser reflowed Al interconnect. The grain
boundary is localed along lhe line of contrast change, and the slit is shown by the arrows. Figure
13b is another view of the same slit, ratated 40° from the orentation in figure 13a to iflustrate the
even contrast across the slit. A final transgranular slit, figure 14, is shown w cmanate from a smali
wedge void (at the black arrow), 1o traverse grain 2. and to cross the boundary between grains 2
and 3 while maintaining the same dircction. The change in contrast between grains 1 and 2
indicates that the slit is nof the site of the boundary that might have migrated into grain 2.

DISCUSSION
As shown in figure 8 the @ coarsening kinetics at 310°C are described by the relation
gt =Kt (s,
where 1 is the initial phase radius, ¢ is annealing time and K is & rate constant to be described
below. This behavior is consistent with Ostwald coarsening controlled by salute diffusion along

grain boundaries [33] and is described in more detail elsewhere {5},

I i i i

Fig. 12. FIB micrographs of slit failure in Jaser reflowed Al interconnects. a) Shows prain
contrast, failure and a fow angle or twin boundary (at amrows); sample tilted 45° normal to beam
direction. b} Shows same sample tilted 35” from beam nonmat and rotated from position in 124,
showing change in grain contrast and the low angle or twin boundary {(arrows).
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Fig. 13. FIB micrographs of transgranular slits in faser reflowed Al interconnects. a) Shows slit
failure (u arrows) through the grain; sample tilted 45° from beamn direction. b) Same sample tilted
55" from beam; even conrast across slit shows transpranuiar naure of slit

K is given by [33]
o 4YiCe Dy 8 Q2
K= 3AKT (6).

where v; is the intcrphdsc (particle/marrix) boundary energy, Ce is the nquilih;ium solute
concentrition, Dgp is the solute boundary diffusivity, §is the boundary thickness, £ is the atomic
volume, A isa geumemca] constzat, k is Bolizmanns constant and T is the absolute temperature,
(In this discussion we neglect the effect of second phase stochiometry on the coarseaing behavior.)
If we assume hat second phasc stability is desirable for improved interconnect reliability, then
optimal alloying additions to Al would be those in which %, C; and Dgy, are reduced.

The interphase energy ¥; depends principally on the clu,mica] and structural (i.e., crysml
structure apd crystallographic) differences between the matrix and second phase, However v, is
reduced by at least an order of magnitude [34] by coherency between the two phases. Cg is
abviously a minimum for insoluble alloying additions, while an a priori choice for a solute with
decreased boundary diffusivity in Al is less obvious.

Al-Cu binary alloys typically fonn the incoherent © phase located at boundaries |27), The rapid

Fig. 14. FIB micrograph of t‘r'm\gr'mu!ar slit failure (;m'ow.t,) in Alinterconnect, tested at 1.75 106
Afem?, showing the slit to waverse grain 2 and cross the boundary beaween prains 2 and 3.
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Fig. 13. FIB micrographs of transgranular slits in laser reflowed Al interconnects. &) Shows slit
failure (at arrows) through the grain; sample tilted 45° from beam direction. b) Same sample tilted
55" from beam; even contrast across slit shows wansgranular nature of slit.

K is given by [33]

_ A4 CeDpp 6 Q
K=e=—"3%kT ®.

where ¥; is the interphase (particle/matrix) boundary energy, Ce is the equilibrium solute
concentration, Dy is the solute boundary diffusivity, 6 is the boundary thickness, £2 is the atomic
volume, A is a geometrical constant, k is Boltzmann’s constant and T is the absolute temperature.
(In this discussion we neglect the effect of second phase stochiometry on the coarsening behavior.)
If we assume that sccond phase stability is desirable for improved intcrconnect reliability, then
optimal alloying additions to Al would be those in which %, C; and Dgp are reduced.

The interphase energy ¥ depends principally on the chemical and structural (i.e., crystal
structure and crystallographic) differences between the matrix and second phase. However ¥, is
reduced by at least an order of magnitude [34] by coherency between the two phases. Cg is
obvicusly a minimum for insoluble alloying additions, while an a priori choice for a solute with
decreased boundary diffusivity in Al is less obvious.

Al-Cu binary alloys typically form the incoherent © phase located at boundaries [27]. The rapid

- 5un

Fig. 14. FIB micrograph of transgranular slit failure (arrows) in Al interconnect, tested at 1,75 106
Ajem?, showing the slit to raverse grain 2 and cross the boundary between grains 2 and 3.
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coarsening of @ shawn above is due to the high ¥; between © and Al [35] and the rapid increase in
Ce (Cu in Al) with temperaure. Among the additions to Al proposed for improved reliability, Ti,
Pd and Sc are virally insoluble in Al. The boundary diffusivities of these solutes and the
coarsening behavior of the AlaTi, Al4Pd and AlzSc precipitate structures have not been
characterized for thin films. We note however that all three systems have shown substantially
improved clectromigration resistance, The reliability of Al-0.15 wt.% Sc interconnects was
recently shown [4] to be significantly improved over that of similarly treated Al-0.5 wt.% Cu lines.
TEM microscopy of the Al-Sc films revealed strain field contrast characteristic of small coherent
phases. Other recent work [36] has characierized the microstrucrure and the efficient strengthening
cffects of Al3Sc phases in bulk Al-Sc alloys. There the Al3Sc phases were shown (by lzttice
imaging TEM [36]) to be coherent, less than 0,01 pm in diameter and to similarly provide the strain
field contrast at lower magnifications as observed in the thin film-interconnect study. Thus we
propose that improved reliability of the Al-Sc alloy is dependent on the finely dispersed coherent
Al1Sc phases which retain their beneficial effect due to their resistance to coarsening. Further work
is required in order to determine the effect of Ti, Pd and Sc additions on selute diffusivities,
precipitate structures, film and interconnect properties and interconnect reliability.

Electromigration damnge at coarsened © phases is inconsistent with models which require local
Cu (and ©) depletion prior to flux divergences. Voiding at © is more likely to limit lifetimes for
interconnects with W/d =1, since blocking © phases and associated damage easily producc
failures. Reducing the © (or Cu) volume fraction may minimize this failure mechanism, while &
more fundamental approach is to choose an alloy resistant to coarsening as described above,

The transgranular slit morphology is intriguing since the generally accepted electromigration
diffusion processes are limited to boundaries. However careful examination of the damage shows
that often other pathways must operate. The blocking © phases along bamboo boundaries (see
also [6,7,8]) are examples of alternative pathway mass transport. Further it is not obvious that the
small volume slit void growth is controlled by diffusive processes. Local stresses or stress
concentrations may induce plasticity which induces a "crack-like opening” to occur. The restraint
of the substrate to the adhering intcrconnect prevents a simple “fracture” interpretation of slits,
However the strengthening effect of small cohercnt phases may act to reduce the effects of stress
induced voiding. The rcliability increase of Al3Sc interconnects was attributed in part to
eliminetion of slit voiding [4]. It may be significant that transgranular slits appear to originate at
wedge voids at the top edge-corner of the line, which may induce local stress concenfrations.
Similar wedge voids have been observed in passivated single erystal interconnects [37]. We note
that slit voids (not always transgranular) are a common mode for stress induced failures.

TEM examination of a stress induced failure [37] showed that the parallel faces of the slit,
which were vertical in the line, were both (111) type faces, consistent with a transgranular
morphology. This orientation indicates that the material at the slit was not the typical (111) fiber

texture but with an orientation of the type (110) or similarly normal to (111) planes. Work is in
progress to determine possible relatonships between interconnect texture and slit failures.

The range of failure morphologics generally obscrved for various interconnect materials under
broad testing conditions suggests that a simple mechanistic analysis of failure time distributions is
complicated at best. Hopefully future experimental work will focus on the determination of
lifetimes of specific failure medes.

CONCLUSIONS

(1) Models for the effects of interconnect saength on celiability have been reviewed.

(2) Mechanisms for second phase strengthening of films and (possibly) interconnects have
becn outlined.

(3) Strengthening effects of dispersed phases have been shown to depend critically on their
thermal stability, defined as the resistance to coarsening.

(4) The coarsening kinetics of © phases in Al-29 Cu thin films during anncaling were shown
to be proportional to t1/4, consistent with Ostwald ripening controlled by grain boundary diffusion.

(5) Accelerated clectromigration testing was shown to enhance & phase coarsening in Al-2%
Cu interconnects.

{(6) Elecromigration induced damage and failures occurred adjacent to coarsened © phases,
inconsistent with Cn depletion models for interconnect reliability.

(7) Transgranular slit failures were found in Al interconnects, inconsisistent with
clectromigration processes requiring grain boundary diffusion.
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