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Quantitative analysis of dislocation arrangements induced
by electromigration in a passivated Al (0.5 wt% Cu) interconnect
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Electromigration during accelerated testing can induce plastic deformation in apparently undamaged
Al interconnect lines as recently revealed by white beam scanning x-ray microdiffraction. In the
present article, we provide a first quantitative analysis of the dislocation structure generated in
individual micron-sized Al grains during ain situ electromigration experiment. Laue reflections
from individual interconnect grains show pronounced streaking during the early stages of
electromigration. We demonstrate that the evolution of the dislocation structure during
electromigration is highly inhomogeneous and results in the formation of unpaired randomly
distributed dislocations as well as geometrically necessary dislocation boundaries. Approximately
half of all unpaired dislocations are grouped within the walls. The misorientation created by each
boundary and density of unpaired individual dislocations is determined. The origin of the observed
plastic deformation is considered in view of the constraints for dislocation arrangements under the
applied electric field during electromigration. 2003 American Institute of Physics.
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I. INTRODUCTION example, intense x-ray white or monochromatic microbeams
produced at third-generation synchrotron sources can probe

During service, the tiny Al or Cu metallic interconnect |ocal microstructurdgrain orientation as well as local strain/
lines (width in the micron and submicron rangehich con-  stress tensofswith submicron spatial resolution. White-
nect discrete components in modern integrated circuits, eXeam x-ray microdiffraction using Kirkpatrick—Baez mirror
perience eXtremer h|gh current densities on the order of %Cusing Optics and a |arge area Charge_coup|ed-device
MA/cm?. The so-called electron “wind” force is sufficient to (CCD) detectof~2is particularly well suited to the study of
“physically” displace the constitutive atoms in the intercon- glectromigration because it allows for rapid measurement of
nect lines. This phenomenon, called electromigration, deg|astic and plastic deformation tensors with crystallographic
pletes material at the cathode end of the interconnect line anglientation and boundary conditions. In these measurements
cause accumulation near the anode enditimately elec- \yhite-beam microdiffraction was applied to spatially re-
tromigration leads to failure by opefvoid formation or  golved stress studies of polycrystalline thin films during
short (cracking of the passivation layer and material extru-gji, conditions®=’” The technique was used to probe micro-
sion) circuit. Electromigration-induced failure in metal inter- g4y ,cture in interconnec&3-¢and recently unambiguously
connect constitutes a major and growing reliability problemyyeijled the plastic nature of the deformation induced by
in the semiconducting |nqust?yWh|Ie the general mecha- 555 transport during electromigration if@u) linest” even
nism of electromigration is unde_rstqédhe effect of the  pefore macroscopic damage occurred. Pioneering work on Al
atomic flow on the local metallic line microstructure is electromigration studied with a 1@m white beam and an
largely unknown, specifically in the early stages of elec-gnergy dispersive detector has also been previously per-
tromigration. ' ' ~ formed by Wanget all2

Recently, experimental techniques capable of probing  new analysis methods are currently being developed to
grain prientatiqn and_ stress With_a spatial resolution Compaﬁuantify the observed deformation from x-ray microdiffrac-
ible with the dimensions of the lines have emer§e.For (o studies. The method for the analysis of dislocation net-
works described in this paper, together with rocking cdfve,
dElectronic mail: barabashr@ornl.gov ultra-small-angle x-ray scatterifitand transmission electron
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microscopy(TEM) (Refs. 20 and 2lmethods reveal differ-
ent features of dislocation arrangement. Grain-scale hetero-
geneity of plastic strain in polycrystalline Al was analyzed
by continuum finite element simulations and compared with
electron back scattering resuffsThe aim of the present ar-
ticle is to understand the complex dislocation structure aris-
ing from electromigration-induced plastic deformation by
simulating the shape of the reflections observed in the ex- i
perimental data. Custom software allows us to determine the i

orientation of the predominant dislocation network in each

sample subgrai?ﬁ'z“ FIG. 1. Experimental streaking of Laue images for different grains of inter-
connect line in a polycrystalline region. The side of each Laue spot insets is
0.0024 nm* (images were converted from angular units to #m The

spatial length scale is given by the line dimensions:iin width and 30
Il. EXPERIMENT AND ANALYSIS um in length.

Data collections have been carried out on the x-ray mi-
crodiffraction end station(7.3.3) at the Advanced Light
Source. The sample is a patterned0% wt% Cy line  h550h described by Barabashal?324 Here, we extended
(length:30 um, width 4.1 um, thickness 0.75um) sputter  {he method to consider individual unpaired dislocatifyeo-
deposited on a Si wafer and buried under a glass paSS'Vat'c?ﬂetricaIIy necessary dislocatiof@NDs)] within the scatter-

layer (0.7 um thick). Elgctrical connections to the line are ing domains separated by geometrically necessary disloca-
made through unpassivated (8lL) pads connected to the 4, boundarieSGNB).

sample by W vias. The sample was maintained at a constant - consider a net of individual unpaired edge dislocations
temperature of 205 °C and the current de_nsny was progresyith a densityn* within a scattering domaifiFig. 2). Al
sively ramped up to 0.98 MA/c?pand_ maintained at this  gigiocations from this set have Burgers vecttrsand dislo-
value for a period of 11 h. The direction of the current was.tions linesr. We introduce a coordinate system with tkie
then reversed for a tota_ll pe_riod of 19 h. Before and during,,is in the direction of the Burgers vector and thexis in

the course of electromigration, the sample was repeatediy,e girection of the dislocation line. Each edge dislocation at
raster scanned under a micron-size white beam with a step sition labeled in the XY plane creates a displacement
size of 0.5um. At each step, a CCD diffraction frame was ;. of the ith scattering cell in that plane. The projections of
collected. Each scan contains 975 frames covering the totghq displacement vector in this plane for the simple case of

surface of the sample. In the present article, we concentrai§asically isotropic crystals, are described by the following
on the evolution of the diffraction pattern of one particular equationg>2

grain (grain A, size:~2.5 um) situated approximately half

The dislocation structure was analyzed based on the ap-

way between the middle of the line and the anode end. De; _ © tan‘lz+ Xy
tails on the experimental setting and data collection can be* 2 X 2(1—p)(X2+y?) |
found elsewheré:% A qualitative description and semiquan-
q P q b [ 1-2u (xP—y?) @

titative interpretation of the entire data set collected for the, — _ _—_ s
present sample will be published in a forthcoming paper. ° 27 [2(1—pu) 41— p)(X“+y9)

Orientation maps obtained from the x-ray microdiffraction ynerey is the Poisson’s ratio artalthe length of the Burgers
scans reveal that the grain structure of the line has a randofctor. The total displacement of tht cell u; is due to all

in-plane orientation and pronouncedLl) fiber texture. Only  gjisjocations and is defined by the equation:
one or a few grains span the lifeear bamboo configura-

tion). Grain Ais in a region of.the line, where multiple grains U= z cli; - ©
are found transverse to the line. T

The white beam CCD frames show sharp Laue reflection
before electromigration and pronounced streaking of the

In(x?+y?) +

Laue reflections in the majority of Al grains after electric Z &
current flow(Fig. 1). The average streaking direction is ap- 5t c;)c A P
proximately transverse to the length of the lif@nd not _ », 6
along the ling. Intensity distributions along the streak direc- Y ' ot

L
—4

tion (&) are typically nonuniformly bunched into several
maxima indicating that the dislocation distribution is inho-
mogeneous. Large intergranular and intragranular stres:
variations have been measured in similar sambtéghey
indicate, that local parameters such as grain orientation
grain initial stress, grain size, and type of grain boundaries |
play a crucial role in understanding the coupling between

inhom()geneous PlaSt_iC deformation of polycrystalline thingg, 2. scheme of dislocation climb and formation of vacancies during
film and electromigration. electromigration.

—e— ¢
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To describe the distribution of dislocations belonging to thewhereb/h~® for small angle boundaries. To characterize

set in a givernXY plane, we introduce the numbey. It can  this model quantitatively, we define the average size of the

take two values: scattering domai between the two neighboring GNBs and
write the number of walls per unit length adD1/The total

_ 1Lo(+) density of unpaired dislocations grouped in the walls is de-
Ct _ 3
0, (—). noted by
If there is a dislocation in the positian the corresponding 1

n" 9

numberc,=1, and in positions without dislocatiorg=0.

“Dh-
The difference between displacements of two scattering lat- .
tice cellsi andj can be written £327 The mean deformation tenset”-due to the presence of

GNBs results in pure rotations about the direction of dislo-
cation lines in the wall. For the orientation of the dislocations
within a wall described above, an axisis perpendicular to
) ) ) . the plane of the wall, and an ax&sparallel to the direction
For unpaired dislocations, the mean deformation tensog gisjocation lines in the wall. For this coordinate system,

" can be written in terms of the antisymmetric Levi-Civita yyq nonzero components of the mean deformation tensor are
tensor of third ranke,,, and a dislocation density tensor of equal because of the wall and are defined by

second rankp,,,: 2%

1 :
U= U= (Ry V)ui+ 5 (R V)?up,  with V=Vg.  (4)

o w;'(\'yZ - w\yNX= Ox/D. (10
6ﬁm<ﬁ) ="Pm- (5  This tensor depends on the type and misorientation angles of

each GNB and their number. Local lattice rotation fields
There are only two non-zero components of the mean defofrom individual dislocations and GNBs superimpose and the
mation tensoi' for our net of parallel unpaired dislocation: mean distortion field tensor can be written as follows:

oy, =— o), =n"bx. (6) Wyy= gyt 0. (11
This distortion field represents a pure rotation about Zhe In general, the Ol’ientation Of diS|Ocati0nS W|th|n the bound'
axis that increases with displacementxin ary may not coincide with the orientation of dislocations

To take into account the presence of geometrically necWwithin the scattering domain and a more general consider-
essary tilt boundaries we consider several GNBs formed b@tion must be used.
walls of edge dislocations. Following the classification in ~ Near a Laue reflection, we can define two natural aes
Refs. 20, 21, and 25 we can distinguish between incidenta2ndV in the plane perpendicular to the momentum transfer
dislocation boundarie@DBs) forming cell boundaries due to Unit vectorg. As in Refs. 23 and 24 with this coordinate
mutual trapping of glide dislocations from geometrically System, the diffuse scattering is strongly elongated inghe
necessary boundarié@NBs)_ According to Raabet a|_22 in direction. The full width at half maximum in th&direction,
pure Al GNBs separate volume elements where different slig"WHM, depends on the average distance between GNBs,
systems are activated, or having different strain tensor contheir mutual orientation with the momentum trans@r the
ponents. We assume that GNBs are formed due to partidyPe of GNB (tilt or twist), and the incident x-ray beam
grouping of individual GNDs into the wall and that the type direction. In the second transverse directignthe FWHW,
of dislocations within the scattering domain is the same aslepends on the total number of boundaries per unit length
within the wall. Such a wall provides a rotation between twob/D and usually FWHM<FWHM;.
neighboring domains around the direction of dislocation Reciprocal space projections of g11) Laue spots
lines within the wall. The unit vectom parallel to the rota- Were recovered from experimental data. The intensity pro-
tion axis of each wall coincides with the unit vectomlong ~ files along the streak at different times during the electromi-
the dislocation lines in the case of a tilt boundary. We con-gration process are presented in Figg)Jor grain A in the
sider pure tilt boundaries formed by equidistant edge disloteciprocal space. Continuous streaks are observed near all
cations(so called “thin walls™®). Such boundaries do not Laue spots in the first measurements made at 0.98 MA/cm
produce long-range strain, only rotations. The residualFig. 3(b), curve 1. The full width at half maximum
stresses in the boundary region are periodic with a wavetFWHMy) along the streak direction increased almost twice

length relatively to the initial(no current state[Fig. 3(a), curve 2.
The highly asymmetric shape of the intensity profile along
b* =b cosed/2. (7)  the streak indicates that the arrangement of unpaired dislo-

These stresses are appreciable only at the distances less tgons s inhomogeneous. The orientation of the primary

b* from the boundar¢® If h is the distance between these unpaired(geometrically necessarglislocations(GND) cor-

dislocations in the wall, one can consider the boundary as égspopds tf 2 ?ulrge_lfi vedcﬁm#.[O—il] and'aglsdl_ocl:atlop I|ne'
single defect producing the local rotation field. The misori- irection 7=[2-1-1). The density of unpaired dislocations is

entation angle® due to such a boundary is defined by theequal ton” =0.3x 10" cm (Fig. 4), which is a qun_e rea-
equation sonable value for plastically deformed Al. After six addi-

tional hours at the same current density, the intensity distri-
b/h=2sin0/2), (8) bution breaks into two distinct maximéig. 3, curve 3
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0.8
0.6
0.4
0.2 FIG. 3. (Color) Intensity distribution
along the streak of the222) reflection
i (a) and their contourmapgb) in the
reciprocal spacgl) at 205 °C without
[ 0.8 current  flow; (2) flow J=
+0.98 MA/cn? during 14 h;(3) flow
0.6 J=+40.98 MA/cn? during 20 h; (4)
flow J=-0.98 MA/cn? during 36 h;
and(5) flow J=—0.98 MA/cn? during
0.4
46 h.
0.2

(a) (b)

indicating that the dislocation structure partially relaxed withing to the experimental dislocation arrangements. In Fig. 5,
the formation of a geometrically necessary boundary. Thehe best fits are shown for thH@222) simulated and experi-
misorientation created by this boundary-9.38°. The av- mental contour map$a) and their corresponding intensity
erage distance between the boundary dislocations within therofiles along the streak.

wall is estimated to be 430 A. The density of boundary dis-

locations is about 0:810'%cm 2. The FWHM: along the ;| pISCUSSION

streak direction within each maximum again increalded.

3(a), curve 3. The density of unpaired individual disloca- Our analysis of the orientation of the activated disloca-

tions within each scattering domain at this stage is equal t&on slip systems shows that the slip systems with dislocation

n*=0.5x10Ycm 2 (Fig. 4). lines almost parallel to the direction of current flow are ac-
We then reversed the direction of the current flow totivated first(although this is not intuitive

—0.98 MA/cn?, and after 6 h the total FWHMof the streak While the possibility of plastic yield during electromi-

decreases slightlyFig. 3, curve 4 This indicates that the gration has been considered in the literattieedirect quan-
Opposite direction of the current may “cure” some part of titative analySiS of the dislocation formation dUring elec-
randomly distributed unpaired individual dislocations. Thetromigration is performed here for the first time. According
density of unpaired individual dislocations within each scatto Refs. 3, 12, and 16, interconnect lines develop residual
tering domain slightly decreases " =0.4x10"%cm 2. stress during manufacturing. However, the local stress distri-
However, the dislocations being grouped into a subbution is highly inhomogeneods® During electromigration
boundary form a very stable arrangement, which are not de¢he observed atomic flux is accompanied by vacancy and
stroyed by the opposite direction of the current. Its misori-void fluxes and a stress gradient developed along the inter-
entation remains practically the same as in previous stage
boundary and is equal to 0.38°. After 10 h with

=—0.98 MA/cn? a second sub-boundary with=[110], 0.7

7=[—112] is generated. The FWHMof the streak again 0.6 +J -J

almost doubled and three distinct maxima are obse(key NE

3, curve 5. The second geometrically necessary boundary S 0.5

creates misorientation of 0.52° around {l2] axes. The > 0.4 1

average distance between the boundary dislocations within +"'-03

the wall decreases to 315 A. The total density of boundary e ;7 ﬂ H
dislocations within the above two boundaries is equal to 0.2 0 ? yET—
0.7x 10*%cm™2. Approximately half of all unpaired disloca- 0 10 20 30 0
tions remain randomly distributed within the three fragments Time. hrs

with a density of 0.% 10*°cm™2. Various intensity contour

maps Fjuring EIeCtromigra}tion are shown at Figb)SWe FIG. 4. Change of unpaired dislocation density and FWHM (inse} dur-
have simulated the Laue imagésontourmapscorrespond-  ing electromigration.
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Simulation posm_ _ OB ¢ (12)

and depends on the ratio between the real vacancy concen-
trationc near a dislocation and equilibrium concentratign
Here,k is the Boltzman’s constant anidis the temperature.
The total force per unit length of the dislocation is equal to

. b kaI c 13
= Oxx v nCO’ (13
whereo,, is the stress component across the direction of the
interconnect line. The relative density change/c in the
vicinity of climbing dislocation results in a stress value

increment®
dc do
1 c B
(T 2N {h) Here, B is a coefficient which depends only on the elastic
0.8 ® e . properties of the aluminum and silicon and on the aspect
. i et T ratio between the thickness and the width of the interconnect
e ' line. For aluminum lines on a silicon substrate, coefficient
‘w 0.6 3 . B=(0.5-0.75\5, whereG is the Young’s modulus for alu-
E minum.
=04 ks " 1 Reversal of the current flow partially cures randomly

distributed dislocations, however, stable dislocation walls
E configurations are not destroyed by the current reversal.
=t The elastic field around climbing dislocations generates
20 25 30 35 40 _45 50 an elastic field through the entire crystgtain), which inter-
m, , plxcl acts with phonons in the crystgdhonon viscosity’* as well
' as with electrons. Dislocations and dislocation walls scatter
FIG. 5. (Color) Simulated(top) and experimentalbottom) images of the  electrons off the initial direction by the deformation potential
(%Zz)kL(ngs"Zilggﬁzeﬁr‘:t‘gl t;‘aeti;.‘?g;%sﬁgzdisr‘i?n:]r;;%r(‘f;t)y %V]C;f”sei; S:Ztri‘gnthe related to them. The major contribution to the interaction
\?v;zaperforﬁﬁedpwith two activ:alted disloéation syster.ns grouped into tiItpOtentlal _betV\_leen.eleCtrons a_nd dislocations .comes_ from the
walls: b=[0-11], 7=[2-1-1] andb=[110], r=[—112]. deformation field in the matrix around the dislocation, and
not from the dislocation core. Around an edge dislocation the
deformation field decreases very slowly, as, 1(r, is the
distance to the dislocation lindeading to a large scattering
connect line. The larger Cu aton(®.5 wt %9 suppress diffu-  matrix element. However, scattering only occurs in the direc-
sion of the host Al atoms and increase the lifetime of intertion perpendicular to the dislocation line, because of transla-
connects. Due to different bulk and surface diffusiontion invariance along the dislocation line. The scattering of
coefficients the various fluxes change near the surface. Th@e electrons can be described as
whole process of electromigration is thought to depend on
the conditions for the creation and annihilation of vacancies (Ko—K)7=2mn/d._, n=0,+(-)1. (14

in the grain. The ratio between the average distdnbe-  Here, d. is a lattice parameter along the dislocation line
tween the sources and sinks of vacancies in comparison witfng ko, k are wave vectors of incident and scattered elec-
the effective lengtt. where concentration gradients of atoms trons. There exists a strong anisotropy of scattering. The
and vacancies may be considered constant is one of thg iMrobability of scattering depends on the differenkg—k)
portant parameters. If<L, the vacancy and atomic gradi- as well as on the direction of initial electron momentign

ents are linearly related. If~L or |>L the vacancy and \hen almost all unpaired dislocations with the density
atomic gradients may be considered independent. It results igye parallel(as in the case of Al-based interconngdise

a different behavior of small and large grains of the interconanjsotropy of scattering becomes important and the electrical
nect line gurlng electromigration, as  observedprgperties of the interconnect depend strongly on the direc-
experimentally,” small grains rotate as a whole and largetion of the electric current relative to the orientation of the

climb during electromigration becomes the main mechanismyresence of a parallel set of edge dislocations with density

of stress relaxation and the source of vacantfég. 2). Al-  n* can be estimated as follows:
loying effects in electromigration were also considered in
details?®?° The osmotic force per unit length applied to the 1
S . o ——=n"p,S. (15
climbing dislocation is equal 8 (k)
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