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Electromigration drift velocity in Cu interconnects modeled
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Electromigration (EM) drift velocity (DV) experiments in polycrystalline pure Cu lines are
simulated numerically with the level set method. The simulation is based on a grain bo(@&ary
grooving model, incorporating an electric field. The model is distinguished by two key requirements
imposed at the triple point where two surfaces and a GB meet: that of GB and surface flux coupling
(flux continuity), and that of permanent equilibrium between surface and GB tensions. Surface
diffusion exists only at the advancing cathode edge, and is driven both by local curvature gradients
and by the local field. Using independent, literature diffusivity values, the simulation yields both the
DV prefactor and the EM activation energy in an Arrhenius-type expression. An excellent match is
obtained with experimental DV values in tiierange of 573-723 K. Some implications regarding
the material transport mechanism are discussed2080 American Institute of Physics.
[S0003-695(100)01647-9

Drift velocity (DV) experiments, first introduced by triple point(groove roo}, i.e., ygg=2vsSin 6y, wheref, is
Blech and Kinsborri,are generally accepted as providing therelated to an equilibrium dihedral angle by ¢=2(=
most physically transparent illustration of electromigration— 6,). Surface diffusion—driven by the local curvature gra-
(EM). As shown schematically in Fig. 1, the average EMdients and by the projections of the local electrical field onto
velocity Vgy in the line is given by the displacemenbfthe  the surface—is assumed to exist only at freshly created
cathode edgé‘front” ) divided by the drift time. If the front groove walls in the advancing front. The GB diffusion is
advances uniformlyl, (andVgy,) can be measured relative to driven only by the field. Backstresses in the line are ignored.

any location on the edge/gy follows an Arrhenius type The level set simulation enables one to “capture” the
dependence on temperature evolution of the advancing cathode edge surface using real-
istic, physical boundary conditions. It usegeragediffusivi-
Vem=(Vo)em exp — Egu/KT), (1) ties, ignoring their orientation dependence. Details are given

in Refs. 3 and 4. The model assumes a periodic array of GBs
and the computational box shown in Fig. 2 coincides with a
single grain(grain 1 in Fig. 2 bound by two GBs. The

where /() ey is the pre-exponent factor aritky, is the EM
activation energy. The literature data providing boty)em
and Egy, remain surprisingly sparse. For copper intercon-
nects, most of it has been listed in Ref. 11, with additional
reliable data provided by Hat al? Projection of Computational Box
We have recently introduced a two-dimensional numeri-
cal simulation of EM in polycrystalline liné4 based on the
level set method. The numerical algorithm is formulated
along the lines of a previous analytical grain bound@3{)
grooving modef and incorporates in addition an electrical

field. One key element in both models is that of “coupling” ~_Advancing
between GB and surface material fluxdgg andJs, respec- Cathode
tively) assuring flux continuity at the triple point where two Edge

grain surfaces meet their common GB, see Fig. 1. This con-
dition reads aslgg=2Js. While self-evident in its impor-

tance as a physical explanation of how material is trans- '
ported along the line, this element is missing in most models Electron Current
dealing with EM drift. Another condition is that of perma- Fig. 1. schematic description of drift velocity experiment in the idealized

nent equilibrium between GB and surface tensions at thgeometry used in the simulation, including the projection of the computa-
tional box. The cathode edge is scalloped by shallow GB grooves and moves
uniformly from left to right under EM. The depth of the grootrelative to
3E|ectronic mail: nathan@eng.tau.ac.il the surface maximaremains constant with time.

Original Cathode
Edge Position

0003-6951/2000/77(21)/3355/3/$17.00 3355 © 2000 American Institute of Physics



3356 Appl. Phys. Lett., Vol. 77, No. 21, 20 November 2000 Nathan et al.

y 003
u- g |
T . 0.36 T T T r e
GB; Outer domain GBi+1 I = 0.02 Zo
Mo s | T=573K
Original (underlayer) T E
| surface ™\ E E 0.01
5 0 &
< 0 J=1.5MA/cm2
[+
I éﬂ i \ I I | |
1 i 1 t n L I
0 01 02 63 04 05 % o4 0§ 12 16 20

x [pm] (2 time [h] (b

Yeb

B : FIG. 3. (a) A series of simulated surface profiles of the advancing cathode
U+ X edge, dumped every 5000 time steps. The computational box igrf.5
X 0.5um, and the last profile is dumped after 1.24(lh). Distance traveled
by the groove tip(triple poind vs time. The tip velocity is approximately
FIG. 2. The computational box, and definitions of various parameters apequal to the edge velocity, because, as seefalinthe surface profile re-

pearing in the simulation. The box contains one grain, its vertical boundariesnains approximately unchanged with time. The constant slope gives the
coinciding with two grain boundaries. The cathode edge moves with time insteady staté/gy, .
the —y direction.

required input parameters are: grain sizesurface and GB  9eneratéoth (Vo)ey andEgy which match the experiments,
diffusivity prefactors D)< and Do)es, and activation en-  9iVen realistic and independe(liiterature mlp.uts,.parucu—
ergies E, and Egg, atomic volume(), surface and GB '@y of (Do)s, (Do)ee, Es, andEgg. In addition, it should
widths 8, and 8gg, surface and GB tensiong and yeg, reproduce known_depend_enmes\q_f,\,, onj andd. We cal-
electrical conductivities in the grak), and outside the grain culated the EM drift velocity parameters of pure polycrystal-
(i.e., in the higher resistivity underlayer, normally a materialline Cu interconnects, and compared our predictions with the
like Ta, TiN, or TaN ko, surface and GB effective ionic experimental results of Het al? and Leeet al” A typical
chargesZ,=z* e and Zgg= z5ze Where “e” is the electron ~ Simulation to obtain one set oVg)gy andEgy, run on a
charge, and an electric potential differend¢é — U~ applied ~900—600 MHz PC, took about 3 h.
to horizontal boundaries of the computational b@x the For each input se¥gy was calculated for at least three
drift direction). The original simulation was formulated for temperatures in the range 573-723 K, which roughly over-
constant voltage conditiongonstantU* —U ™). The time-  laps the experimental range in Refs. 2 and 7. The input
dependent distribution of the electrical field is provided byparameters were:d=0.5um, Q=1.18<102°m? vy,
the solution of the Laplace equatfofor the electrical poten- =1.73/nf, yge=0.6J/nf, &=3gs=3.5x10"*"m, con-
tial within the computational boxwith Dirichlet boundary ~ Stant(T independentk;,=7.5x 10° (2 m)~* [versus about
conditions prescribed on the horizontal boundaries and Net20X 10° (2 m)~* used by Hu and about 3010° (2 m)~*
mann boundary conditions prescribed on the Gitsevery ~ used by Lee, both at 573 KK,,=7.5x10° (2 m)~*, z}
step of time marching. In later simulations, a constant current 0.8, z&z= 14 (both taken from Ref. and U"=—-U"
densityj was imposed by adjustind* — U~ after each com- =0.005V over a length of 0..um which translates into a
putational step. Typical simulation results showing the ad-starting j=2.7 MA/cn?. Diffusivity inputs were changed
vancing front at equally spaced time steps are shown in Figrom set to setexcept where the effect of other parameter
3(a). The distance traveled by the groove tip is replottedchanges was soughtNote that except for the* values
versus time for three temperatures in Figh)3 The steady which are somewhat uncertalyet derived in Hu's work and
stateVg), is obtained at each from the constant slope of the generally accepted as of the right order and sigfi others
lines in Fig. 3b). are well-established values accepted in the literature. Under
A successful simulation should be able to match the exconstantU conditions,j drops with time since the length of
perimental data expressed by Efj) over its entireT range, the lowk,, section(underlayey increases, while that of the
a “test” much more stringent than matching only one veloc-higherk;, (conductoy decreases. The typical valuejadt the
ity at one temperature. In other words, the simulation shoulénd of most simulations was about 50%—75% lower than at

TABLE |. Results of constant voltage simulations for three sets of diffusivity input data for pure Cu. The
“experimental values” of Huet al®were obtained by linear regression from experimental drift velocity values

in 5-um-wide lines in their Fig. 2. The “experimental”™\(5)gy in the work of Leeet al® was obtained from
the reportedVgy, at 573 K and the reportelgy, .

Input Input Input Input Output Output  Vgy
Set (Do)es Ecs (Do)s Es (Vo)em Eem at573 K Ds/Dgg
No. (X104 m?s) eVv) (X107 °m?%s) (eV) (X1 um/h) (eV) (umih) at573 K
1 6 0.95 26 0.90 11 0.87 0.02 12
2 6 0.95 15 0.78 11 0.84 0.05 77
3 6 0.88 15 0.78 0.9 0.78 0.13 19
Experimental values from Hat al? 4.6 094 ~0.03
Experimental values from Leet al® 11 0.73 0.08
¥See Ref. 2.

bSee Ref. 7.
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TABLE Il. Comparison of simulatedusing set 1 and experimental drift velocities at different temperatures.
Note that in the constant voltage simulation, the current dejsitpps from about 2.7 to about 1.7 MA/ém
The constanf simulation useg=1.5 MA/cn?. The differences between the two simulations are small.

T (°C) 255 314 370 405 Remarks
SimulationVgy (um/h) 0.006 0.04 0.18 0.40  Constavit adjusted forp
SimulationVgy (um/h) 0.006 0.04 0.22 0.55  Constaptadjusted forp
ExperimentaNVgy, (um/h) 0.005 0.05 0.18 0.60  Hat al?

¥See Ref. 2.

the start. After a shortransientstage, steady stateonstant at 300 J. The resulting ¥)gw (after correcting forp) and
V) was reached in most simulations in about 10 min. FromEg,, were 2.4<10° um/h and 0.85 eV, respectively, for set
the steady statégy(T), we extractedV) gy andEgy using 1, and 0.%X10° wm/h and 0.75 eV for set 2. The simulation
linear regression, and then correct&f))gy for the resistiv-  results are again in excellent agreement with the experimen-
ity difference (dividing by 3 for comparison with Hd,and  tal range of Refs. 2 and 7. The calculatég,, at 300° C is
by 4 for comparison with Le®. Input diffusivity and output  now 0.09um/h for set 1 and 0.24m/h for set 2.
DV simulation values are listed in Table I, with Hu and One interesting aspect of this simulation is that it
Lee’s data shown for comparison. achieves excellent match with experiment while ignoring the
We first used(“set 1") (Do)s=2.6X10 °m%s andEs  role of surfaces and heterogeneous interfaces as alternative
=0.90eV, and Dg)gs=6x10 ®m?%s andEgz=0.95eV, EM pathways actingn parallel with GBs. Instead, the simu-
values referenced in Huiand derived originally from Surholt lation emphasizes the role of surface diffusion along freshly
and Herzig'§ and Gupta’$ studies on Cu GB self-diffusion. created groove walls as the coupling process which enables a
The surface diffusivity data originate with Bradshawvall®  homogeneous displacement of the cathode edgeedistri-
Uncertainties in these valuélsoth GB and surface diffusivi- bution of the “emptiness” caused by EM at each GB, over a
ties can be strongly affected by impurittdscan materially ~ distance~d. This clarifies the physics behind the averaging
affect diffusivities at calculation temperatures, but will not factor 8/d, used traditionally since Blech'svork to describe
impact significantly the conclusions drawn from the simula-GB EM.
tion results. As shown in Table I, for set 1 input¥ofem The simulation correctly predicts an inverse dependence
=1.1x10° um/h andEgy,=0.87 eV. Input variations were of Vg on d,*2 and a direct dependence gy, onj (albeit
checked with two other setsets 2 and 8 one loweringE;  weaker than linear, a point to be discussed in detall
while keepingE g as in set 1, the other lowering bdffy and ~ separatel#). Clearly, the model assumptions are rather
Eqg- The estimated errors in the simulation results are arude, particularly the constrained GB morphology, input un-
factor of 2 in (Vg)gm, and less than=5% in Egy, . certainties, the lack of backstress in the line, as well as an
Experimental (Vo)gm and Egy values were extracted explicitly constant)gg (which means thaflg always “ad-
from Fig. 2 in Ref. 2. For a linewidttw=5 um (with d  justs” to Jgg, While the opposite case of smdl causing a
roughly similar to our 0.5um), a linear regression gives smallJgg, i.€.,Jgg “adjusting” to a givenJs is never con-
approximate values of 4:610° um/h and 0.94 eV, respec- sidered, a dubious assumption at b&st
tively. The agreement between set 1 simulation results and Nevertheless, this simulation shows that all essential fea-
these values is quite good. An equally good agreerfgart  tures of homogeneous DV EM in polycrystalline lines can be
ticularly with set 3 inputsexists with Ref. 7. There, a mea- described in terms of GB grooving, while fulfilling two key
sured Vgy=0.08um/h andEgy, of 0.73 eV at 300° C is continuity and equilibrium conditions, and while accounting
reported for long pure Cu lines anjé=2.1 MA/cn?. Use of  for field-driven surface diffusion along freshly created
all their Arrhenius data yields\o)gm=1.1X 10° um/h. Af-  groove walls at the advancing cathode edge.
t(—;-r adjusting for the resistivity diffgrence, set 1 simulations 1), A. Blech and E. Kinsborn. Thin Solid Film862 135(1879
yield Vey~0.02um/h, and set 3 yiel&/gy~0.1um/M. ¢ " "R Rosenberg, and K. Y. Lee, Appl. Phys. Léit, 2945
A comparison of calculatefusing set 1 versus experi- (1999.
mentalVgy values at the four temperatures of Fig. 2 in Hu's *M. Khenner, A. Averbuch, M. Israeli, and M. Nathémnpublishet
paper are given in Table 1l. The values are practically iden—AM' Khenner, A_. Averbuch,_M. Israeli, M. Nathan, and E. Glickman, Com-
. . . . . put. Mater. Sci(to be published
tical. The agreement is excellent, particularly !n wew of Fhe 5J. A. Sethian,Level Set Method$Cambridge University Press, Cam-
estimated numerical procedure errors, the highly idealized pridge, 1996.
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