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Abstract

A numerical evaluation of the effects of geometrical factors on the hydrostatic
stress and hydrostatic stress gradients in passivated copper interconnects was
performed. These values were correlated with experimental values in the literature on
the location of voids in the interconnect. Copper interconnects of aspect ratios
between 0.1 and 10 were studied. Numerical work using the commercial ANSYS
software and analytical work based on the Eshelby and Wikstrom models were
performed. Comparison is made between the analytical, numerical and experimental
results (obtained from the literature). It was found that for an interconnect with no
pre-existing voids, maximum hydrostatic stress gradients occurred at the corners of
the interconnects suggesting that void growth is most probable at the corners of the
interconnect. The stress gradient within the interconnect with aspect ratio of 10 is
about 10 times larger than that in interconnects of aspect ratios 0.1 and 1. This
suggests that the narrowest interconnects are most likely to undergo voiding. This
study found that it is insufficient to look only at the hydrostatic stress at the centre of
the interconnect and that stress gradient also needs to be taken into consideration to
assess reliability.

Keywords: Microelectronic reliability; Scaling effects; Stress voiding; Finite element
method

1. Introduction

Copper was first introduced as a primary interconnect material in integrated circuits
in 1997 by IBM due to its lower resistivity and better electromigration resistance than
aluminium. As interconnect dimensions continue to scale down into deep submicron
regime, stress-migration has become a major reliability issue. Stress-migration or
stress-induced voiding was discovered in aluminium interconnects in semiconductor
devices in 1981 [1]. It is a failure mechanism in which voids grow in the absence of
applied voltage or imposed thermal gradient. There is an inherent tendency for voids
to form in the aluminium interconnect because of the large difference in thermal
expansion between aluminium and its more rigid passivation. Jones and Basehore
showed that for narrow interconnects, the tensile stresses in the interconnects can be
several times the yield strength [2]. Since then, many researchers have studied finite
element modeling of passivated metal interconnects [3—17]. In the past, the location of
voids has been correlated to the stress concentration locations [15—17].



The present work focused on an analytical and numerical study of the effect of
aspect ratio scaling on the reliability of passivated copper interconnects. Specifically,
the aim is to examine the relationship between stress and stress gradients on the loca-
tion of the voids. In an earlier study [11], the absolute value of the width was chosen
and the structure used was an aluminium-based structure. In the present study, the
geometrical aspect ratio (height/width) and copper damascene structure were used.
The interconnect was assumed to behave in either (i) elastic or (ii) elastic—perfectly
plastic manner. The Wikstrém model [9], Eshelby inclusion model [18] and Eshelby
inhomogeneity model [19] were used in the analytical study, whereas numerical
results were obtained from a commercial finite element software, ANSYS. Unlike the
Eshelby models, the Wikstrom model was developed to capture the interaction
between neighbouring interconnects. The properties of the substrate and the
interconnect width to interconnect spacing ratio are also taken into account in this
model. In the Wikstrom model, the limiting case of a passivated isolated interconnect
on a large substrate was used in this study. Interconnects with aspect ratio ranging
from 0.1 to 10 were studied, and the height of the interconnects throughout the study
was assumed to be 1 um.

2. Finite element model

The finite element model of the copper damascene structure is as shown in Fig. 1.
It consists of a 1 um thick copper interconnect, a tantalum (Ta) barrier layer of
thickness 20 nm for the bottom and 10 nm for the sidewall, and an etch stop layer
(SiN) of thickness 50 nm. These thicknesses were held constant when studying the
effect of aspect ratio scaling. The ratio of the total width of the model to the width of
the interconnect is kept at 8:1. In this work, the directions along the interconnect
width, thickness, and length are denoted by x-, y- and z-directions, respectively.

The interconnect was assumed to be very long and has both ends connected to
other structures, hence it experiences no strain in the z-direction and a plane strain
condition was used. It was also assumed that interactions between the interconnect
and its neighbours are negligible. Due to symmetry, only one-half of the model was
simulated. The boundary condition on the yz symmetry plane is zero x displacement.
The Si substrate is also constrained at its base, i.e. no y displacement, the rest of the
edges of the model are unconstrained. The whole assembly was assumed to be cooled
from a stress-free state at 400 to 25 °C.

In this study, SiO,, SiN, Ta and Si were modeled as temperature-dependent elastic
materials while Cu was modeled as a temperature-dependent, elastic—plastic material.
Materials properties as shown in Table 1 were taken from Refs. [2,6,20,21]. The yield
strength of copper is assumed to be homogeneous and size-independent. The ANSYS
finite element software was used to calculate the stresses. The hydrostatic stress
referred to in the following sections is the stress at the centre of the interconnect. The
hydrostatic stress, ons, is defined as the average of o,, oy, and o,. The hydrostatic
stress gradient is the ratio of the difference between the stress values of two con-
secutives nodes to the distance between the nodes. The magnitude of the hydrostatic
stress gradient, |V oys|, is defined as

/ . 2
Y ((doys /dx)” + (doys /dy))".




3. Results and observations
3.1. Effect of aspect ratio

Fig. 2 shows the plot of the hydrostatic stress at the centre of the interconnect
against aspect ratio for the case where the interconnect is assumed to behave in an
elastic manner. This graph compares results from the three analytical models with
numerical results. It can be observed that the Wikstrom model [9] and the Eshelby
inclusion model yield a hydrostatic stress which is independent of aspect ratio,
whereas the Eshelby inhomogeneity model yields an aspect ratio dependent
hydrostatic stress as predicted by the numerical model. The rationale for the minimum
point predicted by Eshelby inhomogeneity model and the numerical model has been
provided in an earlier paper [11]. Briefly, the reason is that from aspect ratio of 10:1,
the increase in o, is less than the decrease in oy,. From aspect ratio of 1:0.1, the
increase of o, is more than the decrease in o,. Since o, is proportional to the sum of o,
and oy, hydrostatic stress is minimum at aspect ratio of 1. It is also noted that the
Eshelby inclusion model predicts the highest hydrostatic stress. This is attributed to
the assumption that the material properties (elastic modulus and Poisson ratio) of the
dielectric material (Si0,) are taken to be the same as that of the interconnect. From
Table 1, it can be seen that in fact the elastic modulus of copper is about twice of that
of Si0,.

Fig. 3 shows the plot of hydrostatic stress at the centre of the interconnect versus
aspect ratio for the case where the interconnect is assumed to behave in an elastic—
perfectly plastic manner. This plot includes results from Eshelby inhomogeneity
model, numerical model and relevant experimental results from Marieb et al. [6] and
Rhee et al. [10]. The existence of the maximum point as predicted by the analytical
and numerical models is due to the larger stress relaxation experienced by
interconnects with aspect ratios other than 1 [11]. There is good agreement between
the analytical, numerical and experimental results as the predictions are within 50
MPa of the experimental values for aspect ratios around 1. It was also observed that
Rhee’s results did not show a maximum at aspect ratio 1. This is due to the effect of
periodicity of interconnects in the experimental work [22].

3.2. Hydrostatic stress and hydrostatic stress gradient contours

Figs. 4-6 show the hydrostatic stress contours for copper interconnects of aspect
ratios 0.1, 1 and 10, respectively. These figures show that the maximum hydrostatic
stresses are at the left and right interfaces, centre, and top and bottom of the inter-
connect for aspect ratios of 0.1, 1 and 10, respectively.

Figs. 7-12 show the plots of hydrostatic stress gradients for interconnects of aspect
ratios 0.1, 1 and 10. It can be observed that maximum stress gradients occurred at the
corners of the interconnects (corners are indicated by arrows in the figures).

4. Discussion
4.1. Hydrostatic stress and hydrostatic stress gradient contours

It was suggested in our earlier study [22] that the hydrostatic stress gradient could
be a better predictor of void location than hydrostatic stress, as regions of high stress
gradients coincide with void locations, whereas regions of high tensile stress do not.
From a literature survey of void locations covering both aluminium [23-27] and



copper [28,29] interconnects with aspect ratios ranging from 0.1 to 5, it was found
that voids appeared at the corners of the interconnects. This agrees with our results
(Figs. 7-12) which clearly showed that maximum stress gradients indeed occurred at
the corners of the interconnects.

There is concern that the same result may not be applicable for a periodic structure.
An interconnect with aspect ratio 1 with interconnect width equals interconnect
spacing was simulated. Fig. 13 shows that the minimum hydrostatic stress regions are
at the corners of the interconnect, which is similar to the case of an isolated
interconnect (Fig. 5). This means that for periodic structure, maximum stress gradients
would also occur at the corners of the interconnect.

To understand the role of both maximum hydrostatic stress and stress gradients, let
us take an interconnect of aspect ratio 1 as an illustration. Based on the maximum
hydrostatic stress criterion, void nucleation is expected to occur at the centre of the
interconnect (Fig. 5). Since the chemical potential is proportionalto the negative of
hydrostatic stress (u o -ous) [30], atoms will move from the corners to the centre of
the interconnect, i.e. vacancies will move and accumulate at the corners. However, for
void growth (J = -u Vo, where J is the atomic flux), stress gradients need to be
present. From Figs. 9 and 10, we can see that significant stress gradients are present at
the corners. Hence, for an interconnect with no pre-existing voids, void growth is
most probable at the corners of the interconnect.

There is also concern regarding the use of plasticity in our modeling. A fully elastic
model was performed on an isolated interconnect of aspect ratio 1. Figs. 14 and 15
show the hydrostatic stress and hydrostatic stress gradient contours, respectively. By
similar reasoning as above, based on the maximum hydrostatic stress criterion, void
nucleation is expected to occur at the corners of the interconnect (Fig. 14). Atoms will
move from the centre to the corners of the interconnect, i.e. vacancies will move and
accumulate at the centre. Fig. 15 shows that significant stress gradients are present at
the corners. This suggests that void growth will occur away from the corners of the
interconnect. This prediction is different from that of an elastic—plastic model, and
more importantly, does not correlate with experimental observations.

Table 2 shows the magnitude of the stress gradients for interconnects of aspect
ratios 0.1, 1 and 10. The stress gradient within the interconnect with aspect ratio of 10
is about 10 times larger than in interconnects of aspects ratios 0.1 and 1. This suggests
that the narrowest interconnects are most likely to undergo voiding.

To access the relative significance of lattice (D)), grain boundary (Dg,) and
interface (D;) diffusivities in void formation, an estimate was made using the results
from Fig. 3. For an interconnect of aspect ratio 2, the hydrostatic stress is 450
MPa. The following are assumed: time, ¢ = 20 years and temperature, 7 = 353 K.
Dy [31], Dy, [31] and D; [32] are 2 x 10, 6.2 x 107" and 2.5 x 10> m%s,
respectively. The corresponding characteristic lengths are X; = 8 x 10 * nm, Xob =4 pm
and X; = 8 um. Considering the fact that the average grain size is 0.7 um [33], it is
clear that both grain boundary diffusion and interface diffusion are significant in the
case of copper. On the other hand, for aluminium, grain boundary diffusion is the
dominant mechanism as it has a strong oxide layer which inhibits interface diffusion.



Having been aware of the important role of hydrostatic stress gradient, one should also
bear in mind that plastic strain [34] and shear stresses across the interfaces [35] could
also be important in determination of void locations.

5. Conclusions

Numerical work using commercial finite element package, ANSYS, and analytical
work based on the Eshelby and Wikstrom models were performed to examine the
effect of aspect ratio scaling on the hydrostatic stress and hydrostatic stress gradients
in passivated metal interconnects. Copper interconnects of thickness 1 pum and
linewidth ranging from 100 nm to 10 pm, corresponding to aspect ratios of 0.1:10,
respectively, were studied. The following conclusions were drawn:

(1) There is good agreement between the analytical, numerical and experimental
results as the predictions are within 50 MPa of the experimental values for
aspect ratios around 1.

(i1) For an interconnect with no pre-existing voids, maximum hydrostatic stress
gradients occurred at the corners of the interconnects and thus void growth is
most probable at the corners of the interconnect.

(iii)The stress gradient within the interconnect with aspect ratio of 10 is about 10
times larger than that in interconnects of aspect ratios 0.1 and 1. This suggests
that the narrowest interconnects are most likely to undergo voiding.

In short, it is insufficient to look only at hydrostatic stress at the centre of the
interconnect, both maximum hydrostatic stress and hydrostatic stress gradients need to
be taken into consideration to assess reliability of interconnects.
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Geometric model of copper damascene structure used in ANSYS.

A plot of hydrostatic stress in copper interconnect against aspect ratio. It is
noted that Eshelby inhomogenity model and numerical model predict a
minimum point (indicated by arrows) at aspect ratio = 1.

A plot of hydrostatic stress vs. aspect ratio for copper interconnect,
comparison between analytical, numerical and selected experimental data.
It is noted that Eshelby inhomogenity model and numerical model predict
a maximum point (indicated by arrows) at aspect ratio = 1.

A plot of hydrostatic stress contours for copper interconnect of aspect ratio
0.1.

A plot of hydrostatic stress contours for copper interconnect of aspect ratio
1.

A plot of hydrostatic stress contours for copper interconnect of aspect ratio
10.

A plot of hydrostatic stress gradient (along the x-direction) contours for
copper interconnect of aspect ratio 0.1.

A plot of hydrostatic stress gradient (along the y-direction) contours for
copper interconnect of aspect ratio 0.1.

A plot of hydrostatic stress gradient (along the x-direction) contours for
copper interconnect of aspect ratio 1.

A plot of hydrostatic stress gradient (along the y-direction) contours for
copper interconnect of aspect ratio 1.

A plot of hydrostatic stress gradient (along the x-direction) contours for
copper interconnect of aspect ratio 10.

A plot of hydrostatic stress gradient (along the y-direction) contours for
copper interconnect of aspect ratio 10.

A plot of hydrostatic stress contours for copper interconnect (of periodic
sturcture) of aspect ratio 1.

A plot of hydrostatic stress contours for copper (fully elastic) interconnect
of aspect ratio 1.

A plot of hydrostatic stress gradient (along the x-direction) contours for
copper (fully elastic) interconnect of aspect ratio 1.
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