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Abstract

The reservoir effect on electromigration reliability is analyzed using the normalized vacancy concentration distri-
bution in the reservoir region of multi-level Al-0.5%Cu interconnect structure. With the assumption of steady state for
the vacancy concentration and the fact that no current flow conducts in the reservoir region during electromigration
test, a simple equation for calculation of the vacancy concentration is induced. Then direct calculation of the equation is
carried out utilizing the hydrostatic stress distribution computed from finite element method to estimate the probability
of initial void formation in the reservoir region. Finally, three multi-level Al-0.5%Cu interconnect structures with
different reservoir lengths are constructed and electromigration lifetime for the structures is measured to clarify these
computational results. From the results of this study, we conclude that the normalized vacancy concentration under the
assumption of steady state can be regarded as a quantitative parameter to analyze the reservoir effect on electromi-

gration reliability.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The reservoir is a protrusion of multi-level Al-0.5%Cu
interconnects around W via (see Fig. 1). Even though the
reservoir does not carry an electric current during elec-
tromigration test, the lifetime of the multi-level inter-
connect systems can be prolonged by the reservoir, which
is called ‘reservoir effect’. Many experimental works [1-5]
for verifying the reservoir effect have been published and
all of them demonstrate that electromigration lifetime is
dominated by the reservoir area and the number of
contacts/vias.

Some numerical works [6-9] for analysis of the res-
ervoir effect by finite element method are also reported.
The median-time-to-failure (MTF) calculated by relative
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resistance change is compared with experimentally
measured MTF results of various test structures to show
the relation between reservoirs/vias layout and electro-
migration lifetime. Moreover, to explain the mechanism
of void formation around contact/via after electromi-
gration failure, the stress field and its concentration
around the area calculated by finite element method are
often considered as the quantifying parameter [10-13].

Although these numerical results have a good agree-
ment with the experimental ones, we believe that the
stress concentration is insufficient to explain the deple-
tion of Al atoms after electromigration failure in the
reservoir region because the stress concentration is re-
lated to the cleavage of material junction or the expan-
sion of fractured region around contact/via.

In this paper, three types of multi-level interconnect
structures confined by a passivation dielectric, i.e., high
density plasma fluorinated silicate glass (HDP FSG), are
considered to analyze the reservoir effect on electromi-
gration lifetime, which have different reservoir lengths
(R/L) 0f0.04,0.12 and 0.3 um, and low current density of
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Fig. 1. The multi-level Al-0.5%Cu interconnect structure.

2 MA/cm?, which is calculated from the cross-sectional
area of the AI-Cu interconnect during electromigration
test. Because the excessive value of the vacancy concen-
tration is the main cause of void formation [14-16], the
reservoir effect is analyzed using the normalized vacancy
concentration distribution in the reservoir region of Al-
Cu interconnect. A simple equation for the distribution is
induced with the assumption of steady state for the va-
cancy concentration as well as the fact that no current
flow conducts in the reservoir region during electromi-
gration test, and the hydrostatic stress distribution in the
region computed from finite element method is utilized.
When the construction of the three test structures with
different reservoir lengths is completed, electromigration
lifetime for the structures are measured and then com-
pared with the computational results.

2. Model formulation

Consider the reservoir region of the multi-level

interconnect structure (see Fig. 1) in which the vacancy
concentration c¢ satisfies the following diffusion-reaction
equation [16-18]:
% =V.-q+G, (1)
where ¢ is the vacancy flux but the terms that can be
determined by electron charge and the electrostatic po-
tential in ¢ are ignored because no current flow conducts
in the reservoir region. The reaction rate, G, in this
equation models generation and annihilation processes
of the vacancy, which can be written as [16-18]

c

G =LkTIn—, (2)
CC

where L, is a rate parameter, k is Boltzmann’s constant,

T is the temperature in Kelvin and ¢, is the equilibrium

vacancy concentration.

Moreover, the stress evolution due to the elastic
deformation of the multi-level interconnect system and
the vacancy migration as well as generation during
electromigration test is given by [17,18]

0ij = =By dij + Aewdi; + 2uei, (3)

where 4 and p are Lame’s constants, B = (34 + 2u)/3 is
the bulk modulus, ¢;; is Kronecker delta, ¢; is the elastic
strain and e}, is the strain due to the vacancy migration
and generation which can be determined by the rate
formation written as

\'%4

%~ 0(v g +/G). @
Here Q is the volume per Al atom and /" is the average
vacancy relaxation factor. For Eq. (4), ¢}, = 0 when the
vacancy concentration is at stress free state, namely, at
t =0 is adopted to prevent the superimposition of the
thermal and other stresses on the electromigration in-
duced stress.

Because the reservoir region does not carry an electric
current during electromigration test, it is assumed that
the vacancy generation and annihilation does not occur
in the region. In addition, for the simplicity of the model
definition, we consider the steady state for the vacancy
concentration. Then the reaction rate, G in Egs. (2) and
(4), and the left term in Eq. (1) go to vanish. Therefore
Egs. (1), (2) and (4) can be replaced by

c
LkTIn— =0, (6)
Ce
Osy,
—==0. 7
o (7)

Here, it is found that Eq. (7) means &, = 0 everywhere
at all times 7 > 0 because of the assumption for Eq. (4)
that is ¢, = 0 everywhere at ¢ = 0.
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The equations above show two important facts of the
electromigration problem: Firstly, under the consider-
ation of the steady state for the vacancy concentration,
there is no stress evolution in Eq. (3) caused by the va-
cancy migration and generation in the reservoir region.
Secondly, the vacancy concentration can be easily deter-
mined through Eq. (6), i.e., ¢ = ¢, without solving Eq.
(1). The well-known equation of the equilibrium va-
cancy concentration in the presence of mechanical stress
has the form [19-22]

ce = coexp(f'Qa/kT), (8)

where ¢ is the equilibrium concentration in the absence
of stress, f' =1 — f and ¢ is the hydrostatic stress.

Therefore, the vacancy concentration distribution
may be easily calculated using Eq. (8) with the hydro-
static stress field in the reservoir region. The calculated
vacancy concentration makes it possible to estimate the
probability of initial void formation in the reservoir re-
gion. The numerical calculation process of the hydro-
static stress is introduced in the next section.

3. Computational approach

For numerical calculation of the hydrostatic stress in
the reservoir region, finite element meshes for multi-level
Al-0.5%Cu interconnect structure shown in Fig. 1 are
constructed. Due to the symmetry of the structure, only
the right half of the structure is considered. Also, for the
sake of simplicity in numerical analysis, a small part
around the reservoir region in the right half of the
structure is modeled as long as the effect of the boundary
on the stress field in the reservoir region is small, which

is shown in Fig. 2. Therefore, for the boundary condi-
tions of this model, the symmetric condition is applied
on the left edge and x- and y-direction constraints are
loaded on the right and the bottom edge, respectively.
The three different reservoir lengths in Metal 1 are
considered as 0.04, 0.12 and 0.3 pm while the reservoir
length of Metal 2 is fixed as 0.04 pm (see Figs. 2 and 3).
For more accurate calculation of the stress field, very
fine element structure is constructed around the edge of
the reservoir, which is shown in Fig. 3(a).

The package code ABAQUS is employed for finite
element solution and the isoparametric plane strain
elements with eight nodes are used to calculate the stress
field in the structures under the assumption of a good
adhesion between dissimilar materials and a uniform
temperature at each temperature step. In addition,
stress-free state of the model is assumed at inter-level
dielectric (ILD) deposition temperature, 400 °C. The
intrinsic stress of each constituent material is ignored
based on the assumption that it can be fully relaxed
during ILD deposition process, which is revealed in
some earlier works [11-13]. Therefore, the stress calcu-
lated in this study is the thermal stress that stems from
the mismatch of material properties between dissimilar
materials.

Table 1 summarizes the material properties used in
this analysis where each value of Young’s modulus at
room temperature is measured by nanoindentation
method [23]. For the mechanical property data of thin
(~60 nm) TiAl; layer formed under Al-Cu metal line
(see Figs. 1 and 2), however, measured Young’s modu-
lus of Ti is used in finite element analysis because of
the difficulty of experiment. Particularly, the tempera-
ture-dependent material properties are used for Al-Cu
metal line [24-26]. For more practical situation during
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Fig. 2. The modeled small region around the reservoir for the numerical calculation.
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(b)
Fig. 3. The finite element mesh for the modeled region: (a) R/L = 0.04 pm, (b) R/L = 0.12 pum, and (c) R/L = 0.3 pm.

(c)

Table 1
The material properties for the numerical calculation
E* (GPa) v CTE (ppm/K) Yield stress (MPa)
Si 145 0.26 2.6
Al-Cu 59-0.04(T-20) 0.34 24.3+0.02(T-20) 200-0.35(T-20)
FSG 51 0.19 3
FOX 8 0.19 20.5
PETEOS 75 0.24 1
TIN 270 0.25 9.4
Ti(TiAls) 140 0.25 8.9
w 411 0.28 4.5

#Measured by nanoindentation method.

fabrication and electromigration test, it is assumed that
Al-Cu metal line follows the Prandtl-Reuss equations
for the incremental plasticity theory of the isotropic-
hardening materials and the calculation of the equation
is processed with a power-law hardening rule of the form
[27,28]

@ g\
8Y:oc<aY> . 9)

Here oy is the uniaxial yield stress, & is the plastic
equivalent strain, and ey = oy/E is a reference strain
component, ¢ is the Mises stress, « is a non-dimensional
material constant and m is the power-law hardening
exponent. For the numerical computation, « =1 and
m = 12 are chosen and the reduced integration element
is selected to prevent the excessive incompressibility
constraint due to plastic deformation.

The temperature boundary condition as an external
load for this numerical calculation is decided by cooling
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the model from ILD deposition temperature, 400 °C to
room temperature, 20 °C and then by heating to elec-
tromigration test temperature, 200 °C. The stress dis-
tribution is then calculated from the electromigration
test state.

4. Results and discussion

Generally, three types of failure are found in multi-
level interconnects during electromigration test as shown
in Fig. 4. The failure shape in Fig. 4(a) is mainly affected
by the current density and the one shown in Fig. 4(c) is
affected by the condition of barrier metal layered on the
Metal 1. However, because the low current density, 2
MA/cm?, calculated during this electromigration test
and TiN layer under W via of this study can be robust

921

‘blocking boundary’ for Al atoms migration [29-31], we
only focus on the second type of failure to analyze the
reservoir effect on electromigration lifetime shown in
Fig. 4(b).

Before calculating the vacancy concentration in the
reservoir region, the hydrostatic stress field of the multi-
level interconnect structure is computed using finite
element method because the hydrostatic stress is the only
stress parameter to determine the vacancy concentration
in Eq. (8). From the computed results of the hydrostatic
stress in whole structures, the stress distributions in the
three different reservoir regions are used to calculate the
vacancy concentration distributions, which are pre-
sented in Fig. 5. In this figure, x- and y-coordinate of the
reservoir region are normalized by the maximum R/L of
this study, 0.3 pum and the thickness of Metal 2, 0.3 um,
respectively. The positive singular hydrostatic stresses
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Fig. 4. Three types of electromigration failure in multi-level metal interconnects.
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Fig. 5. The hydrostatic stress distribution in the reservoir regions: (a) R/L = 0.04 pm, (b) R/L = 0.12 pum, and (¢) R/L = 0.3 pm.

are found around the upper and the lower edge of the
reservoir. These stress concentrations result from the
stress singularities around the triple junction vertex of
the edges that can be determined by the near field con-
dition, i.e., the continuity condition of traction and
displacement in the interface of each material.

The vacancy concentration distribution in the reser-
voir region, therefore, can be easily calculated using Eq.
(8) with the hydrostatic stress field in Fig. 5 and the
constant parameters presented in Table 2. The calcu-

Table 2
The parameters used to calculate the vacancy concentration
distribution

Average vacancy concentration 1.37x10"/cm?
Average vacancy relaxation 0.2

factor [16]

Volume per Al atom, bulk
Boltzmann’s constant

1.68x 1072 cm?
8.62x 1073 eV/IK

e

lated vacancy concentration distribution that is nor-
malized by ¢, is shown in Fig. 6. It is notable that the
negative singular stress and the non-singular stress have
no or less effect on the vacancy concentration due to the
exponential characteristics of ¢. = ¢ in Eq. (8). Thus
the excessive vacancy concentration is calculated around
the upper and the lower edge of the reservoir due to the
calculated positive singular stress. These results suggest
that the probability of void formation is extremely high
in these sites.

Fig. 7 shows the maximum normalized vacancy
concentration of each R/L. The small decrease but al-
most same values of maximum normalized vacancy
concentration along with the change of R/L from 0.04 to
0.3 pum is found in this figure. It means that the proba-
bility of void formation does not change significantly
with increase of the reservoir length. In this case,
therefore, more longer electromigration lifetime of the
structures with R/L = 0.3 pm than that of the structure
with R/L = 0.04, 0.12 pm can be estimated. Because the
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metal reservoir area provides Al and/or Cu atoms that
diffuse and replaces those atoms that have been removed
near the W via, at least until the atoms in the reservoir
are depleted [2]. Therefore, we can explain the reservoir
effect on the electromigration lifetime with these calcu-
lated results, even though we do not know the critical
value of vacancy concentration on the Al-Cu metal line.

Particularly, for a numerical example, FSG is re-
placed by flowable oxide (FOX), which is often used as a
passivation material for the multi-level interconnect
structure, and the same calculation process for the va-
cancy concentration is carried out. The normalized va-
cancy concentration distribution calculated in the
reservoir region (R/L = 0.12 pm) is presented in Fig. 8.
The circled region in Fig. 8 clearly shows that the nor-
malized vacancy concentration has been decreased in
this example. Fig. 8, therefore, illustrates that the
excessive vacancy concentration around the edge of the
reservoir is not the general phenomenon of the multi-
level interconnect structures.

The three types of the test structure with two-level
metallization are fabricated using P-type (100) Si wafer
and electromigration lifetime of these structures is
measured to clarify the computational results. At first,
plasma enhanced chemical vapor deposited (PECVD)
oxide of 700 nm is prepared on the wafer. A bottom—
Ti(10 nm)\Al-0.5%Cu(350 nm)\Ti(5 nm)\TiN(60 nm)-
top stack is then deposited using a multi-chamber dc
magnetron sputtering system without vacuum break.
That is, 10 nm of Ti is deposited, which is followed by in
situ sputter deposition of 350 nm of Al-0.5%Cu with
process power of 12 kW at 400 °C. On the top of Ti\Al
structure, 5 nm of Ti and 60 nm of TiN are deposited in
a single chamber.

The metal stack is patterned by the standard photo-
lithography and the plasma dry etching. Then, FSG is
deposited on the patterned metal lines. This is followed
by deposition of plasma enhanced tetra ethyl ortho sil-

icate (PETEOS) film and subsequent planarization by
chemical-mechanical polishing (CMP), which results in
ILD of FSG\PETEOS. After via hole opening and Ar
sputter etching are carried out, via plugs are fabricated
by in situ deposition of Ti\TiN liner, CVD W deposi-
tion, and W CMP. The same processes are repeated to
make the second level structure and finally pad for wire
bonding to package is opened by patterning process.

A cross-sectional transmission electron microscope
(TEM) photograph around W via of electromigration
test structure is shown in Fig. 9. It is found that Ti-Al
reaction layer (TiAl;, ~60 nm) is formed uniformly
across the bottom-Ti\Al interface while no reaction was
observed at Al\top-Ti(slightly nitrized) interface. The

Fig. 9. The cross-sectional TEM photograph around W via of
the test structure.

Fig. 8. The calculated vacancy concentration distribution using flowable oxide (FOX) instead of FSG (R/L = 0.12 um).
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lower metal line, Metal 1, layer is 0.2 pm wide, 0.425 pm
thick and 450 um long straight line. The upper metal
line, Metal 2, layer is 0.24 um wide, 0.425 um thick and
50 pum long straight line connected with the bonding pad
for the chip packaging. The wafers are annealed for 50
min at 400 °C in a forming gas (N,/H,) ambient for
stabilization of microstructure before an accelerated
electromigration testing. In package-level electromigra-
tion test, ambient temperature and current density are
200 °C and 2 MA/cm?, respectively.

Fig. 10 shows the cumulative percentage of the time
to failure for both 3% and 20% failure criterion, which
means the electromigration lifetime when the resistance
increases 3% and 20%, respectively. The 3% failure cri-
terion means the initial void formation around the res-
ervoir edges and the 20% failure criterion represents the
depletion of Al and Cu atoms in the reservoir. The re-
sults of electromigration test in Fig. 10 are summarized
in Table 3. The measured joule-heating temperatures are

Table 3
The measured electromigration lifetimes of the three test
structures

Reservoir length Electromigration lifetime (MTTF)

(hm) 3% Failure 20% Failure
criteria [h] criteria [h]

0.04 30.8 48.0

0.12 31.9 52.3

0.30 113.5 126.3

under 5 °C, which is ignorable temperature condition to
analyze the electromigration reliability at 200 °C. Med-
ian time to failure (MTTF) is obtained from a best-fit
straight line drawn through data points in the log—
normal plot of time to failure as shown in Fig. 10, which
is given by the intercept at the 50% cumulative failure
point (#50) [29,30]. Table 3 clearly shows that electromi-
gration lifetime is improved much better for the metal
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Fig. 10. The cumulative percentage of the time to failure for (a) 3% failure criterion (b) 20% failure criterion.
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V12A-06

Fig. 11. The cross-sectional TEM image after the resistance
increases 20%.

interconnection with larger reservoir (0.3 pum) in both
case of 3% and 20% criteria. The dependence of elec-
tromigration lifetime on the reservoir length for smaller
size ranges (0.04 and 0.12 um) is also certain for both
criteria.

Because the normalized vacancy concentration shows
the probability of the initial void formation in the res-
ervoir, the trend of these calculated results can be
compared with the experimental ones of the 3% failure

criterion and it is found that these results have a good
agreement with the experimental ones. Also, the little
difference in lifetime trend of the experimental results
between 3% and 20% failure criterion means that the
calculated normalized vacancy concentration can be a
good parameter to analyze the reservoir effect on the
electromigration reliability. One of the failed specimens
that is analyzed by cross-sectional TEM after the resis-
tance increases 20% is presented in Fig. 11 and it shows
the second electromigration failure type of Fig. 4(b).

The limitation of this research, however, is the fact
that the steady state of the vacancy concentration is as-
sumed to analyze the reservoir effect. The vacancy con-
centration in the region A of Fig. 12 will depend on the
time during the electromigration test due to the current
flow. Thus the vacancy concentration of the reservoir
region also depends on time because of the material
continuity. Considering the transient behavior of the
vacancy concentration, therefore, is more realistic to
analyze the reservoir effect. The difference, however, be-
tween the results obtained under these two assumptions
of the steady state and the transient state can be simply
explained using the region B in Fig. 12.

In the region A of Fig. 12, the vacancy concentration
will be generated and annihilated and also the stress field
will be changed due to the electron flow. These changed
values will replace the boundary condition on the left
side of the region B in Fig. 12, which can change the
whole state of the vacancy concentration in the reservoir
region during electromigration test. Actually, the role of
the changed vacancy concentration distribution on the
left boundary is the vacancy supply from the region A to

TiN

/\_/

Al-Cu
w
TiAl,
=
Electron flow it )
\ > 1AL-C
) : %leservoir region
Region A :
Stress P
-
(=
—- (1
(-
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Fig. 12. The effect of the transient state of the vacancy concentration on the reservoir region during the electromigration test.
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the region B (see Fig. 12). Then it will increase the
vacancy concentration level in the reservoir region dur-
ing the electromigration test. Moreover, the changed
stress field on the left boundary can change the stress
distribution or the stress gradient in the reservoir region.

However, consider the stress field and the strain rate
in Egs. (3) and (4). It is shown that the stress field
connected with the vacancy migration and generation
can be determined by Vg and G, which are components
of Eq. (1). Therefore, if there is no geometric singularity,
for example, the dislocation or the material defect
around the left boundary of the reservoir, the stress
fields on the left boundary still maintain non-singular
during the electromigration test. This means that the
trend of the stress distribution and the vacancy con-
centration distribution in the reservoir region still do not
change during the test but the magnitude of these values
will increase due to not only the evolved stress but also
the vacancy supply from the left boundary. Therefore,
the normalized vacancy distribution under the assump-
tion of steady state has a reasonable meaning to estimate
initiation of the void formation and also the electromi-
gration reliability of the metal interconnect structure. In
addition, the computational analysis in this study can
give a lot of advantages because of its simplicity and
efficiency in calculation of the vacancy concentration
that can be used for design of the reliable metal systems
comparing with various shapes of reservoir.

5. Conclusion

For analyzing the reservoir effect, calculation of the
vacancy concentration in the reservoir region is carried
out. The thermal stresses of the three multi-level inter-
connect structures are computed using finite element
method. Moreover, three different types of the test
structure are constructed and electromigration lifetime
of these test structures are measured to clarify the results
of computational analysis.

From the results of this study, we conclude that the
normalized vacancy concentration under the assumption
of steady state can be regarded as a quantitative
parameter to analyze the reservoir effect on electromi-
gration reliability. Furthermore, it can be easily used to
design the reliable metal systems with reservoir for ac-
tual FAB process due to its simplicity and efficiency for
calculation.
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