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Stress voiding was investigated in damascene Cu lines embedded in Ta/TaN/SiO,/Si. Microstructure was observed before and after heat
treatment at 723 K using afocused ion beam (FIB) technique. The distribution of thermal stresswas calculated using athree-dimensional finite
element method (FEM). FIB observation revealed that dlit-like voids were formed at trench shoulders both before and after heat treatment.
FEM calculation indicated that a large shear stress concentration occurred at the voided sites. The coincidence between the FIB observation

and the FEM calculation suggests that the dlit-like voids were formed by shear-mode delamination of Cu from the Ta/TaN barrier layer.
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1. Introduction

Cu has attracted much attention as a hew interconnect ma-
terial in the place of conventional Al aloys because of its
low electric resistance. Combination of the reduction of gate
length with the use of Cu interconnect is expected to dramat-
ically increase computing speed as well as cell density. How-
ever, poor reliability hampers the full-scale application of Cu
to practical devices. One of the major reliability issues during
processing is stressmigration that accompanies void forma-
tion in Cu and leads to device failure.

Two types of stresses arise during processing. They are
growth stressthat is present in as-deposited films and thermal
stress that arises during heating and cooling cycles. Sincethe
blanket films are under equi-biaxial strain, stressin elastically
isotropic crystal becomes equi-biaxial in the entire film vol-
ume except near film/substrate interface and surface.*® Such
ahomogeneous distribution of thermal stresswould not cause
stress-induced voiding. However, void formation has been re-
ported in blanket Cu thin films after heat treatment.529 Since
Cu is elastically anisotropic, shear stress concentration was
found to occur along twin interfaces and at twin corners be-
cause of the elastic anisotropy of Cu. This stress concentra-
tion was considered to act asadriving force for stress-induced
voiding.'Y We also found that the voiding tendency was de-
pendent upon twin types. Voids were formed at the interfaces
of incoherent {322} twins but not at the interfaces of coherent
{111} twins.®? In the case of damascene Cu lines, it would
be interesting to investigate the relationship between voiding
and the presence of twins.

Furthermore, the effects of additional stresses caused by
surrounding dielectric layers should be taken into considera-
tion. Asfor stress distribution and void formation in intercon-
nects, Shen et al.*314 reported theoretical works on stressdis-
tribution in Al interconnects and itsrelation to void formation.
They assumed that Al/passivation interfaceis partly debonded
and considered the debonded region as a pre-existing crack.
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Then, they calculated thermal stress distribution caused by
the presence of the pre-existing crack at the interface. They
suggested that a particular shear stress distribution would ac-
tivate dislocation glide with which atoms were carried away
from the interface for the crack to grow into a void. How-
ever it seems unlikely that all voids are associated with pre-
existing crack at interfaces. Moreover, his calculation was
performed in two dimenstion with aflat Al interconnect line
sandwitched by top and bottom passivation layers. Thus the
calculated stress distribution does not represent the stress dis-
tribution in damascene Cu lines.

Experimentally, MacDowell et al.® hasreported the distri-
bution of growth strain in Cu damascene lines using a highly
focused X-ray diffraction technique with a spacial resolution
of a sub-micron range. Although strain variation from one
grain to another could be detected, the distribution of strain,
or stress, in amuch localized scale could not be determined.
Because of the limitation in spacial resolution, they made no
report on the correlation between stress distribution and void
formation. To our knowledge, there has been no published
work reporting stress distribution and its relation with stress-
induced voiding in damascene Cu lines.

In this paper, we investigated stress distribution and void
formation sites in actual damascene Cu lines having various
line widths. Stress distribution was calculated using a three
dimensional finite element method (FEM). Void formation
sites were identified by observing the microstructure before
and after heat treatment using a focused ion beam (FIB) ma-
chine. Possible correlation was sought to understand a domi-
nant mechanism for stress migration failure in damascene Cu
lines.

2. Experimental Procedure

Single crystal (100) Si wafers were used as substrates.
Dielectric SO, layer was formed by therma oxidation to
a thickness of 800nm. Then, using photolithography and
plasma dry etching technique, damascene trenches were
formed in the SIO; layer. Trench depth was set constant at
800 nm, while the width was varied from 150 to 750 nm. The
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Fig. 1 Schematic drawing of the FEM mesh structure of Cu lines embed-
ded within SiO5.

line width was defined by the width at the top of the trench.
The etching process was followed by PDD sputter deposition
of aTa/TaN diffusion barrier layer and a Cu seed layer. Cop-
per films were electrochemically deposited in the damascene
trenches. Deposition was performed to the point where acon-
tinuous Cu film, often called an overburden, was formed to
approximately 300 nm in thickness over the trench top. These
samples were subjected to thermal cycling in a vacuum of
3 x 10~*Paat a cooling and heating rate of 3.3K/min in a
temperature range between room temperature and 723K. Mi-
crostructural observation was carried out using a focused ion
beam (FIB) apparatus at an accelerating voltage of 30kV.

3. Calculation of StressDistribution

Stress distribution in the Cu lines was calculated us-
ing a finite-element-method (FEM) computer code, called
MARC.%® Figure 1 shows an example of the FEM mesh
structure of Cu lines embedded within SiO,. Lines were
drawn to form the same shape as the experimental damascene
lines. Coordinate system was taken to set the X axis along
the transverse direction of the line, Y along the longitudinal
direction, and Z along the growth direction, i.e., the film nor-
mal direction.

In order to examine the thermal stress distribution of
Cu lines, we employed the following calculation procedure.
Thermal tensile strain was applied to the Cu lines by chang-
ing temperature by —100K from aninitial state of zero strain.
The calculation was performed only in the Cu lines in an
elastic limit without any consideration of plastic deformation.
The effects of the surrounding dielectric layer were taken into
consideration by fixing the displacement value to zero at the
plane contact between Cu and the surrounding layer and by
replacing the thermal expansion coefficient of the film by a
differential coefficient of acy — asi0,. The effects of the bar-
rier layer were neglected since its thickness was much thinner
than those of Cu and SiO,. In this configuration, the tempera-
ture change of —100K brought about a tensile thermal strain
of 1.3 x 1073, In our previous work,'? we reported the im-
portance of the elastic anisotropy effects associated with the
microstructure. However, as shown in the result section, void
formation in the damascene line was found to be irrelevant to
the microstructure probably because of the difference in twin
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types from the previous reports on blanket films. Therefore,
the effects of the microstructure were excluded in the present
calculation.

4. Results

Most lines contain no visible defects in as-deposited films
of more than 150 nm in width. However, some lines contain
void defects. Figure 2 shows some examples of defected lines
in as-deposited films, taken by FIB. The line width is 150 nm
and 350nm in (a) and (b), respectively. In both lines, grain
size is very small in the order of 100 nm or less. There exist
dark contrasted regions, asindicated by arrows, in the middle
of thelinein (a) and slightly below the shoulder of the trench
in (b). The dark-contrasted regions are voids formed during
deposition. The voids in the middle of the trench in the 150-
nm line are considered to be formed by discontinuous growth
of Cu. Since thistype of small spherical defectsisthermody-
namically unstable, no further consideration is given in this
paper. On the other hand, in the 350-nm line, the dlit-like
voids are formed below the trench shoulder remain after heat
treatment as shown next. The rest of this paper will focus on
the dlit-like voids.

Figure 3 shows FIB images of Cu lines after heat treatment.
Defects are searched in lines of various widths. Two exam-
ples are shown for the lines of 150 and 750 nm in width. In
comparison with the as-deposited filmsin Fig. 2, grain growth
by heat treatment is evident. Twin formation is clearly seen
asabanded contrast. Inthe 150-nm line, the left and the right
lines contain dlit-like voids at the Cu/barrier interface, asin-
dicated by arrows. The contact angle of the void surface with
the barrier layer forms an accute angle, indicating that the
wettability of Cu on Ta/TaN is poor. Similarly in the 750-nm
line, the dlit-like voids are observed below the trench shoul-
der. They are larger in size than the voidsin the 150-nm line.
It is noted that the shape is not spherical, indicating that dif-
fusion is not a dominant mechanism for the formation of the
dlit-like voids.

Figure 4 shows calculated stress distribution in 150-nm Cu
linesin the X-Z cross section of the FEM coordinate. Tensile
stress components are shown in (a)—(c) and shear stress com-
ponents are shown in (d)—(f). Ascan be seen in the figure, a
large tensile stress of more than 600 MPa arises in the trench
interior. The magnitude of tensile stress appears to be the
same for al three components. This indicates that the trench
interior is under hydrostatic condition. On the other hand,
stress value in the overburden is approximately 200 MPa for
o11 and o9, but zero for o33. Thisindicatesthat the stress dis-
tribution in the overburden isunder abiaxial state, in the same
way as continuous blanket films. The differencein stressval-
ues and distribution between the trench interior and the over-
burden resultsin tensile stress gradient near the trench shoul-
der. Since the o33 component is zero in the overburden, stress
gradient is larger in the Z direction than the other directions.
With regard to shear stressdistribution, o1, and o3 is approx-
imately zero in the entire trench as well asin the overburden.
On the other hand, the o33 component exhibits stress concen-
tration at trench shoulders, acting on the vertical interface in
the Z direction. Notice that the stress concentration region
extends towards the trench bottom on the vertical interfaces.
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Fig. 2 FIB images of as-deposited damascene Cu lines in width of (a) 150 nm and (b) 350 nm. Voids are formed in the middle of trench

and at the trench shouldersindicated by arrows.

Fig. 3 FIB images of damascene Cu lines after heat treatment. The width is (a) 150 nm and (b) 750 nm. Slit-like voids are formed at the

trench shouldersindicated by arrows.

This region coincides with the location of the dlit-like voids
inFigs. 2and 3.

The effects of line width on stress distribution can be found
by comparing Fig. 4 with Fig. 5. Inthe sameway asin Fig. 4,
tensile stresses are shown in (a)—(c), and shear stresses are
shown in (d)—(f). In comparison with the 150-nm lines, ten-
sile stress gradient becomes small as indicated by a gradual
change in colors. Otherwise, the magnitude of maximum
stress in the trench and in the overburden are the same asin
the 150-nm lines. The region of shear stress concentration
also extends to a wider area on the vertical interfaces. The
location and size of the shear concentration region coincide
with those of the dlit-like voids observed experimentally.

5. Discussion

In the present work, the dlit-like voids are observed slightly
below the trench shoulder at the Cu/barrier interface both in
the as-deposited films and the heat-treated films. Based on
the calculated stress distribution, three possible reasons can
be considered for the formation of the dlit-like voids. The pos-

sibilities are (1) stress-induced diffusion under tensile-stress
gradient, (2) delamination under tensile stress, and (3) delam-
ination under shear stress. In the following, each possibility
is examined.

In blanket Cu films, void formation was found to occur dur-
ing heat treatment at twin corners and twin intersections.'?
This type of void formation was attributed to tensile stress
gradient associated with the elastic anisotropy, i.e., the de-
pendence of elastic moduli on the crystallographic orienta-
tions of neighboring grains and twins. Because of the elas-
tic anisotropy effect, void formation sites in the blanket films
were closely related to the microstructural features, such as
twins and grain boundaries. In the present work, however, no
relation can be found between the void formation sitesand the
microstructural features. This indicates that the microstruc-
tural features are not important in void formation in Cu lines.

Even though these microstructural features can be ne-
glected, a substantial gradient of tensile stressis present from
the bottom of thetrench to the overburden. Sincetensile stress
takes a minimum value dightly above the trench shoulder,
stress-induced diffusion and void formation can take place
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Fig. 4 Calculated stress distribution in 150nm Cu lines in the X-Z cross
section of the FEM coordinate. Tensile stress components are shown in
(a)—(c) and shear stress components are shown in (d)—(f). From (a) to (f),
the indicated components are o11, 022, 033, 023, 031 and 12, respectively.

in this location. However, the dlit-like voids are observed
dightly below the trench shoulder at the vertical interfaces.
Therefore, stress-induced diffusion can be excluded as a pos-
sible mechanism. Further support for this statement can be
obtained by the fact that the voids are present not only in the
heat-treated films but also in the as-deposit films. Therefore,
thermally activated process like vacancy diffusion does not
play amajor role in the formation of the dlit-like voids.

As the second possibility of tensile delamination, the cal-
culated stress distribution indicates that a large tensile stress
of 660MPa is distributed in a uniform manner in the lower
part of the trench. On the other hand, shear stress concen-
tration gives rise to the maximum value of 160MPa. Here,
it should be noted that no plastic accommodation is allowed
for the calculation of stress distribution. If plastic accommo-
dation were to occur, actual tensile stress should be smaller
than the calculated value of 660 MPa and would not be in a
perfectly hydrostetic state. Bearing this in mind, if tensile
delamination occurs, long cracks would be formed along the
entireinterface in the bottom part of the trench. However, this
has never been observed in our samples. The interface in the
trench appears to be resistant to tensile delamination.

Finally, the possibility of shear delamination is discussed.
Asshownin Figs. 3 and 4, aremarkable coincidence isfound
in the size and location of the dlit-like voids with those of
shear stress concentration. This coincidence suggests that
shear stress concentration is a principal reason for the forma-
tion of dlit-like voids. Since shear stress does not accompany
volume change nor stress-induced diffusion, delamination is
proposed as a void formation mechanism. The shear delami-
nation is also consistent with a thermal formation of dlit-like
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voids observed in the as-deposited films. Generally, biaxial
stress components in as-deposited Cu films are in a tensile
state. The magnitude of the biaxial stress is larger at room
temperature than at elevated temperatures. Since the resid-
ual stress in the as-deposited films arises because of the con-
finement of Cu to the substrate, residual stress distribution
should be the same as the calculated distribution of thermal
stress in the heat-treated films. In this regard, shear stress
concentration is expected to occur at the same location in the
as-deposited film as in the heat-treated films. Thus, dlit-like
voids are considered to be formed by a shear delamination
mechanism.

In order to prevent the formation of the dit-like voids,
interface bond strength should be improved. The interface
bond strength has been investigated in detail by Lane and
Dauskardt for blanket Cu films.':1® They measured critical
interface fracture energy in various Cu/barrier/SiO,/Si sam-
ples using a four-point bending method. The barrier layers
were Ta and TaN of different N concentrations and a notch
was formed in the Si substrate. In their experiments, delami-
nation was observed always at barrier/SiO, interfaces. On the
other hand, the dlit-like voids observed in the present work is
formed at the Cu/barrier interface. Although the discrepancy
in delamination sites cannot be explained at the moment, de-
lamination is an important issue for interconnect reliability.
Further work is necessary to understand the correlation be-
tween processing conditions and delamination strength, and
to understand physical and chemical factorsto control delam-
ination strength.

6. Summary

Void formation was observed by FIB in damascene Cu lines
before and after heat treatment at 723K. Slit-like voids were
found at trench shoulders along Cu/barrier interfaces in both
as-deposited lines and heat-treated lines. No correlation was
found between the void formation sites and the microstruc-
ture of the lines, such astwin interfaces and grain boundaries.
Three-dimensional FEM analysis indicated that tensile-stress
gradient was present from a trench bottom towards an over-
burden and that a localized shear stress concentration was
present at trench shoulders. A good coincidence was found
between the shear concentration sites and the voided sites.
This coincidence suggests that the origin of the dit-like void
formation is shear-mode delamination under shear stress con-
centration.
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Fig. 5 Calculated stress distribution in 750nm Cu lines in the X-Z cross section of the FEM coordinate. Tensile stress components are
shown in (a)—(c) and shear stress components are shown in (d)—f). The indicated stress components are the same asin Fig. 4.
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