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Abstract: Texture and grain boundary character distribution of Cu interconnects with different line width for as-deposited

and annealed conditions were measured by EBSD. All specimens appear mixed texture and (111) texture is the dominate

component. As-deposited interconnects undergo the phenomenon of self-annealing at RT,in which some abnormally large

grains are found. Lower aspect ratio of lines and anneal treatment procured larger grains and stronger (111) texture.

Meanwhile, the intensity proportion of other textures with lower strain energy to (111) texture is decreased. As-deposited
specimens reveal (111)(112) and (111)(231) components. (111)<¢110) component appeared and (111)<112) and (111)
(231) components were developed during the annealing process. High angle boundaries are dominant in all specimens,

boundaries with a misorientation of 55°~60" and =3 ones in higher proportion, followed by lower boundaries with a mi-

sorientation of 35°~40" and 39 boundaries. As the aspect ratio of lines and anneal treatment increase, there is a gradual in-

crement in 33 boundaries and a decrease in 39 boundaries.
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1 Introduction

With the development of faster and smaller inte-
grated circuits, the replacement of Al by Cu has been
a tendency in interconnects technology. Microstruc-
ture is the key factor that determines the reliability of
metal films and interconnects. Al interconnects with
large grains and (111) fiber texture were shown to
have better EM (electromigration) resistance. Re-
cently, the impact of grain structure and texture on
clectromigration (EM) and stress that induced fail-
ures in Cu interconnects has been reported. Because of
Damascene inlayed structure in Cu interconnects, the
texture evolution is a function of line width,aspect ra-
tio of depth to width, anneal treatment, and stress
state,etc. It is difficult to identify precisely the rea-
sons for texture formation and evolution, which leads
to different reported textures in Cu interconnects by

different authors!~*.

In this paper, we present the
texture and grain boundary character distribution
analysis of both as-deposited and annealed Cu inter-

connects with different line width.
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2 Experiment

Three different Damascene Cu interconnects
were investigated using electron backscattered dif-
fraction (EBSD). The line width/pitch distances of
4pm and 2pm lines were 0. 125/4 and 0. 25/2, respec-
tively,and the depth of the trenches was 0.5pm. A
50nm thick Ta layer and a 50nm layer of Cu seed were
successively deposited on the trench by magnetron
sputtering, subsequently filing the trench by electro-
plating with Cu, and finally removing excess Cu by
chemical mechanical polishing. Parts of the 2;:m spec-
imens were annealed at 300C for 30min in N, gas to
avoid oxide formation on the top of Cu interconnects.
An EDAX-EBSD system mounted on a Philips XL-30
SEM measured (111),(100),and (110) pole figures,
and orientation distribution functions (ODF) were
calculated using the series expansion method of Bung-
esystem"” . At the same time.the distribution of grain
size, grain boundary misorientation, and coincident
site lattice (CSL) boundaries were measured. The
EBSD data were collected over an area of 32pm X 184m
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Fig.1 Normalized (111) pole figures for as-deposited 4pm (a) ,as-deposited Zpm (b) ,and annealed 2pm (¢) Cu inter-
connects
Table 1 Intensity ratio of other textures components to (111) component in (111) pole figures of Cu interconnects
Specimen (11D (100) (511) (310) (31D) (210) (320) (211) (321) (33D) (221)
As-deposited 4pm lines 1 59.9 - 59.9 59.9 72.4 44.2 59.9 41.2 - -
As-deposited Zum lines 1 77.4 91.5 57.2 1 65.8 - 74.4 82.8 48.7 57.2
Annealed 2um lines 1 57.0 - 46.2 46.2 46.2 - 57.0 - - -

with 0.10pm step size for as-deposited 4pm lines,
28pm X 88uym with 0. 07pm step size for as-deposited
2pm lines, and 36pm X 196pm with 0. 10pm step size
for annealed 2pm lines,respectively.

3 Results and discussion

Figure 1 shows the (111) pole figures for three
different Cu All specimens
mixed texture. Intensity ratio of other textures com-
ponents to (111) component in (111) pole figures of
Cu lines are contained in Table 1. The strain energy of
(100) to (221) grain planes, which appear from left
to right in Table 1.increase by degrees-"
indicate that (111) texture is the dominate component
slightly. The intensity of (100), (511), (310), and
(311) texture components with lower stain energy ap-
proach the (111) component’s in as-deposited 2pm

interconnects. reveal

. The results

lines. However, the intensity ratio of textures with
grain planes with lower strain energy to (111) texture
decreases with increasing line width and annealing
process. The important effect on the evolution of tex-
ture during deposition and annealing procedure is
from minimization of anisotropic surface energy of
films, interface energy between the film and sub-
strate, and strain energy. The close-packed (111)
planes have the lowest surface/interface energy, so
the surface/interface energy of system is at minimum
with a (111) texture. (111) orientation grains can be
merged by grains having lower strain energy at the
process of minimum of films stain energy due to its
highest strain energy'”’. We can presume that surface/
interface energy plays a major role in evolution of
texture, followed by strain energy. Anneal treatment
can strengthen the dominate level of the surface/in-
terface energy. As the aspect ratio increases, the
effect of strain energy on the evolution of texture be-
comes sharper.

Curves of area fraction verse grain size were
measured by EBSD, as shown in Fig. 2. The curves
corresponding to annealed specimens exhibit single-
peaked behavior. However, that of the as-deposited
lines exhibit bimodal behavior. The grain sizes of the
as-deposited 4pm and 2pm lines are 2.8pm and
2.4pm,respectively. The large grain size at the second
peak and its lower proportion of area indicate the
presence of several abnormally large grains in lines.
These grains growth speed is decided by two factors:
first, the driving force of grain boundaries migration,
which depends upon D-values of the density of sur-
face/interface energy and strain energy, the decrea-
sing of normal grains grain boundaries area, and the
increment of abnormal grains grain boundaries area,
and, second, grain boundaries activity corresponding
to diffusion activation energy'® . As the orientation of
abnormal grains make the sum of the films surface/
interface energy and strain energy minimal,the grow-
ing speed is by zero and the structure is non-active.
We can not test the orientation of abnormal grains.
Additional studies are required. In addition,compared
with as-deposited 2pm lines, the grain size distribution
for the other two specimens indicates lower aspect ra-
tio of lines with larger grains and growing of grains
by anneal treatment,which is shifted to the right.
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Fig.2 Curves of area fraction versus grain size of Cu intercon-
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Fig.3 Normalized (111) inverse pole figures for as-deposited
4pm (a),as-deposited 2pm (b) ,and annealed 2pm (c¢) Cu inter-
connects

Figure 3 shows normalized (111) inverse pole
figures. That the gradual weakening of (111) texture
intensity with the narrowing of line width appearing
in as-deposited interconnects is attributed to nuclea-
tion competitions between the side-wall and bottom of
the trenches™™’ . Observation of reduced (111) texture
of 1 to 4um annealed Cu lines with a 50nm Ta barrier
layer has been reported by Mirpuri et al.'*, but an
opposite phenomenon is observed in our experiments.
Considering similar line width and aspect ratio, the
variant thermal stress states provoked by different
pitch distance of Cu interconnects is one possibility
that can induce variant evolution of the texture,
which is generated during the annealing process. A

$,(0.0°~90.0°)

weak (110) texture exists in annealed specimens
(Fig. 3(¢)). The lowest index plane perpendicular to
(111) is (110). 1t is assumed that a (110) texture par-
allel to the surface of interconnects appears for (111)
texture with (111) direction perpendicular to the side-

wall of trenches'™.

Anneal treatment intensified
(111) texture parallel to the side-wall and bottom
synchronously. As a result of less nucleation area of
sidewall in contrast to the bottom,annecaled specimens
have a weak (110) texture.

To analyze the changes of (111) texture compo-
nents in as-deposited and annealed Cu interconnects
with different line width, ODFs were calculated. Sec-
tions of ODFs for ¢, = 45" are shown in Fig. 4. (111)
and (115) texture intensity of Cu lines are presented
in Table 2. Having low fault energy,copper can gen-
erate annecaling twin. Twinning of (111) planes pro-
duced (115) texture upon annealing™'. The (115)
(140) components appear in annealed specimens and
(115) (110) appear in as-deposited specimens from
Table 2, which indicate the specimens undergo self-
annealing at RT. (111)<¢112) and (111)(231) compo-
nents appeared in as-deposited lines. Because Young’s
modulus is minimized in the (100) direction for FCC
metals,grains whose (100) parallel to absolute maxi-
mum stress direction will grow precedence over other
grains. The (112) and (231) directions, which are
normal to the (111) direction and parallel to the
plane consisting of the (111) direction,and the maxi-
mum stress direction have smaller angles with (100)
directions. However,the (100) direction is not on the
(111) plane. Therefore, (111) (112) or (111) (231)
texture components will develop preferentially to oth-
121 Constraints of the sidewall of trenches may
cause high strain states so that the growing of (111)
(1125 and (111) (231) components were made by
minimum of stress during the self-annealing process.
We infer that further minimum of stress strengthened
(111)(112) and (111)<231) components in annealed
specimens.
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Fig.4 Sections of ODFs for ¢, = 45 as-deposited 4pm (a) as-deposited 2um (b) ,and annealed 2pm (¢) Cu interconnects
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Table 2 (111) and (511) texture intensity of Cu interconnects
Specimen (111)¢110> (111) <011 (11D (112) (111)¢231) (111 (111 (115) (110> (115)(1 40)
As-deposited 4pum lines - - 3.874 3.874 - 1.579 -
As-deposited 2pm lines - - 3.600 - 1.867 2.300 -
Annealed Zpm lines 5.049 6.061 5.049 7.074 - - 3.025
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Fig. 5
CSL boundaries distribution (b) of Cu interconnects

Grain boundaries misorientation distribution (a) and

Figure 4 shows that (111)(110) components are
present upon annealing. Lee et al. argue that the
stress state forms (111) (110) components''*'. After
the annealing process,Ta wires can appear at a higher
intensity of (111)(110) components reported by some
authors'™® . Through an epitaxial effect,annealed tex-
ture of Ta barrier layer might play another significant
role for the growing of (111)<{110) components. At
this point, additional studies are required to clarify
this finding.

Figures 5 (a) and (b) show the grain boundaries
misorientation distribution and the CSL boundaries
distribution of three specimens, respectively. Above
70% =3 boundaries in Cu interconnects indicates the
presence of many twins. Therefore, lower texture in-
tensity of specimens was observed before. High angle

Table 3 Proportions of low energy CSL boundaries (=3) to
high energy CSL boundaries (29.327)
Specimen Proportion
As-deposited 2pm lines 5.97
Annealed Zum lines 7.01

boundaries are dominant in all specimens, among
which, there is a highest fraction of boundaries with a
misorientation of 55" ~ 60" and 33 boundaries, fol-
lowed by boundaries with a misorientation of 35" ~40"
and X9 boundaries. As the aspect ratio and anneal
treatment increase,there is a gradual increment in the
misorientation of 55°~60" and 33 boundaries. and a
decreasing in the misorientation of 35"~ 40" and 39
boundaries. Because of lower fault energy in copper,
Cu films are liable to generate twin boundaries ( 33
boundaries) with low energy and at the same time in-
hibit the appearance of a dislocation slide during the

deposition and recrystallization process''*!*

. The pos-
sible reason that the fraction of =3 boundaries is high-
er in as-deposited 2pm lines than in 4um lines is from
the formation of large twins in as-deposited 2;m lines
according to the higher level of self-annealing treat-
ment because of minimization of system energy. We
can observe much lower energy grain boundaries and
a reduced proportion of high energy grain boundaries
in specimens at 300C for 30min from Fig. 5 and Table
3.1t is inferred that =9 boundaries and others whose
energy is relatively high migrated selectively to trans-
late into =3 twin boundaries and the reliability of EM

resistance is improved effectively.

4 Conclusion

Texture and grain boundary distribution of Cu in-
terconnects with different linewidth in as-deposited
and upon annealing conditions were measured by
EBSD. The driving force of evolution of texture and
the growth and recrystallization of grains are attribu-
ted to the minimization of surface/interface and
strain energy. For dominance of surface/interface en-
ergy.the intensity of (111) texture is highest in all
specimens. The dominance is enhanced upon annea-
ling. The effect of strain energy on the evolution of
texture becomes sharper with the gradual decrease of
line width. Higher aspect ratios of lines have smaller
grains and weaker (111) texture for the effect of nu-
cleation of sidewall. (111)<112) and (111)(231) com-
ponents appeared in as-deposited specimens and de-
veloped upon annealing. Annealed texture of Ta bar-
rier layer may work on the growing of the (111)(110)
component. Boundaries with misorientation of 55" ~
60" and =3 boundaries have the highest fraction in Cu
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