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In situ investigation of the microstructure evolution in nanocrystalline
copper electrodeposits at room temperature
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Building 204, DK-2800 Kongens Lyngby, Denmark
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The microstructure evolution in copper electrodeposits at room temperature �self-annealing� was
investigated by means of x-ray diffraction analysis and simultaneous measurements of the electrical
resistivity as a function of time. In situ studies were started immediately after deposition of the
various thick layers and continued with a unique time resolution until stabilization of the recorded
data occurred. Independent of the copper layer thickness, the as-deposited microstructure consisted
of nanocrystalline grains with orientation dependent crystallite sizes. Orientation dependent grain
growth, crystallographic texture changes by multiple twinning, and a decrease of the electrical
resistivity occurred as a function of time at room temperature. The kinetics of self-annealing is
strongly affected by the layer thickness: the thinner the layer, the slower the microstructure
evolution is, and self-annealing is suppressed completely for a thin layer with 0.4 �m. The preferred
crystallographic orientation of the as-deposited crystallites is suggested to cause the observed
thickness dependence of the self-annealing kinetics. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2401647�

I. INTRODUCTION

Copper has been recognized as particularly suitable for
interconnects in advanced microelectronic devices. The com-
plicated structure of interconnects, i.e., the arrangement of
multiple patterned levels above each other and the tiny fea-
ture sizes with dimensions of less than a micrometer require
the method of electroplating for the deposition of copper.
Electrochemical deposition of copper has a long tradition
and many decades ago it was observed that the microstruc-
ture of copper changes as a function of time at room
temperature.1,2 Since the era of copper interconnects this so-
called self-annealing effect came into focus.3–5 Self-
annealing has been recognized as an unwanted side effect in
the successful manufacturing of copper thin films for appli-
cations in microelectronics and postdeposition annealing at
elevated temperatures for stabilizing the microstructure has
been introduced as an integrated part of the manufacturing
process. Even so self-annealing can be prevented by inten-
tional annealing at elevated temperatures, the phenomenon
remains of scientific and technological interest, since under-
standing the kinetics and mechanisms of self-annealing is the
essence of tailoring the microstructure.

There is no doubt that self-annealing has a substantial
effect on the microstructure and the associated properties of
electrodeposited copper. Experimental observations of de-
creasing electrical resistivity and hardness, improvements of
the ductility, increasing grain size and surface roughness,
changes in crystallographic texture, and level of internal
stresses as a function of time at room temperature are fre-
quently reported, e.g., Refs. 3 and 5–13. However, discus-

sions on the origin and mechanisms of self-annealing are
nonconsistent in literature and understanding of the kinetics
of self-annealing is still lacking.

A suitable procedure enabling experimental investigation
of the evolution of the microstructure is a prerequisite for
studying the self-annealing behavior. This is not straightfor-
ward due to the low film thickness and the often fine-grained
microstructure of as-deposited films. Furthermore, knowl-
edge on the true as-deposited microstructure is required,
which implies that the investigation must start immediately
after deposition, and any kind of sample preparation with the
risk of modifying the as-deposited microstructure by thermal
or mechanical influences must be avoided.

Electrical resistivity measurements as a function of time
after deposition have been found to be a suitable straightfor-
ward method in order to verify the onset and kinetics of
self-annealing.3,13 Electrical resistivity is closely related to
the microstructure, i.e., it is affected by the grain size, the
grain orientation, and grain boundary characteristics, as well
as by the density of point and line defects.3,14 Due to the
multitude of microstructural features simultaneously affect-
ing the electrical resistivity, time dependent changes of the
electrical resistivity can hardly be related to individual fea-
tures of the microstructure and therefore, the actual cause of
the microstructure evolution cannot be concluded solely on
the basis of the observed resistivity decrease with time.

In order to relate changes of the electrical resistivity to
the microstructure, in the present work, x-ray diffraction
�XRD� experiments were performed simultaneously with
measurement of the electrical resistivity on the same sample.
XRD provides information on the microstructure: �i� grain
size and lattice defects affect the shape and width of XRDa�Electronic mail: pantleon@ipl.dtu.dk
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line profiles �line profile analysis� and �ii� the diffracted in-
tensities yield the preferred grain orientation �quantitative
crystallographic texture analysis�.

II. EXPERIMENT

A. Electrochemical deposition

Copper thin films were electrochemically deposited onto
�100� oriented Si wafers covered with a thin evaporated
Ti–Au double layer acting as plating base. The upper Au
intermediate substrate layer has a strong �111� fiber texture.
The acidic based copper electrolyte �commercially available
UBAC™ER electrolyte� contained leveling and brightening
additives. The bath was operated under the commercially
recommended conditions: the electrolyte temperature was
28 °C, vigorous air agitation, and continuous filtration was
applied. Deposition was carried out with a cathode current
density of 4 A/dm2 and a current thief was placed around
the cathode to improve the distribution of copper on the wa-
fer substrate. The deposition time was varied such that vari-
ous film thicknesses from less than 1 �m up to a thickness of
a few micrometers were obtained. The deposited wafers were
cleaned in water and in situ studies of self-annealing were
started immediately after deposition; a minimum of 4 min
was required for cleaning, drying, and mounting the sample
in the experimental setup.

B. Measurement procedure

The coated wafers were mounted in an x-ray diffracto-
meter Discover D8, Bruker AXS, and at the same time elec-
trical resistivity measurements with a Tinsley Micro Ohm-
meter 5891 were started on the same wafer. The electrical
resistivity was recorded with 1 min intervals. Simulta-
neously, XRD line profiles of the 111 and 200 Bragg reflec-
tions �with scattering vector perpendicular to the surface�
were measured repeatedly until the line profiles approached
the instrumental broadening, which was determined from a
standard Si powder �NIST 640c�, i.e., further changes of the
microstructure as derived from line profile analysis �crystal-
lite size and microstrain� could not be detected any longer.
Thereafter, crystallographic texture analysis was performed
at different times up to a total self-annealing time of about
1 yr after deposition. The crystallographic texture was quan-
tified by calculating the orientation distribution function15

�ODF� from 111, 200, and 311 pole figures, which were mea-
sured applying sample rotations around the surface normal
�azimuth angle �, 0���360°, step size 5°� and sample tilts
�pole angle �, 0���75°, step size 5°� and corrected for
background and defocusing. The ODF was calculated with
LABOTEX �LaboSoft Krakow, Poland�.

III. RESULTS AND INTERPRETATION OF THE
RESULTS

A. Electrical resistivity

The evolution of the electrical resistivity of wafers cov-
ered with Cu layers of various thicknesses is presented in
Fig. 1. In the continuous decrease of the electrical resistivity
various stages can be distinguished. Within the first ca.

100 min, the resistivity drops by about 4%, independent of
the film thickness. Then, the electrical resistivity decreases at
a lower rate until a steeper drop of the resistivity occurs and
it finally stabilizes at room temperature. A total resistivity
decrease of about 16% was observed before the stabilization
occurred at room temperature for the Cu layers thicker than
1 �m. The time scale of the recorded changes depends on
the film thickness;16 the thinner the film, the longer it takes
before a drastic resistivity change commences and stabiliza-
tion occurs. For the Cu layers thinner than 1 �m, no stabili-
zation was obtained within the first 4 days �cf. Fig. 1�. Fur-
ther measurements revealed that for the 0.9 �m thick sample
the electrical resistivity continued to decrease slowly, one
month after deposition a total resistivity change of only 5.8%
was determined and the electrical resistivity has not stabi-
lized yet.

B. XRD line profile analysis

XRD line profile analysis also indicates the onset of self-
annealing: strong changes of the line profiles were observed.
A few selected line profiles for a copper layer with 2.7 �m
thickness are shown in Fig. 2; considerable changes of the
linewidths and diffracted intensities are clearly visible.

The measured line profiles were fitted with a superposi-
tion of two pseudo-Voigt functions �corresponding to the
K�1 and the K�2 components� and yielded the position,
width, and shape, as well as the integrated intensity of the
individual lines. In the following, only the parameters corre-
sponding to the K�1 component are reported and related to
the microstructure of the Cu layers. Figure 3 shows the time
dependence of the linewidths �in terms of full widths at half
maximum �FWHM�� and the ratio of integrated intensities
for the 111 and 200 diffraction lines as obtained from the
pseudo-Voigt fit for the various Cu layers with different
thicknesses. For comparison, an integrated intensity ratio of
111 and 200 line profiles Iint-111/ Iint-200=2.35 was mea-
sured for a textureless standard powder sample. Rather weak
intensities measured for the 200 diffraction lines of the thin-
nest samples caused scattering of the corresponding data ob-
tained from the pseudo-Voigt fit and hence for these samples
trend lines are given rather than the measured data and
marked by the dash dotted curves in Figs. 3�b� and 3�c�.

FIG. 1. Electrical resistivity R as a function of time after deposition of Cu
films with different thicknesses �R0-initial value; R�-stable value at room
temperature�. The arrows indicate that resistivity did not stabilize for the low
film thicknesses �there, R� was taken assuming a total decrease of 16% as
observed for all other samples�.

114319-2 K. Pantleon and M. A. J. Somers J. Appl. Phys. 100, 114319 �2006�

Downloaded 14 Dec 2006 to 192.38.83.6. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



In order to relate the measured line profiles to the micro-
structure, the single line approach17,18 for separating the in-
fluences of the size of coherently diffracting domains and
lattice microstrain on the broadening of diffraction lines was
applied. Line profile fitting with a pseudo-Voigt function,

i.e., a superposition of a Lorentz and a Gauss function, re-
vealed that all recorded XRD line profiles were purely
Lorentzian in shape. It is well accepted that Lorentzian
broadening of XRD line profiles is related to the size of the
coherently diffracting domains,18,19 which can be considered
to be the size of grains or subgrains,20 i.e., the crystallite size.
From the integral breadth �L, which was obtained from the
FWHM and corrected for instrumental broadening, the crys-
tallite size D was calculated according to17,18

D =
�

�L cos 	
. �1�

The evolution of the crystallite size as obtained from the
single line method applied on the 111 and 200 diffraction
lines, respectively, is shown in Fig. 4. It should be noted that
conventional x-ray diffraction as applied here is not useful to
determine grain sizes larger than, say, 200 nm and hence it
cannot be concluded whether a stable grain size has actually
been reached and what the final stable grain size is.

The following results can be summarized from Figs.
2–4. In the as-deposited state, the line profiles of 111 and
200 diffraction lines are quite different: grains with 111 lat-
tice planes parallel to the surface yield huge intensities, but
much smaller linewidths compared to those obtained for the
grains with 200 planes parallel to the surface, which gave
broad lines with very weak intensities. The as-deposited
crystallite sizes amount to about 50 nm for �111� oriented
grains and about 15 nm for grains with �100� orientation.
While the linewidths �and correspondingly the crystallite
size� of the as-deposited state is almost independent on the
thickness of the Cu layers, the integrated intensities indicate
a clear thickness dependence. With increasing film thickness,
the ratio of the integrated intensities of 111 and 200 diffract-

FIG. 2. Selected XRD line profiles as measured for the 111 and 200 lattice
planes, 5 min �a�, 27 h �b�, and 3 days �c� after deposition of the 2.7 �m
thick Cu layer. Note, the K�2 component is not stripped in the graphs.

FIG. 3. Linewidth �FWHM� and integrated intensity ratio �Iint-111/ Iint

-200� of 111 and 200 line profiles of K�1 as function of time after deposition
of Cu layers with different thicknesses.

FIG. 4. Crystallite size calculated from the broadening of 111 �a� and 200
�b� diffraction lines.
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ing lattice planes decreases, since with increasing thickness
much weaker 111 intensities were measured for the as-
deposited layers. Consequently, in the as-deposited micro-
structure the volume fraction of �111� oriented grains is
much larger than the volume fraction of �100� oriented grains
as the ratio Iint-111/ Iint-200 is above 2.35 �the value of a
textureless sample�, and the thinner the Cu layers the higher
the �111� volume fraction is.

It is observed that the kinetics of self-annealing depends
both on the size and/or orientation of the as-deposited crys-
tallites as well as the thickness of the Cu layers. With respect
to the layer thickness, the same observation as for the evo-
lution of the electrical resistivity �see above� is made: the
thinner the films, the later self-annealing begins and the Cu
layers with thicknesses less than 1 �m remained almost
stable within the reported period of several days �cf. Fig. 3�.
For the thinner layers, further XRD analysis was carried out
at several times for a total period of more than 1 yr after
deposition. These measurements revealed that the micro-
structure of the 0.9 �m thick layer stabilizes about 4 months
after deposition, while the 0.4 �m thick layer still was in the
as-deposited state even 1 yr after deposition �neither changes
of the widths nor the intensities of the profiles were ob-
served�, i.e., no self-annealing occurred for such a thin Cu
layer.

For comparison, the time periods corresponding to 50%
of the total change of the recorded data are summarized in
Table I for the various Cu layers.

C. Crystallographic texture analysis

After stabilization of the electrical resistivity and the dif-
fraction linewidth was observed for the three thicker samples
after a certain time, quantitative crystallographic texture
analyses were carried out. It was found that the crystallo-
graphic textures of the self-annealed samples consist of mul-
tiple fiber components with a �111� fiber texture as the main
component.16 On the basis of the evolution of the integrated
intensities of the diffraction lines �cf. Fig. 3�c��, it was sug-
gested that the crystallographic texture changes as a function
of time. This behavior is confirmed also by thorough texture
analysis repeated on the 0.9 �m thick Cu layer over the pe-
riod of about almost 1 yr, which indeed revealed that the

volume fraction of the �111� component decreases drastically
with time, as shown in Fig. 5. For the 0.9 �m thick Cu layer,
the decreasing volume fraction of the �111� fiber texture was
accompanied by the development of a �100� fiber texture
component, which became stronger with time �cf. Fig. 5�.

Figure 6 gives an overview of the crystallographic tex-
ture for all samples as measured about 1 yr after the deposi-
tion of the Cu layers. The inverse pole figures indicate the
occurrence frequencies of crystal directions in a specific
sample direction;15 since fiber textures were observed here,
inverse pole figures in normal direction, i.e., perpendicular to
the surface, are sufficient for a complete quantitative descrip-
tion of the texture. It is expected that the results presented in
Fig. 6 represent the final stable crystallographic texture at
room temperature.

A �111� fiber texture was observed for all samples and
the �111� fiber texture is more pronounced the thinner the
self-annealed Cu layer is.16 Additionally, various minor tex-
ture components were identified, which overlap and form
broad regions of enhanced orientation density.16 As indicated
in Fig. 6�f�, the additional texture components fall within two
regions: region I covers components ranging from �100� to
�411�, and region II lies in the center of the inverse pole
figure and ranges from �11.5.4� to �221� and includes �321�.
Our recent conclusion16 that the formation of the various
minor texture components is a consequence of self-
annealing, since these texture components can be related to
multiple twinning,16 is corroborated by the present observa-
tion. The minor texture components are not present for the
thinnest layer with 0.4 �m �cf. Fig. 6�a��, where no sign of
self-annealing was observed.

For comparison, Fig. 7�a� shows the integrated intensity
ratio of the 111 and 200 diffraction lines for the as-deposited
state and for the same sample after storage for 1 yr at room
temperature. The volume fraction of the �111� fiber texture
component measured 1 yr after deposition is given in Fig.
7�b�.

Figure 7 again confirms that within 1 yr after deposition
no self-annealing occurred for the thinnest Cu layer with
0.4 �m, i.e., the as-deposited microstructure consisting of a

TABLE I. Time period after deposition until 50% of the total change of the
electrical resistivity �R�, XRD line widths �FWHM�, and integrated intensity
�Iint� occurred.

Cu thickness
��m�


R �50%�
�h�


FWHM �50%� 
Iint �50%�

111
�h�

200
�h�

111
�h�

200
�h�

0.4 � � � � �

0.9 333a 631.0 160.0 637.0 572.0
1.6 38 60.0 31.0 60.0 55.0
2.7 24 29.0 14.0 30.5 26.0
4.8 22 28.5 14.0 31.5 29.0

aEstimated value �from curve fitting� since resistivity measurement of the
0.9 �m thick layer was not continued until 50% of the total expected change
was reached.

FIG. 5. Volume fraction of the �111� and �100� fiber textures �allowing for a
deviation of up to 10° from the fiber axes� as a function of time for the
0.9 �m thick Cu layer.
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very strong �111� fiber texture remained stable at room tem-
perature. In contrast, self-annealing occurred for the thicker
layers as indicated by the decreased intensity ratio within
1 yr compared to the as-deposited state �cf. Fig. 7�a��. Cor-
respondingly, a decreasing volume fraction of �111� oriented
crystallites with time is proposed �and proven, cf. Fig. 5�,
causing the final stable microstructure to consist of a much
lower fraction of �111� oriented grains, which slightly de-
pends on the layer thickness �cf. Fig. 7�b��.

IV. DISCUSSION

A. The as-deposited microstructure

The most obvious feature of the as-deposited microstruc-
ture is the orientation dependent crystallite size. Independent

of the layer thickness, the �111� oriented crystallites have an
average size of about 50 nm, while crystallites with �100�
orientation are considerably smaller with about 15 nm crys-
tallite sizes on average.

The observation of orientation dependent crystallite sizes
and, in particular, the presence of larger crystallite sizes for
those crystallites constituting the preferred crystallographic
orientation can be discussed as follows. First, it should be
emphasized that a possibly larger inaccuracy in the determi-
nation of the size of �100� oriented crystallites because of the
initially lower intensity of the 200 diffraction lines and trun-
cation of the long-tail contributions21 to these broad line pro-
files cannot explain the observation �on the contrary, the
hook effect, i.e., an overestimation of the diffraction back-
ground level, would result in even smaller values for the
�100� crystallite sizes�.

FIG. 6. Inverse pole figures in normal direction measured 1 yr after deposition of the Cu layers with different thicknesses ��a�–�e��. A schematic drawing for
identifying the individual texture components is given �f�.
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The volume fraction of as-deposited �111� oriented crys-
tallites strongly depends on the Cu layer thickness; it de-
creases with increasing thickness. Although the present re-
sults indicate this for various samples with different layer
thicknesses, a similar thickness dependence can be expected
to occur also within one and the same layer in dependence on
the distance to surface. Such an enormously increased frac-
tion of preferred �111� orientation at the interface can be
explained by rotational epitaxy between crystallites in the Cu
layer adjacent to the strongly �111� oriented Au substrate
intermediate layer,22 yielding a decreasing volume fraction of
the �111� oriented crystallites with increasing Cu layer thick-
ness as observed here. Due to rotational epitaxy, nucleation
of �111� oriented crystallites is fairly easy, since nucleation is
assisted by the substrate intermediate layer and therefore nu-
clei with �111� orientation become larger than those with
�100� �and other� orientation�s�, which nucleate unassisted. It
should be emphasized that the as-deposited crystallite sizes
and their orientation dependence is found to be independent
of the layer thickness. This indicates that the decrease of the
�111� volume fraction with increasing layer thickness is
caused by a reduced number of �111� oriented grains in di-
rection to the surface and not by smaller grains. An orienta-

tion dependence of the as-deposited grain size has also been
reported recently for thick Cu films,23 but usually, orientation
averaged grain sizes are reported in literature.

B. Kinetics of self-annealing

The results presented above indicate that the thickness of
the Cu layers considerably affects the kinetics of self-
annealing: the thinner the Cu layer, the slower the kinetics of
microstructure changes at room temperature, whereby self-
annealing is completely suppressed for a layer thickness of
0.4 �m only. A similar thickness dependence of the self-
annealing kinetics has been observed previously.6,7,24–27 Sup-
ported by the observation of even slower kinetics observed
for Cu deposited in damascene trenches,8,28,29 the thickness
dependence has been attributed to geometrical constraints
due to trench and via structures and/or the interface and sur-
face of the film.8 This, however, does not explain the com-
plete absence of self-annealing in the thinnest Cu layer, as
observed in the present study, since the as-deposited crystal-
lite sizes are considerably smaller than the layer thickness.

In the present study, the only obvious difference in the
as-deposited state of the various Cu layers with different
thicknesses is their initial preferred crystallographic orienta-
tion. While the orientation dependence and average size of
the as-deposited crystallites is not influenced by the layer
thickness, the strength of the as-deposited �111� texture
clearly is; the preferred formation of grains with �111� orien-
tation is more pronounced the thinner the Cu layers are.16,22

The slowest kinetics was observed for the thinnest layer, i.e.,
the one with the strongest �111� fiber texture. In a strongly
�111� oriented film, most of the grains, i.e., the �111� oriented
grains, are surrounded by other �111� grains and hence low-
angle grain boundaries, which are known to be rather immo-
bile. In contrast, the high mobility of the high-angle grain
boundaries of �100� oriented grains embedded in a matrix of
grains with �111� orientation may cause relatively rapid
growth of the �100� oriented grains at the expense of the
�111� grains. The larger the volume fraction of �111� oriented
grains, the more likely is the dominance of low-angle grain
boundaries and hence the slower is the kinetics of self-
annealing. For the very thin Cu layers with a very strong
�111� single fiber texture, a scarcity of the mobile high-angle
boundaries exists and hence self-annealing is prevented. This
confirms that an epitaxial orientation relation �which is con-
sidered to provoke the �111� texture of the present samples22�
or in general a strong texture retards the onset and the course
of self-annealing as proposed earlier.16

It has been reported4,26 that nucleation of new grains
occurs at the surface and growth then proceeds inwards. In
combination with the observed texture differences, this fur-
ther could explain the faster kinetics of thicker films. The
thicker the film, the weaker is the �111� texture at the surface
and hence the easier self-annealing occurs.

The nanocrystallinity of the as-deposited Cu layers sug-
gests that the grain boundary energy is the driving force3,13

for the microstructure evolution during self-annealing. Grain
growth in the classical sense, i.e., curvature driven grain
growth with isotropic grain boundary energies and

FIG. 7. Effect of the layer thickness on the crystallographic texture: �a� ratio
of the integrated intensity of 111 and 200 diffraction lines as deposited and
about 1 yr after deposition, and �b� volume fraction of the �111� fiber texture
�allowing for a deviation of up to 10° from the fiber axis� about 1 yr after
deposition.
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mobilities,30 implies that larger grains grow at the expense of
smaller grains. The present results show that, additionally to
the orientation dependence of the as-deposited crystallite
size, also the growth rate of the grains depends on their ori-
entation. It is observed that the smaller �100� oriented grains
grow first and faster than the �111� oriented grains, and
shortly after they started growing, the �100� oriented crystal-
lites become even larger than the �111� ones; this occurs the
sooner the Cu layer becomes thicker. Such an orientation
dependent growth can be explained by orientation dependent
grain boundary energies and mobilities.31 Effects of aniso-
tropic grain boundary energies have been suggested recently
for electrodeposited Cu films.32

Often, the process of self-annealing in Cu electrodepos-
its is assumed to be similar to the high temperature annealing
of highly deformed Cu bulk material �although the driving
forces in both cases are certainly different�. Indeed, similar
changes of microstructure and properties are found in the
experiments, and accordingly, self-annealing might be inter-
preted in terms of recovery, recrystallization, and grain
growth.33 The present results indeed indicate the occurrence
of various stages of the microstructure evolution. The initial
stability of the integrated intensities of the diffraction lines
�cf. Fig. 3�c�� reflects an unchanged crystallographic texture.
This implies that recrystallization, which would be accompa-
nied by dramatic texture changes, did not occur initially.
During the incubation time for the onset of recrystallization
and grain growth, the microstructure is not stable, as indi-
cated by the slightly decreasing electrical resistivity and the
related decreasing diffraction linewidth. This may reflect the
process of recovery. At a later stage, the sudden and strong
decrease of the electrical resistivity accompanied by strong
changes of the XRD line profiles �with respect to both the
linewidths and the integrated intensities� and changes of the
volume fraction of preferred crystallographic orientations in-
dicate the transformation of the microstructure by recrystal-
lization and/or grain growth.

A detailed quantification and interpretation of self-
annealing in terms of recovery, recrystallization, and grain
growth applying the Johnson-Mehl-Avrami-Kolmogorov
approach33 will be given elsewhere.

V. CONCLUSIONS

In situ studies of self-annealing in nanocrystalline cop-
per electrodeposits were carried out by measuring electrical
resistivity simultaneously to x-ray diffraction analysis on one
and the same samples with a unique time resolution ranging
from immediately after deposition over about 1 yr. The re-
sults indicate the following.

�a� The as-deposited state consists of nanocrystalline
grains with orientation dependent crystallite sizes
��100� crystallites: about 15 nm, �111� crystallites:
about 50 nm�, but the Cu layer thickness does not af-
fect the as-deposited crystallite sizes.

�b� The overall kinetics of self-annealing become faster the
thicker the copper layer and self-annealing did not oc-
cur for a Cu layer with 0.4 �m thickness only.

�c� The kinetics depends on the size and/or orientation of

grains: slower kinetics was found for the as-deposited
�111� oriented grains despite the fact that they are
larger �noncurvature driven grain growth�.

�d� The as-deposited texture is suggested to cause the ob-
served thickness dependence of the self-annealing ki-
netics �epitaxy retards self-annealing by inducing many
low-angle grain boundaries�.

�e� Self-annealing occurs in various stages.
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