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Stress, Sheet Resistance, and Microstructure
Evolution of Electroplated Cu Films
During Self-Annealing

Rui Huang, Werner Robl, Hajdin Ceric, Thomas Detzel, and Gerhard Dehm

Abstract—Electroplated copper films are known to change their
microstructure due to the self-annealing effect. The self-annealing
effect of electroplated copper films was investigated by measuring
the time dependence of the film stress and sheet resistance for
different layer thicknesses between 1.5 and 20 p«m. While the sheet
resistance was found to decrease as time elapsed, a size-dependent
change in film stress was observed. Films with the thickness of
5 pm and below decrease in stress, while thicker films initially
reveal an increase in film stress followed by a stress relaxation at
a later stage. This behavior is explained by the superposition of
grain growth and grain-size-dependent yielding.

Index Terms—Copper, film self-

annealing, sheet resistance.

stress, microstructure,

I. INTRODUCTION

OPPER has frequently replaced aluminum for intercon-

nect applications in semiconductor devices due to its
higher electrical conductivity, increased electromigration resis-
tance, and better thermal conductivity [1], [2]. Electrochem-
ical deposition (ECD) of copper has been demonstrated as
one of the best methods to be adopted for high-performance
logic devices using dual damascene technology and for power
devices using pattern plating technology [3]-[5]. The recrys-
tallization of ECD Cu at room temperature, which is termed
self-annealing, is a very distinct phenomenon [6]-[10]. Mi-
crostructure evolution occurs during a transient period of hours
following deposition and includes an increase in grain size,
a change in film stress, and a decrease in sheet resistance.
The self-annealing impacts subsequent processing steps, may
require expensive postdeposition treatments, and can cause re-
liability impairment. A fundamental understanding of the self-
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annealing phenomenon is of great scientific and technological
importance in order to ensure the stability of electrodeposited
Cu metallization.

So far, most of the research has been devoted to ECD
Cu films with thicknesses ranging from several hundreds of
nanometers up to about 2 pm [6], [8], [9], [11]-[19] but was
recently extended to studies on 70-pm-thick ECD Cu films
[20], [21]. In these studies, grain growth was observed during
room temperature annealing, accompanied by a continuous
relaxation of film stress and sheet resistance [8], [9], [18], [19].
The grain growth is believed to be either induced by the
initial high dislocation density triggering recrystallization or
by surface segregation of impurities releasing the pinned grain
boundaries [9], [13], [14], [22]. If the stress is initially compres-
sive [9], [23], grain growth and annealing of defects will cause
a reduction of the stress. However, for films which are initially
under tensile stress after deposition [8], [12], [18], [19], grain
growth would increase the tensile stress and therefore cannot
explain a stress decrease. In such cases, other mechanisms must
be active, which will be discussed in this paper.

In this paper, we focused our attention on the onset of stress
relaxation for the film-thickness range of 1.5-20 pum which
has not been investigated yet to the best of our knowledge.
In this thickness regime, the grain size should span from
~50 nm directly after deposition to the dimensions which
are finally comparable to the film thickness after the grain
growth. For this change in grain size, a strong size effect in
plasticity should exist which may shed new insights in the
self-annealing phenomenon of ECD Cu films. In addition,
the investigated thickness range of the ECD Cu films covers
the relevant thickness in power devices with their high demand
on current capacity and heat dissipation [24].

II. EXPERIMENTAL PROCEDURE

All investigated Cu films were prepared by electrochemical
deposition on 8-in (~200-mm) blanket wafers. Prior to the
electrochemical deposition, a 100-nm-thick thermal oxide was
deposited by chemical vapor deposition on the wafers as an
isolation layer. Subsequently, a 50-nm-thick Ti film was de-
posited as an adhesion layer and diffusion barrier, followed
by a 150-nm-thick Cu sputter-deposited seed layer. The barrier
and seed layers were deposited in the same sputter tool without
breaking the vacuum. The plating process was performed with
a commercial fountain plating system. The electrolyte solution
was mainly composed of CusSOy4, HoSOy4, and HCI, and with
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Fig. 1.

(a), (b), and (c) Microstructure evolution of a 3-pm-thick Cu film, imaged with FIB using secondary electrons. A cross section has been cut in the film,

which is imaged at a tilt angle of 45°, in order to resolve the surface and cross section. Note that the coarse grains which have formed at the intersection of the
film surface and cross section in (a) are due to the FIB ion bombardment, which locally provides energy for grain growth. These grains were neglected when
calculating the mean grain size. (d) Sheet resistance and film stress decrease during room-temperature annealing within ~50 h and subsequently saturate up to
~70 h, where the measurement was terminated. The error bar of sheet resistance was determined by the standard deviation of the measurement. The average film
stress was determined by the wafer curvature measurement. Each stress measurement was repeated five times, and the average value was shown in (d). The error
bar of film stress is determined by the deviation percentage of each measurement value to the average value.

two organic additives, an accelerator, and a suppressor with
leveling components. An ac—dc combination was applied [24].
The whole ECD process consecutively undergoes a prewet in
methane sulfonic acid, Cu electroplating, and a water rinse
followed by a spin-dry process. The plating rate was kept
constant for all Cu thicknesses, so that the impact of deposition
speed on film properties was avoided. Finally, a wide split plan
of ECD Cu thickness was applied from 1.5 to 20 pum.

All blanket ECD Cu layers were characterized as a function
of time at room temperature. Sheet-resistance measurements
were started 15 min after deposition and repeated in short time
intervals up to ~100 h in order to trace the onset and kinetics
of self-annealing. It was remeasured after approximately four
months to detect the saturation of sheet resistance. In our ex-
periment, sheet resistance was measured by a four-point probe
system (Omnimap) performing 49 points evenly distributed
over the wafer surface. In order to determine the film stress, the
wafer curvature was monitored by a capacitance probe setup
(Eichhorn and Hausmann) starting 30 min after deposition up
to ~100 h and remeasured after approximately four months to
detect the saturation of film stress, based on which, film stress
can be calculated by using Stoney’s equation [25]-[27]

En? 11 W
c—= — | — — —
(1 — V)6t R2 Rl
where o is the film stress, I corresponds to the elastic modulus

of the substrate,  denotes the Poisson’s ratio of the substrate,
h and ¢ are the thicknesses of the substrate and film, and R;

and R, are the measured radii of curvature before and after the
electrochemical deposition of Cu films, respectively. Thus, for
all reported stresses of the ECD Cu film, contributions from the
underlying thermal oxide layer as well as the Ti and Cu seed
layers have been eliminated.

The microstructure evolution was investigated for 3-, 8-, and
20-pm-thick films 2, 20, and 44 h after deposition by focused
ion beam (FIB) microscopy (Micrion 9500) with the aim to
correlate the change in grain size with sheet resistance and film
stress. The average grain size is calculated by a linear intercept
method based on FIB images recorded at 10 K magnification.
The grains on cross section from bottom to top excluding the
extreme top ones at the edge were captured to estimate the grain
size. Twins are counted as grains. Due to the resolution limit
of FIB images, the minimum grain size that can be detected is
~50 nm. The 45° tilt angle of the FIB images has been taken
into account for the grain-size analysis in this study.

III. RESULTS

The evolution of sheet resistance and film stress of 3-pm Cu
films is shown in Fig. 1. Initially, the sheet resistance has an
incubation period of ~500 min, after which, it starts to decay
rapidly, and finally, it stagnates at a sheet-resistance value of
5.1 mQ/sq after ~3000 min. Similarly, the film stress decreases
continuously to a final value of ~24 MPa. In order to correlate
microstructure changes with the evolution of sheet resistance
and film stress, FIB images were taken. The first FIB image
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Fig. 2.

(a), (b), and (c) Microstructure evolution of an 8-pm-thick Cu film. The cross section is imaged with a tilt angle of 45°. The coarse grains formed due

to ion bombardment at the intersection of the film surface and cross section in (a) are neglected when grain size is calculated. (d) Sheet resistance decreases at
room temperature as time elapses. The film stress increases until ~12 h after deposition and then decreases. The error bars for sheet resistance and film stress are

provided at the end of curves, respectively.

taken 2 h after deposition reveals a fine globular grain struc-
ture with an average grain size of ~105 nm. After 20 h, a
significant change in grain size has occurred. The grains which
frequently contain twins now have a bimodal grain-size distri-
bution with average grain sizes of either ~190 or ~1000 nm.
Note that, at the Cu/substrate interface, a ~300-nm-thick region
of fine grains (~105 nm in size) still exists. After 44 h, all fine
grains have been consumed by large grains. Some of the grains
(columnar grains) extend through the complete thickness but
contain twins. The coexistence of columnar grains and twins
leads again to a bimodal grain-size distribution of ~220 and
~1300 nm, exceeding the bimodal grain sizes after 20 h.

For 8- and 20-pum-thick Cu films, a similar effect as described
for the 3-pum-thick Cu film has been observed for the sheet
resistance and the grain evolution. However, their tendency
of film-stress evolution is surprisingly different, as shown in
Figs. 2 and 3. The film stress first increases within ~600 min
by ~10 MPa and then decreases considerably until 1500 min
to reach the stagnation for the 8-um-thick Cu film. Different
from that, the stress for the 20-um-thick Cu film increases by
7 MPa in ~600 min and then stagnates. There is no remarkable
decrease of the stress observed. FIB images of the 8- and
20-pm-thick Cu films indicate, like in the case of the 3-pm-
thick film (Fig. 1), that coarse grains form at the surface and
then proceed toward the film/substrate interface, with large
grains growing at the expense of smaller grains. Twins are
visible in the large grains.

The results clearly indicate an influence of film thickness
on the stress evolution. This becomes even more evident when
comparing the stress—time evolution for film thickness ranging
from 1.5 to 20 pm (Fig. 4). All films show tensile stress. Thin

Cu films (1.5-5 pm) have relatively high initial stress (greater
than ~35 MPa) compared to thick Cu films (8-20 pm; less
than ~21 MPa). The evolution of film stress with time shows
a disparate tendency between these two groups: 1) “thin” films
with thickness of 5 pm and below and 2) “thick” films with the
thickness of 8-20 pm. The tensile stress of thin films continues
to decrease with time, while for thick Cu films, the stress first
increases and, subsequently, after ~700 min, begins to decrease
or stagnate, depending on the maximum stress value. It is also
worth to note that, within the first ~200 min, 8-20-um-thick
ECD Cu films exhibit an incubation period, where the stress
remains rather constant, while this is not observed for thin Cu
films in this paper. Finally, the tensile stress values of all Cu
films stagnate at a certain stress value, which is determined by
the film thickness (grain size). Thicker films reveal a lower final
stress after four months of relaxation than thinner films. In-
terestingly, the as-deposited film stress with its nanocrystalline
microstructure shows also an inverse relationship between film
stress and film thickness.

For the sheet-resistance change with time, three regions are
observed, as shown in Fig. 5: I) Within the first ~500 min,
all Cu films irrespective of their thickness, exhibit a period
of weakly decreasing sheet resistance, which is often referred
in the literature as an incubation period [9], [14], [28]; II) a
noticeable decrease of sheet resistance occurs, which is termed
transient region; and II) a stagnation in sheet resistance is
reached. This general behavior leads to a matching of normal-
ized sheet resistance versus time curves for film thicknesses of
5 pm and larger, which results in a decay by ~20%. In contrast
to that, regions II and III are more sluggish for the 1.5- and
3-pm-thick films compared to 5-pm and thicker films.
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Fig. 4. Film-stress evolution of ECD Cu films (1.5-20 pm). The stresses of
1.5-5-pm-thick Cu films continuously decrease. The stresses of 8—20-zm-thick
Cu films have a short incubation period after deposition, before starting to build
up tensile stresses. After ~700 min, the stress decreases. Note, that the film
stress measured after four months scales with film thickness.

IV. DISCUSSION

The discussion is divided into two sections, focusing first on
the stress evolution. Second, the decay in sheet resistance is
discussed, taking into account the mechanics causing the stress
changes with time.

A. Stress Evolution

Two different film-thickness regimes are identified from the
stress—time curves. Therefore, both regimes will be discussed,
and possible mechanisms for the different behaviors will be
proposed.

(a), (b), and (c) 20-pm-thick Cu film grain growth, similar to Figs. 1 and 2. (d) This is also reflected in the decrease of sheet resistance. Again, note an
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Fig. 5. Sheet-resistance evolution of ECD Cu films (1.5-20 pm). The
dash-pointed line for the 1.5-pm-thick Cu film connects the data points of
~4500 min and approximately four months. (I) Incubation phase. (II) Transient
phase. (IIT) Stagnation phase. During the incubation phase, a small drop (< 1%)
of the sheet resistance for all Cu films can be observed. The transient time
depends on the film thickness. For the 1.5-pm-thick Cu film, no stabilization is
achieved within 4500 min. The sheet resistance has been measured again after
a four-month time, indicating a stagnation of the normalized sheet resistance.

The continuous decrease of the stress of thin Cu films (1.5—
5 pm) in Fig. 4 cannot be directly explained by grain growth. It
is speculated that dislocation plasticity causes the stress de-
crease, as outlined hereafter. As the initial stress is relatively
high for thin Cu films, dislocation glide can be activated im-
mediately after deposition and becomes increasingly easier due
to grain growth. The stress decrease terminates when the flow
stress of the final microstructure, which is film thickness depen-
dent, has been reached. The stress evolution of thick Cu films
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(8-20 pm) is more complex. As the initial stress is relatively
low and the grain size is small, dislocation glide cannot be
activated immediately after deposition. This correlates well to
the FIB images in Figs. 2 and 3, which imply that there are no
distinct microstructure changes during the first 120 min after
deposition. Then, grain growth starts causing a stress increase
after the ~200-min incubation phase for the 8-20-um-thick
ECD Cu films. Grain growth leads to annihilation of excess
volume by reducing the amount of grain boundaries which
induces shrinkage of the film. This gives rise to the tensile
stress if the film remains bonded to the substrate. As shown
in the FIB images in Figs. 1-3, grain growth clearly occurs
during self-annealing. The coarsening starts with the growth
of a few grains which consume the surrounding fine-grained
matrix until the large grains meet and the fine-grained matrix
is completely consumed. Along with grain growth, the tensile
film stress increases until it becomes high enough to activate
plasticity yielding. As a consequence, both grain growth and
plasticity superimpose in the stress evolution. The global stress
decreases when the effect of dislocation plasticity becomes
more prominent than that of grain growth. This is the case for
8- and 10-pm-thick Cu films (Fig. 4). For the 15- and 20-pm-
thick films, the peak stresses are so low that dislocation glide
and grain growth counterbalance each other. One should be
aware that grain growth also happens for the 1.5-5-um-thick
Cu films. However, no stress increase is observed during room
temperature annealing since the initial stress is so high that
relaxation by dislocation plasticity is more prominent than the
stress increase induced by grain growth.

Figs. 6 and 7 show these processes. The ECD as-deposited
films are defect rich due to the low deposition temperature
process and Cl, S, and C impurities [14] coming from the
electrolyte bath. The incubation time may be caused by the
segregation of impurities via the grain boundaries to the film
surface and/or film/substrate interface, as shown in Fig. 6(a)
and (b). Then, Ostwald ripening [9], [28] can set in with
grain growth starting at grains where grain boundaries are
released first by surface and interface segregation of impurities
[Fig. 6(a)—(c)]. It implies that the stress itself is not the only
driving force for self-annealing. Otherwise, the thicker film
would not anneal so rapidly. The driving force for room tem-
perature grain growth originates from the minimization of the
total energy of the system. A large variety of energies, such as
strain energy, grain boundary energy, surface/interface energy,
dislocation energy, and stacking-fault energy are assumed in the
literature to be involved in this process [9], [11], [13], [18],
[22], [28]. The existence of a high density of defects, mostly
impurities, dislocations, and grain boundaries introduced by
room-temperature ECD, is considered as the main source of a
large amount of energy stored in the as-deposited fine grains of
electroplated Cu films [11], [18], [22].

However, as aforementioned, the grain growth of a thin film
on a substrate leads to a stress increase due to elimination
of excess volume following the relationship summarized by
Nix [25]:

E 1 1

\

Fig. 6. Tllustration of the microstructure evolution. Dashed lines indicate
twins. (a) Only fine grains exist in the film after deposition, coupled with a high
density of impurities and dislocations. Impurities pin at the grain boundaries.
(b) Impurities segregate to the film surface and/or film/substrate interface, thus
releasing the grain boundaries. Grain growth starts and finally reaches the
film/substrate interface region. Meanwhile, dislocation glide can be activated.
(c) Grain growth terminates. Dislocation density is reduced because disloca-
tions glide across the grains and are incorporated into the grain boundaries.
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Fig. 7. Film-stress evolution curves with grain size shown, assuming a stress
increase proportional to 1/d for grain growth and a grain-size-dependent flow

stress with o ~ 1/ V/d. When the initial stress is high, it allows dislocation
plasticity throughout grain growth. When the initial stress is low, it permits
dislocation plasticity only above a critical grain size.

where o, is the film-stress increase induced by grain growth, F
is the elastic modulus of the film, v is the Poisson’s ratio of the
film, Aa is the excess volume per unit area of grain boundary,
dy is the as-deposited grain size, and d is the final grain size.
This model calculates the intrinsic stress associated with grain
growth, assuming spherical grains involved in the film.

In contrast, the dislocation glide of deposition-induced dis-
locations relaxes the stress. In order to activate dislocation
plasticity, the film stress must exceed the flow stress which
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scales for polycrystalline Cu films with grain size, following
the Hall-Petch relation [29]

OHP = 00 + —= (3)
Vd
where oygp is the film stress, o is the friction stress, K is the
Hall-Petch coefficient, and d is the grain size.

Using Nix’s grain-growth model and the Hall-Petch law, one
can plot flow stress as a function of grain-size evolution, as
shown in Fig. 7. With the assumption that grains grow from
140 nm to 2 pum, the increasing grain size decreases the flow
stress in a film of constant film thickness.

In our case, both models, grain growth and grain-size-
dependent dislocation plasticity, superimpose, as shown in
Fig. 7, where two different initial stresses are assumed: a high
stress in the as-deposited state and a low as-deposited stress.
The as-deposited stress determines the further development of
film stress. If the as-deposited stress is relatively high, the total
stress relaxes due to dislocation glide. In contrast, if the as-
deposited stress is relatively low, grain growth will enhance
the total film stress until the yield stress is reached, and then,
plasticity relaxes the stress level.

We believe that, for thinner films, due to the shorter total
deposition time, a higher defect density evolves, leading to
the higher initial stress compared to thicker films where some
of the defects already annihilate during the longer deposition
time. This could explain why the initial stress decreases with
increasing film thickness (i.e., deposition time). Moreover, the
“zipping” process of grain boundaries could be also responsible
for the film-thickness dependence of the initial stress [30]. It
can be speculated that the grain size increases slightly with
deposition thickness, leading to lower initial film stresses by
grain boundary “stretching” for thicker films. However, due
to the resolution limit of FIB imaging (~50 nm in our case),
the possible grain-size difference for different film thicknesses
could not be resolved. The grain-size evolution starts with a
small volume fraction of grains which grow with time, while
other grains start to grow at a later stage. This leads to a bimodal
grain-size distribution (see Fig. 8). As a consequence, a simple
addition of (2) and (3) does not suffice to predict the final stress
values, but provides a guideline to explain the observed stress
evolutions in Fig. 4. Further modeling activities are required to
obtain a quantitative description.

B. Sheet-Resistance Evolution

The sheet resistance is determined by the scattering of elec-
trons at defects in the film such as impurities, dislocations,
and grain boundaries. The annihilation of defects reduces the
sheet resistance. Similarly as for the stress evolution, different
regimes are observed and can be explained by the same mech-
anisms as for the stress evolution. During the first ~400 min,
the sheet resistance decreases slightly (<~1%), because impu-
rity scattering is reduced by the diffusion and coalescence of
impurities at grain boundaries [see Fig. 6(a)]. The segregation
of the impurities to the surface and interface unpins the grain
boundaries, leading to grain growth [see Fig. 6(b)] correlating
well to regime II in Fig. 5 which shows a dramatic decrease
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Fig. 8. Grain-size distribution of a 3-um ECD Cu film during grain growth.

The data are deduced from FIB images with the linear intercept method. A
bimodal grain-size distribution is observed after grain growth starts.

of normalized sheet resistance caused by the loss of electron
scattering sources (i.e., grain boundaries). During this transient
regime, a size effect is observed. The transient time depends on
the film thickness and increases in time for thinner films. This
becomes particularly obvious for the 1.5- and 3-pm-thick Cu
films while, for the 5-20-um-thick Cu films, the transient time
is rather constant. Comparing the evolution of the sheet resis-
tance in Fig. 5 with the film-stress evolution in Fig. 4 and the
microstructure investigations in Figs. 1-3, it can be concluded
that regime II depends on grain growth (annihilation of grain
boundaries) and dislocation plasticity (decreasing dislocation
density due to the stress evolution and stress relaxation). It
is well known that ECD Cu can initially have a high dislo-
cation density (102 — 10" cm~2) [28], which will decrease
by annihilation at grain boundaries during yielding and grain
growth. Finally, the sheet resistance stagnates in regime III
where grain growth and stress relaxation have terminated. This
demonstrates that grain growth and dislocation glide not only
affect the stress evolution during room temperature annealing
but are also reflected in the sheet-resistance evolution.

V. SUMMARY AND CONCLUSION

New insights have been gained in the stress and sheet-
resistance evolution during self-annealing of ECD Cu by study-
ing film thicknesses between 1.5 and 20 ym. The main findings
are as follows.

1) In the first ~500 min after deposition, the film stress (ex-
cept 1.5-5-pum-thick films) and sheet resistance remain
rather constant. This is explained by the segregation of
impurities toward the grain boundaries.

2) Grain growth is observed by FIB studies. This is ex-
plained by the segregation of impurities toward the film
surface and interface, unpinning the grain boundaries.

3) Grain growth leads to a decrease in sheet resistance. For
thick films, the low as-deposited tensile stress increases
due to the annihilation of excess volume, while for thin
films due to the already preexisting high as-deposited
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tensile stress, grain growth induces yielding and, thus, a
reduction in film stress.

4) Finally, grain growth terminates, and stress relaxation by
dislocation glide is exhausted. The film stress and sheet
resistance stagnate at a certain value which scales with
film thickness.

This paper reveals that the stress and sheet-resistance evo-
lution after the deposition of electroplated copper films can be
explained by grain growth and grain-size-dependent yielding.
However, quantitative modeling is complex due to the inho-
mogenous microstructure evolution and will remain a challeng-
ing task. For applications of ECD Cu in devices, thicker films
are technologically more suitable since (meta)stable conditions
are reached after shorter time periods during room-temperature
annealing, while thinner films reveal substantial changes in
stress and sheet resistance over longer time periods.
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