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Copper ﬁlms with high density of twin boundaries are known for high mechanical strength with little
byaIngenta
to: twin lamellae and spacing will be
tradeoff in electrical conductivity. ToDelivered
achieve such
high density,
Nanyang
on the nanoscale. In the current
study, 10Technological
m copper ﬁlms University
were prepared by pulse electrodeposition
with different applied pulse peak current densities
and pulse on-times. It was found that the deposits
IP : 155.69.4.4
microstructure was dependent onWed,
the parameters
of pulse
plating. Higher energy pulses caused
16 Jul 2008
10:06:53
stronger self-annealing effect on grain recrystallization and growth, thus leading to enhanced ﬁber
textures, while lower energy pulses gave rise to more random microstructure in the deposits and
rougher surface topography. However in the extremes of pulse currents we applied, the twin densities were not as high as those resulted from the medium or relatively high pulse currents. The
highest amount of nanoscale twinning was found to form from a proper degree of self-annealing
induced grain structure evolution. The driving force behind the self-annealing is discussed.

Keywords: Pulse Electrodeposition, Grain Recrystallization and Growth, Nanoscale Twinning.

1. INTRODUCTION
Electrodeposition of Cu is widely used in the fabrication of micro-components in electronic devices nowadays.
One of the enormously impacted industrial technologies is
the processing of silicon back-end interconnects. This has
undertaken a major technology transition from Al alloys
to Cu as the metallization material due to its reduced
resistance, thus for the higher performance integrated circuits associated with increased interconnect length.1 Electroplating of Cu is utilized because it shows very good
trench ﬁlling characteristics and is forgiving and inexpensive. In addition, higher electromigration resistance than
Al(Cu) was observed as well in electrodeposited Cu.2
One more recent example of utilizing Cu electroplating is
fabrication of the high-aspect-ratio and ultra-ﬁne-pitched
through-wafer interconnects in next generation 3-D wafer
level packaging.3 This type of interconnects connect several devices in vertical axis and offer the shortest possible interconnection length. Instead of the conventional
direct current (dc) electroplating mode, an innovative pulse
electroplating process was employed to ensure a good
∗
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through-wafer via ﬁlling with signiﬁcantly reduced chance
of void formation. Pulse electrodeposition itself is not
new. By means of electrolysis with a modulated current,
deposits with special properties had been prepared as early
as in 19 century. Generally known, pulse plating renders a compact deposits structure with reduced porosity,4–6
roughness,7 and enhanced brightness8 9 etc. It is a costefﬁcient, versatile, and reliable preparation technique for
large scale manufacturing in industrial applications.
Recently pulse electrodeposition has been introduced for
processing of nano-materials, for example, nanocrystalline
Pd and nanocrystalline Ni which were prepared in electrolytes with additives and studied with regard to the relation between nanostructure and deposition parameters.10 11
Aqueous processing of Cu by pulse electroplating has
also been reported in literatures, in which researchers
have mentioned the capability of generating nanostructures
in terms of either nanocrystallite size or nanotwinned
grains.12 13 On account of the embedded nanostructures,
much improved strength with considerable ductility was
implanted in Cu.14 15 In particular, a pronounced electrical conductivity comparable to the conventional coarsegrained Cu was found in the nanotwinned Cu owing to
the low electrical resistance nature of the coherent twin
1533-4880/2008/8/2568/007
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Pulse electroplating – blanket Cu ﬁlm was electrodeboundaries.13 With both ultrahigh strength and high elecposited from an additive-free acidic copper electrolyte.
trical conductivity, the nanostructured Cu is a promising
The basis composition was 1.0 mol/L CuSO4 · 5H2 O and
candidate for many immediate and future applications.
an adjusted amount of H2 SO4 for making the solution
During the last decade, an intensive amount of research
effort has been spent in studying the direct current (dc)
pH value of 1.0. The distance between cathode substrate
electroplated Cu thin ﬁlms, and was most interesting ﬁndand anode Cu plate was set to ∼50 mm. The ratio of
ing is that microstructural evolution or “self-annealing”
anode area over cathode area was set to ∼30. Dynaoccurred in electroplated Cu ﬁlms that are stored at room
tronix DUPR10-5-10 power supply was used to drive the
temperature.16–22 That is to say, the dc electroplated Cu
electrical pulsating waveform. Preceded to deposition, ﬁlﬁlm transforms itself through so called room temperature
tering and degassing steps were executed to ensure a
recrystallization to a larger-grained structure over a period
contaminant-free and non-reactive ambient. The deposition
of hours or days after deposition. It is not unexpected for
time for each leg of experiments was taken as that correreaders to encounter among various published literatures
sponding to a uniform Cu layer thickness of 10 m. Total
a diversity of reported experimental data that showed a
number of transferred charges was calculated based on the
certain degree of inconsistency. Nevertheless in principle,
layer thickness assuming 100% efﬁciency and monitored
in order to tailor the properties of Cu electrodeposits, it
in the process. Cu deposition was carried out at room temrequires a thorough understanding of the relation among
perature with vigorous agitation of the electrolyte.
the parameters of electrodeposition from aqueous solution,
In pulse electroplating, current regulation with unipolar
internal structure of the deposit, and the associated physwaveform is mostly employed. Two commonly used methDelivered by Ingenta
to:
ical and mechanical properties. Important process paramods of examining the effect of pulsed current density on
Nanyang
Technological
University
eters concern the conditions of both the electrochemical
the deposits are: either increase in pulsed current density
IP : 155.69.4.4
bath and the substrate. For the electrolyte: composition,
(Ip ) at constant pulse length (ton ) and constant average curWed, 16 Jul 2008
10:06:53
temperature, current density at the cathode, and transport
rent density (Ia ) or increase in pulsed current density (Ip )
behavior are of main importance. For the substrate (cathat constant pulse charge (number of coulombs per pulse is
ode): crystallography and surface topography have a strong
kept constant, Ip ton ) and at constant average current density
inﬂuence on the deposits. Several research groups23–25 have
(Ia ). The second method of investigation has the advanshown that plating and processing conditions have a strong
tage that the off-time (toff ) is only very slightly changed
inﬂuence on the morphology and texture of dc electroby increasing the pulsed current density (Ip ) and the ambiplated Cu. In the present study, we investigated Cu depoguity when interpreting the results due to the inﬂuence of
sition by using pulse electroplating from an additive-free
the off-time (toff ) can therefore be avoided. The off-time
acid copper bath. The substrate onto which Cu was eleccan in fact be an active period with respect to crystallizatrodeposited consisted of amorphous Ni-P in order to mintion. So it is better not to vary the off-time. Equation (1)
imize biasing the developing texture in the electrodeposits.
displayed the expression of the average current density in
We focus on the resultant evolution of sheet resistance,
a pulse plating system.
morphology, crystallographic texture of pulse electroplated
Ip ton
blanket Cu ﬁlms correlated with tunable pulse plating
= Ip 
(1)
Ia =
ton + toff
parameters. The effect of plating current densities will be
mainly discussed.
It is obvious that with the off-time much larger than the
on-time, peak current density is inversely proportional to
the on-time (or duty cycle ) for an average current. Physi2. EXPERIMENTAL DETAILS
cally this mode corresponds to the situation where constant
numbers of atoms per pulse are supplied to the surface
Preparation of substrates – 4-in. wafer of (100) p− Si
with different energies, likely resulting in difference in
with a layer of thermally grown oxide was used for the
crystal growth. Our trials are listed in Table I, in which
Cu deposition. The wafers were covered with successively
the off-time was kept at a maximal value allowed by the
1000 Å PVD Ti and 5000 Å PVD Ni without break of
power supply. The resultant microstructures were examthe vacuum, respectively for adherence and conduction in
ined. Additionally, a dc electroplated Cu control sample
the following metallization steps. After the sputtered Ti/Ni
was prepared at a current density equal to the average
layers, 5 m electroless Ni-P deposition was conducted
value in pulse plating for comparison.
in a commercial bath at temperature of 90  C for a ﬁxed
Characterization – The sheet resistance of Cu deposits
period of time on the catalytic Ni surface. The phosphowas measured by a four-point probe station. The crysrous content in the Ni-P layers was determined by energy
tallographic texture of Cu ﬁlms was analyzed by X-ray
dispersive X-ray spectroscopy to be about 13 a% or 8 w%.
diffraction (XRD). The morphology and the thickness of
Prior to Cu deposition onto Ni-P, the layer surface was
deposited ﬁlms were examined by ﬁeld emission scanimmersed consecutively in a dilute HNO3 (5%) for 1 min
ning electron microscope (FESEM) with sample crossand a dilute HCl (10%) for 30 sec with DI water rinsing
at each interval.
sections prepared by focused ion beam microscopy (FIB).
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can be either no participation of additive in the Cu electrolyte during electrodeposition or the relatively thick ﬁlms
prepared in the experiments. It was examined earlier that
self-annealing induced resistivity transition in the electroSample no. ton (ms) toff (ms) Duty cycle () Ip (A/cm2 ) Ia (A/cm2 )
plated Cu ﬁlms was highly dependent on the ﬁlm thickness. Self-annealing initiation time, the time after which
1
20
99
0.17
0.25
0.042
resistivity begins to drop rapidly has been found to be
2
10
99
0.09
0.46
0.042
3
5
99
0.05
0.87
0.042
about 0.6 hr for a 3 m thick layer compared to 50 hrs for
4
2
99
0.02
2.12
0.042
a 0.5 m thick one.33 Therefore, our 10 m thick ﬁlms
5
1
99
0.01
4.20
0.042
might take even shorter time which is beyond our capa6
n/a
n/a
1
n/a
0.042
bility of observing this evolution, for example, it might
have occurred during the sample delivery to 4-point sheet
The details of Cu grains were explored by transmission
resistance measurement. To check the thickness effect, we
electron microscope (TEM).
prepared a thinner Cu ﬁlm (1 m) using the condition of
sample 1 and expected an extended incubation time for the
3. RESULTS AND DISCUSSION
evolution. Except for a slight change in sheet resistance to
a few percent versus time after a couple of hours, neverPulse electrodeposition is a technique that is different from
theless, no major drop as much as 20∼25% was ever seen.
conventional direct current electrodeposition mainly in its
Thus we believe the lack of incorporation of the plating
Delivered
high peak current density and its on-time and
off-time by Ingenta to:
additives
in the deposits can be a major reason for expeNanyang
University
alternatives. Now with average current set
at 0.042Technological
A/cm2
diting
the
: 155.69.4.4 spontaneous self-annealing.
and off-time at 99 ms, we could elevate peak currentIP
gradis understood that though impurity (Zener) pinning
Wed,
16 Jul 2008It10:06:53
ually to extremely high values by decreasing
the on-time
of grain boundaries doesn’t appear to be crucial to the
period. That is not possible in dc case due to mass transself-annealing, this mechanism may strongly inﬂuence the
port limitation. In this way, we examined the effect of
details of the grain-boundary kinetics in electroplated Cu
pulse peak current densities on the resultant microstrucor the incubation time.34 On the other hand, the ﬁnding
tures in the Cu deposits.
of no signiﬁcant reduction in sheet resistance of those
Sheet resistance measurement is shown in Figure 1.
Cu samples made from additive-free bath doesn’t mean
It was widely reported that electroplated copper ﬁlms
there was no self annealing in the Cu electrodeposits. Selfundergo a change in sheet resistance of approximately 20%
annealing might still exist in the deposits and take place
if held at room temperature for an extended period of time
quite rapidly post processing or even simultaneously with
26–30
due to self-annealing.
Films plated at higher current
the processing. From Figure 1, the values of sheet resisdensities take less time to complete the self-annealing protance are not uniform for 10 m ﬁlms formed under dif27 31 32
cess than those deposited at lower current densities.
ferent
pulse plating conditions. The resistance increased
Conversely, our Cu ﬁlms deposited by pulse plating did
with
higher
plating peak current density and reduced pulse
not show obvious sheet resistance drop over thousands of
on-time
(with
an exception of sample 5 made by highhours under investigation regardless of peak current variaest
applied
current).
It is well known that the pulsed curtion during pulse plating. Neither did the sample 6 which
rent
density
is
considerably
higher than the corresponding
was prepared by dc electroplating. Two possible causes
dc density and the population of adatoms on the surface
during pulse on-time is thus higher than dc deposition,
1.05
1
resulting in an increased nucleation rate and therefore a
0.95
ﬁner grained structure. Grain reﬁnement naturally causes
0.9
higher electrical resistance. Notably in the aqueous envi0.85
ronment, cooling is not an issue and the as-deposited ﬁlm
0.8
will remain defect rich (like a quench effect) and the
0.75
deposit may possess a higher level defect density with ele0.7
vated pulse current density because of a speedy crystallite
0.65
build-up. Comparatively, dc formed deposits were steadily
0.6
grown in a less disturbed crystallization process. Conse0.55
0.1
1
100
1000
10000
10
quently, the crystal can grow to a larger extent with fewer
Time elapsed (hours)
defects, therefore resulting in less resistance.
Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
The crystallographic texture of Cu ﬁlms was determined
by
X-ray diffraction analyses. A –2 scan was conducted
Fig. 1. Normalized sheet resistance of the pulse electrodeposited Cu
to
obtain
the spatial distribution of the diffracted peaks
samples and the direct current electrodeposited control sample with a
from Cu and the underlying substrates for each pulse
uniform thickness of 10 m as a function of time after deposition.
Normalized sheet resistance
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Table I. Different pulse parameters applied for pulse electrodeposition
of Cu samples (1–5); sample 6 was the control made by dc electrodeposition at a current density equal to the average value in the pulse
processing.
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plated samples, shown in Figure 2. It is interesting to note
that all these samples rendered a (110) texture and its peak
intensity became more evident when a higher pulse current
density with shorter pulse length was applied. Meanwhile,
diffraction peaks of other crystallographic planes dropped
(including (111), (200), (311) in the scanned range). The
central pronounced peak at 69 is from Si(004) underneath. The substrate affects the microstructure of the initially deposited Cu considerably. It was reported that the
Cu layer formed on amorphous Ni-P (veriﬁed by XRD in
Fig. 3(a)) grew from random grain orientation.35 Indeed
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Fig. 2. XRD analyses show the increasing (110) textures of the pulse
electrodeposited samples 1–5 with varying plating parameters. The central strong peak close to 70 is Si(004).
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Fig. 3. (A) XRD –2 show the broadening (111) peak of the electroless nickel layer. The central strong peak close to 70 is Si(004). (B) XRD
–2 show the diffracted peaks of a Cu thin ﬁlm of about 1.0 m illustrating a more random grain arrangement.

from the 1-m Cu layer pulse electrodeposited, we had
a XRD spectrum showing a much more random texture
(Fig. 3(b)). This strongly indicates that the nucleation of
Cu on electroless Ni-P is unbiased by the amorphous feature of the substrate. With continued electrodepositon, preferred grain orientations evolve being largely controlled
by the deposition parameters, i.e., bath composition, current density, agitation and temperature etc. Both (100) and
(110) textures in the thick electroplated Cu ﬁlms have been
reported by researchers in the dc plating case.35 36 However, no correlation has been given regarding the selection
of process-related different texture. The resulting texture
is claimed to be dependent on the driving force which
selects the “special” grains. For Cu, it has been argued
that a (111) ﬁber texture should develop for surface energy
driven growth, (100) ﬁber texture for strain energy driven
growth in the elastic regime, and (110) ﬁber texture for
strain energy driven growth in the plastic regime.37 Based
on this, our ﬁlms presenting (110) preferred orientation
must have experienced grain growth or recrystallization
driven in the plastic regime probably by a high initial
stress and energy state in the ﬁlm which can be associated with the concentrated defects within highly reﬁned
grains as a result of the very-high-current pulse electrodeposition. The increasingly strengthened (110) texture with
an increased pulse current density could indicate a larger
2571
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extent of self-annealing. To obtain more information, we
showed a tendency of smoother surface topography with
turn to electron microscopy for characterization of the
increasing pulse currents. This indicates that the surface
pulse electrodeposited Cu ﬁlms.
roughness could be originated from the outgrowth of cerFrom the SEM images in Figure 4 of the FIB prepared
tain preferred grains with the surface smoothness resulted
cross-sections from different pulse electrodeposited samfrom the initial ultraﬁne grain size. Therefore the texples, the Cu layer thickness was found to decrease slightly
ture development in our Cu samples might be caused by
with pulse current increasing, even though the total transtwo origins: layer thickening growth versus grain recrysferred charge to the sample was equal for all samples and
tallization and growth. Very rough surfaces are usually
corresponded to a layer thickness of 10 m at 100% efﬁdue to some of the large grains elongated in the preferenciency. That could contribute to the discrepancy in sheet
tial outgrowing direction. In our Cu samples deposited at
resistance values. Close to the interface, ultraﬁne grains
relatively low peak current densities (like sample 1, 2) texare observed in the Cu deposits; grains are of submicron
tures were probably developed through both mechanisms
size or even smaller on nanoscale. More reﬁned grains but
considering the applied currents were actually already a
hardly resolved at the interface in Figures 4(c, d, and e)
lot higher than those commonly used in dc plating. We
should be ascribed to the increasing pulse current densibelieve texture development in samples prepared by even
ties leading to the enhanced nucleation rates due to higher
higher pulse peak currents was dominated by the latter. In
electrodeposition overpotential. Owing to the unbiased
pulse electrodeposition, recrystallization could occur durunderlying Ni-P surface, abundantly nucleated ﬁne grains
ing the off-time periods. Considering the very ﬁne grains
presenting random orientations are seen sprout in the ﬁrst
generated are thermodynamically less stable than large
Delivered by Ingenta
to:
few m thick along the growth direction. Furthermore,
ones because of high boundary energy, thus they tend to
Nanyang
Technological
University
what could also be observed is the signiﬁcant microstrucgrow. With no additives involved in the electrolyte, the
IP : 155.69.4.4
ture change away from the substrate. The thicknesses
surface and boundaries should remain active during the
Wed, 16 Jul 2008
10:06:53
of ﬁne-grained layers next to the interface became less
off-time, a necessity for the growth to take place. Impurity
with intensiﬁed peak current densities used for depositcan suppress the mobility of grain boundaries and pinning
ing Cu. In other words, microstructure evolution occurred
effect may to some extent inhibit the grains from evolution.
in the early stage of deposition and possibly was more
Researchers have studied the driving force for recrystalactive with higher current densities. This may explain why
lization in Cu ﬁlms.34 Besides the minimization of grainboundary energy, surface and strain energy as the main
stronger (110) texture and weaker other orientations were
driving mechanisms, additional driving force is needed and
seen in the Cu samples 1–5. The deposited Cu layers also
1

2

3

4

5

6

Fig. 4. FIB cut cross sectional images of the samples 1–6. All images are captured from a 52 tilted cross-sections. (In the dual beam system, incident
electron beam forms an angle with the focused ion beam.)
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is proposed to originate from a high density of defects
within the as-deposited small grains.34 In our Cu samples prepared by higher current densities, a larger amount
of minute grains were initiated with greater defects. That
might drive the self-annealing faster. The off-time could
be a very active period with respect to grain recrystallization and growth. It has been earlier suggested that for
explaining the microstructural evolution, a very rapid primary crystallization occurred from the top surface down
along the Cu layer immediately after deposition.19 But that
is not apparent and no conclusion is reached. We suggest
that the self annealing is fully driven above a certain layer
thickness below which reﬁned grains with random orientation still exist. The extent of self-annealing depends on
the plating condition and energy state in the deposits. Offtime grain recrystallization and growth occurs along with
the high current pulse electrodeposition.
One of the major ﬁndings is the multiple twinning in the
recrystallized grains. Twins of high concentration indeed
(A)

are visible from the plan view scanning electron micrographs in Figure 5, typically in our sample 3 and 4. Twin
formation is favored because of twin boundary energy
which is much less than the grain boundary energy. As
seen, the twin boundaries are mostly coherent boundaries
across the entire grain which can be resolved from the
TEM images. The in-plane grain size is ranging from submicron to a couple of micrometers. The observed twin
lamellae thickness is frequently on the nanometer scale
as demonstrated in the TEM image with diffraction pattern (Fig. 5(d)). Therefore the grain recrystallization and
growth process could lead to the formation of a lower
energy state of nano-twins through transition from the
initial ultra high density of grain boundaries and defects
in the grains. Highly nano-twinned Cu ﬁlms thus have
been realized by pulse electrodeposition. However, sample 5 made from the highest pulse current density does
not exhibit a high density of nano-twins in the plan-view
image (Fig. 5(c)). Instead, twins of thicker lamellae are

Delivered by Ingenta to:
Nanyang Technological University
(B)
IP : 155.69.4.4
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(C)

(D)

Fig. 5. Plan-view images of (A) sample 3 by low mag SEM. (B) Sample 4 by low mag SEM. (C) Sample 5 by low mag SEM. (D) Nanoscale
twinning by TEM and its SADP.
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seen in its cross-sectional image. The reason might be that
those Cu grains plated by the highest pulse current bear
ultrahigh energies initially and a much stronger kinetic
activity is triggered. Strong self-annealing may be induced
in the deposits and thus thickening of the nanotwin lamellae might have occured, similar to what happens when the
as-deposited sample is isothermally annealed.13 No doubt,
further investigation is still needed for a better understanding of the mechanism of nanoscale twin formation during
pulse electrodeposition of Cu.
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