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We investigate the growth of Cu films on two different Cu seed layers: one with regular ,111.-oriented
grains and the other with very strong ,111.-preferred orientation. It is found that densely-packed
nanotwinned Cu (nt-Cu) can be grown by pulsed electroplating on the strong ,111.-oriented Cu seed layer
without a randomly-oriented transition layer between the nt-Cu and the Cu seed layer. The electroplated
nt-Cu grow almost epitaxially on the seed layer and formed ,111.-oriented columnar structures. However,
with the regular ,111.-oriented Cu seed, there is a randomly-oriented transition layer between the nt-Cu
and the regular ,111.-oriented Cu seed. The results indicate that the seed layer plays a crucial role on the
regularity of ,111.-oriented nanotwinned Cu.

D
ue to the miniaturization and high performance requirements for microelectronic devices, the dimension
of the Cu lines continues to shrink and the current density in the Cu line continues to rise. Therefore,
electromigration in Cu remains to be a critical reliability issue in Cu lines1–5.

Nanotwinned Cu (nt-Cu) has drowned a lot of attention recently. It processes excellent mechanical properties
while it has the same conductivity with the Cu film without nanotwins6–13. In addition, the nt-Cu has higher
electromigration resistance because the twin boundaries can retard the Cu electromigration rate14,15.

Furthermore, Ryu reported that ,111.-oriented Cu lines have longer electromigration lifetimes than
,200.-oriented Cu lines16. Therefore, it is expected that ,111.-oriented Cu with densely-packed nanotwins
will possess high electromigration resistance for Cu interconnects. Anderoglu et al. have fabricated ,111.-
oriented nt-Cu by magnetron sputtering17. However, microelectronic industry adopts electroplating to fabricated
Cu lines for interconnects1.

Recently, we reported the fabrication of ,111.-oriented nt-Cu by direct current electroplating18,19. In our
previous study, we use DC electroplating to deposit nt-Cu films on strong ,111.-oriented Cu seed layers.
However there is a randomly-oriented transition layer between the nt-Cu and the Cu seed layer18,19. The ran-
domly-oriented transition layer had no nanotwins and this layer decreased the regularity of the nt-Cu films. If the
films are adopted for interconnects, the transition layer may become the weakest point for electromigration.
Therefore, how to eliminate the randomly-oriented transition layer is an important issue. For the electroplating
process, Cu seed layer plays a crucial role on the growth of the ,111.-oriented nt-Cu. However, no studies
examined the effect of seed layer orientations on the growth of nt-Cu. In this letter, we investigate the deposition
of nt-Cu films by pulsed electroplating on the regular ,111.-preferred Cu seed layers and on a strong ,111.-
oriented seed layer. Microstructure analysis by transmission electron microscopy (TEM) on the seed layers was
performed. The results reveal that with the strong ,111.-preferred seed layer and pulsed electrodeposition, the
randomly-oriented transition layer can be minimized.

Results and Discussion
The seed layer plays a crucial role on the growth of ,111.-oriented nt-Cu. In this study, we adopted two kinds of
seed layers: seed layer A with a strong ,111. preferred orientation and seed layer B with a regular ,111.

preferred orientation. Their grain structure and orientation were analyzed by TEM, X-ray diffraction, and
electron backscattered diffraction (EBSD). Figure 1(a) shows the plan-view TEM images for the strong
,111.-oriented seed layer. The average grain size was 103 nm. The corresponding selected area diffraction
(SAD) pattern is presented in Fig. 1(b). The diffraction rings are indexed as Cu (220), Cu2O (110), Cu2O (111) and
Cu2O (220). The Cu2O came from the Cu oxide on the surface of the seed layer. Notably, the intensity of Cu (220)
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was very strong and there were no detectable signals from other Cu
planes. Therefore, this seed layer possesses a very strong ,111.-
preferred orientation. Figure 1(c) presents a plan-view EBSD ori-
entation image map for the strong ,111.-oriented seed layer. To
calculate the percentage of ,111.-oriented surfaces, we defined the
,111.-oriented Cu surface grains that reside within 15u relative to

the normal of the (111) plane. The analysis indicates that 97% surface
of the seed layer A resides in the (111)-preferred orientation.

On the other hand, the seed layer B has a regular (111) preferred
orientation. Figure 1(d) depicts the plan-view TEM image for the
seed layer B. The average grain size was measured to be 56 nm. The
SAD pattern in Fig. 1(e) reveals that the Cu seed layer may be

Figure 1 | Microstructure analysis for the two Cu seed layers in this study: (a) Plan-view TEM image for the strong ,111.-oriented seed layer.

(b) The corresponding SAD of the grains in (a). (c) Plan-view EBSD orientation image map of the strong ,111.-oriented seed layer. (d) Plan-view TEM

image for the regular ,111.-oriented seed layer. (e) The corresponding SAD of the grains in (d). (f) Plan-view EBSD orientation image map of the

regular ,111.-oriented seed layer.

Figure 2 | Microstructure analysis for the Cu films deposited on the two different seed layers. (a) Cross-sectional FIB image for the Cu film on the

strong ,111.-oriented seed layer after 3000 cycles. (b) The corresponding X-ray diffraction of (a). (c) Cross-sectional FIB image for the Cu film on the

regular ,111.-oriented seed layer after 4500 cycles. The transition layer was labeled in this figure. (d) The corresponding X-ray diffraction of (c).

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 6123 | DOI: 10.1038/srep06123 2



random-oriented. Compared with the SAD pattern in Fig. 1(b), two
extra diffraction rings were observed: Cu (111) and Cu (200).
Figure 1(f) presents a plan-view EBSD orientation image map for
the seed layer B. The results reveal that 64% of the seed layer B resides
in the (111)-preferred orientation. In this paper, we denoted this seed
layer as regular (111)-preferred orientation.

To produce ,111.-oriented nt-Cu films without a randomly-
oriented transition layer, it is necessary to use a seed layer with a
strong ,111.-preferred orientation. Figure 2(a) shows the cross-
sectional FIB image for the Cu film electroplated on the strong
,111.-oriented seed layer A. Columnar grains with densely-packed
nanotwins can be grown and there is almost no randomly-oriented
transition layer between the nt-Cu film and the Cu seed layer. The nt-
Cu film possesses a very strong ,111.-preferred orientation. The
intensity of the (111) reflection is as high as 2,117,869 for the 5.8 mm
thick Cu film, as illustrated by the X-ray diffraction in Fig. 2(b). The
Cu (220) reflection is invisible in the figure. The intensity ratio of
(111) reflection to (220) is as high as 6051. However, when the
regular-oriented Cu seed layer is used, there is a random-oriented
transition layer between the nt-Cu and the Cu seed layer, as shown in
the FIB image in Fig. 2(c). The thickness of this transition layer is

about 1 mm. The X-ray diffraction for this film shows that the Cu film
still possesses a ,111.-preferred orientation as presented in
Fig. 2(d). But the intensity of (111) reflection drops to 887,338
counts, which is about 42% of the nt-Cu film in Fig. 2(b). In addition,
the intensity ratio of (111) reflection to (220) reflection is only 285.
Thus, the Cu film in Fig. 2(c) has a weaker ,111.-preferred ori-
entation than the nt-Cu film in Fig. 2(a).

Cross-sectional TEM analysis reveals that the ,111.-oriented
seed layer possesses a columnar grain structure. Figure 3(a) shows
the cross-sectional TEM images for the 200 nm seed layer A on the Ti
adhesion layer of about 100 nm thick. Almost all the Cu grains
exhibit columnar structure. The SAD pattern is taken from a single
grain which indicated that the Cu grain has [011] pole. Figure 3(b)
shows the dark field image by selecting the diffraction point of Cu

(11 1
{

) in the inset of Fig. 3(a). The image reveals that most of the Cu
grains are ,111.-oriented and they are columnar structures.
Figure 3(c) presents the high-resolution TEM image for a ,111.

Cu grain labeled by the dotted rectangle in Fig. 3(a). The Cu (111)
plane is almost parallel to the Si substrate. Therefore, the Cu seed
layer A consists of columnar Cu (111)-oriented grains with Cu (111)
free surfaces.

To further investigate how the ,111.-oriented seed layer induces
the growth of nt-Cu by pulsed electroplating. TEM was utilized to
observe the interface between the Cu seed layer A and the electro-
plated Cu. Figure 4 shows the cross-sectional TEM image for a 410-
nm-thhick Cu film electroplated on the Cu seed layer. The dashed
white line represents the original free surface of the Cu seed layer.
High density of nanotwins can be grown approximately after 100 nm
Cu deposition. The grain size for the initial grown Cu layer is close to
that of the seed layer. Therefore, most of the Cu grains grown on the
seed layer were also ,111.-oriented. As the electrodeposition con-
tinued, some of ,111.-oriented nt-Cu prevailed and grew bigger in
lateral direction to about 2–3 mm when the film grew to about
5.8 mm thick. Therefore, we suggest the growth mechanism of the
columnar nt-Cu grains was: the (111) surface planes of the seed layer
provide the nucleation site during initial epitaxial growth, and then
the subsequent grains grow following the Cu (111) grains. As the
deposition cycle increases, the (111) nt-Cu formed subsequently.
With the columnar grain structure, there was less grain boundaries
in the electroplated films. Thus, the interfacial energy of the film
decreases20.

It is noteworthy to mention that You et al. and Jang et al. reported
that ,111.-oriented nt-Cu films can be electroplated on Ti

Figure 3 | Cross-sectional TEM image for the strong ,111.-oriented
seed layer. (a) Bright field; (b) Dark field. (c) High-resolution TEM image

for the dashed rectangle area in (a).

Figure 4 | Cross-sectional TEM image for the Cu film grown on the
strong ,111.-oriented Cu seed layer after 100 cycles.
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substrate and Au film, respectively21,22. With a Ti seed layer, ,111.-
oriented nt-Cu can be fabricated by pulsed electroplating21. However,
the regularity of the Cu film was not as good as the film in this paper,
which employed ,111.-oriented Cu seed layer. On the other hand,
single-crystal nt-Cu nano pillars can be grown on the Au seed layer22.
The microstructure of the Au layer is not revealed in the literature.
Therefore, the nt-Cu electroplating on the Ti and Au seed layers
requires more study.

Conclusions
In summary, we have investigated the effect of grain structures of two
different seed layers on the growth of nt-Cu during pulsed electro-
plating. By using the strong ,111.-oriented Cu seed layer, densely-
packed columnar nt-Cu can be grown epitaxially on the ,111.

grains of the Cu seed layer. However, when using the regular
,111.-oriented Cu seed layer, there is a randomly-oriented trans-
ition layer between the nt-Cu and the Cu seed layer. Therefore, the
seed layer play a crucial role on the formation of highly-ordered
,111.-oriented nt-Cu films.

Methods
Two sets of Cu seed layers were prepared by sputtering: one with highly ,111.-
preferred orientation by sputtering (seed layer A) and the other with regular ,111.-
oriented seed layer by sputtering (seed layer B). Before the electroplating of Cu, the Cu
seed layer is dipped in citric acid for 30 s to remove the copper oxide. The process
details for electrodeposition were reported in our previous publication18,19. The
electroplating bath comprised a high-purity CuSO4 solution composed of 0.8 M Cu
cations, 40 ppm HCl and surfactants. The Cu film was electroplated by pulsed plat-
ing. In each cycle of the pulsed plating, the plating was turned on with a 50 mA/cm2

current density for 1 s, i.e., Ton 5 1 s, and then, the current density was decreased to 0,
and the electroplating was turned off for 4 s, i.e., Toff 5 4 s. The stirring speed of the
electrolyte is 600 rpm. The microstructures of the of the Cu seed layer were examined
with a JEOL-2100 scanning transmission electron microscope (STEM). The STEM
examinations were performed at 200 kV with a point-to-point resolution of 0.23 nm
and a lattice resolution of 0.14 nm. The microstructure and preferred orientation of
the electroplated Cu films were examined by focus ion beam (FIB) and X-ray dif-
fraction. To examine the grain orientation of the Cu seed layer, EBSD analysis was
performed using a JEOL7001 field emission scanning electron microscope with an
EDAX electron back-scatter diffraction system.
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