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Copper thin film of alternating textures
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It is common for thin films to have a predominant texture, but not alternating textures. In this letter,
we report a copper film of alternating textures through self-organization. Using dc magnetron
sputtering technique, we deposit copper films on a SiO2 /Si(111) substrate. A thin layer of copper
of ^111& texture is first developed, and another thin layer of^110& ensued. As deposition continues,
a third layer of copper of̂111& texture is formed on the top, leading to a sandwich copper thin film
of alternatinĝ 111& and^110& textures. The film morphology is characterized with scanning electron
microscopy and atomic force microscopy and the texture with x-ray diffraction. Based on
anisotropic elastic analyses and molecular dynamics simulations, we propose a model of texture
evolution during the formation of multilayers, attributing the texture evolution to the competition of
surface and strain energies. ©2003 American Institute of Physics.@DOI: 10.1063/1.1583866#
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Thin films usually are deposited with one dominant te
ture. Unless the deposition process is interrupted, the tex
will not change through the entire film thickness. When la
ered structures are preferred, one generally resorts to m
layers consisting of different materials. Such multilayers
commonly used in electronic and magnetic applications1,2

The advantages of these multilayers are well demonstr
by their widespread applications. It would be even bette
the thickness of each layer can be changed after deposi
this may prove to be particularly advantageous for space
plications. One possibility may be realized through the de
sition of thin films of single-component materials, each lay
having a unique texture. The thickness of each layer of gi
texture can be altered through texture competition.

Over the past years, we have been studying the tex
competition by combining computer simulations3 and
experiments.4 Recently, we have shown that^110& texture
develops from a film/substrate of predominantly^111& tex-
ture during the deposition of copper thin films. In essen
the copper film deposited was a bilayer: one layer be
^111& in texture and another̂110&. Simple elastic analyse
indicate that it would be possible for thê111& texture to
dominate again, if the deposition continues. In the followin
we present the experimental realization of the return of
^111& texture, and thereby the formation of a sandwich co
per film of alternatinĝ111& and^110& textures; interpretation
of the experimental results is facilitated by accompany
molecular dynamics simulations.

a!Author to whom correspondence should be addressed; electronic
hanchen@rpi.edu
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The copper film is deposited using dc magnetron sp
tering technique. The experimental conditions are brie
summarized as the following. The sputtering power is 1
W, and the chamber is filled with 99.999% Ar, flowing int
the chamber at a rate of 8.5 sccm. During the deposition,
base pressure is about 5.031028 Torr and the working pres-
sure is about 2.531023 Torr. The target is a block of
99.995% copper, and is sputtering cleaned in Ar gas for
min before deposition. The substrate, which is 5 cm aw
from the target, is ann-type Si~111! wafer of resistivity
10–12V cm. It can either be used as a clean Si substrate
oxidized before deposition, effectively making a SiO2 sub-
strate. In the latter case, the SiO2 layers of about 0.1mm are
the result of annealing at 300 °C in air for 1 h. In all cas
the substrate is cleaned ultrasonically in alcohol and t
acetone.

Five samples of copper film, of various thicknesses,
prepared under the same deposition condition. They are
posited for 4, 7, 15, 25, and 35 min, respectively. Althou
the five thin-film samples are deposited separately, t
should represent five snapshots in time, since they all
deposited under the same conditions. The scanning elec
microscopy~SEM! images of the five snapshots are shown
Fig. 1 ~left column!. The corresponding atomic force micro
copy ~AFM! images are shown in Fig. 1~right column!. The
x-ray diffraction ~XRD! characterization is performed o
each sample, and the relative intensities are shown in Fig

The SEM and AFM observations provide direct eviden
of the morphological evolution of the copper films. Durin
the early stage~first 4 min!, the copper film is uniform. As
the deposition proceeds~between 4 and 7 min!, small hill-
il:
5 © 2003 American Institute of Physics
e or copyright; see http://apl.aip.org/about/rights_and_permissions
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ocks start to nucleate and grow from the uniform film. The
hillocks grow into columns and thicken~within the first 15
min!, and continue to develop into tall columns~up to 25
min!. Finally, the columns collapse and the film returns to
uniform, and the surface is smooth again, as in the first sn
shot.

The XRD characterization shows that the texture
evolving as the deposition proceeds. During the early sta
the uniform film is predominantly of̂111& texture. As the
hillocks develop, thê110& grains become more populou
indicating that the hillocks are of primarilŷ110& in vertical
orientation. As the hillocks develop into columns and c
lapse, the relative fraction of^110& grains increases, as ind
cated by the increase of~220! relative intensity in Fig. 2. The

FIG. 1. Snapshot SEM~left! and AFM ~right! images of copper films de-
posited on SiO2 /Si(111) wafer at, from top to bottom, 4, 7, 15, 25, and
min.
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^110& texture corresponds directly to the~220! intensity in
XRD; the difference is only in terminology. At the fina
stage, when the film becomes uniform and the surface
comes smooth, the fraction of^111& texture regains its domi-
nance. The relative intensities of^110& and^111& with respect
to that of^100& are plotted as a function of time in the inse
to demonstrate more clearly the transition of texture w
time. The change of XRD intensity indicates that the unifo
film is of primarily ^111& and the columns/hillocks are o
primarily ^110& textures. In other words, the final copper fil
shown in Fig. 1~bottom! is a sandwich; the top and bottom
layers are of̂ 111& texture and the middle layer is of^110&
texture.

As discussed in Ref. 4, the effective lattice constant
the initial ^111& textured copper film is 0.2097 nm~about
0.5% strain!, corresponding to stress of several hundreds
megapascals. This is beyond the yield stress of single-cry
bulk copper, and the difference in yielding5 could explain the
^110& dominance over̂111&. However, the large strain/stres
is observed in the thinnest film~top of Fig. 1!. This strain is
the net strain after dislocation activation, even if it did ha
pen. Therefore, the anisotropy of elastic energy would p
an important role; this is more so since dislocation activat
~nucleation and propagation! can be more constrained in thi
films than in the bulk.6 Our molecular dynamics simulation
~not presented here! do show that elastic energy anisotrop
can lead tô 110& dominance over̂111&, under the strain of
;0.5% tension or compression.

Based on the elastic anisotropy, we propose a mode
texture evolution during the multilayer formation, schema
cally shown in Fig. 3. During the early stage, the surfa
~and interface! energy dominates over elastic energy, a
therefore thê 111& texture develops to minimize the tota
energy. As the strain builds up, elastic energy starts to do
nate over the surface energy, and therefore^111& grains lose
out to the^110& grains. This transition is made more favo
able by the fact that newly formed^110& grains are less likely
to be strained~or so much strained!. Therefore,̂ 110& grains
nucleate near̂111& grain boundaries, as shown in Fig.
~second image from top!. The geometrical shadowing effec
in sputtering deposition give these newly formed^110& col-
umns another niche; as a result, these columns grow e
more. Finally, the columns collapse and form grain boun
aries. At this point, strains may have developed in the^110&

FIG. 2. XRD intensity of copper films deposited on SiO2 /Si(111) wafer at
~a! 4, ~b! 7, ~c! 15, ~d! 25, and~e! 35 min. The inset shows the variation o
relative intensities as a function of time.
e or copyright; see http://apl.aip.org/about/rights_and_permissions
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grains, due to the larger grain size and close proximity
other grains. More importantly, if any neŵ111& grains
nucleate, they will be strain free~or at least less strained!.
The grain boundaries, as shown in Fig. 3~fourth image from
top!, provide the necessary nucleation site of new^111&
grains. Due to the absence of strain and smaller surface
ergy of the newly formed̂ 111& grains, they grow at the
expense of collapsed̂110& grains, and form a new layer o
uniform ^111& grains. Before closing, we point out that th

FIG. 3. Proposed model of texture evolution during the formation of cop
multilayers, corresponding to the five snapshots in Fig. 1. The hatched
indicate close-packed directions, and different gray scales indicate diffe
grains. The bottom strip represents an amorphous substrate.
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model is meant to help interpret the experimental obser
tion; we are not yet able to exclude other possible mec
nisms at this point.

In summary, we have deposited a copper film of alt
nating ^111& and ^110& textures. The texture alternation du
ing continuous deposition is a self-organization process.
mechanisms of such self-organization are not entirely und
stood. However, our proposed model, based on competi
of strain and surface energies, does offer a reasonable e
nation of the experimentally observed sandwich structure
the proposed mechanism is valid, we anticipate that the
ternation of^111& and ^110& will continue beyond three lay-
ers, leading to multilayers of single-component materia
This possibility is being explored for copper and other th
films.
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