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Observation of stress relaxation via step formation in Co ÕPt
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We report the direct observation of stress relaxation in lattice-mismatched Co/Pt superlattices with
increasing Co-layer thickness, viain situ and real-time measurements using a
submonolayer-sensitive stress measurement apparatus. A large tensile stress in the Co layers found
to be relaxed when the Co layer thickness was larger than 2 monolayers, corresponding to the
critical thickness expected for coherent-to-incoherent transition in this system. Cross-sectional
high-resolution transmission electron microscopy studies revealed that stress relaxation was realized
by formation of steps, rather than misfit dislocations, near the interfaces. ©2000 American
Institute of Physics.@S0003-6951~00!01607-7#
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Stress and stress-relaxation mechanisms in hetero
taxial thin films and multilayers are the subject of significa
current interest from both the fundamental understanding
thin film growth morphology and properties, and structu
stability of the thin films for technological applications1

When the lattice misfit between the constituent film lay
and/or between the film and substrate are completely
sorbed by the strain energy, pseudomorphic growth, w
coherent and flat interfaces, is realized. However, for th
layers and/or large lattice misfit, the strain energy becom
so large that pseudomorphic growth is no longer energ
cally favored and thus, some form of stress relief must oc

The classical work of van der Merwe2,3 and Matthews
and Blakeslee4,5 has shown that the formation of misfit dis
locations is a primary mechanism for relieving misfit stra
in heteroepitaxial growth, when the ‘‘critical thickness’’
exceeded. On the other hand, it has been recognized for
eral years that strained epitaxial layers can be relaxed
strain-induced surface roughening without any formation
dislocations. Tersoff and LeGoues6 have shown that smal
misfit strains are relaxed by the nucleation of dislocatio
before the surface has time to roughen, while relaxation
surface roughening is kinetically favorable at larger mis
Thus, the surface would roughen before any dislocations
formed. Roughening by formation of up and down steps
been predicted to be the most energetically favora
arrangement.7 Ge0.5Si0.5 films under compressive strains b
lieved to form rough surface composed of single and dou
steps, which is energetically more stable than a flat surfa8

However, despite the general consensus that step forma
is energetically favorable in surface roughening, no dir
experimental evidence for stress relaxation by formation
steps has yet been reported.

In this letter, we report the real-time measurements
the stress relaxation kinetics due to step formation in a

a!Electronic mail: shin@kaist.ac.kr
8310003-6951/2000/76(7)/831/3/$17.00
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tallic system of Co/Pt superlattices. Co/Pt superlattices h
a large misfit of 9.8% between the two constituent layers
Co~0001! and Pt~111!. Thus, in the coherent regime, larg
tensile and compressive stresses are expected to exist i
Co and Pt layers, respectively. Therefore, with increas
layer thickness, one could expect stress relaxation via in
face roughening before any nucleation of dislocations. Str
relaxation in Co/Pt superlattices is investigated using
submonolayer-sensitivein situ stress measurement apparat
to quantify the stress relaxation in real time, together withex
situ high-resolution transmission electron microscope~HR-
TEM! for direct observation of the growth morphology ne
the interfaces.

Co/Pt superlattices were prepared by sequential dc m
netron sputtering onto glass substrates of 4 cml )
31.1 cm(w)3130mm(t) at ambient temperature under a
Ar sputtering pressure of 2 mTorr. The samples with t
varying Co layer thicknesses of 4–13.2 Å~2–6 ML!, with
the same Pt layer thickness of 13.5 Å~6 ML! and the same
number of repeats of 10, were prepared to focus our stud
the effect of the Co layer thickness on the stress relaxa
mechanism. The samples will be designated by (Com /Ptn)10,
wherem andn are the numbers of Co and Pt monolayers
a repeat distance. To study the stress relaxation kinetics
set up anin situ stress-measurement apparatus utilizing
homemade optical displacement sensing probe compose
40 multimode optical fibers of 50mm core diameter. The
apparatus could measure stress in real time every 50 ms
ing the deposition of the Co/Pt superlattices. Details of
system have been described elsewhere.9

In Fig. 1, we show typical real-time plots ofin situ mea-
surements of the gap distance between the substrate an
optical probe as a function of the deposition time during
fabrication of two samples, comprised of (Co2/Pt6) and
(Co6/Pt6) superlattices. Note that the displacement curv
are highly reproducible in all cases and the positive a
negative slopes exactly repeat every bilayer period, exc
© 2000 American Institute of Physics
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the first few bilayers due to the effect of the glass substr
Here, the positive and negative slopes imply the existenc
tensile and compressive stresses, respectively. Using
well-known Stoney’s formula10 we can estimate the averag
stress existing in each Co and Pt layer in the (Co2/Pt6)10

superlattice. In Fig. 2, we plot stress as a function of the
layer. Except for the first few layers, the (Co2/Pt6)10 super-
lattice reveals a constant tensile stress of 1
31010dyne/cm2 in the Co layers. Contrastively, a compre
sive stress of 9.5731010dyne/cm2 in the Pt layers was mea
sured. The stress in a superlattice film has two main orig
the adhesion of the film to the substrate and the lattice m
between two dissimilar adjacent layers. The stress can
be deconvoluted into a substrate interaction stress and a
herency stress.11 The variation of the stress with the laye
thickness in Fig. 2 implies that the substrate yields a co
pressive stress of 2.5431010dyne/cm2 in the very first Co
layer, mainly due to the smaller thermal expansion coe
cient of the glass substrate compared to Co/Pt superlat
This influence is rapidly decreased and becomes neglig
in the layers after about 4 repeats or about 70 Å. Theref
the constant tensile and compressive stresses observed
Co and Pt layers, respectively, are considered to be ma
caused by the lattice misfit of the two constituent layers
the superlattice structure, which reset the coherent growt
Co on Pt every bilayer period.

Interestingly, the stress relaxation was always obser
in (Com /Pt6)10 superlattices when the Co layer was thick
than 2 ML, as demonstrated for a typical example o
(Co6/Pt6)10 superlattice sample as shown in Fig. 1. In co
parison with a (Co2/Pt6)10 superlattice, this sample shows
quite different stress dependence on the Co-layer thickn
it develops a constant tensile stress in the Co layer w
thinner than about 2 ML, but the stress is completely rela
when the Co layer is thicker than about 2 ML. The heteroe
taxy of Co on Pt is mainly governed by the large latti

FIG. 1. Typical real-time plots ofin situ measurements of the gap distan
between the substrate and the optical probe with deposition time during
fabrication of (Co2 /Pt6) and (Co6 /Pt6) superlattices.
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mismatch of 9.8% derived from the elemental in-planed
spacings of Co and Pt. As a consequence of this mism
only a few ML Co will grow coherently on Pt. Together wit
the observations of the (Co2/Pt6)10 superlattice, our results
clearly reveal that only the first 2 ML Co grows pseudomo
phically on Pt layer, and that subsequently, stress relaxa
occurs beyond this thickness via morphological evolution

To examine how stress evolves with the deposition
Co, we calculate stress as a function of thickness of the
layer in the (Co6/Pt6)10 superlattice from the curve in Fig. 1
Figure 3 shows the real-time stress evolution as a functio
deposition of Co on 6-ML-thick Pt layer measured every
ms. Here, the data are obtained by averaging the stress
erated in the Co layer of every bilayer and the error b

FIG. 2. Stress as a function of the Co layer in a (Co2 /Pt6) superlattice.

FIG. 3. Stress evolution measured in real time during deposition of Co u
6 ML on Pt layer. The error bars correspond to variation of stress am
different bilayers.
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corresponds to the variation of stress of the Co layers in
different bilayers. Care was taken to get rid of the substr
influence on film stress by excluding the first four Co laye
in averaging the data. It can clearly be seen from Fig. 3
tensile stress in the Co layer deposited on Pt layer is ne
relieved when the thickness of Co become larger than 2 M
A gradual change of stress into the relaxed state is evide
that the stress relaxation process in this system is kinetic
limited; otherwise, an abrupt change would be observed
small oscillatory feature in the stress relaxation at the C
layer thickness larger than 2 ML in Fig. 3 is very interestin
but it needs to be further clarified whether it originates fro
a real morphological evolution or an experimental error.

An interesting question to be addressed is what kind

FIG. 4. Cross-sectional TEM images of~a! (Co2 /Pt6)10 superlattice and~b!
(Co6 /Pt6)10 Superlattice. Steps and twins are indicated by the lines for
sualization. Normal to the film plane is@110# orientation.
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stress relaxation mechanism is involved in Co/Pt super
tices with increasing the Co-layer thickness. No evidence
island formation up to six monolayers of Co was observ
and the Co layer was believed to grow as a two-dimensio
~2D! wetting layer. Therefore, a possibility of stress rela
ation via 3D islanding12,13 is unimaginable, and the forma
tion of misfit dislocations and/or strain induced interfa
roughening is conceivable as the stress relaxation me
nisms in Co/Pt superlattices. To clarify this, we have inv
tigated the interfacial structures of the superlattice samp
using cross-sectional HRTEM. Cross-sectional HRTE
specimens were prepared via mechanical polishing follow
by ion milling, utilizing a specimen stage cooled by liqu
nitrogen. TEM specimens were examined using a JEOL J
2000EX electron microscope with a point-to-point resoluti
of 0.21 nm, operated at 200 kV. In Fig. 4, we show t
cross-sectional HRTEM images of two Co/Pt superlatt
samples revealing very different interfacial structures.
and Pt layers can be distinguished by contrast: Pt layers
darker than Co layers due to the difference in their atom
scattering factors. The (Co2/Pt6)10 superlattice shown in Fig
4~a! reveals that the matching planes are in relatively go
lattice registry at the interfaces between Co and Pt layers
contrast, we observe many steps and twins in the Co an
layers in the (Co6/Pt6)10 superlattice sample, as beautiful
demonstrated in Fig. 4~b!. We did not observe any interfacia
misfit dislocations in the superlattice samples having Co l
ers thicker than the critical thickness. Therefore, it could
claimed that stress relaxation observed in Fig. 2 is reali
by the introduction of interfacial steps. Finally, we like
mention that the TEM results were consistent withu–2u
scanning x-ray diffraction studies: only one major Bra
peak, close to thed spacing of bulk Pt~111!, was observed
for the (Co2/Pt6)10 sample, but two peaks were observed f
the (Co6/Pt6)10 sample.

This work was supported by the Creative Research
tiatives and Nanostructure Technology Project of the Kore
Ministry of Science and Technology. The authors are gra
ful to N.-Y. Bae for her help with HRTEM studies.
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