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Strain Relief at Metal Interfaces with Square Symmetry
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We report a novel mechanisnmternal (111) facetingpf strain relief at heterointerfaces with square
symmetry. The mechanism has been revealed for thin Cu films on Ni(100) by scanning tunneling
microscopy. In the first monolayer monatomic chains of Cu atoms are shifting laterally«f%/lattice
constant along110) and thereby protrude from the surface layer. With each Cu layer added, the
protrusion stripes grow in width by one atom, forming interfidll} facets in the Cu film. This picture
is in marked contrast to the widely accepted continuum theory of epitaxial growth, which predicts a
pseudomorphic film growth up to a critical thickness of 8 monolayers.

PACS numbers: 68.35.Bs, 61.16.Ch, 68.55.Jk, 68.65.+g

The lattice mismatch between film and substrate matelateral relaxation of atoms before at about 20 monolayers
rial in heteroepitaxial growth leads to strain in the film (ML) bulk dislocations nucleate.
until the film has adopted its bulk geometry through intro- The Cu growth on Ni(100) has been characterized by
duction of strain relieving defects. It is important to un- variable temperature STM; details of the experimental
derstand this strain relief, since the defects influence theetup have been described in Ref. [12]. The nickel
morphology and the physical properties of the film. In thecrystal was prepared by Arion sputtering and sub-
widely accepted classical “Matthews picture” the adlayersequent annealing to 1200 K. The copper films have
is thought to remain locked to the substrate up to a finitdbeen grown by thermal evaporation at a background
critical thicknessh. [1-5]. Forh =< h. the film grows pressure better thah X 10~!° mbar and deposition rates
essentially pseudomorphic. For a thicknéss &, strain of 107°~10"2 ML /s. Sample temperatures during depo-
is relieved by means of misfit dislocations and associatedition were between 200 and 400 K, i.e., well below the
lattice relaxation. The critical thickness is determined byonset of alloying. Some of the STM images have been
the elastic constants of both materials and their actual misneasured in differential mode, which means that the
fit (m). For typical metal-metal systenis. is found to  derivative of the lines of constant tunnel current has been
vary from below1 A (Jm| > 10%) up to 10-200 A for recorded.
small misfits(|m| = 2%) [2]. The growth of Cu layers on Ni(100) at 350 K is charac-

This concept is a continuum model ignoring atomicterized in Figs. 1 and 2. Figure 1(a) shows a Cu film of
details of the interface structure. Indeed, it has recentlgoverage 0.36 ML; already at this coverage large islands
been found to fail in the description of hexagonal close-ave nucleated and grown on the Ni terraces. A long pro-
packed metal interfaces [6—9]. This failure is relatedtruding stripe appearing in the central large island attracts
to the particular structure of fcc (111) surfaces with fccparticular attention. The stripe protrudes by about 0.6 A,
and hcp sites of similar adsorption energy. Strain herdéas a width of~6 A (which is the typical STM-imaging
can easily be accommodated by the introduction of fccwidth of a single atom [13]), and traverses the entire island.
hcp stacking faults (domain walls). The low energy costThere is a minimum island size for the formation of stripes
for the formation of misfit dislocations essentially dropswhich turns out to be of the order of 60—80 A. Once the
h. to zero or just to the first monolayer [6—9]. On islands reach this size there is a high probability for stripes
the other hand, the fcc-hcp stacking fault mechanisnto form. When the first monolayer is filled [Figs. 1(b) and
is symmetrically impossible at square interfaces. Forl(c)], the whole surface is covered by a stripe pattern. The
these interfaces many experimental studies have beeatripes have all the same width and are all running along
reported which seem to be in agreement with predictiongl 10) with an equal probability for the two orthogonal do-
of the Matthews picture [10]; in particular, an Auger mains. This pattern is maintained up to coverages of about
electron diffraction study of Cu growth on Ni(100) 20 ML as shown in Fig. 2. Only the width of the stripes
seemed to provide quantitative support of the continuungrows linearly with the coverage. The density of stripes
model [11]. and their average length, on the other hand, remain con-

In this Letter we demonstrate that at interfaces withstant in this coverage range. There is a further important
square symmetry the scenario of strain relaxation is alseature of the stripe pattern. We never observe that the
more complex than suggested by the simple continuurstripes cross each other or coalesce, as demonstrated in all
model and has to account for atomistic details. For C&BTM images in Figs. 1 and 2.
films on Ni(100) (compressive straim = —2.6%) we In the following we discuss a simple model which
demonstrate by scanning tunneling microscopy (STM) thaaccounts for the experimental observations. Itis motivated
beginning from the first monolayer strain is relieved viaby the fact that the compressive strain at the fcc (100)
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FIG. 1. The growth of Cu on Ni(100) up to completion of FIG. 2. The growth of Cu multilayer films on Ni(100). The
the first monolayer. The substrate temperature was 350 K angubstrate temperature was 350 K and the deposition rate was
the deposition rate wak5 X 1073 ML/s. (@)® = 036 ML, 1.5 X 107*ML/s for ® = 3.6ML (a) and ® = 6.0ML (b),

(b) ® =09 ML, (c) ® = 1.1 ML, and (d) STM line scan and3 X 107> ML/s for ® = 11 ML (c) and ® = 22 ML(d),
indicated in (c). respectively.

surface is highest in the close-packédl0) direction. distribution is determined by the monolayer configuration.
Therefore, intuitively it could be expected that chainsThe subsequent growth stabilizes the pattern of stripes by
of atoms are squeezed out from the adlayer and creathe creation of interna]l11} facets along the stripes and
protruding stripes. Because of the square symmetry, the4é10} facets at both ends. This is energetically favorable
stripes have to form with equal probability in both10)  because the strain relaxation takes place by the formation
directions, perpendicular and parallel to the substrate stegf the highly stable close-packéll1} facets.
edges. The simplest way to generate such stripes is to shift Theinternal (111) facetingnodel [14] is in quantitative
Cu atoms from their fourfold hollow site to the twofold agreement with our experimental observations. This is
bridge site (see Fig. 3, coverage 1 ML). Such a bridgelemonstrated in Fig. 4 summarizing the quantitative data
site atom has a reduced number of nearest neighbors analysis of the stripe pattern as a function of film thickness.
the substrate, but it gains binding energy in the adlayefThe first graph shows clearly that the height of the stripes
There are two nearest neighbors below and, in additioris constant for all coverages. The height was found
four lateral neighbors with a binding length which is to be 0.6 = 0.1 A, which is in fair agreement with the
only about 10% larger. More importantly the protruding simple hard sphere modéhs = 0.4 A) [15]. The linear
atoms gain lateral freedom of expansion and the film camlependency of the width of the stripes on the coverage is
partially relieve its strain. Obviously this lateral freedom demonstrated in the second graph of Fig. 4. The horizontal
of expansion is overbalancing the lowered binding energylines indicate the stepwise growth of the widih as
Figure 3 shows the model for the generation and thexpected from our model. This behavior is also evident in
growth of the protruding stripes up to a coverage ofthe STM line scan shown in Fig. 1(d). In crossing a step
3 ML. The height Ak is constant for all coverages. edge, going from one Cu monolayer to the second Cu layer,
Considering the simplest case of a hard sphere model,is observed that the stripes are exactly one atom wider on
one obtainsAk = 0.4A for the growth of Cu on Ni. the bilayer than on the monolayer. It should be noticed that
The width D depends on the coverage; i.e., for 1 ML we have plotted corrected stripe widths in Fig. 4, taking
the stripes are exactly one atom wide, for 2 ML twointo account the finite imaging width of the STM tip [13].
atoms, and so on. The atoms filling the stripes (light Above monolayer coverage the density of stripes is con-
colored) are relaxed, while the atoms between the stripestant,(8.0 + 1.4) X 10~* per substrate atom, independent
which are situated at the hollow sites (dark colored atomsdf film thickness. In the submonolayer range a critical is-
are essentially pseudomorphic as we discuss later. Illand size for formation of stripes exists which is of the
our model the density of the stripes and their lengthorder of 60—80 A corresponding to about 30 atomic dis-
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FIG. 3. Theinternal (111) facetingnodel describing the ap- 2 10 G+
pearance of the protruding stripes at the/Ri§100) interface. = &
The figure shows the side view and the top view for the cov- =
erages of 1, 2, and 3 ML. The shaded circles represent the 0
substrate atoms (Ni). The “dark atoms” (Cu) are placed at ©
the four-fold hollow sites in the pseudomorphic geometry. The ~ 10
“light atoms” (Cu) form the stripes and are placed at the two- i . -] ; 1
fold bridge sites in the first layer. As indicated for the coverage C T + T T
of 3 ML, {111} facets are formed along the stripes. 2 5 H
1]
=]
Q
tances. The first islands reach this size at coverages of A i
~0.25 ML. With increasing coverage more and more is- 0
lands attain the critical size and more stripes are formed, 0| ()
finally saturating at monolayer coverage. We may specu- —
late that above the critical size relaxation at the island step ® 30
edges is no longer sufficient for the strain release of the 8
LT . & 20
pseudomorphic islands, and Cu chains are squeezed out of g
the adlayer. @2 10
An important experimental observation is the fact that 0 ‘ , .
stripes neither cross nor coalesce at all coverages below 0 2 4 6 8 10 12
20 ML. This behavior is easy to understand in the internal Coverage (ML)

faceting model. There are two domains of bridge sites on

the square fcc (100) surface depending on the directioRIG. 4. Quantitative analysis of the pattern of protruding
of the stripes. At their potential junction, two orthogonal stripes observed on GNi(100). Plotted are the heigii (a),
stripes are always separated by\/g of a lattice constant Width D (b), density of stripes (c), as well as the total surface

(i.e., 1/2 nearest neighbor distance) rendering crossin@é?/aergg\é?md by stripes (d); all quantities as a function of Cu

impossible. Coalescence is also unlikely as the distance
between two parallel stripes is given by the lattice constant
of the Ni substrate and the merging of two stripes wouldThese authors had studied the growth of thin Cu films on
block further transverse relaxation. Therefore, at higheNi(100) by Auger electron diffraction (AED) and com-
coverages one can find neighboring parallel stripes whicpared their data with the predictions of the continuum
have a smaller width than the other stripes at the sammodel of Matthews and Crawford [4] (thin solid line).
image (not shown here). Only at high coverages clos@he continuum model predicts a critical thickness of
to 20 ML, where almost all of the surface is covered byh, = 14.8 A = 8 ML. Up to this thickness Cu should
relaxed stripes, neighboring as well as orthogonal stripegrow pseudomorphic. Only at coverages above 8 ML the
merge and thereby form bulk dislocations [see Fig. 2(d)].film should relax its strain spontaneously by the formation
The density of the stripes, their mean length, and thef bulk dislocations. Chambegt al. interpreted their ex-
exponential length distribution do not markedly vary by perimental data as confirmation of the continuum model.
the change of the deposition rat@03-10"2 ML/s), Figure 5 shows clearly that the AED data are much
substrate temperature (200-400 K), coverage (1-better described by thaternal (111) facetingnodel than
17 ML), or film annealing up to 900 K. These quantitiesby the continuum model. Using thiaternal faceting
seem to be of universal character. Therefore, we commodel and the STM data we have calculated the mean
clude that the network of stripes is determined by thevalues of the transverse lattice expansion. The fraction of
strain due to the lattice mismatch and not by the growthhe relaxed stripe volume is determined by adding up the
kinetics. stripe coverage in the individual layers as determined by
In Fig. 5 the internal (111) faceting model is com- the measurements shown in Fig. 4(d). The relative weight
pared to the experimental data of Chambersl. [11].  of the individual layers for the AED experiment has been
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= more complex than expected. The continuum approach
k3 :‘_::::“'I"I'I‘_ i Z completely fails to describe the strain relief scenario at the
T Cu/Ni(100) surface. We are convinced that this failure is
not the exception [20]. Atomic scale surface probes like
STM give unprecedented microscopic insights in growth
phenomena as shown here and will continue to provide
unexpected results. Atomistic details need to be consid-
ered in appropriate modeling of interfacial structures.
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In conclusion, we have shown that the relaxation of lat-  j.e., the facet stripes as well as the surrounding matrix are
tice strain at interfaces with square symmetry can be much  essentially relaxed.
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