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In the growth of Si12xGex films on Si~001!, the growth front undergoes a series of elastic stress relief
mechanisms. We use these mechanisms in the molecular-beam-epitaxy growth of SiGe/Si superlattices to
create relatively periodic surface and interface patterns of small coherent$105%-faceted SiGe crystallites. The
self-organization of these islands is affected in different ways by tuning substrate miscut, alloy composition,
and layer thickness.@S0163-1829~96!07423-1#

Spatial self-organization within particle ensembles is a
common phenomenon in nature, covering a wide range of
length scales and leading to beautiful patterns such as
snowflakes, ripples on dunes, and cloud structures. Recently,
scanned-probe methods have made possible direct access to
this phenomenon on the nanometer and subnanometer
scale. Surface reconstruction and pattern formation in ho-
moepitaxial growth are self-organization processes on an
atomic scale, driven by the system’s desire to reduce its
chemical free energy. In heteroepitaxy the relief of the
built-up stress can be additional driving force for self-
organization. Stress generally causes morphological changes
at a scale larger than that due to chemical forces, such as
one-dimensional~1D! ripple formation due to bunching of
atomic-height steps1–3 and the formation of faceted 3D
crystallites.4–6 Creating conditions favorable for the self-
organization of such morphological features into ordered ar-
rays on solid surfaces may become an elegant way to fabri-
cate nanoscale structures7 that may meet the demands of
miniaturization in high-technology applications, for example,
in chip-to-chip communication.8

We show in this paper that stress-driven self-organization
of very small crystallites in SiGe/Si multilayer films yields
highly organized nanoscale structures. On a single layer of
SiGe alloy, small crystals, formed in the shape of prismlike
‘‘huts’’ with $105% facets and coherent with the substrate,4

exhibit a broad distribution in size and shape. In a multilayer
~consisting of alternate layers of pure Si and SiGe alloy!
grown at the proper conditions, they organize into uniformly
sized crystals in a square pattern. The self-organization is
mediated by the presence of the Si spacer layers. Because we
can control the thickness of these layers, we can control the
process of self-organization. Substrate miscut further influ-
ences the organization.

Device-quality Si12xGex/Si superlattices were grown by
molecular-beam epitaxy at 550 °C on vicinal Si~001! wafers.
The polar and azimuthal miscut angles of the substrate,u and
f, respectively, as well as the Ge concentrationx in the
alloy layers, were measured directly using x-ray diffraction.2

After depositing a 100-nm Si buffer layer up to 40 bilayers
were grown at a deposition rate of 0.055 nm/s. If not other-
wise specified, the individual layer thicknesses were 2.5 nm
for the alloy layers and 10 nm for the Si spacer layers. The
growth front morphology was investigated usingex situ
atomic-force microscopy~AFM!, in contact mode with a
12-mm xyz scanner. Conventional cantilevers with silicon
nitride tips with a 70° side wall profile and a tip radius rang-
ing between 20 and 40 nm were used.

Figure 1 shows AFM images of the surface of~a! a single
layer of Si0.25Ge0.75 alloy film and~c! the 20th alloy layer of
a Si0.25Ge0.75Si multilayer film that were grown on a sub-
strate with miscuts ofu50.25° andf525° with respect to
@1̄10#. Both surfaces show 3D SiGe crystals~conventionally
and hereafter called ‘‘islands’’! with the edges of their bases
parallel to the@100# or @010# directions. For a single alloy
layer @Fig. 1~a!# these islands have mostly rectangular bases
with an elongation in either the@100# or the@010# direction.
They are arbitrarily arranged in an interlocked array, with a
broad size distribution. A line scan analysis along these di-
rections reveals that the side slopes of the islands are tilted
with respect to the~001! plane by 11°63°; i.e., these islands
are bounded by$105% facets and are thus the ‘‘hut’’ clusters
found earlier.4,5 Even though it is not evident from the im-
ages, the line scans confirm that the ‘‘huts’’ are touching
each other.

With increasing bilayer number, the islands exhibit a de-
gree of self-organization: they become larger, they adopt
more or less square bases, and they arrange preferentially on
chains alonĝ 100& or even on a square pattern@Fig. 1~c!#.
The self-assembly can be quantified by analyzing the power
spectral density of the surface roughness.9 Along with each
image in Fig. 1 we show the two-dimensional power spec-
trum. These spectra exhibit clear fourfold patterns. For a
single alloy layer, the pattern is broad and framelike@Fig.
1~b!#; with increasing bilayer number it converts into four
relatively sharp peaks with corresponding higher orders@Fig.
1~d!#. This transformation indicates an increase of uniformity
in size and shape of the islands.
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The predominant island spacing along^100& ~and equiva-
lently the base size, since the clusters touch each other! and
the island size distribution can be obtained from the peak
position and the peak width in a cut through the 2D
power spectrum along that direction. Figure 2 shows power
spectra for the first and the 20th alloy layers. The narrowing
of the full width at half maximum of the peak indicates im-
proved ordering. Figure 3 summarizes the results for a series
of bilayer numbers. It shows the evolution of~a! the mean
island spacinĝ l & and the width of the size distribution
D l/^ l & and ~b! the average aspect ratio of the island bases.
The mean length of the island base increases with increasing
bilayer number from;35 nm for a single layer and ap-
proaches a stationary value of;100 nm. The width of the
size distribution relative to the average island size decreases
from 1.1 for the first layer to 0.3 for 20 bilayers. This nar-
rowing of the size distribution is clear evidence for a self-
organization process. The evolution of the average aspect
ratio of the island bases@Fig. 3~b!#, decreasing from 1.5 for a
single alloy layer to 1.15 for 40 bilayers, indicates a change
in crystal shape from prismlike hut to approximately a four-
sided pyramid. The island height changes from;3 to ;10
nm. Using the measured dimensions, we can estimate the
volume of the islands. The mean volume of islands on a

single layer is about 1300 nm3, consisting of 3.23104 at-
oms, but with a wide distribution. At the limit of 40 bilayers
for this set of parameters, the volume of the predominant-
size island is about 3.63104 nm3, containing about 93105

atoms.
The Si spacer layer influences the growth front morphol-

ogy and the self-organization. It is known that pure Si de-
posited on top of the alloy layer smooths out the island
morphology,10,11 Here the 10-nm Si spacer layer was suffi-
cient to smooth the growth front to nearly what it was for the
substrate. If we increase the Si spacer thickness to 300 nm at
conditions otherwise identical to those of the 20-bilayer film
shown in Fig. 1~c! we observe a much less pronounced self-
organization. Without the interspersal of Si spacer layers, the
self-organization does not occur at all: a 50-nm-thick single
Si0.25Ge0.75 film @corresponding to the total SiGe alloy con-
tent of the multilayer film shown in Fig. 1~c!, but without the
Si spacer layers# exhibits randomly arranged, irregularly
shaped large clusters mostly bounded by the steeper$113%
and$158% facets.6 Hence the Si spacer layers act as a control
on the self-organization.

We have shown elsewhere2,3 that under appropriate con-
ditions of alloy composition and substrate miscut, an earlier
stage of stress relief is the step bunching of preexisting sub-
strate steps. This step bunching produces a rippled morphol-
ogy, in which the up and down slopes of the ripples consist
of an extended~001! terrace and an equal-sized area of high
step density. For a given deposition rate, the spacing and
orientation of the ripples can be tuned by varying the polar
and azimuthal miscut angles of the substrate.12 A careful

FIG. 1. AFM images of SiGe alloy-terminated surfaces of
SiGe/Si multilayer films and the corresponding 2D power spectra.
The horizontal direction is@110#. ~a!,~b! 25-Å Si0.25Ge0.75 single
layer;~c!,~d! 203 ~25-Å Si0.25Ge0.75/100-Å Si! multilayer film. The
gray-scale range of the real-space images is~a! 5 nm and~c! 20 nm,
the image size is 1mm31 mm. The 2D power spectra, ranging
from 250 to 50mm21, have been calculated from 5mm35 mm
images. The faintly visible bright and dark bands extending from
approximately upper left to lower right in~a! are step-bunched
ripples with a wavelength of;600 nm. The split peak in the center
of the power spectrum in~b! reflects the orientation~25°! and pe-
riodicity of these ripples.

FIG. 2. Cuts along@010# through the 2D power spectra
shown in Fig. 1 for~a! the first alloy layer and~b! the 20th layer
along with spline fits. The location of the peaks~arrows! yields the
mean island separation along@010#. The full width of half maxi-
mum ~horizontal lines! gives the width of the island size distribu-
tion.
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look at Fig. 1~a! shows these ripples as bright and dark bands
that extend from approximately upper left to lower right with
an orientation that is 25° off the@ 1̄10# direction ~in agree-
ment with the azimuthal miscut angle!. From the correspond-
ing twofold low-frequency feature in the power spectrum
@see the split central spot in Fig. 1~b!# an average ripple
distance of 600 nm is determined. The coherent 3D SiGe
islands, which represent a later stage of strain relief, are su-
perimposed on that ripple structure. For proper orientation
and spacing of the ripples an influence on the ordering of the
islands is achievable. For example, Si~001! miscut by 2° pro-
duces a 1D ripple pattern with a periodicity of;70 nm as
the substrate steps bunch in the deposited film.2,3 For alloy
layers with low~<50%! Ge concentration, only the ripples
form at these deposition conditions. For alloy layers with
higher Ge concentration, coherent islands of the ‘‘hut’’ type
form and can be guided by the ripples. A very clear influence
is observed if the substrate is miscut toward^100&. Because
the ripple direction is always determined by the substrate
miscut, the ripples then also lie along^100&. If an alloy layer
with a high Ge concentration~e.g.,x50.75! is grown on a
Si~001! substrate miscut 2° toward̂100&, the coherent 3D
hut islands form in chains along the ripples~i.e., parallel to
the @010# direction!. Effectively one of the two orientations
of the elongated huts shown in Fig. 1~a! is eliminated. The
2D power spectrum reveals a high degree of order in size and

position of these ‘‘hut’’ islands, with very good ordering of
the chains and additional ordering of the huts within each
chain. Analysis of the spectrum yields a predominant base
size of about 35355 nm2 with a very narrow distribution of
the island width (3563.5 nm! and the island height
(360.3 nm!. The lengths of the islands are more broadly
distributed, reflecting less ordering within the chains. Be-
cause we can adjust the ripple wavelength by controlling the
original substrate miscut, we expect that we can arbitrarily
control at least the width~and therefore the height! of the 3D
islands as well as obviously their organization into highly
ordered chains. Combining the use of the Si spacer layer
~whose thickness we can control!, we expect that we can also
control the regularity in size and spacing of the 3D islands
along the chain.

How can we explain the observed self-organization? As
we have seen above, it is clearly a property of the multi-
layer structure, i.e., it is mediated by the Si spacer layers.
The spacer layer may act in principle either to copy the
morphology of the surface on which it is deposited or to
mediate the strain. The former can be ruled out because the
deposition of a 10-nm Si layer smooths the growth front to
the original substrate roughness, as we have pointed out.
Therefore the Si spacer layer acts to create a strain distribu-
tion that is favorable for the formation of regularly spaced
and sized islands. X-ray diffraction measurements on the
same multilayers reveal a partially vertically correlated
roughness in the multilayer.2 Several other measurements of
3D islands in adjacent alloy layers located predominantly on
top of each other have been reported.11,13–16We have re-
cently shown, within the framework of continuum elasticity
theory,17 that the surface strain due to a buried cluster causes
a preferential nucleation of a new cluster just above the bur-
ied one. The lateral interaction of these strain fields results in
an increasingly regular cluster separation in successive lay-
ers; i.e., smaller and misaligned clusters are ‘‘thinned out’’
by the strain mediation through the Si spacer. The spacer
layer acts as a bandpass filter for the morphology. The model
explains the narrowing of the cluster size distribution and the
increase of the average cluster size with increasing layer
number observed in the experiment and predicts the ob-
served dependence of the self-organization on the spacer
layer thickness.

In conclusion, we have demonstrated ways to create
regular SiGe nanoscale structures in SiGe/Si multilayer
films through the self-organization of regular, coherent,
prism-, or pyramid-shaped 3D SiGe islands that form to re-
lieve stress. This self-organization occurs through the strain
mediation by the Si spacer layers. The self-organization can
be influenced by substrate miscut direction and magnitude
~leading to alignment in chains! and by composition of the
alloy layer as well as thickness of the spacer layer. The self-
organization is understood in a simple model of interacting
surface strain due to buried islands. We expect that one can
produce a variety of similar and other nanoscale structural
patterns in which there exist positional and size correlations
not just in the surface plane but from layer to layer by ex-
ploiting knowledge of stress-relief mechanisms in multilayer
films.

FIG. 3. Evolution of characteristic island parameters and sur-
face roughness of 25-Å Si0.25Ge0.75/100-Å Si films as a function of
the number of bilayers. The lines are guides to the eye.~a! Mean
island spacinĝ l & along ^100& ~solid line! and relative width of
the distribution, D l /^ l & ~dashed line!. The error bars indicate
the width of the distribution of island spacings. The high data point
in D l /^ l & at 40 bilayers is caused by the existence of a few large,
no longer coherent clusters~Ref. 6! that also distort the size distri-
bution ~error bar in^ l &). The onset of formation of these clusters
can be avoided by modifying the alloy composition or alloy layer
thickness.~b! Average aspect ratio of the cluster bases,^a/b& ~see
inset!.
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7R. Nötzel, T. Fukui, and H. Hasegawa, J. Appl. Phys.65, 2854
~1994!; D. Leonard, M. Krishnamurthy, C. M. Reaves, S. P.
Denbaars, and P. M. Petroff, Appl. Phys. Lett.63, 3203~1993!.

8H. Presting, H. Kibbel, M. Jaros, R. M. Turton, U. Menczigar, G.
Abstreiter, and H. G. Grimmeiss, Semicond. Sci. Technol.7,
1127 ~1992!.

9See, e.g., J. M. Elson, H. E. Bennett, and J. M. Bennett, Appl.
Opt. Opt. Eng.69, 191 ~1979!; H.-N. Yang, G.-C. Wang, and
T.-M. Lu, Diffraction from Rough Surfaces and Dynamic

Growth Fronts~World Scientific, Singapore, 1993!, p. 64; W.
M. Tong and R. S. Williams, Annu. Rev. Phys. Chem.45, 401
~1994!.

10H. Sunamura, Y. Shiraki, and S. Fukatsu, Appl. Phys. Lett.66,
953 ~1995!.

11T. S. Kuan and S. S. Iyer, Appl. Phys. Lett.59, 2242~1991!.
12C. Teichert, Y. H. Phang, L. J. Peticolas, J. C. Bean, and M. G.

Lagally ~unpublished!.
13L. Goldstein, F. Glas, J. Y. Marzin, M. N. Charasse, and G.

LeRoux, Appl. Phys. Lett.47, 1099~1985!.
14J. Y. Yao, T. G. Andersson, and G. L. Dunlop, J. Appl. Phys.69,

2224 ~1991!.
15L. Vescan, W. Ja¨ger, C. Dieker, K. Schmidt, A. Hartman, and H.
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