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We have studied the structural properties of highly periodic arrays of terrace steps in a Si/SiGe
multilayer grown on a miscut Si~113! substrate by atomic force microscopy, x-ray reflection and
high resolution x-ray diffraction. The data reveal a regular array of step bunches with vertical
correlation within the multilayer and periodic surface steps extending over lengths of several tens of
microns. The~113!-faceted terraces have a lateral period of about 360 nm which is locally
modulated due to a long-range waviness of the surface. ©1998 American Institute of Physics.
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Heteroepitaxial growth on~113!-oriented substrate sur
faces has been extensively studied in III-V material system1

As for group-IV semiconductors, the step interaction on m
cut ~113!-oriented Si was studied previously,2,3 but to our
knowledge only very few publications concerning the grow
of SiGe on Si~113! exist.4,5 Knall and Pethica4 have studied
the initial growth behavior of low temperatur
(Tgrowth,400 °C) molecular beam epitaxy~MBE! of pure Ge
on a Si~113! substrate with a very small miscut. Rows

missing atoms parallel to@332̄# were observed by scannin
tunneling microscopy for a Ge coverage of 3 ML, which l
to the formation of long ridges with$429%-oriented sidewalls
after continued deposition of Ge. Omi and Ogino5 reported
the formation of wire-shaped nano-scale islands orien

along@332̄# with $519% sidewall facets during MBE growth
It was found that the wire formation is not related to t
miscut direction.

We have studied the structural properties of MBE-gro
Si/Si12xGex multilayers, withx ranging from 0.25 to 0.45
grown on miscut Si~113! substrates by atomic force micro
copy ~AFM!, x-ray reflection~XRR!, and x-ray diffraction
~XRD!. In this letter, we report about the results obtained
one sample grown at the WSI on a Si~113! substrate with a
miscut of 0.37°60.01° in a direction 36°62° off from

@ 1̄10#.6 The growth temperature was 550 °C, the grow
rates were 0.5 Å/s for SiGe and about 0.35 Å/s for Si. T
sample consists of 19 periods of nominally 10 nm Si and
nm Si0.65Ge0.35. Prior to the growth of the multilayers, a 10
nm Si buffer layer was deposited on the substrate and

a!Electronic mail: g.bauer@hlphys.uni-linz.ac.at
1530003-6951/98/73(11)/1535/3/$15.00
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nealed at about 1100 °C for 10 min. The topmost SiGe lay
are uncapped.

XRD experiments were performed at the ESR
beamline ID19 using a Si~111! double monochromator and
single bounce Si~111! analyzer. Both symmetrical~113! and

asymmetrical (3̄15) reciprocal space maps~RSMs! were re-
corded. XRR experiments were performed at Masaryk U
versity using a conventional x-ray source~Cu Ka! and a
parabolic graded multilayer mirror. We have measured
calledv scans, i.e., rotated the sample at fixed detector an
2u, for various azimuthal orientations of the sample. W
have adjusted the 2u angles so that the scan trajectories
reciprocal space cross satellite reciprocal lattice points c
responding to the superlattice periodicity in growth directio

Figure 1 is an AFM image of the sample surface, i.e.,
the topmost SiGe layer. It clearly shows the extremely pe
odic terraced surface profile, with the terrace edges orien
normal to the miscut direction. A statistical analysis of t
surface normals obtained by AFM shows that the step
races are~113! facets. This indicates that the measured st
result from the bunching of intrinsic steps due to miscut.7 A
possible crystallographic orientation of the steps4,5 might oc-
cur only on a very short length scale that is not accessible
our experimental methods. Additionally, a waviness with
mean period of about 1.2mm and the same orientation as th
terraces is present. Furthermore, linear structures orie

along @211̄# and @121̄# directions can be seen. As these d
rections are the intersection lines of$111% glide planes of
dislocations with the~113! surface, we associate them wit
misfit dislocations. For these dislocation directions the B
gers’ vectors point along@011# and @101#, i.e., they are nor-
mal to the dislocation lines and thus provide for maximu
5 © 1998 American Institute of Physics
e or copyright; see http://apl.aip.org/about/rights_and_permissions



er

s
e

te
o

th

ks
n
Th

-
a
hi

t
g

-
o

t
o

an

n
file
es
i-
e 2
d the

re,
by a

the
o
the

with

he
ak

ith
is

inset.

ree

he
en in

1536 Appl. Phys. Lett., Vol. 73, No. 11, 14 September 1998 Darhuber et al.

Down
strain relief. No dislocation lines along@ 1̄10# are observed,
which may be due to the strong elastic anisotropy exp
enced by strained layers grown on the~113! surface.8 The
density of dislocations nearly parallel to the step edge
about three times lower than for dislocations with a larg
angle relative to the step direction. This might be attribu
to a reduction of the misfit strain due to the stepped morph
ogy.

In Fig. 2 the two-dimensional Fourier transform~FT! of
the surface profile is plotted. The sharp lines through

center are perpendicular to the dislocation lines along@121̄#

and @211̄#. The broad, weak peaks near the center~labelled
W! correspond to the 1.2mm waviness, and the other pea
are associated with the terraces. A periodic sequence of
row peaks is visible, accompanied by weaker satellites.
distance of the main peaks~labeledT1 ,T2 ,...! corresponds
to the mean terrace width ofL5(360610) nm. The origin
of the satellites (S1

1,S2
1 ,...) can beexplained from Fig. 3. As

the distance of theS peaks from theT peaks does not in
crease with the order of theT peaks, they are attributed to
periodic modulation of the terrace widths. The period of t
latter modulation~approx. 1.2mm! coincides with the period
of the waviness, which can be understood from the inse
Fig. 3: the waviness causes a local variation of the an
between the mean surface and the~113!-oriented terrace pla
teaux, which is accommodated by an according variation
the plateau widths. In the measured spectrum~Fig. 2! only
the outer satellites can be observed. This asymmetry of
satellites depends on the particular modulation function

FIG. 1. AFM topograph with a scan range of 20320mm2. Both the terraces
~T! and the waviness~W! are visible. The oblique lines denoted D are t
traces of misfit dislocations. The inset shows an enlarged line scan t
along the marked line.

FIG. 2. Two-dimensional Fourier transform of Fig. 1. The main peak~T!
and its satellites~S! are explained in the text, the thin lines~D! are perpen-
dicular to the traces of misfit dislocations.
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the terrace widths, e.g., a harmonic function gives such
asymmetry.

From XRRv scans information on the morphology ca
be obtained as well. However, XRR is sensitive to the pro
of all interfaces in the multilayer, whereas AFM only prob
the top surface. Figure 4 showsv scans measured in az
muths parallel and perpendicular to the terrace edges. Thu
angles were adjusted so that the scan trajectories crosse
third, fourth, and fifth superlattice satellite. Thev scans mea-
sured in the azimuth parallel to the step edges~lowest curve
in Fig. 4!. do not exhibit any nonspecular peaks, therefo
the interface roughness in this azimuth can be described
usual fractal model.9

In the scans taken in an azimuth perpendicular to
edges~upper three curves!, a double-peak structure similar t
that in Fig. 2 is present. However, in contrast to the FT of
AFM image, the pattern is asymmetric with respect toqx . If
we rotate the sample by 180°, the patterns are reversed

en

FIG. 3. Schematics of a Fourier transform from a surface structure w
modulated terrace width. The intrinsic modulation of the terrace width
caused by a long-range surface height modulation, as sketched in the

FIG. 4. XRRv scans taken in different sample azimuths. The upper th
curves are scans taken in an azimuth parallel to the miscut~across the
terrace steps! through the fifth, fourth, and third superlattice satellite. T
lowest, dashed, curve is a scan across the fifth superlattice satellite tak
an azimuth perpendicular to the miscut~along the terrace edges!.
e or copyright; see http://apl.aip.org/about/rights_and_permissions
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respect to theqx axis. Unlike Fig. 2, which is the FT of a rea
function, the XRR pattern is proportional to the FT of th
phase shifts of the scattered x-ray wave due to the inter
profiles, and hence an asymmetry due to the asymmetric
race shape is observed.10 The peak positions in the scan
with various 2u coincide. From these peak positions a me
terrace width of 360610 nm and a modulation period of th
terrace widths of about 1.2mm follow, in good correspon-
dence to the AFM data. In the XRR curve, the inner S pe
can also be resolved, due to the larger area probed by X
in comparison with AFM. However, in XRR only the firs
order T peaks are visible, whereas in Fig. 2 they can be s
up to the third order. Since XRR is sensitive to all interfac
in the multilayer, and AFM probes only the topmost surfa
the data indicate that the step structure becomes more re
towards the surface. Additionally, close to the center of
scans, broad slightly asymmetric maxima~marked W! occur,
which are again attributed to the 1.2mm waviness of the
surface.

High angle XRD data are presented in Fig. 5. Panel~a!

FIG. 5. ~a! Measured reciprocal space map around 113 reciprocal la
point; ~b! simulation. The streak labeled ‘‘A’’ is an instrumental artefact, t
peaks labeled ‘‘T61’’ are due to the terrace periodicity.
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displays the RSM around the symmetric~113! Bragg reflec-
tion measured in the azimuth parallel to the miscut direct
~across the terrace steps!. The main peak, i.e., the zero-orde
superlattice satellite, is accompanied by a series of side p
alongqx due to the terrace structure of the interfaces, cor
sponding to the T peaks described above. In contras
XRR, XRD is sensitive not only to the geometric samp
structure, but also to the strain distribution in the multilay
The envelope of the lateral satellites as well as the diffus
scattered intensity between them is shifted towards posi
qx values due to the asymmetry of the strain distributi
caused by the asymmetric terrace shape.

In Fig. 5~b! the intensity distribution has been simulate
by means of kinematical diffraction theory. The simulatio
does not include the dynamical, coherent truncation rod
the calculations we have used the elastic Green function
the evaluation of the deformation field of a terrace edge si
lar to the ones presented in Ref. 11. Using this approach
have restricted ourselves to isotropic elasticity, and we h
neglected the difference in the elastic constants betwee
and SiGe. A good correspondence between measuremen
calculation has been achieved for a mean terrace width
L5360 nm and its root mean square deviations550 nm.

In conclusion, we have studied a terraced Si/Si
multilayer by means of AFM, XRR, and XRD and observ
a highly regular surface structure. From the comparison
XRR and AFM results it follows that this structure is prese
in all interfaces, but becomes more regular towards
sample surface, i.e., with increasing number of grown bil
ers. Besides the terrace structure with a mean period of
nm and~113!-oriented terrace plateaux, a less regular str
ture with a wavelength of about 1.2mm is present, which
leads to a modulation of the terrace period. From XRD
strain fields also associated with the terraces were detec

This work was supported by GMe, BMWV~‘‘Nano-
structures’’!, FWF, GACR ~202/97/0003!, MŠČR
~VS96102!, BmBF ~M2953 B2!, and VW-Stiftung.
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10V. Holý, C. Giannini, L. Tapfer, T. Marschner, and W. Stolz, Phys. Re
B 55, 9960~1997!.
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