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Grazing incidence small-angle x-ray scattering study of self-organized SiGe wires
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The structure of self-organized quantum wires buried at the interfaces of a SiGe/Si multilayer is investigated
by grazing incidence small-angle x-ray scattering. A nearly periodic distribution of wires, well described by a
short-range ordering model, gives rise to intensity satellite maxima in reciprocal space. The shape of the wire
cross section is determined from the heights of these intensity maxima, and the analysis reveals that the
conventional step-bunching model is not sufficient to explain the wire shape.
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[. INTRODUCTION strate with a miscut of 3.5° towards thE0Q] direction. With
the chosen growth conditions, a smooth Si buffer was

The structural characterization of self-organized semicongrown!* The thickness of the $i<Ge, 45 and Si layers was
ductor nanostructures has been the subject of intense inveseminally 2.5 nm and 10 nm, respectively. The whole
tigations. In order to understand the electronic and opticamultilayer stack was covered by a 12-nm-thick Si capping
properties of such nanostructures, information on their sizdayer. The substrate temperature during multilayer growth
shape, composition, and composition gradients, as well as afas 550 °C; for growth details see Ref. 10. The surface mor-
their strain status is indispensable. So far, most of such stughology of the top Si layer was investigated by AFM and is
ies were focused on quantudots grown in the Stranski- shown in Fig. 1, together with its two-dimensional Fourier
Krastanow growth mod&;® whereas much less work has transform. We observe a one-dimensional periodic ripple
been devoted to the investigation of self-organized growrstructure along the miscut directi¢©00], with a lateral pe-
quantumwires*=® It has been shown that the growth of suchriod of about 90 nm. Additionally, some “holes” in the sur-
wires requires a suitable template, which can be providediace are observed, with typical distances much larger than
e.g., by regular arrays of terraces formed during a stepthe period of the ripples, and random distribution.
bunching growth process? Such step-bunching instabilities X-ray diffraction from self-organized quantum wires is
have been observed to occur in several systems, includingainly influenced by thstrain fieldsin the Si matrix caused
Si/SiGe multilayers grown on miscut Si substrates. Brunneby the buried SiGe wires. In order to get a direct information
et alX® have shown recently that for molecular-beam epitaxy
(MBE) growth of SiGe nanostructures, certain ranges of
growth parameters exist, where either laterally ordered SiGe
island growth takes place, or wires are formed on nearly
equally spaced terraces, which were studied by transmission
electron microscopy and atomic force microsc@pyM).

For the nondestructive characterization eithed free-
standingperiodic wires, x-ray diffraction and scattering tech-
nigues have been frequently usege, e.g., Ref. J1in par-
ticular to study their shape and strain status. However, the
observation of optical properties like luminescence requires
that the wires are embedded into a matrix, i.e., they have to
be overgrown, which is usually accompanied by a dramatic
change of their shape, size, and compositfoli. |t is the
purpose of this paper to investigate in particular #hepe
and sizeof buried self-organized SiGe wires, using grazing
incidence small-angle x-ray scattering techniques.

II. EXPERIMENT ) .
FIG. 1. Surface morphology obtained by AFM, the inset shows

We have studied a 20 period SiGe/Si multilayer, whichthe two-dimensional Fourier transform. The arrow indicates the
was grown by solid source MBE on[@01]-oriented Si sub- miscut directionB indicates the average wire length.

0163-1829/2001/620)/2053185)/$20.00 63 205318-1 ©2001 The American Physical Society



V. HOLY et al. PHYSICAL REVIEW B 63 205318

(@) (b) Ill. THEORY
x 2| %, [001] 2|1 %, [001]
K, Ji 0] From the comparison of the measured scans with simu-
5 ’i"* 7 % lated ones, we can determine an average shape and the ar-
PN — 20 rangement of the buried wires. The simulation is based on

xI% 01001 the distorted-wave Born approximatith,with a semi-
infinite Si substrate as undisturbed system. In the following,
we denoteQ)(r) the shape function of an individual buried

FIG. 2. Sketch of the GISAXS scattering geometry for the inci- wire; this function equals unity inside the wire and zero out-
dence plane paralléb) and perpendiculafb) to the wire direction  side it. We express it in the coordinate system 5, where

of the wires(gray stripes X5 is parallel to the verticdl001] z axis, X, is directed along

the wires (direction [010]) and x; across them, i.e., along

(gé_rOO] (see Fig. 2 In the arrangement&) and (b), the x;
axis is parallel to they andx axes, respectively.

/-y [l x, [100]

on the wireshape here strain-insensitive small-angle x-ray
scattering has been applied. We used the grazing-inciden
small-angle x-ray scattering geomef&@ISAXS), where the . .
scattering plane is nearly parallel to the sample surf&ag . 'tl'h? dx-ray s%attermg IS .CaICtL.’(Ifﬁ'f(fg V\t/)')t/h'met?]r']s of the
2), and a large range of in-plane momentum transfer can bg's orted-wave Born approximatiorr. ithinthis —ap-

investigated. The experiments were carried out at the underoach, the primary wave is transmltteq through the sample
lator beamline TROKA Il at the ESRF, Grenoble, using a surface, then scattered by the buried wires, and the scattered

wavelength of\ =0.155 nm. The diffusely scattered inten- &€ is transmitted through the sample surface as well. As-

sity from the buried nanostructures was measured by a pos§_um|ng that all the buried wires have the same shape, the

tion sensitive detector oriented parallel to the sample surfac fauprocal space d!str|bgt|onjr§0f the intensity scattered dif-
i.e., parallel to theQ, axis. During a GISAXS scan the usely from the buried wires
anglesa; s were kept constant and the scattered intensity has _ + 12| OFT 2
been measured as a function of the in-plane angleThe '(Q)=consttitd|7(QnI"C(Qr), @)
anglesq; s were chosen so that the scan trajectory in recipwhereQ=(Q,,Q,,Q,) andQr=(Q,,Q,,Qr,) are the scat-
rocal space passed the coherent truncation rod in a very smadlring vectors in vacuum and corrected to refraction and ab-
distance Q,=2.5x10"% nm™!, in order to exclude the sorption in the undisturbed structure, respectivgly are the
specular intensity peak from the measurements. For variousresnel transmittivities of the surface of the undisturbed sys-
values ofq; ¢ (i.e., for differentQ, values, pairs of GISAXS  tem, and FT denotes the Fourier transformation.
scans were recorded for two azimuthal positions of the
sample, namely, withQ,||[100], Fig. 2@, and with B . "
Q[010], Fig. 2b). CQn={2 exq—|<Rm.QT—Rn.QT>]>

The results of the GISAXS measurements are plotted in
Fig. 3 for variousQ,. For the first scan the information is the correlation function of the wire positions, where the
deptH®is much smaller than the multilayer peried and for ~ vector R, = (X1,,0X3y,) denotes the position of thenth
the second scan it corresponds to a2, whereas for all wire. The correlation function is a product of the lateral and
other scans it is much larger than this period. Thus, excep(el’tica| correlation fUﬂCtiOﬂﬁ::C”CL. The vertical corre-
the first two, the scans give information mainly on theer- lation functionC, (Qy) describes the correlation of the wire
age structure of the wires in the multilayer. In arrangementpositions at different interfaces. Due to their strain fields,
(a), the GISAXS data show a periodic sequence of satellitavires at different interfaces are arranged along lines inclined
intensity maxima, while in(b) only a central peak can be by an angle xy (replication anglg from the growth
seen. Thus, similarly to the ripples observed at the surfacdlirection’’~*° This oblique arrangement of wires is mani-
the buried wires are nearly periodically arranged aldig), fested by the concentration of the scattered intengi)
i.e., along the miscut, and no periodic structure is present iinto sheets in reciprocal space, as is indicated in Fig. 4. The

the[01Q] direction. vertical distance of the sheets isr®D and they are inclined
by x from the horizontal directiot®*° Two-dimensional in-
10°f o (uty= ‘ tensity distributions of our sample measured in coplanar dif-

o o fraction and coplanar small-angle scattering, exhibit nearly
7/ N ' horizontal intensity sheetsy=(3*=3)°], i.e., the wires at
different interfaces are arranged vertically. Then, the vertical
correlation functiorC, (Q) depends only o531, which is
constant in a GISAXS scan, a@ (Qt) can be included in
the constant factor in Ed1).
‘ - . . . - The form of the lateral correlation function can be chosen
-0.05 0.00 0.05 -005 0.00 0.05 . . .
0 wh) 0,k assuming that the lateral wire positions obey the short-range-
' order (SRO model, i.e., the lateral distances of the wites
FIG. 3. GISAXS scangcircles measured for differer®, inthe ~ are random with the mean valgg =L, and the neighboring
two arrangements of Fig. 2. Lines represent simulations. Curves a@distances are not correlatédWithin the SRO model, the
shifted vertically for clarity. lateral correlation function is obtained as the statistical aver-

Intensity (arb. units)
S
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FIG. 4. (a) Sketch of the wire arrangemerih) corresponding
intensity distribution in reciprocal spac) Sketch of the distribu-
tion of steps forming the wires.
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age of geometrical factors of many perfectly periodic wire

sequences with various random distanteSince the geo- FIG. 5. CoefficientsF, determined from the GISAXS scans
metrical factor of a perfectly periodic wire sequence is pro-measured in the arrangemef@ (points and their simulations
portional to a periodic sequence 6&flike peaks centered in (lineg). Arrows indicate the positions of the side maxima of the
the corresponding reciprocal lattice points, the resulting latenvelope curvesshifted vertically for clarity.

eral correlation function is

" in Fig. 3. The resulting parameters are the mean wire dis-
_ _ _ tance L=(90+5) nm, its root-mean-square deviatiar
Ci(Q1) M<gp2_w Qs pg)>, g=27/l, (2 =(15+5) nm, and the coefficients ,(0,Qr,). The mea-
ured and calculated curves coincide perfectly, indicating

the averaging is performed over the random distahcEsit-
ting this form of the correlation function into Eql) we

. ) : ) The coefficientd,, which are plotted in Fig. 5, contain
obtain the final formula for the scattered intensity R b g

information on the wire shape, which influences the envelope
= Q of the lateral maxima. However, a direct reconstruction of
I(Q)~|tits|2{ 8(Q1)Fo+ >, —pw( =1, (3 the shape functiof)(r) from the Fp is not possible, since
p¥=0 |P| P the phase information of2F is missing. Therefore, we as-
whereF ,(Q,,Qar) = |QF(Q,=pG,Q,,Q47)|? are the val-  Sume a suitable model of the wire structure and determine its
ues of|QFT(Q7)|? in the lateral satellites, and(g) is the ~Parameters from t'he comparison with the experimental val-
probability distribution function of the random quantiy ~ ues ofF,. From Fig. 5 it follows that, apart from the central
Equation(3) describes a sequence of lateral satellite maxim@€ak atp=0, the envelope curve of the satellite maxima
alongQ;, with periodG=2/L. The width of the satellites exhibits a side maximum for largeQr,. This maximum
increases with the satellite order and the intensity exhibits &hifts to negativep’s, and the shift is proportional tQr,.
5-like peak atQ,=0. In the measured data, this peak is This behavior indicates that the wire cross section has a dis-

broadened by the goniometer resolution and/or by the coheflnct “facet” making an angleg with the average interface.

ence properties of the primary x-ray beam. We use the quoted term “facet,” because it seems unlikely
that what we observe is really a crystallographic facet; since
IV. RESULTS AND DISCUSSION we are inv_esti_gating)uried structures, one might think of a
facet that is disturbed and rounded during overgrowth.
In arrangement(b), Q;=Q,=const=0, Q,=Q,, Qs Qualitatively, such a “facet” could be explained for

=Q,, and the scan trajectory is perpendicular to the sewires formed by step bunching, as is illustrated in Fig)4
guence of intensity satellites. Then, only a central peak casiGe-rich wires form at step bunches, where the accumula-
be found in the measured data. If we assume that the actuabn of steps allows for a better elastic relaxation of SiGe. If
wire lengthsb along x, are randomly distributed with the no steps occur at one side of the wire,(@01) facet is
exponential probability distribution with mean vale the  formed, which is inclined exactly by the miscut angjiie our
shape of the maximum is Lorentzian. Fitting the measured¢ase 3.3:0.02°) with respect to the average interface. This
scans with Lorentzian curvgsee Fig. &)], we obtainB leads to a triangular shape of the wires, with one side in-
=(250=50) nm, in good agreement with the AFM data of clined by an anglg8 and a horizontal bagesee inset in Fig.
the sample surface. 4(a)]. Due to the tendency of flattening of self-organized
In arrangementa), Q;=-Q,, Q,=Q,=const=0, Q3  structures during overgrowth, one would expgtto be
=Q,, and the trajectory of the GISAXS scan is perpendicu-somewhasmallerthan the miscut ang(&!®°The amplitude
lar to the wires and crosses the lateral satellites. We havef the ripples at the Si to SiGe interface should be similar to
fitted these scans using E@), the fitted curves are plotted that observed for the surface ripples by AFM, which are
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about 0.4 nm high, much less than the wire heigigte be- cess: With respect to th@01) plane, the measured angle
low), hence the lower interface of the wires can be assumertheans that the wires are formed not solely by a bunching of
to be flat. For the simulations, we usgd the facet widthA  “downward” steps, as sketched in Fig(a}, but contain also
[see Fig. 43)] and its fluctuationr, as free parameters. Be- “upward” steps[Fig. 4(c)]. It cannot be decided from our
causeg is small,A corresponds also to the width of the wire, experiment, and might challenge the further improvement of
the right-hand side of the wire is much steeper, and the corgrowth models, whether this indicates that already during the
responding streak in the GISAXS scans cannot be observedgposition of SiGe, upward steps are formed, e.g., due to
as it influences the envelope of the satellite peaks only akinetic limitations of the growth process,or if the slope
very large values oQ, . steeper than the miscut is formed during overgrowth of the

In reciprocal space, the side maxima of teavelope SiGe wires with Si. However, as generally a trendlaften-
curves for variou€)+, lie at a line perpendicular to the facet. ing of self-organized structures during overgrowth is
This is shown in Fig. #), where we depicted how the fea- observed?*3it seems much more probable that the upward
tures in reciprocal space correspond to the real-space featurgteps are formed already during deposition of SiGe.
of the wires.

From the shiftAp of the maximum for a giverA Q;, we V. SUMMARY
get B=arctanGAp/AQr,). The width A of the wire is in-
versely proportional to the width of this maximum. The cen-
tral maximum of the envelope curve stems from the base oﬁ
the wires and the wetting layers between the wires, but i%n
also influenced by, e.g., diffuse scattering from usual inter-
face roughness between the wires. The calculated envelo
curves are plotted in Fig. 5. We foun@=(6+1)°, A
=(35x5) nm, and o,=(10=5) nm, and a resulting
height of the wires of about 3:71.2 nm. The shape of the
experimental envelope curve is well reproduced by th

In conclusion, self-organized buried SiGe wires in a Si/
iGe multilayer sample, grown on a vicinal Si substrate with
rather large miscut angle, were investigated by grazing
cidence small-angle x-ray scattering. The scattering data
rove that laterally periodically arranged buried SiGe wires
e present, which are elongated parallel to the monolayer
steps of the vicinal surface. The scattered intensity was an-
alyzed using a model based on the distorted wave Born ap-
e!proximation. We have found that the lateral wire distribution
obeys the short-range-order model, the mean distance of the

. . Yuried wires equals that of the ripples at the sample surface.
to the scattering from the areas between the wires. The digz e heights of the lateral satellite maxima we deter-

crepancy between the simulation results and Elaevalues_ mined the mean width of the wire to be 35 re., less than

]tor thi shmellllesthhare pfrobabg/ cauzeg kR’ the i’catt%”ngthe half of the wire distangeand the angle of its side facet to

t:omht € cf)es att F sur aceho. ser:ve ) 3;1 T{? ),fan 6°. Since this angle is larger than the crystallographic mis-
y the surface ripples, as their shaieight differs from cut, the self-organization process creating the wires cannot

that of the buried wires. . .
Although the triangular model is a simplifying assump- be explained by the bunching of monolayer steps alone.

tion on the wire shape, the presence of a facet inclined by
about 6 ° with respect to the average interfaces is obvious.
Remarkably and unexpectedly, this angldarger than the This work was supported by FWF, VienriRroject No.
crystallographic miscut (3.5°), hence the facet is more in-14684, the BMVIT, Vienna, the EC(RTN1-1999-00368
clined to the mean interface than the crystallogragbil) the Grant Agency of Czech RepubliProject No. 202/00/
plane. The measure@ would correspond to a very highly 0354. The GISAXS experiments were carried out at the
indexed plane a$1018, hence what we observe is not TROIKAIl beamline of the ESRF, Grenoble, France. We
likely a crystallographic facet. However, there is an impor-acknowledge the assistance of O. Konovalov and D. Smilg-
tant consequence for the understanding of the growth prdes with the beamline setup.
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