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Asymmetric correlation function describing the positional ordering of liquid-phase-epitaxy Si—Ge
nanoscale islands
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Liquid-phase-epitaxy grown SiGe nanoscale islandg@i1)Si form extended chains which are aligned
along the(100) directions. The positional ordering within the island chains was studied by x-ray diffuse
scattering. The results can be interpreted by a short-range order model. The corresponding correlation function
exhibits an asymmetric peak profile. The asymmetry leads to nonequidistantly spaced satellite peaks that
disperse outward slightly with increasing lateral momentum transfer. The observed asymmetric island-island
correlation is caused by the successive growth of the islands within a chain, while the new island position is
influenced by depletion of the wetting layer around the island.
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I. INTRODUCTION range orderLRO), which have been already discussed for

Semiconductor nanoscale islands have been extensiveRP.S"“Onal ordering of quantum dotdn both cases, the sat-
investigated in the last decaddlechnological applications €llite peaks are equidistantly spaced in reciprocal space and
of these systems require dense arrays of monodisperse strdgey vary only in intensity and peak width.
tures of identical shape. Initially, the most widely followed [N this paper we discuss the lateral ordering of free-
approach to forming nanoscale islands was through electrorifanding Si.,Ge, islands, which were grown of001)Si by
beam lithography of suitably small featured patterns. How-mneans of liquid-phase epitaxy-PE). A description of the
ever, besides the fact that the spatial resolution of typicall}-PE growth procedure can be found elsewHefwing to
30 nm is often not small enough, there is still a problem withgrowth conditions close to thermodynamic equlibrium these
the large amount of damage introduced during the fabricatio§a@mples contain highly monodisperse islands of uniform
process itself. Therefore, self-organized growth mechanismghape and, at sufficiently large island coverage, high posi-
such as the Stranski-Krastanow growth matieye attracted tional correlation is observetd As an example, atomic force
considerable interest. Here, a heteroepitaxial film can releagBicrographs of Si;dGe 30 nanoscale islands are shown in
its elastic energy by forming small dislocation-free three-Figs. Xa) and 1b). It is very interesting to track the evolu-
dimensional islands. tion of positional ordering as a function of island coverage.

Depending on the growth conditions often a well-definedAt very low island coverage, there is already a large fraction
lateral positiona' Ordering of self-assembled nanoscale |50f |S|ands that are Clusteréd.oThese C|USterS consist ma|n|y
lands can be observét Type and strength of this ordering of island dimers, with a small fraction of linear three-island
can be described by a pair-correlation function. At free-trimers that are oriented along the elastically a0 di-
standing islands positional ordering can be investigated byections. When the island coverage is increased, the dimers
real-space imaging techniques, such as scanning probe nahd trimers develop into extended rows of islands oriented
croscopy or scanning electron microscopy. Those methodalong (100"
probe the structure locally with high spatial resolution but The observed clustering is a clear indication of short-
often with insufficient statistical significance. Therefore, anfange ordering and suggests that during the growth phase,
accurate determination of the pair-correlation function from the nucleation of an island is strongly influenced by already
e.g., atomic force micrographs, seems to be not feasible. B§Xisting islands. However, we will demonstrate that the
contrast—owing to typical spot sizes in the range of a fewdependence of experimental satellite peak positions in the
square millimeters—x-ray scattering techniques average sta-ray diffuse scattering indicates that the above-mentioned
tistically over rather large ensembles of islands, and the dat@andom-walklike SRO model as used by Staegal.” is not
are very reliable concerning statistics. appropriate to correctly describe the lateral ordering of our

As a result of positional ordering, significant interferenceSamples.
of scattered waves from the individual islands may occur and
satellite peaks can be observed in the (_jiffuse X-ray scattering. Il X-RAY SCATTERING FROM A CORRELATED
The angular positions of these satellites are related to the ENSEMBLE
mean lateral island distances while the peak widths contain
information about a lateral correlation length. Moreover, The investigation of mesoscopic structures by means of
since the diffuse intensity distribution of the satellite peaks isx-ray diffuse scattering implies averaging over the illuminat-
related to the Fourier transform of the pair-correlation func-ing spot size of typically a few square millimeters on the
tion, a detailed quantitative analysis enables one to distinsample. When a single layer of islands with spacings of
guish between different types of ordering. Among them arel00—1000 nm is considered, the number of scattering meso-
the two limiting cases of short-range ord@RO and long-  scopic objects is of order $810°, which is a statistically
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significant large number. In the case of an ensemble For practical reasons, it is impossible to extract useful
of monodisperse islands of identical shape the diffusenformation about the individual objects when they are
intensity from each individual island is identical. However, different in size, shape, and chemical composition. Extract-
the positions of these islands in the ensemble can bang information is only possible if all of them are sufficiently
correlated, resulting in significant interference of thesimilar, i.e., they must have the same shapcluding
diffusely scattered waves from the individual islands. De-orientation and at least a narrow size distribution. In
pending on the strength of the positional correlation, thisthe case of identical islands at positioRg, the amplitudes
could lead to more or less pronounced and sharp satellitaﬂ:ﬁuse(q) are also identical and E@2) transforms into

peaks in the diffuse scattering. The distanaesin recipro-

cal space between the satellites and the coherent Bragg peak AdiMuse(q) = Adiffuseq) > €9 Rm, (3)
are related to corresponding mean distar{cksn real space m
via The diffuse intensity from the entire island ensemble can be
then written as
2
(d)= A—Z (1) 1(@) = 1(@singd3(a), (@)
_ . . _ ~ where the interference function is defined as

This equation can be applied to both vertical and horizon- ' 5 A
tal correlation and is very helpful for quickly evaluating ex- G(q) = | >, €9Rm| = ddRmRn), (5)
perimental data. However, this relationship does not provide m mn

information about the details of the correlation function that

deteines e scatered ienes, Hore e deserbe Nellmoe of mesoscone sicures. Th requres a knowecge
X . : : of all island positionsR,,, which is practically impossible.
kinematical theory. The diffraction from an ensemble Oquuation(S) should therefore read

nanoscale islands can be treated such that the scattered am-

plitudes Ad™se from single islands at positior&,, are (co- G(q) = <E eiq.(Rm—Rn)>’ ©6)

In Eq. (5), the summation is performed over the entire en-

herently summed mn

diffuse diffuse - ia R v_vhere_the brackets) denote gveraging over all possible con-
AGE(a) = 2 AG™(q)ed R, (2)  figurations of the mesoscopic ensemble.
m To a certain extent the positiofs,, can be determined by

imaging techniques, such as atomic force microscopy

where g denotes the scattering vector. Note, however, thatAFM). Here, a sufficiently large area in real space has to be

this expression is valid only if the strain fields of neighboring considered. However, the result obtained has to be adapted to

islands do not remarkably overlap, which is true for thethe experimental conditions, i.e., the finite coherence of the

sample discussed here. x-ray beam has to be taken into account. This means that the
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coherent sum in5) has to be taken over those islands thatdent ofr]. In this caseG(q) also shows correlation peaks
are inside the coherence volume. This sum has then to bgith constant widths, which are given by Scherrer’'s
averaged over all islands. In other words, the total intensitformulal3

is calculated by partly coherent and partly incoherent aver-

aging over different subensembles. Recently, this procedure 8= 2_77. (10)
has been successfully applied to SiGe islatids. 3

Equation(4) shows that, as a result of spatial correlaﬂon,The domain siz& can then be interpreted as a correlation

the diffuse intensity of a single island is modulated by the - ,
interference functiorG(q). Note thatG(q) is defined in re- Iength thgt_quantltat|vely dgscnbes the length scale up to
which positional correlation is present.

ciprocal space, whereas the correlation funci@in) is de- For SRO, the ordering disappears gradually at large

fined in real space. There exists, however, an interesting redistances[Fi :

; . ) ; g. 2(b)]. Therefore the peaks i€(r) become
Iatlonsh|_p betweelﬁ:(r_) andG(q), Wh'Ch can_be obtained by broader and are damped with increasing relative distance
expressing t'he positionB, of the islands in terms of the For the rms peak widths &(r), Stanglet al.” have assumed
island density” through that they behave similar to a random-walk, i.e.,

o(r) =2 8 -Ry). 7) o, =\no. (12)
m
Here o is the rms standard deviation of the mean distance
Here, the extended size of the _mesoscopic structures igl) between two adjacent islands and is, thus, identical to
neglected and only the mean positioRg, are considered. the peak width of the first correlation peak @&(r).
By using this relationship for calculating the correlation As a consequence of Eqll), the peak widths ofG(q)

function also increase with the peak index. They can be expressed
as
C(r)=fe(r')e(r+r’)dv’, 8 5 (0g)? 12
. Cody
we obtain . .
with a correlation length
. 3
G(q) = f C(r)eadV. (9) _ 13
§= 52 (13
Thus, the interference function in reciprocal sp#a@) is Stanglet al” have proven the validity of the “random-
the Fourier transform of the correlation function in real spacevalk” SRO model for SiGe and PbSe/PbEuTe quantum-dot
C(r) and vice versa. superlattices. In these systems the degree of ordering is re-
Ordering phenomena are usually discussed in the frameawnarkably high, but the SRO behavior is still evident.
work of two limiting models—short-range ord€é8RO and The qualitative difference between SRO and LRO is

long-range orde(LRO). For LRO[Fig. 2(a)], the correlation sketched in Fig. 2. In both models the peaksGfg) are
is assumed to be perfect within coherent domains of §ize damped for largeq and are equally spaced. Please note that
[i.e., C(r) exhibits (sharp peaks of constant width indepen- the LRO model employs a finite domain sigdeading to a
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FIG. 3. Calculated interference functidd(q) obtained using
Eq. (14) for (d)=250 nm and various values of the correlation
length ¢&. The dashed line is the envelope function of the satellite
peaks foré=8000 nm.
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For the random-walk SRO model as described by Eg.

- . . . FIG. 4. Calculated autocorrelatida) and corresponding inter-
(1), an analytical expression for the interference function . .
. T ference(b) functions C(r) and G(q,), for a special SRO model,
G(g) exists and is given by

exhibiting only next-neighbor correlations. A mean distance of

1 - g o (dy=500 nm has been assumed. The line shag&(iin is asymmet-
G(g) = 27 - . 14) ric. As a consequence, many high-order correlation peaks are
1+e 79 - 2677972 cogg(d)) present inG(q) that are not equidistantly spaced but disperse out-

This expression was developed by Hosent&fnin order to ward slightly with increasing

describe scattering in the framework of the so-called ) )
paracrystal model. This model attempts to account for bot§@y Of the correlation peaks. In the SRO model as used in
the liquid-like (amorphous SRO scattering and the sharp Eq. (11),.the appearance of_ many orders of satellite peaks is
diffraction maxima from an LRO structure. The Hosemannthus a sign of high correlation. _
function as given in Eq(14) has been already applied for ~ The behavior of SRO discussed above is, however,
describing in-plane correlation of free-standing quanturOt generally valid. In Fig. 4, an SRO model where only
dots!617Here(d) ando were used as free-fitting parameters. next-ne|ghbor correlf_mo_n IS present is qleplcted_. When an
They were treated as anisotropic in real space, since a gefSYmMMetricpeak profile is used fo€(r) [Fig. 4@)] instead
eralized two-dimensionaiin g-space analytical expression of a symmetrical Gaussian distribution, interesting features
for G(q) does not exist yet. in the resulting intensity distributiols(q) [Fig. 4(b)] are

A very interesting point is the interrelation betwestr) obtained:(i) Many orders of correlation peaks are present,

andG(qg). What qualitative information can be obtained from althoug_h rather S_RO is_pre_se(ii.) Thﬁ position of the first
the functional behavior 06(q)? In the literaturele.q., Ref,  correlation peak irG(q) is given byq=(27/(d)), however,

18), the statement can often be found that the presence 5'?‘8 spaci_ng_ betwgen neighboring peaks disperse slightly out-
many peaks ir6(q), i.e., the presence of high-order correla- ward. This is a direct consequence of the asymmetric peak

tion peaks, can be interpreted as very high correlation. ThiQrOfIIe of C(r).
statement is, however, not generally correct and will be dis-

cussed now in more detail. It is certainly true that the degree

of ordering is related to the peak width of the first correlation

peak, and the corresponding correlation length is given by X-ray diffuse scattering intensity distributions were mea-
Eqg. (10). This behavior can be inspected in Fig. 3, wheresyred in order to probe the interference functi®fg) origi-
calculated values of the interference functi®(q) given by  nating from lateral island-island correlation. Two different
Eq.(14) are plotted for different values @f The width of the  scattering geometries have been employed, namely, high-
first correlation peak, indeed, inversely scales with the corresolution x-ray diffractiotHRXRD) and grazing-incidence
relation lengthé. In addition to that behavior, the correlation small-angle x-ray scatteringGISAXS). While GISAXS is
peaks decay with increasing valuespfThe intensity decay solely sensitive to morphological details, such as island
can zbg quantlflezdzby an envelope function of the fafn  shape, size, and spatial correlation, HRXRD additionally
+e 7472 [(1-e77°972), The smalle# is, the stronger the de- probes the lattice strains inside and in the vicinity of the

Ill. EXPERIMENT
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FIG. 6. Measured reciprocal space mapggdoor-plane in the
proximity of the symmetrical 004 reciprocal lattice point. The Si
004 substrate reflection appeargjg};=4.628 A1 and is not shown
here.

sample[Fig. 5(b)]. The measurements have been carried out
at glancing angles close to the critical angle of total external

ClsAXS reflection. The in-plane resolution typically amounts to
AQ=4x104 A1,

PSD The experimental setup and a more detailed description of
Sodan GISAXS and HRXRD can be found in Refs. 3 and 8, respec-
e — I] tively.

(b) ofoo
IV. RESULTS AND DISCUSSION
FIG. 5. Experimental scattering geometry f@ HRXRD and o
(b) GISAXS. The use of a linear position sensitive dete¢RBD) For the sample as presented in Figéa)land Xb), the

ensures rapid data acquistion. two-dimensional nature of the in-plane interference function
G(q) can be inspected in Fig(d), where the Fourier trans-

SiGe islands. Intense synchrotron radiation as provided b§orm (power density spectrumof the AFM height profile
the BW2 wiggler station at HASYLAB/DESY has been usedlFig. 1(@] is displayed. As further discussed in Ref. 3 this
in the x-ray scattering experiments. An x-ray wavelength ofspectrum may be directly compared to the GISAXS in-plane
A=1.54 A was selected by a ($lL1) double-crystal mono- intensity distribution, which is depicted in Fig(d). Both
chromator with a typical bandwidth afA\/x=10"% A mul- AFM and GISAXS clearly show fourfold symmetry with
tidetection scattering scheme has been employed in that ¢orrelation peaks along both t{200 and(110 directions.
linear position-sensitive detecté®SD) was placed at a dis- According to Eq(1) the corresponding mean spacings fulfill
tance of about 750 mm behind the sample. By using a smaihe relationship (diop/(d1190=294/214 nm=+2, which
spot size of the x-ray beaittypically 100—200um) on the  demonstrates the development of a square island pattern in
sample, each channel of the PSD corresponds to a certaigal space. However, owing to the low number of islands
scattering angle. contributing to the power density spectrum, the AFM inves-
With HRXRD the PSD is aligned along theg2lirection  tigations suffer from insufficient statistical significance. As a
[see Fig. Ba)]. A two-dimensional mapping of the diffusely consequence, only the first-order satellite peaks can be de-
scattered intensity distribution in reciprocal space can be petected. This implies that the AFM data cannot be further used
formed by a single rocking scdm scan of the sample. This for a quantitative evaluation of the interference function
procedure ensures fast data acquisition with medium resolus(q). By contrast, X-rays statistically average over a rather
tion in the scattering plane of typicalljq=4x10* A1 large ensemble of islands, making the data very reliable con-
This value—although being definitely worse than the highcerning statistics.
resolution provided by a crystal analyzer—turned out to be In Fig. 6 the measured diffuse intensityyRXRD) in the
sufficient to clearly resolve satellite peaks in the diffuse scatvicinity of the symmetrical Si 004 reciprocal lattice point is
tering. In the direction perpendicular to the scattering planeshown. Here, the scattering plane contains [th@0] axis,
the resolution is determined by a narrow collimating slit sys-i.e., the interference function is probed along this direction.
tem and amounts taq=3x 103 A% The diffuse scattering consists of a rather sharp peak located
With GISAXS the in-plane diffuse intensity distribution at aboutgy,=4.56 A, which is surrounded by a character-
was measured by using a PSD oriented horizontally to théstic butterfly shaped diffuse feature. The characteristic shape
sample surface and by performing azimuthal scans of thef the intensity distribution is determined by the complex
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interplay of strain, local tilts of the atomic planes inside
the island, and the island shape function. Comparison to
respective x-ray diffuse scattering simulations using elastic-
ity theory could be used to establish the identity of an
abrupt vertical Ge composition jump inside the SiGe
island®19 In the following we will focus on the lateral posi-
tional island correlation and its impact on the diffusely
scattered intensity.

In Fig. 6 strong satellite peaksods up to third order
are clearly resolved in the immediate proximity of : ’ : : :
the OQ crystal truncation rodCTR) of the Si substrate. -0.010  -0.005 0.000 0.005 0010
The g dependence of the satellite peaks is given by the (@) 9 [AT]
interference functiorG(q) as defined in Eq(6). However, 1
as can be inspected in Figs(cl and 1d), for the AFM
in-plane power spectrum and the GISAXS intensity, the in-
terference functiors(q) is of a two-dimensional nature, and
integration over one direction, as performed by the finite
experimental resolution, might affect the experimental inten-
sity distribution. As described in Sec. Ill the experimental —
resolution in thegy;p direction(i.e., perpendicular to the scat- o
tering plang is given by Agg;;=3x 102 AL, This is still
smaller than the distance of the first-order correlation peaks
in o1 direction, which is given by\gg;;=4.3xX 103 A1,

Thus, the intensity distribution as shown in Fig. 1 should not

Intensity (arb. units)

be substantially affected by the experimental integration 6000 4000 2000 0 2000 4000 6000
alongqoso A
A linear section atgy,=4.560 A* through the experi- (b) Al

m.ental intensity distribution shown in Fig. 6 is presented " FIG. 7. Measured diffuse intensity of SiGe islands in the
Fig. 7(a) as open squares. In order to evaluate our data in

detail h P dali h Vsis of vicinity of the 004 reciprocal lattice pointa) Linear section at
more detail we have performed a liné-shape analysis o 0uc5001=4.560 A1 through the experimental intensity distribution
experimental data using Gaussian profiles. Hereby,

. . . . thghown in Fig. 6. Experimental data are presented as open squares.
smooth strain and shape-induced diffuse scattering has beﬁ“ﬂe solid line represents the best fit to the experimental data using

taken into account by using & broad Gaussian. From thigayssian line profilesh) Corresponding autocorrelation function
analysis the experimental peak positions of first-, secondgr) in real space. The peak positiére 266 nm and the “center of
and third-order satellites can be derived with h|gh accuraCynass”(r=292 nm of the first correlation peakS,, are marked as
as gyoo= £0.00215 A, +0.0045 A%, and +0.0069 A%, re-  dashed lines.

spectively. Using Eq(1) the peak position of the first-order

satellite corresponds to a mean island-island distance afote thatC(r) exhibits only first-order peaks, labeled ag C
about (d1o9 =292 nm, which fits excellently to the values indicating the presence of SRO.

obtained by GISAXS({(d;pp=294 nn). Comparison to the The peak positions of G can be evaluated as=(d;qy
corresponding AFM micrograpfFig. 1(a)] shows that this =+266 nm, respectively, indicating a somewhat smaller
value of (d;pp corresponds to the island-island distancemean island distance as evaluated from the first-order satel-
within a chain but is not related to the distanbetween lite peak positions inG(q) and using Eq(1), which gives
chains. r=(dige=+292 nm. This deviation is caused by theym-

It is important to mention that, depending on the order, thametric line profiles of the first-order peaks,C While the
satellite peaks are not equidistantly spaced but disperse oyteak positions are given by=+266 nm, the respective
ward slightly with increasing horizontal momentum transfer“centers of mass” of G are located slightly more outward
0100 The observed dispersion cannot be explained within @nd their positions agree well witte +292 nm. Both values
LRO model or the random-walk SRO model as presented iifior r are marked in Fig. (b) as dashed lines.

Fig. 3, where the satellite peak spacings would remain con- How can we explain the asymmetric line profile in the
stant. Consequently, the Hosemann funcfig. (14)] can-  autocorrelation function? We would like to emphasize again
not be employed to fit our data. that the islands are formesliccessivelyAt early stages of

In order to extract “pure” correlation-related information growth dimers and linear trimers of islands are formed,
from the experimental data we have subtracted the shape amdich, at later stages of growth, develop into extended linear
strain-induced diffuse scattering, approximated as beingsland chains oriented alond00.31° The linear alignment,
Gaussian, from the experimental profile. Also the stronghus, takes place by consecutive nucleation of additional is-
crystal truncation rod atj;oo0=0 has been subtracted. The lands at the end of an already existing chain. The generation
remaining data are then Fourier transformed, and the resultf chains can be explained in terms of minimization of the
ing correlation functiorC(r) is depicted in Fig. ). Please elastic strain energy during growthand by corresponding
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kinetic Monte Carlo simulation¥ However, these calcula- V. CONCLUSIONS
tions of the elastic strain energy of fully evolved islands do
not show any energy minimum alond00 nor any local In conclusion, we have discussed the lateral ordering of

maximum along thg110) direction, which can lead to an  sjGe islands grown by LPE of®01)Si. At sufficiently large
averaged flux of adatoms |rl1t0 the elastically soft direction. island area coverage, rows of SiGe islands are formed that
However, several papéfs report on the phenomenon gxtend along th€100 directions. The positional correlation

that the strain energy around a Stranski Krastanow island’.,, . : : . .
can overcompensate the driving forces of growth an ithin the island chains has been studied by x-ray diffuse

even can cause an ablation of deposited material. Indee§Catt€ring and atomic force microscopy. Although high or-
a wetting-layer depletion has been found for LPE sigeders of satellite peaks can be observed, the results can be
islands, where the depleted area follows exactly the symmeeXxplained by a short-range order model. The corresponding
try of strain energy density in the wetting laydrThe  correlation function shows an asymmetric peak profile. This,
depletion of the wetting layer impedes adatom nucleationin addition, leads to nonequidistantly spaced satellite peaks,
in the immediate vicinity of the island. It is, however, which disperse outward slightly with increasigg

noteworthy that, the depletion for the sample discussed The observed asymmetric island-island correlation is
here is so small that it cannot be observed in the AFM imageaused by the successive growth of the islands within a
(Fig. 1). chain. This means that the next island is always formed at the
~ The growth scenario discussed here leads to a strongnd of an already existing chain. The position of the new
“|sland-|_sland re_pulsmn” at dlstances_ smllar to the islandigjand is presumably determined by depletion of the wetting
base width, which prevents a growing island to “touch”|ayer around the islands, which exactly follows the shape of

a fully evolved adjacent island. This can be observed inpe strain energy density. Therefore, the distribution of the
Figs. Xa and 1b) where the island-island distance within islands around the most probable vakeho)=266 nm is
an island chain does not fall below values of abaut

~220 nm, although the island base diagonal width Woulqasymmetric. The iistances within the chains cannot be
allow values down tor=180 nm. On the other hand, smaller_than about=220 nm, however, much larger values
much larger distances thafd,;)=266 nm are possible; up tor=400 nm are possible.

from the AFM images distances up to about 400 nm are

observed, which corresponds to the distance between adja-
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