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Strain and composition in SiGe nanoscale islands studied by x-ray scattering
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High-resolution x-ray diffraction has been performed on strained SiGe nanoscale islands grown coherently
on Si001). Reciprocal space maps show a widely extended “butterfly”’-shaped island reflection and strong
diffuse scattering around the substrate reflection. From such intensity maps the Ge content and its distribution
inside the islands are evaluated. This is done by simulation of diffuse scattering for a variety of island models.
The island shape is known from atomic force and scanning electron microscopy. The only free parameter was
the Ge distribution, here approximated by a vertical concentration profile. With an abrupt increase of Ge
content at about one third of the island height a rather good agreement with the experimental results is
achieved. The strain distribution in the islands is then given by the finite element calculations, which are part
of the simulation algorithm.

I. INTRODUCTION coordinatesc,y,z Therefore, up to now simulations &fray
intensities were based on simplified analytical approaches for
The development of low-dimensional nanoscale structurethe strain field: Steinforet al® performed an x-ray crystal
as novel electronic devices is presently among the most exruncation rod analysis on faceted Ge hut clusters grown on
citing challenges in semiconductor technology. In the recen8i(001). They calculated diffraction profiles by using an em-
past years self-organizing epitaxial growth mechanisms suchirical power law for the strain field. Moreover, they did not
as the Stranski-Krastanov growth modeve been utilized include the influence of the strain field on the underlying
for the generation of strongly strained coherent quantunwetting layer and substrate, which is known to be consider-
dots? The key parameters in such systems are size, shapably strong'® Darhuberet al. approximated the long range
strains, and strain distribution since these quantities are ddield of elastic relaxation in multiple layers of Ge islands in
cisively related to the electronic and optical properties. AsSi(001)” and of InGa, _,As quantum dots in GaASrespec-
on the other hand, the Stranski-Krastanov mechanism isvely, by the deformation field of anisotropic point defects.
driven by strain a detailed characterization of morphologyKegel et al® applied the concept of “iso-strain scattering”
and strain distribution is crucial for a complete understandon the evaluation of strain in coherent InAs islands. This
ing and control of the growth process. Despite this there igoncept assumes that the effective strain is constant within
still no satisfactory knowledge about these properties anthyers parallel to the surface, which is at variance with cal-
their mutual interaction. Moreover, in alloys, decompositionculations[see Fig. &)] based on the finite element method
may occur during or after growth. Tersdtias theoretically (FEM).
predicted that strain-induced segregation drastically in- In the present paper, a numerical “brute-force” method
creases the nucleation rate. This may lead to a compositiocombined with high-resolution x-ray diffraction is intro-
gradient inside the islands. duced that allows for both the determination of the strain
A powerful technique of strain determination is the evalu-field and the composition in nanoscale islands. The basic
ation of atomic displacement vectors through the quantitativédea of this approach is the calculation of the strain field by
analysis of high-resolution transmission electron micro-using the finite element method based on elasticity theory.
graphs(see, e.g., Ref.)4However, beside the serious prob- Assuming well defined values of shape, size and composi-
lem in defining an appropriate reference lattice the accuraction, the elastic strain fieldi(r) can be calculated at each
of strain values is in the range of 19 (see, e.g., Ref.)5  selected position inside the mesoscopic structure. In a second
Furthermore, the results are in first approximation an averagstep,u(r) is used to simulate the x-ray scattering intensity.
over the foil thickness and certainly sensitive to foil warpageSince the mesoscopic structures are smaller than the x-ray
and three-dimensional strain relaxation in the foil. Also, onlyextinction length kinematical scattering theory can be used
single quantum dots can be investigated so that the measured a good approximation. Recently, a similar concept of
displacement vectors often suffer from missing statistics. combining FEM and the calculation of x-ray diffraction has
X-ray scattering has been successfully applied to the chabeen applied to etched quantum wit&$” An interesting
acterization of strafit'*and morpholog}?**~**of nanoscale alternative has been performed by Grundmann and Kfost.
islands. A direct reconstruction of morphology, strain, andin the framework of the valence force-field motfethey
composition from the diffraction pattern is, however, notcalculated the deformation field in InAs quantum dots buried
possible. The systems considered here are complicated sinteGaAs and subsequently simulated x-ray diffraction inten-
the strain tensor components depend on all three space sity profiles.
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In order to quantitatively prove the validity of our ap-
proach a single layer of highly regular dislocation-free
Siy 756G, o5 islands has been chosen that is coherently grown
on Si(001) by means of liquid phase epitaxiPE). Since at
LPE the driving forces are very low growth is carried out
close to thermodynamical equilibrium, and the most relevant
parameters that are influencing the growth process are the
strain field within the island and the surface free energy.

The aim of this paper is to demonstrate the capability of
our method of performing a full strain analysis of nanoscale
islands which, in addition, includes the capability to deter-
mine a composition gradient inside the islands. We also
would like to discuss selected features of the diffraction pat-
tern and how they are influenced by the strain field. Direct
attention is focused on the interplay of shafsze and
strain, which is substantial with regard to very small objects FIG. 1. Scanning electron micrograph of g gGe&) »5/Si(001)
such as quantum dots. layer. The sample consists of coherently strained truncated pyra-

In the next sections, the LPE sample preparation and theuids exhibiting{111} side facets and €001 top facet. The island
experiment are presented. Then, in Sec. IV, we describe hoase width and height are about 135 and 80 nm, respectively, with
the finite element method is incorporated in x-ray diffraction@ narrow size distribution.
simulations. In Sec. V, the experimental and simulated re-

sults are discussed. Finally, the conclusions are presented ition of about 80um has been placed 800 mm behind the
Sec. VI sample such that different scattering angl€s\&ith respect

to the incoming beam belong to different channels of the

PSD. The PSD, therefore, acts as analyser of the scattered

beam direction with a typical resolution oAg/g=5

The sample preparation has been described in a previoJélo ) Thls vallue IS sufflClent.Iy' small to ensure that. all
relevant diffraction features originating from the strained

paper in detail? Briefly, the Si_.Ge. islands have been . .
N - : : . layer can be resolved. By rocking either the saniplescar)
grown by liquid phase epitaxyLPE) using a Bi solution. or, alternatively, both sample and PSD in 1:2 coupling

The epitaxial layers are deposited in a horizontal solution ; . )
growth system that is kept under pure hydrogen. In order t(g“’_2® scan a complete _two—d_lmensglémal map .Of reC|_procaI
ensure that the system is in thermodynamical equilibriumsr.’aCe can be measured n a5|_ngle ) m our S|mulat|qns

before growth starts the solution is homogenized at thé(‘{'” sh_ow the shape'of d{ffyse |ntgn§|ty in these ‘Wo.d'”?e”'
growth temperaturéd73 K) for several hours. A low cooling sions is a characteristic “fingerprint” of the Ge distribution

rate of about 10 K/h has been chosen such that a low growtﬁnd' in that, is superior to single one-dimensional scans.
rate is achieved. Nearly the entire beam path between sample and PSD was

We have chosen a nominal Ge atomic fraction of evacuated by using a flight tube in order to ensure that strong
=25%. Monodisperse coherent islands are obtained in adll scattering is avoided. S“FS of widths 2 mm have _been
cordance to the observed relationgRiprecc~ 293 between placed at both ends of the flight tube. Consequently, in the
the island base widthv and the Ge concentration The direction perpendicular to the scattering plane we integrate

. ; N 3 .
surface morphology was investigated by atomic force mi-2Ver & dlstancg of typ|callyt\q_y—0.01A o This value has
croscopy(AFM) and scanning electron microscogSEM) been included in the calculations described below.

such that the exact shape and size of the islands could be
determined with high accuracy. The SiGe islands are of trun-
cated pyramidal shape and are bounded1iyl} side facets
(Fig. 1). The island size distribution is rather narr@d0%

full width at half maximum with mean values of 135 and 80
nm for the island base width and the island height, respec-
tively.

200 nm

Il. SAMPLE PREPARATION

POSITION SENSITIVE
DETECTOR (PSD)

IIl. EXPERIMENT

High-resolution x-ray diffraction was performed at the
BW2 wiggler station of HASYLAB/DESY with the use of
monochromatic synchrotron radiation at=1.54A and a
relative bandwidth of abouk\/A=10"*. Figure 2 shows a

20

MONOCHROMATIC .
X-RAY BEAM

SAMPLE

FIG. 2. Schematic view scattering geometry used in our experi-

schematic view of the scattering geometry. The vertical anghent. The position sensitive detect®SD) lies in the scattering
horizontal spot size at the sample was typically 0.5 mnplane, such that different angle® Zorrespond to different chan-
x2mm along with beam divergences within and perpendicunels. Note that, in the case of tHd3 asymmetrical casesteep
lar to the scattering plane of 0.05 and 0.2 mrad, respectivelyincidence and glancing exithe scattering beam is highly com-
A linear position sensitive detect@SD) with a spatial reso- pressed.
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Although not restricted to these cases we f have investi- Elastic Strain Energy Density
gated the symmetrical 004 and the asymmetric8 lattice N [001]
points (steep incidence and glancing exit B
Yo X gt [1101o——[10]
IV. THEORY Ty

The parameters used in the FEM calculatigngth the
program package MARCare the shape and size of a single (a)
island, the atomic Ge concentrationthe corresponding lat-
tice parameter and the linear elastic modi; for cubic

Si; _.Ge.. Shape and size of the island are known from other 2.0102

experiments*** (AFM, SEM, and grazing incidence small . a &,
angle scattering In order to keep computation time in rea- £ 15102 \o/
sonable limits the Ge distribution was approximated by a .g \o\ g
one-dimensionallayered vertical profile. This profile is the L 101021 4 0-0-0
only free parameter. The corresponding lattice parameter and &

the linear elastic moduli are calculated by Vegard's ¥aw % 501071 €

(the small deviation of the lattice parameter from Vegard's 2 o—0—0 7 “
law is less than the current accuracy of our calculadichise 00 [ W——m—

wetting layer thickness has been assumed,@s=2 nm. In 120100 -80 -60 40 20 0 20 40 60 80 100
agreement with previous work,our calculations show that z [nm]

the strain field of the islands strongly penetrates into the (b)

underlying substrate. As a consequence the strain field in the

substrate was calculated up to a depth equal to the island

height and laterally up to three times the island base width.

The use of larger sample volumes in the calculations has no Total Strain ¢,
further influence on the calculated strain field inside the is-
land and its vicinity.

Based on atomic scatterers our approach seems to be noi
feasible because objects sizes larger then 20 nanometers will
result in impracticable computing times. However, the small-
est scatterer considered in the calculation may comprise a
cell volumeV, (basic cell that is much larger than an atom
or even the crystallographic unit cell volurivg . More pre- (c)
cisely, we choose the basic cell such thiatthe atomic dis-
placement changesu inside the basic cell are much smaller  FiG. 3. Finite element calculation for a SiGe, .5 pyramid
than an interatomic distance, ahd the associated basic cell grown coherently on Si001). (a) Elastic strain energy densityin
shape function extends much further in reciprocal space thathe (110 plane through the middle axis of the pyramid. The contour
the area investigated in the experiment. Consequently, thievels vary from O(bright) to 2.5 10’ J/n? (dark) on a linear scale.
basic cell volumeV, can be adapted depending on the sizeThe thin white lines represent the used FEM mébhTotal strain
of the mesoscopic structures. We treat the deformation fieltensor components,(z) ande,(z) alongz axis (center of pyra-
u(r) as a smooth function over several basic cells, i.e., wenid). z=0 denotes the interface between wetting layer and island.
neglect spatial frequencies ofr) outside the area in recip- (c) Total strain tensor componeaf,(2) in the (110 plane through
rocal space that is investigated in the experiment. the middle axis of the pyramid. The contour levels vary from

In order to make interpretation of the results easier, we~4-2X10 ° (darki to 1.4<10"? (bright) on a linear scale.
will shortly discuss the strain distribution inside an island
with a homogeneous Ge content. In Figa)3the calculated expression used by Steinfoet al® for Ge hut clusters on
elastic strain energy densityin the (110 plane through the Si(001), (ii) e,/z) peaks at about=0 and reaches complete
middle axis of a §j,:Gey o5 truncated pyramid is displayed. relaxation at the upper half of the island, afid) there is
The overall amount of elastic strain energy is stored in thestrong penetration of,(z) into the substrate. It should be
proximity of the island base edges aligned alofidlO) noted that the strain energy seems to depend on the height
whereas interfacial island regions close to the middle axi®nly, at least far from the island edges. This does not hold
exhibit a reduced strain energy density. The upper part of théor the strain parallel to the sample surface as is shown for
island is strongly relaxed and nearly free of elastic strains,, in Fig. 3(c).

This behavior is also illustrated in selected linescans for the Inside the island the FEM mesh size varies from 0.5 to 10
strain tensor diagonal componefitstal strairf®) £,(z) and  nm. Through linear inter-polation this mesh was transformed
£,A{2) along the middle axis of the truncated pyrarfiflg.  into a regular secondary mestbasic cells”) exhibiting a
3(b)], respectively, providing three important resul(s) cell size of four times the Si lattice parameter=(5.43 A),
exy(2) saturates at the top of the pyramid and, thus, substarwhich is still small enough such that no cell size effect sub-
tially deviates from a power-law dependeffter a quadratic ~ stantially influences the calculated intensity distribution in

[001]
[17011—»[110]
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reciprocal space. In the framework of kinematical theory the 4.60 . . . . . . .
diffracted intensity is given as a coherent sum of the scatter- =
ing amplitudes from all atoms _ 458f .
_ °if, 456 | .
(@) 2 fi(aq)eldrisf?, O
J 454 1
wheref;(q) is the atomic scattering factor amgdthe scatter- 155 . . . ) . . .
ing vector.r; andu; are the position and the displacement of "0.08 -0.06 -004 -002 000 002 004 0.06 0.8
the jth atom inside the ideal reference lattice that is identical A.1
to the ideal substrate lattice. Equati@l) transforms into a CIx( )
summation over all basic cellg
3.50
(@] X Fy(ape'dnu]?, ) 348 | .
- 3.46 .
whereF,(q), r andu, are the structure factor, the position
and the displacement of theh basic cell, respectively. —~ 344 ]
This is an hierarchical approach in that the structure factor‘°T<
of a single crystallographic unit cell is calculated atomisti- ~ 4,4, | _
cally as a function of the scattering vector. The result is used o
to calculate the structure fact®i(q) of a set of unit cells 3.40 - -
forming the basic cel/; as used in Eq.2). Up to this point,
only an averaged lattice displacement is taken into account 338 | 4
The sum in Eq.(2) gives the structure factor of a single
island. Coherent summation over several islands allows the 336 - _
simulation of the scattering of an island array with a large ! L L 9, ! I |
number of islands of arbitrary size and location. -1.70 -1.68 -1.66 -1.64 -1.62 -1.60 -1.58 -1.56
The limited resolution perpendicular to the PSD was A—1
ax (A7)

taken into account in our calculations by integrating intensi-
ties over an appropriate range &f, .

It is @ common problem in x-ray scattering to distinguish
between strain, shape, composition, and spatial correlatio
Although crystal truncation rodsCTR) basically represent a
shape effect it has been demonstrated by Steiefaat® that

trlleyt cranlgcihuse:j tonrtn\(/)vd?L tWhe éat(ra]ratl Strr?'rr‘r;'eké_'PRGi r:ubosition of P1 indicates cubic lattice symmetry and, thus,
clusters. € prese orkwe do not perform a a aybomplete elastic relaxation.

sis but focus on an entire two-dimensional intensity distribu- A more detailed examination of our calculations shows

tion in the proximity of a reciprocal lattice point. Neglecting that the origin ofP2 are island sections close to the island-

the influence of the island shape a reciprocal space map S&bstrate interface whereas the central pPdkis due to

?pEjCIa\I/IVprOJecﬂjoT.kof tthe cor;:plgx t?r:e;a—dlreng!onal .Stra':biffraction from the upper half of the island. This behavior is
ield. yve would Tike to emphasize that a tWo-dimensional, q; ¢ consequence of the spatial strain distributiog. 3),

Qfgns’g! q ',;thg:rsl d t?huS:n;: ?;;i?tsthae clr?;?z!\cltrgr?;)ilt?);inmeirle" the island is nearly free of elastic strain in the upper part
. N » T€P . 9€Ehd highly strained close to the island-substrate interface.
print of the strain field far more than a single CTR scan.

We have investigated the characteristic shape of the but-
terfly P2 (of 004) by studying different azimuthal orienta-
V. RESULTS AND DISCUSSION tions of the sample with respect to the incoming beam. It is
i ) ) mainly influenced by the complex interplay of strain and
Figure 4 shows calculated reciprocal space maps in thgycy) tilts of the atomic planes inside the island. In particular,
proximity of the(a) 004 and(b) 113 asymmetrical reciprocal we would like to point out that the wings of the butterélye
lattice point$® for an island exhibiting a constant Germa- not identicalwith the {111} truncation rods of the islands,
nium concentration oft=25%. Island correlation effects since they also appear—though differing in some detail—at
were not considered in the calculation as will be discussegland orientations with vanishing CTR’s, e.g., incoming
later. For 004 the intensity distribution consists of a rathemheam parallel td100).
sharp peak R1), which is surrounded by a characteristic  Note that, the two main featuré®l andP2 are accom-
butterfly-shaped diffuse featur®®). The features observed panied by weak thickness fringes that are due to the finite
in the vicinity of 004 are also present in the asymmetricalisland height(80 nm. The ‘bending’ of the fringes indicate
case of113. We again observe a strong central peBR)  that they are sensitive to strain. A similar strain-induced de-
that is embedded in strong diffuse intensi®2). The peak formation of characteristic features in reciprocal space has

FIG. 4. X-ray intensity simulations for a homogeneous
r§i0_75Geb.25 island in the vicinity of the(a) 004 and(b) 113 recip-
rocal lattice points. The contour levels vary on a logarithmic scale
within factors ofv2.
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FIG. 6. X-ray intensity simulations in the vicinity of 004 féa)
3.40 an abrupt change of Ge composition at one third of the island height
with ¢;=25% in the lower part and,=30% in the upper part of
3.38 the island, respectivelysee inseit (b) Calculation using a linear
! increase of Ge composition witb=25% at the bottom ana
: : : . L . =30% at the top of the island. The linear increase has been ap-

-1.70 -1.68 -1.66 -1.64 -1.62 -1.60 -1.58 -1.56 proximated by five layers of constant Ge concentration, as indicated
(A"‘) in the insert. The contour levels vary on a logarithmic scale within
Ox
factors ofv2.

FIG. 5. Measured reciprocal space maps in the vicinitiapthe .
004 and(b) 113 reciprocal lattice points. The contour levels vary on aCh'?Ved' It t“”‘efj, out that the overall shape of the butterfly
a logarithmic scale within factors of2. For case(@ only the in- P2 IS very sensitive to the functional depender@).
tensity due to the islands is displayed, whereas (Brboth the Therefore, in a second step, various one-dimensional func-
intensity due to the substrate and the SiGe layer is shown. ThONsc(z) have been checked as illustrated in Fig. 6 with two
dashed line indicates areas with cubic lattice symmetry. examples for the 004 reflection. Figlab was calculated us-

ing an abrupt change af at about one third of the island

been found for quantum-wire structurés. height with respective Ge concentrationscef=25% in the

Our calculations were used to evaluate experimental scatewer part andc,=30% in the upper part of the island,
tering profiles. Figure 5 displays measured reciprocal spacehereas Fig. @) shows the result of a linear increasgz)
maps in the proximity of théa) 004 and(b) 113 reciprocal ~z starting fromc,;=25% at the bottom of the island up to
lattice points. Remarkable agreement between the respective=30% at the top. This linear increase is approximated by
experimental and simulated reciprocal space nt&jis 4) is  five layers of constant Ge concentratifsee insert of Fig.
obtained, i.e.(i) the intensity distribution of the layer reflec- 6(b)].

7,24

tion strongly extends in angular direction arid) shows a Surprisingly, the abrupt change af(z) yields better
rather sharp central peaR1, (iii) along with a butterfly- agreement with the experimental results rather than a soft
shaped featureR2), which exhibits thickness fringes. linear variation ofc(z) with z. This statement is underpinned

Complete agreement between the experimental data aray the following two points{(i) a soft gradient produces an
the simulation for a homogeneous island is not evident sincextended intensity distribution along,, which is in clear
peak positions as well as respective peak widths, shapes awdntradiction to the comparably narrow distribution observed
intensities are at variance with experiment. This can be imin experiment. Therefore, a rather steep functién) is nec-
proved by allowing for a variation of the Ge composition essary.(ii) The “wings” of the butterfly that are clearly
inside the island. In order to restrict the number of free papronounced in experimefiFig. 5a)] are better reproduced
rameters, a vertical composition profile is assumed, i.efor an abrupt Ge change.

c(z). First, the relative peak positions BfL andP2 can be The model of Fig. a) was compared with similar ones,
adjusted by introducing an increased valueef30% at the e.g., with the abrupt change at one fourth or one half of the
top part of the island. This shifts the central pézkinto the  island height or with a change of the Ge concentration in the
correct verticalg position (004: q,=4.56 A"1) and clearly lower or upper part of the island. Such slightly different
better agreement between experiment and simulation igodels produce changes in the intensity distribution result-



5576 TH. WIEBACH et al. PRB 61

ing in significantly worse correspondence with the experi- ' T '
ment. Therefore, the accuracy of the position of the abrupt
change is approximately-5% of the island height and the
accuracy of the Ge concentration is abati%. Conse-
quently, “abrupt” means an increase of the Ge concentration 4.70
over a distance of about one tenth of the height or less.

However, characteristic differences seem to remain be-
tween experiment and simulation. Further work is necessary
in order to clarify whether these differences are significant
enough to allow for further refinement of the model, e.g., by
replacing the one-dimensional variation of Ge concentration
alongz by a three dimensional distribution.

In this study a dispersion of the island sizes has not been 4.40 |- ]
taken into account. It proved practically negligible for the : o :
given narrow size distribution. This is due to the following -0.10 0.00 0.10
reasons: First, as will be discussed below, the strain distribu- Ox (A’1)
tion inside the island does not depend on the island size.

Therefore, the shape of diffuse scattering due to strain is also

not substantially changed. Secondly, at the present island

size the island shape function has no prevalent influence on 4.50
the intensity distribution in reciprocal space. In other words:
the diffuse scattering due to the finite size of the island is
small.

From a previous investigatioh'* we expect strong
island-island correlation. This should lead to a modulation of
strain-induced diffuse intensity parallel to the lateral scatter-
ing vector component,. However, we could not detect
first-order correlation peak$ods in our experimental data. 4.20
According to AFM data evaluation and grazing incidence
small angle x-ray scatterifigjthese should appear at about 020 010 000 010 0.0
Ag,=+3.10 2A 1. We cannot give a definite explanation q (A-1)
why correlation is not visible in the present experiment. X
Since the x-ray coherence length is of the order of less than . . . .
4 pm the coheyrent signal origigates from about 400 islands, . FIG'_7' Calculated .d'ﬁrfCt'on pattert004) .for islands with
which probably yields a small correlation signal only. This Width w=30 nm and heigtt =18 nm. (2 no strain andb) pure Ge

4 . . L island on Si substrate. The contour levels differ by factorg2of
was also confirmed by calculations which explicitely took
into account correlation by coherent summation of the ScatBimberg”
tering amplitudes of 400 islands ordered in an array accordy|anq size. As an important consequence, the strain related
Ing to the island positions in AFM Images. ) distribution of diffuse intensity in reciprocal space is not a

Finally, the applicability of our method will be discussed. nction of the object size, whereas, in contrast, the distribu-
We have reported on measurements and respective simulgs, of giffuse intensity that is related to size effects in-
tions on SiGe islands on the 100-nm scale. In that regime W sely scales with the island dimensions. This will lead to
observe size effectéthickness fringesand strain effects, gjgniicantly reduced sensitivity to strain effects as soon as
which yield a characteristic bending of the intensity distribu-s gj;e induced intensity distribution is more extended than
tion (“butterfly” ). Can strain be also evaluated when goingya; que to strain. At least for LPE-grown islands this is
to smaller objects on a length scale of typically 30 f@uan- 4 ia)ly compensated for due to the observed relatioR&hip
tum dot;) where the object shape function stro_ngly extends, . . ~203 hanveen the island base widihand the Ge con-
into reciprocal space? For that purpose we will discuss th@enyrationc. We have performed simulations of islands with
elastic equilibrium conditioff an island base width ofi=30 nm and a respective height of

5 h=18 nm. In order to extract the influence of strain on the
. Ip Jc +gi(r)=0 3) diffraction pattern we first have calculated the hypothetical
K ax; %, “Ge Klax; 9i ’ case of a strain free Si island coherently linked to the Si
substrate. For these calculations we have used a basic cell
(using the Einstein sum rulén more detail. Heregj isthe  size ofa=5.43A. The resulting reciprocal space ni4ig.
tensor of elastic modul is the Germanium atomic fraction, 7(a)] clearly shows(i) extended truncation rods due to the
ace the relative change of the mean lattice parameter due 111} and (001) facets, andii) thickness fringes due to the
Germanium incorporation in linear approximation, ag{d) finite size of the island. When “switching on” straifpure
is the density of(externa) body forces. In the case strained Gg the intensity distribution changes to the well-
=0 and neglecting surface tension in the boundary condiknown butterfly-shaped diffraction pattern, exhibiting, how-
tions, this relationship is invariant against any change okver, a remaining influence due to the thickness frifées.
Ciji - Therefore, as already stated by Grundmann, Stier, and(b)]. The butterfly is more extended than the truncation rods

4.80

4.60 -

q, (A"

4.50 -

4.40

q, (K"

4.30

the strain distribution does not depend on the
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of the unstrained Si islands so that we can conclude that the 3.85

influence of strain on the intensity distribution is still preva-

lent. 3.53
Considering islands of constant area coverage the total

volume per illuminated area of a two-dimensional island ar- S.51

ray is proportional to the island size. The extent of diffuse
scattering due to size only inversely scales with size. There-
fore, the local diffuse intensity in reciprocal space scales
with the fourth power of size as soon as the size effect pre-
dominates. This is a serious problem for measurement at
very small islands. Then it may prove necessary to make use
of the diffuse scattering in the substrate reflectionin the
reflection of the host lattice in case of embedded islands

As visible in Fig. 8b) there is strong diffuse scattering 3.41
near the substrate peak. This can be qualitatively understood L L < L
since the strain field strongly extends into the substste -1.70 -1.68 -1.66 -1.64 -1.62 -1.60 -1.58
Fig. 3. Theoretical treatment of the substrate reflection re- Ox (A1)
quires a slightly modified approach because the kinematical
approximation is inadequate for the perfect nonstrained part FiG. 8. Simulation of diffuse intensity around th&3 substrate
of the substrate. The diffuse intensity, however, can be easilyeflection. The horizontal streak is an artificial truncation rod due to
implemented into the calculations by considering the differ-the borders of the calculated area.
ence of the electron densities of the strained crystal as com-
pared to the perfect nonstrained matrix. The results of thgradient inside the islands. The applicability of our model to
simulation(Fig. 8) agree well with the experimental results smaller islands such as quantum dots is also a distinct advan-
[Fig. 5(b)]. It is maybe worthwhile to note that both experi- tage.
ment and simulation show a spiral-shaped intensity distribu-
tion.
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