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Abstract

The fabrication of low-dimensional nanostructures (e.g. quantum wires or quantum dots) is presently among the most exciting
challenges in semiconductor technology. The electronic and optical properties of these systems depend decisively on structural
parameters, such as size, shape, elastic strain, chemical composition and positional correlation among the nanostructures. X-ray
scattering methods have proven to be an excellent tool to get access to these parameters. Beyond its sensitivity to deformations of
the crystal lattice, it is sensitive to fluctuations of the surface and interface morphology on length scales ranging from 0.1 nm up
to several um. The small dimensions and the corresponding weak scattering signal require the use of highly brilliant synchrotron
radiation. Recent methodological developments and their application to the material system Ge on Si are disauitstils
article: T.H. Metzger et al., C. R. Physique 6 (2005).

0 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Méthodes de rayons X pour I'analyse des déformations et des compositions des nano-structures semi-conductrices auto-
organisées. La fabrication de nanostructures de basse dimension (par exemple, fils et boites quantiques) est actuellement un des
défis les plus passionnants de la technologie des semi-conducteurs. Les propriétés optiques et électroniques de ces systéme:s
dépendent de fagon décisive de parametres structuraux tels que la taille, la forme, les contraintes élastiques, la composition
chimique et les corrélations de position entre les nanostructures. Les méthodes de diffusion des rayons X se sont révélées
parfaitement adaptées a I'obtention de ces paramétres. En plus de leur sensibilité aux déformations du réseau cristallin, elles
renseignent sur les fluctuations de la morphologie des surfaces et interfaces a une échelle spatiale allant de 0.1 nm jusqu’a
plusieurs micromeétres. Les petites dimensions et le faible signal de diffusion correspondant nécessitent I'utilisation de rayon-
nement synchrotron extrémement brillant. Les développements méthodologiques récents et leur application au systeme Ge sur
Si sont discutésPour citer cet article: T.H. Metzger et al., C. R. Physique 6 (2005).

0 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Keywords:Nanostructures; Self-organization; X-ray scattering; Semicondsjcsynchrotron radiation; Anomalous scattering; Finite element

Mots-clés :Nanostructures ; Auto-organisation ; Diffusion des rayons X ; Semi-conducteurs ; Rayonnement synchrotron ; Diffusion anomale ;
Eléments finis

* Corresponding author.
E-mail addressmetzger@estrf.fr (T.H. Metzger).

1631-0705/$ — see front mattét 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
doi:10.1016/j.crhy.2004.11.002



48 T.H. Metzger et al. / C. R. Physique 6 (2005) 47-59

1. Introduction
1.1. Semiconductor nano-structures

Since the beginning of the past decade, advanced techniques of crystal growth have been explored to tailor the electronic
properties of materials. This opens fascinating prospects of fabricating new materials with modified physical properties. The
principle behind is based on the competition between the dimension of the structure and the de Broglie wavelength of the
charge carriers. When the charge carriers are confined to values smaller than the de Broglie wavelengths — which amounts
typically to a few tens of nanometers — the electronic band structure is substantially altered and depends on the extension of
the spatial confinement. The effects due to localization are especially strong when the charge carriers are confined not only in
one dimension, as in quantum wells, but in two (quantum wires) or even in all three dimensions (quantum dots). In the latter
case, localized discrete states are induced and an atom-like luminescence spectrum is observed [1]. The optical properties of
semiconductor quantum dots can be exploited to fabricate photonic devices, for example lasers with quantum dot active layers
which exhibit increased temperature stability, high efficiency, and low threshold current [2,3]. Quantum dots could also lead to
novel device applications in opto-electronics, data storage or quantum cryptography. For a comprehensive review see [4,5].

1.2. Self-organized fabrication

Technological applications require dense arrays of monodisperse nanoscale structures of identical shape. Initially, the most
widely followed approach to forming quantum dots was through electron beam lithography of suitably small featured patterns.
However, besides the fact that the spatial resolution of typically 30 nm is often not small enough, there is still a problem with the
large amount of damage introduced during the fabrication process itself. Therefore, self-organized growth mechanisms [6] have
attracted much interest. Under the conditions of the Stranski—Krastanow growth mode [7] first a couple of monolayers (wetting
layer) grow layer by layer. This is followed by three dimensional growth of coherent, defect-free islands [8—10]. It is generally
accepted that the equilibrium shape of such self-organized islands (often referred to as self-assembled islands) is determined
by the balance of surface free energy and elastic strain energy. A large variety of shapes has been reported (experimentally
and theoretically) in the literature [11-16]. However, it turns out that the evolution of the islands is also strongly influenced by
kinetic limitations during growth, i.e. the final result depends strongly on the growth conditions. Also other factors, e.g. surface
orientation, magnitude and sign of strain contribute to the complexity of growth. These further complications of growth are the
main reasons why self-organized growth is still not completely understood. Structural characterization is one promising path to
a better understanding and control of these processes.

1.3. X-ray diffuse scattering

The aim of the present article is to highlight the capabilities of recent X-ray diffuse scattering techniques for the nondestruc-
tive characterization of nanostructures. The main advantage of X-ray techniques is based on the high resolution in reciprocal
space, which is a direct consequence of the high angular resolution of just a few seconds of arc. Therefore, X-rays are sensitive
to very small changes of lattice parameters. Moreover, thanks to the coherence lengths of typically a few micrometers, infor-
mation on electron density fluctuations on a larger length scale than atomic spacings can be obtained. In principle, the entire
mesoscopic range can be covered by X-ray scattering.

X-rays interact only weakly with matter. Due to the small volume fraction of the mesoscopic structures compared with the
X-ray penetration depth, the scattering signal is very small and has to be enhanced relative to the large signal from the under-
lying substrate. Therefore, interface- and surface-sensitive techniques using a grazing-incidence geometry and applying highly
brilliant synchrotron radiation are among the most promising approaches. Combined with anomalous scattering at energies
close to an absorption edge of one of the constituent elements adds chemical sensitivity to the techniques.

Since the spot sizes of X-ray beams are typically in the range of a few square millimeters, X-rays average statistically over
large ensembles of nanoscale structures. Hence the data are very reliable concerning statistics. However, structural data can
be evaluated from experimental results only if a single type of nanostructures predominates. Coexistence of different types of
nanostructures — for example quantum dots with different shapes or sizes — seriously complicates a detailed analysis. Since
the scattering signal of a single kind of structure is usually widely spread in reciprocal space, the coexistence of different sorts
of structures leads to troublesome overlapping of the scattering features. In this sense X-ray techniques are complementary to
imaging techniques such as high-resolution transmission electron microscopy [17] and scanning probe microscopy [18]. These
latter methods probe the structure locally with high spatial resolution but with a restricted field of view and, thus, often with
insufficient statistical significance. Also, analytical electron microscopy techniques [19] such as energy-filtered transmission
electron microscopy [20], electron energy loss spectroscopy (EELS) [21,22] and energy-dispersive X-ray spectroscopy [23] are
very useful.
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As long as only small scattering volumes are involved, X-ray diffraction can simply be described by kinematical diffraction
theory. The X-ray scattered amplitude is proportional to the Fourier transform of the dielectric polarizability. The periodic part
of the polarizability gives rise to sharp Bragg peaks, whereas all non-periodic deviations from the ideal crystal structure lead
to diffuse scattering in the vicinity of the Bragg peaks. However, when scattering geometries with grazing incidence conditions
are utilized, the kinematical theory is no longer valid and needs some modifications. These modifications can be made in the
framework of the distorted-wave Born approximation (DWBA) [24].

Independent of the actual scattering theory, the diffuse intensity contains information on the size, shape, positional corre-
lation, local chemical composition and strain field of the nanostructures. Such a mixture is not easy to analyze in detail. It is
therefore necessary to combine different X-ray scattering techniques of varying sensitivity to these structural properties. More-
over, owing to the loss of phase information in reciprocal space, the scattered intensities can usually not be directly translated
to complete information in real space. A promising approach — called iso-strain scattering — has been developed by Kegel et
al. [25,26]. Here structural information such as size, strain and compostion can be — under certain assumptions — evaluated
directly from the X-ray diffuse intensity. Another possible way is to construct a specific structural model in real space. Then
the finite-element method is utilized to calculate the strain field inside the structure. The result is then used as an input for
subsequent X-ray scattering simulations. After comparison with the experiment, the structural model — which may include, for
example, the shape, size, or composition — can be further refined until satisfactory agreement is achieved [27].

1.4. Outline of the article

Along with the fast developments in growth techniques, the corresponding field of X-ray diffuse scattering has been devel-
oped — both experimentally and theoretically — on a short timescale and excellent research has been undertaken (e.g. [4,24-38])).
Several review articles can be found in literature describing the current state of the art in the application of X-ray scattering tech-
nigues to study the structure of self-organized hetero nano-structures [39—42] in which numerous important material systems
are discussed.

Since, in recent years, the technique of anomalous diffraction has been developed and employed to add chemical sensitivity
to the X-ray methods described in the review articles above, we will focus on the combination of grazing incidence techniques,
i.e. grazing incidence diffraction (GID) and its combination with anomalous dispersion effects. The corresponding iso-strain-
scattering (ISS) is compared to the technique of reciprocal space mapping and simulations based on the finite element method
(FEM). As a typical example, the application of these methods is demonstrated for the system Ge on Si(001) by presenting an
overview on recent results. The analysis of lateral and vertical dot correlations is beyond the scope of this review.

2. Techniques and data evaluation
2.1. Reciprocal space mapping and finite element simulations

A popular X-ray method giving access to strain and interdiffusion of self-organized islands is X-ray reciprocal space mapping
(RSM). The method is based on the knowledge of the elastic properties as well as the lattice parameters of Si, Ge and SiGe
alloys, in the present case. In the cas€@dl) as the growth direction, one considers the Poisson-igtig to calculate the
response of a crystal that is deformed from its native lattice constatd,a valueq) in the plane. The corresponding change
of the lattice parameter in growth directian is then calculated by

aJ_:a~(1+1+7v100-ﬂ>. 1)
1—v100 a

Measuringa; anda and using the knowmygg the equilibrium lattice parameter a can be derived from Eq. (1). Together
with an appropriate lattice-parameter interpolation for the corresponding alloy [43] this yields the composition. However, in
the Stranski—Krastanow growth mode of islands, one obtains neither perfect pseudomorphic growth with the in-plane lattice
constant equal to that of Si, nor does one find a completely relaxed cubic unit cell of the deposited material. The dot material
is usually in a state of partial elastic relaxation, which progresses with the height inside the islands. In reciprocal space one
generally maps out the vicinity of a Bragg reflection, where the information about strain and composition can be found.

A quantitative evaluation of strain and composition can only be obtained from simulations calculating the diffuse scattering
intensity distribution on the base of lattice displacements determined by finite element methods (FEM) [27].

The scattered amplitudé(g) can be expressed in kinematical approximation as

A(g) = Z Fri1deal( i) elt?(?]ﬂrb?@ 2
k



50 T.H. Metzger et al. / C. R. Physique 6 (2005) 47-59

The summation is performed over all unit cellsin the undisturbed lattice they are located at positionsandu; are
their displacements in the disturbed Iatti(t?#.‘ea' is the structure amplitude of the undisturbed lattice. The components of the
displacement fielek (r) = (11, u2, u3) that is used in the X-ray simulations are related to the (symmetrical) elastic strain tensor
components; ;. On the basis of Eq. (2) various mechanisms of intensity contrast are possible:

(i) The scattering power depends on the atomic species inside the mesoscopic structure. Therefore, a change or gradient in

the atomic composition may lead to a considerable fluctuation of the structure ampl]ﬁﬁ?é(rk). These fluctuations
which are generally related to the growth process (e.g. interdiffusion or segregation) generate so-called structure factor
contrast. Usually, the structure factor contrast is very weak for strongly strained systems but can be substantially amplified
by performing anomalous scattering close to the absorption edge of one selected atomic species.

(ii) Intensity contrast can be also induced by strain inside the mesoscopic structure. The strain enters into the diffuse intensity
via the phase - (ry + uy) and is generally inhomogenous, i.e., it depends on the location inside the mesoscopic structure.

(iii) The summation in Eq. (2) is performed over the entire mesoscopic structure, e.g. a nanoscale island with a limited size
and a distinct shape. Therefore, truncation effects are visible in the intensity distribution. Among these effects are crystal
truncation rods (CTR) and size fringes. These shape- and size-related features in diffuse scattering determine the form
function in reciprocal space.

Usually, it is not straightforward to distinguish among these three effects. Moreover, strain, shape, size, and chemical compo-
sition cannot be directly extracted from the intensity distribution in reciprocal space. The diffuse-scattering intensity pattern has
to be calculated by model assumptions that have to be refined until satisfactory agreement between simulation and experiment
is achieved.

In the simulation of scattering data, one has to face problems concerning the direct access to the required information. Among
them are the loss of phase information in intensity measurement, the superimposition of effects of strain, shape, and positional
correlation, and the tensor character of strain. It has been tried to overcome the latter point by using analytical expressions to
approximate the strain field, ensuring rapid calculations of strain. These analytical approaches have been applied for planar
layers with steps [44], quantum wires [45], hut clusters [30], and rotationally symmetric islands [46]. They are, however, often
empirical [30,45] and, owing to the complicated strain tensor figldr, y, z) not justified for complicated three-dimensional
structures.

In recent years, the use of FEM to calculate the strain field in mesoscopic structures has been successfully established (e.g.
[27,47,48]). The FEM is based on linear continuum elasticity theory, it includes the full elastic anisotropy, and it has proven to
be applicable down to structure sizes of a few tens of nanometers. For object sizes below about 10 nm and at very high lattice
mismatch (e.g. 7% for InAs quantum dots on GaAs), there are distinct deviations from elasticity theory and the atomic structure
of the quantum dots has to be considered [49]. However, these atomistic calculations are mostly performed in the framework of
the valence force field (VFF) method. Even with high-performance computers, true first-principles (ab initio) calculations are
feasible only for systems containing fewer than about 100 atoms [50].

For the systems under consideration here, linear elasticity theory is valid. Wiebach et al. [27] have developed a ‘brute force’
iterative approach for data evaluation of nanoscale islands, which in general, cannot be used as a true ‘fitting’ procedure since
there are too many free parameters in the model (shape, size, chemical composition, and spatial correlation). Therefore, it is
advantageous to include knowledge obtained by other methods, e.g. information on the shape and size obtained by AFM, SEM,
and TEM. An example of this technique will be given in the next section.

2.2. Scattering at grazing incidence and exit: GISAXS and GID

A typical task in the evaluation of structural parameters of quantum dots from the diffuse scattering is the discrimination
of the dot-induced scattering from the strong signal of the substrate. A single layer of islands has a typical height of about
10 nm, which has to be compared with the penetration depth of the X-rays into the substrate ranging up to 100 um. Thus
the diffuse scattering from the islands needs to be enhanced as compared to the substrate contribution. The problem can be
solved by combining refraction and diffraction, i.e. choosing the geometry of grazing incidence and exit. Since the index of
refraction for X-rays in condensed matter is slightly smaller than unity, a critical angle for total external refieotixists, in
the neighborhood of which the penetration depth can be tuned between about 5 nm and 500 nm depending on the X-ray energy
and the material used. Keeping the incident angle smaller than the criticalaandygically 0.1 to 0.5 degree, the signal from
the islands is enhanced by the transmission function up to a factor of 4 while the diffuse signal from the substrate is reduced
considerably by the reduced penetration depth of the X-rays. The scattering geometry for grazing incidence diffraction (GID)
and small angle X-ray scattering (GISAXS) is shown in Fig. 1. A well collimated incident X-ray beam impinges on the sample
surface under a small angl¢ close toac. The scattered beam is collected in a fan of exit angles algrod about 2 degrees
and is typically recorded by a linear position sensitive detector, PSD. In this non-coplanar, 3D scattering geometry the main
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GISAXS

Fig. 1. Scattering geometry at grazing incidence and exit. The lateral momentum transfer is set by the and#&s The intensity along;
is recorded by a linear position-sensitive detector (PSD).

component of the scattering vector is parallel to the sample surface. For GISAXS the scattering amgihe Zurface plane is

small. As a consequence GISAXS is not sensitive to atomic distances but is a measure for length scales in the mesoscopic range

well suited for nanometer-sized islands. With GISAXS the morphology (shape, size) and positional correlation of the islands

can be quantified with high statistical accuracy since the X-rays average over macroscopic sample dimensions. The results

obtained are complementary to those from real space techniques such as AFM or STM, in fact the latter are often used to take

the shape and size of a single island as an input to model the scattering distribution of a GISAXS measurement. Since excellent

review articles have been reported on this technique [37,42] we will not deal further with it here, but rather concentrate on GID.
For GID the lateral momentum transfer is large enough to reach nonzero Bragg points in reciprocal space from netplanes

perpendicular to the surface. Singeanda; are kept small to enhance the diffraction from the near surface regions of the sam-

ple, theQ; component is close to zero. Therefore GID is sensitive to the in-plane strain only. Neverthelgssdtdmeendence

of the scattered intensity — as measured by a PSD — can be employed to analyze the vertical stacking of nano-structures buried

in a multilayer [51] or to exploit multiple scattering channels to determine the height of certain strain states within freestanding

islands (see Iso-Strain-Scattering technique in the next chapter).

2.3. Iso Strain Scattering (ISS): discrimination of strain and size

In general, the diffuse scattering intensity from uncapped nano-structures contains information on their shape, size, positional
correlation, strain and chemical composition. For low area coverage, i.e. the distance between the islands is much larger than
their base width, the island positions usually show a random distribution. In this case the diffuse scattering intensity is attributed
to an average island. This is often a good approximation since their size and shape variation lies typically below 10%. For
uncapped islands with sufficiently large lattice mismatch to the substrate, the ISS technique can be applied as first introduced
by Kegel et al. [25,26]. Here, the scattering signal from the whole island is decomposed into scattering from iso strain areas as
described in Fig. 2. In real space (Fig. 2(a)) the island must have a lattice parameter distribution varying monotonically with
the height in the island, i.e. each iso-lattice parameter slice through the island can be attributed to a certain height and lateral
width as indicated by the horizontal straight line through the island. The corresponding scattering signal from an individual
slice is found in reciprocal space (Fig. 2(b)) as diffuse intensity with a maximum centeghta®r /ag)ice in radial direction
and extends in angular directiap, (perpendicular toQy) with a width inversely proportional to the lateral diameter of the
slice. Consequently, large diameters at the bottom of the island and a lattice parameter close to the substrate will give a narrow
intensity profile, while small slices at the relaxed top will result in a broad intensity distribution further away from the substrate
peak. The corresponding relations are color coded in Fig. 2. If the lattice mismatch is large enough (or the measurements
are performed at a high order reflection) the choic&@efallows one to probe a selected slice with the corresponding lattice
parameter to which the scattering intensity distribution can be uniquely attributed. Along the angular digedi@nintensity
distribution can then be modeled by the form-factor induced scattering of the slice and the diameter is determined directly from
the measured intensity. In the case of high island symmetry the form-factor can often be expressed analytically.

In reality, the lattice parameter distribution and thus the intensity distribution is continuous and the results from the individual
slices have to be interpolated to obtain the distribution of the lattice parameter as a function of the lateral size of the dot. The ISS
technique can also be used to determine the height of an iso-strain area above the substrate by explgitidgpeadences
of the intensity from an individual slice. Due to multiple scattering processes described in [26], the intensity;adghipits a
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Fig. 2. Schematic representation of the model used for the data analysis by iso strain scattering. (a) Real space image of the coherent island with
a lattice parameter increasing from the bottom to the top of the island. (b) Distribution of diffuse intensity close to the substrate peak (hkO).
The lateral size of the slice through the island in a heigimt (a) is obtained from the width of the corresponding intensity profile in angular
directionga. (c) Intensity as a function of the exit angle with a shift of the maximum characteristic for the heigtite selected slice in (a).

The shiftA can be calculated using the four scattering channels indicated in (a).

shift of the Yoneda maximum which is characteristic for the height of an iso strain area above the sample surface. This extended
DWBA is based on the four scattering channels as indicated schematically in Fig. 2(a), (c). The measurement at@iifferent
yields the lattice parameter as a function of height. Combining the lateral and vertical information, i.e. on size, strain and
height, a 3D image of the island can be reconstructed directly from the measured intensity distribution in reciprocal space. It
is, however, restricted to the analysis of freestanding islands on a substrate. For buried islands grazing incidence is of limited
value and the technique of reciprocal space mapping (RSM) combined with iterative model calculations using FEM is the more
appropriate tool. This topic will be discussed in Section 3.2.

Since the strain distribution in an island is determined by relaxation and composition, and both influence the diffuse scatter-
ing distribution, it is necessary to separate the two effects. It is well known that intermixing of substrate and island material takes
place during the growth at high temperature. The chemical composition within the islands can be determined by combining ISS
with the anomalous dispersion of the atomic form factor of an element.

As shown in the following sections for the model system Ge on Si (4.2% lattice mismatch), this allows the determination of
the vertical concentration profile by measuring the intensity al@pgt two energies close to the Ge K-edge, while the lateral
variation of the Ge concentration in the islands is obtained from measurements@joitgs important to point out that at
anomalous diffraction conditions the only quantity that is changed is the scattering power of Ge while all the other experimental
details remain unchanged. Hence, the chemical composition can be deduced from the intensity ratio measured at two slightly
different energies. Details are described in the following.

2.4. Anomalous scattering

While the surface sensitivity can be considerably enhanced with the grazing incidence method, one can further discriminate
the scattering contributions of substrate and surface structures using anomalous scattering techniques. This exploits the change
of the atomic scattering factor of an element, when the X-ray energy is chosen in the vicinity of an absorption edge. In the X-ray
regime the K- or L-edges of the elements are of high relevance. The simplest approach consists of two diffuse scattering curves
measured at two different energies in the vicinity of an absorption edge. The scattering contribution of the chosen element can
then directly be attributed to each measured point in the probed region. The starting point for any experiment using the energy
dependence of the atomic scattering factors is the quantitative knowledge of these factors for all involved elements. In general,
the values given in the international tables are sufficient if one works far from resonance. The energy and momentum transfer
dependency of the atomic scattering form factor is expresset by E) = fo(Q) + f/(E) +if"(E).

f/(E) and f”(E) are the real and imaginary parts of the energy dependent corrections that become important close to an
absorption edge. The real part 6fQ, E) is relevant for scattering, whereas the imaginary part is describing the absorption
of X-rays. The form factorfy represents the Fourier transform of the atomic electron densit@ dependence reflects the
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Fig. 3. Resonant correction termfge and fC,E/e in the vicinity of the K-absorption edge. (b): real part of the complex atomic scattering factors
for Ge (full and dashed line) at the energies marked in (a), and real pag (dotted line).

spatial distribution of the electrons in the atom. In the forward direct@r=(0), fp equals the total number of electroés
and decreases for higher momentum trangfeiThe momentum dependent decrease is generally neglected in the correction
terms f” and f”, since the inner shell electrons, that are responsible for these terms, are strongly localized in space. Thus, the
anomalous scattering effects can be enhanced considerably by measuring Bragg reflections for high momentum transfers and
hence improve the sensitivity for the composition.

For the SiGe systeny.’ and f” are presented in Fig. 3(a) as a function of energy. The two probed en&rgied41043 eV
andE> = 11103 eV are located at 61 eV and 1 eV below the Ge K-edge at 11104 eV. For a precise determination of the atomic
scattering factors, one measures in gengfavia fluorescence or absorptiofi. is then calculated using the Kramers—Kronig
dispersion relation for the measurgd values in the vicinity of the edge and values from the international tables for the
remaining part of the spectrum. Fig. 3(b) shows that the anomalous effect can be enhanced fron928% tatabout 80% at
high 0.

3. 3D strain field and chemical composition in free-standing SiGe islands
3.1. Combination of ISS and anomalous diffraction

The surface sensitive diffraction methods introduced above have been combined and successfully applied to a variety of
uncapped islands grown by molecular beam epitaxy (MBE) or chemical vapor deposition [42,52-55]. Particular effort has been
spent to resolve the spatial composition gradient in SiGe-islands on Si(001). In order to achieve this goal, Schiilli et al. [53]
have applied anomalous diffraction to SiGe islands grown by MBE deposition of pure Ge on Si(001). From the radial scan at
a high order reflection (800) at two relevant X-ray energies (Fig. 4) it becomes evident that up to a certain relaxation (indicated
by the straight line in the figure), the dot consists of pure Si with a lattice parameter larger than for bulk Si. For larger lattice
parameters a strong intensity contrast is found. It is due to the varying Ge/Si concentration which is deduced directly from
the intensity ratio at the two energies. Combining the size profile as a function of height from AFM and the lateral size as
obtained from the angular scans in ISS yields the evolution of the Ge concentration inside the island as a function of height.
The result is illustrated in Fig. 5. The figure clearly shows a rather abrupt interface between pure Si and the SiGe-island, with
an almost constant Ge content of roughly 80% above a height of 20 A. The lattice spacings as a function of the height in the
dot (scale on the right) does not follow the sharp Ge concentration change, indicating that the island is highly strained in this
region.
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Fig. 4. Anomalous diffraction: intensity close to (800) surface reflection as a function of lattice parameter (from radial scans).

10 ——
—_ . 15.58 =
Sgop T 556 =
Beal 2 15.54 §
g x r 15.52 s
o A0 e 15.50 &
R . 1548 8
. 15.46 E
‘ 5.44

0 20 40 60 80 100 120
Height [A]

Fig. 5. The lattice parameter (black squares) and the Ge-content (crosses) as a function of the height.

In this example, anomalous diffraction was exploited to determine the average Ge-concentration profile for regions with a
common lattice parameter. Malachias et al. extended this method and applied anomalous diffraction also to angular scans [54].
This leads to a particular sensitivity to a gradient of the Ge-concentration in the lateral direction inside the islands. The mea-
surements are performed on a sample grown by chemical vapor deposition of 12 monolayers of pure Ge on Si (00C) at 600
The anomalous intensity maps in thg ga plane close to the (400) surface reflection are shown in Fig. 6(a), (b) for X-ray
energies close to the edge and 98 eV below. The extension of the intensity distributioaienas above, due to the lattice
parameter distribution along the growth direction. Since all other experimental details remain unchanged, the detailed analysis
of the two maps in the angular directiggp allows for the determination of the lateral composition in iso lattice parameter slices
through the dome. The intensity alogg for a specificgr (dashed line in Fig. 6(a), (b)) has been simulated (Fig. 6(c), (d)) by
varying the lateral Ge concentration profile. It turns out that the central maximum and the fringes can be fitted for both energies
simultaneously by a parabolic profile with a Si rich core and a Ge rich cap layer. Applying the same procedure to all iso strain
states, i.e. many; positions, it was found that all profiles had a pure Ge border, while the Si concentration in the center varies
from 1 at the bottom to O at the top of the domes. Combining the lateral size as determined by AFM and the fitg to the
intensity profile, the height of all iso lattice parameter slices is obtained and hence, a 3D compositional map in real space can
be reconstructed, for details see [54].

These results are important tools to further understand the Stranski Krastanow growth of self-assembled coherent islands in
strain driven systems, if the strain distribution is known as well. This information is obtained as follows.

3.2. RSM and FEM simulation on4Si ,Ge,/Si(001) islands

Sip _ ,Ge(/Si(001) islands grown by liquid phase epitaxy (LPE) [56,57] are shaped like truncated pyramids with {111}
side facets and a (001) top facet. These samples consist of coherent islands with uniform size and shape. These morphological
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parameters are particularly perfect when the growth conditions are chosen close to thermodynamic equilibrium. The specific
properties of LPE-grown SiGe islands make them suitable to serve as a model system in the following sense:

— The Stranski—Krastanow growth of three-dimensional islands is still not completely understood. Since LPE is performed
rather close to thermodynamic equilibrium, this may clarify the frequently discussed question of to what extent the
Stranski—Krastanow growth mode can be discussed in terms of total energy minimization.

— The well-defined size and shape of LPE grown islands allow one to demonstrate the excellent potential of X-ray diffuse
scattering for structural characterization.

The detection of a possible chemical composition gradient might serve as a fingerprint of initial stages of growth [58]. The
Ge composition can be visualized by X-ray diffuse scattering. Tiny changes in the Ge concentrizsite a SiGe island
just lead to a very small effect on the structure amplitude, as given in Eq. (2). Therefore, the main impact on the X-ray diffuse
intensity is the strain field that is changing owing to a chemical composition.

Using Eq. (2) and the calculated strain field, the corresponding X-ray diffuse intensity distributions (Fig. 7(a), (b)) is sim-
ulated, which can then be compared with the corresponding experimental data shown in Fig. 7(c). Various Ge concentration
profiles have been used. Let us first focus on the diffuse scattering from a homogeneous SiGe island, i.e. a constant Ge content
of x = 30% (Fig. 7(a)). A more detailed examination of these calculations shows that the central peak (P1) arises from scattering
from the upper half of the island, whereas the butterfly-shaped diffuse intensity P2 around P1 is due to diffuse scattering from
sections of the island that are close to the island-substrate interface. One of the most important results is that the upper half of
the island is strongly relaxed and exhibits near-cubic symmetry, whereas the lower half of the island is strongly distorted and
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thus gives rise to broad diffuse scattering. The two main features P1 and P2 are accompanied by weak thickness fringes that are
due to the finite island height (= 65 nm).

With regard to the results from a homogenous island, the agreement with the experiment can be improved by allowing a
variation of the Ge composition inside the island, which is the only free fitting parameter as the island size and shape are
well known from SEM and AFM. The simulations clearly prove that the Ge content at the top of the island is significantly
higher than in regions at the island base. Surprisingly, an abrupt change of the Ge content at one-third of the island height from
x = 25% tox = 30% yields the best result (Fig. 7(b)) whereas other simulations using either a linear gradient, a combination of
a linear gradient and a constant Ge content or, an abrupt change at one-half of the island height are not satisfactory [39]. Also a
simulation using an inclusion with shallow {115} facets clearly fails. The abrupt change of the Ge content can be explained by
early stages of growth [58].

4. Conclusion

It has been shown that using a combination of different X-ray scattering techniques the structural parameters of self-
assembled nano-structures can be determined with high accuracy and statistical relevance. From grazing incidence small angle
scattering size, shape and lateral correlations of uncapped islands are obtained. Grazing idiffdeestmn adds information
on the lattice parameter distribution in the islands, which is shown to be accessible from iso-strain scattering, from which size
and strain can be decomposed. In recent years, the near surface sensitivity of grazing incidence techniques, i.e. iso-strain scat-
tering, has been combined with the element specific anomalous dispersion, which allows for an independent analysis of strain
and chemical profiles of the elements forming the islands, resulting in a 3D reconstruction of the islands with respect to size,
shape, composition and strain. Reciprocal space intensity mapping combined with simulations of the diffuse intensity based
on finite element modeling of the displacement field in the islands is a complementary technique. As compared to iso-strain
scattering and anomalous grazing incidence diffraction, the advantage is that the elastic response of the substrate is taken into
account, while strain and composition in growth direction are evaluated from the diffuse intensity maps close to symmetric or
asymmetric reflections. The use of this technique becomes mandatory for buried islands because the monotonic change of the
lattice parameter in growth direction breaks down and iso-strain scattering is no longer applicable.

In this article we have focused on demonstrating the merits and limitation of these techniques for the example of free-
standing Ge islands on Si (001). The methods have been applied to numerous other important material systems such as InAs
on GaAs [25,26,52,59,60], GaN on AIN [61-63], InP on InGaP/GaAs [64], and PbSe on PbEuTe [39,40,65]. In many of these
references it is demonstrated that the anomalous version of the scattering methods has considerably improved the techniques
and added crucial new information, i.e. on the distribution of strain and composition in these strain driven nano-structures.

X-ray scattering techniques have profited tremendously from the possibilities offered by third generation synchrotron radia-
tion sources. The high brilliance is a prerequisite for high resolution and grazing incidence. The tunability in energy makes the
use of contrast enhancement by anomalous dispersion effects feasible. The development of micro beam fabrications is currently
underway at many synchrotron radiation sites. It can be foreseen that the resulting small beam cross sections will be utilized
to study individual islands in order to quantify the structural parameter variations which are always present in self-organized
growth, i.e. far from thermal equilibrium. It will also become possible to exploit the coherence of small beams to directly
reconstruct the shape and possibly also the strain in nano-structures as suggested by Vartanyants and Robinson [38].
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