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X-ray scattering methods suitable for the investigation of the morphol-
ogy and chemical composition of self-organized quantum dots and quantum
wires are reviewed. Their application is demonstrated in experimental ex-
amples showing that a combination of small angle X-ray scattering with
high-resolution X-ray diffraction can reveal both the shape and the chemical
composition of the self-organized objects.
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1. Introduction

The spontaneous formation of self-organized islands and ripples at inter-
faces of lattice mismatched semiconductor superlattices has been recently devel-
oped as a promising approach for the fabrication of quantum dots and wires [1].
Quasi-zero-dimensional self-organized quantum dots (SQD) are grown usually in
the Stranski-Krastanow epitaxial growth mode. The driving force for this process
is the elastic relaxation of internal stresses accompanied by a lateral compression
or expansion of the dots. Unfortunately, these self-organized dots are usually not
very uniform in size and spacing, which limits seriously their applicability. The
growth of superlattices 1s a possible way for improving the uniformity of the dots
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[2, 3]. Vertical ordering of the dots caused by inhomogeneous elastic strain fields
gives rise also to a lateral ordering and a size homogenization.

In different materials, different types of ordering occurs, for instance vertical
dot columns occur in InAs/GaAs [4] and SiGe/Si systems [5], in the superlattices
of type IV-VT a trigonal dot arrangement has been observed [6, 7]. The different ar-
rangements can be explained quantitatively using the idea of the island nucleation
in the minima of the local elastic energy density [2, 7]. In samples of PbSe/PbEuTe
we have observed previously a transition from a vertical dot stacking (for smallest
superlattice periods) via trigonal-type stacking (moderate periods) to completely
uncorrelated dot positions (for larger superlattice periods) [7, 8]. A tetragonal dot
stacking was observed in CdZnSe/ZnSe superlattices [9].

Much less work has been devoted to the investigation of one-dimensional
self-organized quantum wires (SQW) [10-12]. Tt was shown that the growth of such
wires requires a suitable template, which can be provided, e.g., by regular arrays of
terraces formed during a step-bunching growth process [13-15]. Such step-bunching
instabilities were observed to occur in several systems, including Si/SiGe multi-
layers grown on miscut Si substrates. Brunner et al. [16] have shown that for
molecular beam epitaxy (MBE) growth of SiGe nanostructures, certain ranges of
growth parameters exist, where either laterally ordered SiGe island growth takes
place, or wires are formed on nearly equally spaced terraces, which were studied
by transmission electron microscopy (TEM) and atomic force microscopy (AFM).

The shape and the arrangement of the self-assembled quantum dots and
wires can be studied directly by AFM and by TEM. Both methods have serious
limitations; the former method is limited only to the topmost free-standing dot
layer, the latter one requires an elaborate sample preparation. An indirect way
for studying the morphology of the SQD and SQW consists in small angle X-ray
scattering. This non-destructive method can investigate both the free-standing and
buried objects, and in contrast to TEM and X-ray diffraction, it is not sensitive
to elastic deformation.

A small-angle X-ray scattering experiment yields a distribution of the scat-
tered intensity in reciprocal space. In the usual coplanar arrangement, the wave
vectors K of the primary and scattered beam, as well as the surface normal
of the sample lie in the same plane (scattering plane). In this arrangement, the
accessible part of reciprocal space is limited by the condition s > 0, where ;¢
are the angles of incidence and exit of the radiation with respect to the sample
surface. Thus, for a given scattering angle 20 = «a; + af, one can detect the objects
of a minimum characteristic size and/or distance

Lin > 2/\@ (1)
Since the maximum value of @ is limited by the intensity of scattering to few
degrees, this condition represents a substantial limitation of the application of the
coplanar arrangement.
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In grazing-incidence small-angle X-ray scattering (GISAXS) geometry, the
plane of the vectors K r is nearly parallel to the sample surface and no limitation of
the dot size exists [17]. In addition, changing the incidence and/or exit angles o ¢
we can tune the depth, where the scattered radiation comes from (the information
depth).

High-resolution X-ray scattering is sensitive mainly to the strain fields in the
objects and around them. In most cases, the volume of the objects under investiga-
tion is very small and therefore a conventional coplanar X-ray diffraction (XRD) is
not suitable. Instead, grazing-incidence diffraction (GID) must be applied. In this
geometry, the diffracting net plane is nearly perpendicular to the sample surface
and the wave vectors K r > 0 are almost parallel to it. Similarly to GISAXS, the
information depth can be tuned in the GID method.

In the first part of this paper we describe briefly the mechanism of X-ray
scattering from self-organized objects, in the second part we show two experimental
examples of the application of the scattering methods.

2. Theoretical description

The theoretical description of both small-angle scattering (GISAXS) and
high-angle diffraction (GID) can be formulated in the uniform way using the
distorted-wave Born approximation (DWBA) [18, 19]. In this method, the scat-
tering potential V() occurring in the wave equation

(A+ KHE(r) = V(r)E(r) (2)
1s divided into two parts
V(r) = Va(r) + Va(7), (3)

where the first part describes the scattering from a non-disturbed system (an
amorphous semi-infinite substrate in our case) and the second part accounts for
the scattering from the objects. In the first step of the calculation procedure, we
find two exact independent solutions of the wave equation of the undisturbed
system

(A+ K*)Ex(r) = Va(r)Ea(r) (4)
denoted E1(41,2) (see Fig. 1). The incident wave of the solution Egl), Ki(l) = K;,

corresponds to the actual incoming beam, the solution Ef) is time-inverted and

. @ KQ
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Fig. 1. Sketch of the solutions of the undisturbed wave equation (4).
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its wave Ki(z) = K7 is the true scattered wave. The scattered intensity is usually
expressed in reciprocal space as a function of the scattering vector @ = Ky — Kj.
For the chosen undisturbed system, the solution of Eq. (4) is trivial and it can be
represented by the Fresnel transmission and reflection coefficients.

In the second step, we use these solutions for the calculation of the differential
cross-section of X-ray scattering due to the disturbance Vg(r). In most cases, this
scattering potential is random and we have to average the differential cross-section
over all macroscopically non-resolvable configurations of the objects. The averaged
cross-section consists in two contributions. The coherent contribution represents
the scattering due to V4 (7) + (Vg (7)), the intensity I.on(Q) of this contribution is
concentrated in reciprocal space along the normal to the surface (crystal truncation
rod) crossing the lattice point of the crystal reciprocal lattice. In the following, we
will not deal with the coherent component and we will restrict ourselves only to the
incoherent (diffuse) component, whose intensity I(Q) is distributed in a vicinity
of the truncation rod. The differential cross-section of the diffuse scattering is

do 1 0 9
(52). =T WP =LP). 6)
where
w=(EY Vs EL)

is the scattering matrix element. Inserting the corresponding expressions for the

undisturbed wave fields E1(41,2) we express this matrix element as a sum over several
scattering processes. If, for instance, the objects are located at the sample surface,

the matrix element consists in 4 scattering processes, sketched schematically in
Fig. 2.

"

Fig. 2. Scattering processes considered in the calculation in the case of free-standing
objects. The second process, for instance, includes the scattering of the incident wave

from the object and the reflection of the scattered wave from the sample surface.

In the small-angle scattering method, the disturbance Vg(r) comprises only
the contrast Ax(r) in the crystal polarizability of the object and its neighborhood,
1.e. 1t 1s sensitive mainly to the shape of the objects

Vp(r) = K2AxQ(r), (6)
where £2(r) is the shape function of the objects (unity in the objects and zero

outside). In GID however, the disturbance Vp(r) includes also the elastic strains
in the object and around it
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Vp(r) = K? Axﬁ(r)e_i”“'“(r) — Ymatrix | - (7)

Here we have denoted as xmatrix the crystal polarizability of the host lattice, u(r)
is the displacement field due to the objects and h 1s the reciprocal lattice vector
(diffraction vector).

The resulting formula for the scattered intensity can be simplified substan-
tially if we assume that all the objects are identical. Then

(j—Z) = constZ|Apf(Qp)|2G(Qp), (8)

diff

where the sum runs over all active scattering processes,

G(Q) — <Ze—i(Q.Rn—Q*.Rm)> (9)

n,m
is the correlation function of the positions of the objects, 4, is the amplitude of
the p-th process and F(Q) is the structure factor of a single object. In GISAXS,
this structure factor is proportional to the Fourier transformation of the shape
function of a single object

F(Q) = FT[Ax{2uni(r)] - (10)
In XRD and GID however, the expression of the structure factor is more compli-
cated

F(Q) =FT Xmatrix(e_ihuObJ’(r) — 1) —+ AXQd(T)e_ih'uobj(r) (11)

containing also the displacement field wuoni(r) of a single object.

Due to the correlations of the object positions expressed in the correlation
function (9), the scattered intensity is concentrated to a sequence of maxima in
reciprocal space (intensity satellites). The positions of these maxima correspond
to the points of the lattice reciprocal to the “object lattice” and their width is de-
termined by the degree of ordering of the object positions. For a perfectly periodic
object arrangement the intensity satellites are infinitely narrow. The heights of the
satellites are given by |F(Q)|?.

3. Experimental examples

In this section we present results of X-ray scattering investigation of self-
-assembled PbSe quantum dots in PbSe/PbEuTe superlattices and self-assembled
SiGe quantum wires in SiGe/Si superlattices.

3.1. PbSe quantum dots in PbSe/PbEuTe superlaltices

The samples were grown by molecular beam epitaxy on PbTe buffer layers
deposited on (111) BaF; cleaved substrates. All samples consisted of 5 monolayers
PbSe and spacer layers Pb;_,Fu,Te with the superlattice periods D ranging from
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350 to 650 A. Because of the 5.4% lattice mismatch of PbSe with respect to PbTe,
island growth in the Stranski—Krastanow growth mode occurs once the critical
thickness of 1.5 monolayers is exceeded. During the overgrowth of the islands, a
rapid replanarization occurs and a completely flat surface is regained after the
growth of 200 A PbEuTe. The concentration z of Eu was adjusted in order to
achieve a complete strain symmetrization of the superlattice period with respect
to the PbTe buffer. The strain symmetrization prevents plastic relaxation via misfit
dislocations. For this study, we have used three superlattice samples with different
types of the dot stacking, the parameters of the samples are summarized in Table I,
other details of the growth procedure can be found elsewhere [20].

TABLE 1
Basic structural parameters of the PbSe/PbEuTe
superlattices.
Sample no. | D [A] | Number of periods | Stacking type
N
966 350 30 vertical
925 470 60 trigonal
906 660 60 random

From TEM and AFM studies it follows that the free-standing quantum dots
have the shape of threefold pyramid with well developed side {001} facets. The
shape of the buried dots could not be reliably resolved from TEM pictures, since
the contrast in TEM is mainly affected by the strain fields around the dots and
not by the dot shapes.

The GISAXS measurements have been performed at the TROIKA II beam-
line at ESRF, Grenoble using the wavelength 1.5545 A. We have measured the
distribution of the scattered intensity in several (Q,Q,) planes parallel with the
sample surface, the examples of the results are shown in Fig. 3. It can be seen in
this figure that the dots are laterally not ordered in samples 966 and 906, while a
trigonal ordering is visible in sample 925. The vertical ordering of the dots (i.e. in
direction perpendicular to the sample surface) cannot be established from these
maps, other measurements not shown here revealed a perfect vertical ordering in
sample 966 and no ordering of the dot positions in 906.

From these intensity distributions we have extracted line scans along the
arrows in Fig. 3 and we have compared these scans with numerical simulations
using Eqs. (8)—(10). The resulting scans are plotted in Fig. 4. In the simulations
we have assumed that the buried dots have the shape of a truncated threefold
pyramid with rounded edges. The form of the pyramid base was expressed using
the formula
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Distribution of the scattered intensity in a (Q.Q,) plane parallel with the

sample surface, GISAXS geometry. The arrows denote the directions of the extracted

line scans corresponding to the azimuthal angles ¢ = 0° and 30°.
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The linear scans extracted from the GISAXS intensity maps shown in Fig. 3

from the fits are shown in the insets.
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R(¢) = Z Ry, cos(3mg)

m=0

in polar coordinates, from the fit we have determined the coefficients Ry 2. The
resulting shapes of the dot base are shown in the insets in Fig. 4. From the fit
we have also determined the relative height A of the pyramid with respect to a
non-truncated sharp pyramid and the mean distance (L) of the neighboring dots,
the details have been published elsewhere [21]. The results are summarized in

Table II.

TABLE 11

Parameters of the PbSe dots in the PbSe/PbEuTe superlattices determined from the
GISAXS data.

Sample | D [A] (L) [A] hrel Ro [A] R1 /Ry R2/Ro
no.
966 350 1050 £ 150 | 0.5+ 0.2 | 380 &£ 50 | 0.2+ 0.05 0.04 £ 0.02
925 470 680 4 20 0.3£0.1 | 300460 | 0.1+£0.05
960 660 550 £ 100 | 0.5+£0.2 | 250 &£ 70 | 0.15 £ 0.05 0.02 £0.01

From the data it follows that the shape of the buried dots differs substan-
tially from that of the free-standing ones, most likely due to interdiffusion. X-ray
scattering is the only method that can reveal the shape of these buried quantum
dots. In order to study the chemical composition of the dots, we have used copla-
nar XRD. Figure 5 shows the distribution of the diffracted intensity in reciprocal
(Q:Q.) plane perpendicular to the sample surface close to the reciprocal lattice
point 111. The intensity maps have been measured using the wavelength 1.54 A
at the beamlines TROIKA II and ROBL at ESRF, Grenoble. The maps have been
plotted in the coordinates of the reduced scattering vector

q=Q—h

The type of the stacking of the dots clearly follows from the intensity maps.
The dots in sample 966 are correlated only vertically and no horizontal ordering is
present. Therefore, the scattered intensity is concentrated in horizontal sheets and
the vertical width of the sheets is inversely proportional to the vertical correlation
length of the dot positions. In sample 925 a full three-dimensional trigonal dot
arrangement 1s present. Therefore, the intensity distribution in reciprocal space
has maxima in lattice points in the reciprocal “dot lattice” and the maxima in the
intensity map correspond to the cross-section of the (01-1) scattering plane with
this dot lattice. No correlation of the dot positions is present in sample 906. The
correlation function G( Q) is constant in this case and the intensity distribution is
proportional to that of a single dot given by |F,(Q)|*.
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Fig. 5. XRD intensity maps of PbSe/PbEuTe superlattices, symmetrical diffrac-
tion 111.

From the map of sample 925 we have extracted two linear scans parallel to
the @), axis crossing the first and the second lateral intensity satellites and we
have compared them with the simulations using Eqgs. (8), (9), (11) (Fig. 6).
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Fig. 6. The linear scans extracted from the intensity map of sample 925 (Fig. 5, points)
and their theoretical simulations (lines). The experimental curves are shifted upwards

for clarity.

In the simulations we used the dot shape following from the GISAXS data,
the only free parameter was the chemical composition of the dots. The best cor-
respondence of the measured data with theory could be achieved assuming the
composition of the dot lattice PbSeq 5Teq 5. Therefore, interdiffusion affects not
only the shape but also the chemical composition of the buried quantum dots.
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3.2. SiGe self-assembled quantum wires in a SiGe/Si superlaitice

We have studied a 20 period SiGe/Si multilayer, grown by solid source MBE
at the Technical University Munich (Prof. G. Abstreiter) on a [001]-oriented Si
substrate with a miscut of 3.5° towards the [100] direction. With the chosen growth
conditions, a smooth Si buffer was grown. The thickness of the Sip55Geg as and
Si layers was nominally 2.5 nm and 10 nm, respectively. The whole multilayer
stack was covered by a 12 nm thick Si capping layer. The substrate temperature
during multilayer growth was 550°C, for growth details see [16]. In AFM pictures
of the surface we can resolve a one-dimensional ripple pattern, the ripples are
perpendicular to the miscut direction [100]. The surface ripples correspond to
one-dimensional quantum SiGe wires buried at the SiGe/Si interfaces below the
surface.

The GISAXS and GID experiments were performed at the TROIKA 1T beam-
line at ESRF using the wavelength 1.55 A. Figure 7 shows the measured inten-
sity distribution in reciprocal space along the line perpendicular to the wires for
various Q.

1Q (1/A)=

3 0.268
5
o
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z
175}
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8
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10 -0.05 0.00 0.05
Q, (1/A)

Fig. 7. GISAXS scans measured across the SiGe wires in a SiGe/Si superlattice (points)
and their fits (lines).

The lateral ordering of the wire positions gives rise to intensity maxima. From
their distances and widths we determined the mean wire distance (900 + 50) A
and the root mean square deviation of wire positions (150 & 50) A, therefore, the
wire positions are correlated up to the 6th neighbor. The heights of the satellites
depend on the shape of the wire cross-section. From the numerical analysis it
follows that the wires have a triangular shape, the slope of their side walls is

about 6° (Fig. 8) [22].
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SiGe

Fig. 8. The shape of the cross-section of the SiGe wire.

This finding indicates that the wires could not be created only by a bunching
of the monolayer steps at a vicinal growing surface, since the bunching process
could produce the wires with the slope of the side walls smaller than or equal to
the miscut (3.5° in our case).

The chemical composition of the wires has been studied by means of the GID
method. We have chosen 400 diffraction, the diffraction vector was perpendicular
to the wires. In this diffraction we have recorded a distribution of the scattered
intensity in (Q,Q;) plane perpendicular to the sample surface, the @, axis is
parallel to the diffraction vector h = [400]. The intensity map is shown in Fig. 9.
The periodicity of the lateral wire positions gave rise to lateral satellites and the
vertical superlattice periodicity caused a vertical modulation of these satellites.
Since the replication of the positions of the wires at different interfaces occurred
in a direction inclined by the angle of about 5° from the growth direction, the
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Fig. 9. The reciprocal space map of a SiGe/Si multilayer taken in the GID geometry,
400 diffraction (left) and the linear scans extracted from the map along the lines 1

and 2 (right, points). The full lines in the right panel denote the simulations.
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maxima at different lateral satellites are arranged in intensity “sheets” making
the angle 5° with the horizontal direction. These sheets are denoted by 1 and 2 in
Fig. 9. From the maps we have extracted linear intensity scans along the sheets
(Fig. 9, right panel) and we have simulated them using Eqs. (8), (9), (11). In
the simulations, we took the shape of the wires from the GISAXS measurements
and we have adjusted only the Ge concentration = in the wires as a single free
parameter. From the fit # = (20 + 10)% follows, so that the Ge content in the
buried wires is much smaller than the nominal value 45%.

4. Summary

We have demonstrated that the shape, position and chemical composition
of self-assembled quantum dots and wires in semiconductor superlattices can be
studied by surface-sensitive GISAXS and GID. The GISAXS method is sensitive
mainly to the shape and position of the self-assembled objects, while GID is af-
fected by the strain field in these objects and around them caused by the mutual
lattice mismatch. Since the self-assembled objects are extremely small, the scat-
tered intensities are usually very weak. Therefore, the X-ray experiments can be
performed only using a synchrotron radiation.
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