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Abstract

Coherent x-ray diffraction is a new experimental method for study-
ing perfect and imperfect crystals. Instead of incoherent averaging, a
coherent sum of amplitudes produces a coherent diffraction pattern
originating from the real space arrangement of the sample. We ap-
plied this method for studying quantum dot samples that were spe-
cially fabricated GeSiislands of nanometer size and in a regular array
embedded into a Si substrate. A coherent beam was focused by spe-
cial Kirkpatrick-Baez optics to a micrometer size. In the experiment
it was observed that such a microfocused coherent beam produced co-
herent diffraction pattern with Bragg spots and broad diffuse maxima.
The diffuse peak breaks up into a fine speckle pattern. The grazing
incidence diffraction pattern has a typical shape resulting from the
periodic array of identical islands. We used this diffraction pattern to
reconstruct the average shape of the islands using a model independent

approach.
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1 Introduction

Coherent X-ray Diffraction (CXD) is a new and fast developing imaging tech-
nique in scattering. The method is based on the following principles: if an
object of finite size is coherently illuminated and its diffraction pattern is
measured finer than twice the Nyquist frequency then it can be uniquely
inverted to give a real space image of the sample. This basic idea leads to
a development of a lensless microscope, whose objective lenses are substi-
tuted by powerful inversion algorithms, which can, in principle, lead to a
development of a high resolution and aberration free imaging technique.
The basic ideas of the method were first developed in the visible light
optics [1, 2]. In crystallography a similar approach was proposed by D. Sayre
[3] who suggested recording a diffraction pattern of a non-crystallographic
object in the far field and using a continuous diffraction pattern for electron
density reconstruction. In contrast to conventional crystallography when
intensity is measured only at Bragg peaks this method was called an over-
sampling method. This diffractive imaging approach was successfully tested
in a number of experiments with soft[4, 5] and hard x-rays[6, 7, 8]. In fu-
ture, with the availability of the 4-th generation x-ray sources [9, 10] this
approach can be probably used even for a single molecule imaging [11] with
femtosecond x-ray pulses. This could be especially important for determin-
ing the structure of biological objects that can not be crystallized and hence

measured by conventional methods.



First experiments were performed on a specially prepared or artificially
fabricated samples necessary for testing of the method. But it is of great
practical and scientific interest to apply this approach to classes of samples
that are currently most important in the modern nano-physics and nano-
technology. This can be, first of all, quantum wires and quantum dots.
Confinement of the electron wave function to dimensions of the order of
10 to 100 nm, that are less than the electron’s mean free path, drastically
changes both energy levels and the density of states. This gives on one
hand a unique opportunity to test quantum mechanical concepts and on
another opens wide opportunities for applications in the optoelectronics and
semiconductor industry[12]. It has been shown in many studies that the
electronic properties of nano-devices based on quantum structures are first
of all determined by their shape, which is a strong function of the growth
conditions.

Different characterization techniques are used for the studies of the fun-
damental physical properties and for the optimization of growth parameters
of quantum structures. For characterization of the shape and the size of the
quantum structures surface atomic force microscopy(AFM) [13, 14] and scan-
ning tunneling microscopy (STM) [15, 16] are commonly used. However, for
practical applications many quantum structures have to be overgrown. It is
known that this often is accompanied by a considerable change of the size and
shape of the nano-structures due to interdiffusion and segregation[17, 18].
Due to their high penetration depth, x-rays are favorable in the study of
buried crystal structures. Different x-ray scattering and diffraction tech-
niques were successfully used in study of the average shapes, sizes, correla-
tion lengths, composition and strain of the quantum structures. The most
effective were grazing incidence techniques, when penetration depth of the
incoming x-ray beam can be varied and surface structures can be effectively
studied. These are grazing incidence diffraction (GID) [19, 20] and grazing
incidence small angle x-ray scattering (GISAXS) [21, 22, 23] A detailed de-

scription of different x-ray scattering techniques and methods developed for



the study of quantum structures as well as a summary of obtained results is
given in Refs. [24, 25]. What is common for all these x-ray scattering meth-
ods is that the structural information (shape, size and deformation) can be
obtained only indirectly by comparing results of the experiment with simu-
lated diffraction pattern obtained from realistic modeling. What we propose
in this paper is to use CXD as a new method for high resolution imaging of
quantum dots with a model independent approach.

In our previous paper[26] with computer simulations we discussed the pos-
sibility of diffractive imaging experiments on quantum dot samples. Quan-
tum dots with pyramidal shape and on a regular 2D periodic array were
chosen as a test sample. Two different types of experiments were discussed;
one in which a sample is illuminated with coherent beam of finite size and an-
other in which the transverse coherence length of the incoming beam is much
smaller then the illuminated area. It is expected that the typical diffraction
pattern in the first type of experiment will contain strong diffraction max-
ima in the positions corresponding to Bragg positions in the reciprocal lattice.
The whole diffraction pattern is modulated with the diffraction pattern cor-
responding to an individual quantum dot and around each strong individual
‘Bragg’ peak intensity is modulated due to a finite coherent area of a sample
illumination.

In the case of the partially coherent illumination it is expected that the
width of the individual Bragg spots will increase as soon as the transverse
coherence length is reduced. Finally when the coherence length matches the
size of the individual islands the Bragg peaks will overlap and produce a
continuous diffraction pattern without sharp Bragg spots.

In this paper we report experimental results of coherent diffraction on
arrays of quantum dots. Samples were investigated in different scattering
geometries (diffraction and GISAXS). We will discuss the features that can
be observed in the experimental diffraction pattern, compare them with the
theoretical predictions and finally will present results of reconstruction of the

shape of individual quantum dot islands from the GISAXS experiment.
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The paper is organized as follows. In section 2 we discuss the samples of
quantum dots that were used for coherent diffraction and details of experi-
mental set up. In section 3 results of diffraction and GISAXS experiments
are given. In section 4 we present results of reconstruction of an array of

quantum dots and in the final section we give a summary.

2 Coherent x-ray diffraction experiment

Our samples were ordered GeSi islands grown on pre-patterned Si (001)
substrates by solid source MBE. The pre-patterned substrates were fabricated
by holographic lithography and reactive ion etching. The square array of pits
was orientated along two orthogonal < 110 > directions. The pattern had a
periodicity in the range of 0.5 um and the pits have a depth of about 50 nm.
This substrate was cleaned by a RCA cleaning process followed by a HF dip
to form a hydrogenated surface [27]. After desorption at 900°C, a Si buffer
layer of 150 nm was deposited at a growth rate of 0.5 A/ s while the growth
temperature was ramped from 550° C to 650° C. Subsequently, 8 monolayers
of Ge were deposited at 700° C, and finally a 2 nm thick S7 capping layer
was grown at 500° C.

After growth the surface morphology of the sample was studied in air
using a Park Scientific Atomic Force Microscope (AFM). The AFM image
of the sample is shown in Fig. 1. We observe a long-range ordering of
truncated pyramid shaped SiGe islands. On the patterned substrates the
SiGe islands prefer to nucleate at the bottom of the pits rather than on the
top of neighboring mesas [28].

Samples with quantum dots were measured at the 1D-34-C beamline op-
erated by UNICAT at the APS. Monochromatic x-rays with an energy of
8.92 keV were selected using a diamond (111) or Si (111) double crystal
monochromator. The incident beam was focused by introducing Kirkpatrick-

Baez (KB) mirror optics in front of the sample[29]. The KB mirrors were



mounted 52 meter from the source with the horizontal-focusing mirror cen-
tered at 200 mm in front of the sample and the vertical-focusing mirror at 100
mm. The entrance aperture of the KB mirrors was set to 20(H)x50(V) pm?
using vacuum roller blade slits. The focal size was determined by scanning a
gold wire across the focus to be typically 1.5(H)x1.2(V) ym? at the position
of the sample. Due to a small focal size a small number of quantum dots
will be coherently illuminated, contrary to the typical diffraction experiments
when hundreds or even thousands of quantum dots would be illuminated by
a partially coherent beam. With these focusing optics in the beamline due to
demagnification we expect that the coherence length on the sample will be
also reduced and will be about 0.1 gm in both directions The longitudinal co-
herence length was defined by the bandwidth of the monochromator and was
about one micron (diamond) and 0.3 micron Si (111). Diffraction data were
recorded using Roper Scientific direct-reading charge-coupled device (CCD),
with 22.5 pym pixels, placed 1.156 m behind the sample, giving a resolution
per pixel AQ =1.8-107%A-".

3 Results of experiment

3.1 Diffraction experiment.

A typical diffraction pattern measured near the (022) position with a 1°
incidence angle is shown in Fig. 2a. The sample was aligned carefully by
means of the substrate Bragg peaks. Because of the large strain, the peak
center was found to be (0, 1.99, 1.96) in the Si reciprocal lattice. At least two
different features can be easily distinguished in this diffraction pattern. One,
more or less in the center of the image, is the coherent diffraction pattern
from the 2D array of quantum dots. Each Bragg spot has a round shape
and a symmetry corresponding to the symmetry of the arrangement of the
quantum dots on the sample surface. This diffraction pattern is generally

similar to the predicted diffraction pattern in our previous paper [26], which



is shown for reference in Fig. 2c.

In the case of the coherent illumination and a regular 2D array of QD’s
coherently scattered amplitude in kinematic approximation can be expressed
as (for details see Ref. [26])

Acoh(q) = Zsz(hn)S(q—hn), (1)

n

where s,(q) is the FT of the projection of the shape function s(r,z) of one
island s,(r) = [dzs(r,z), S(q) is the FT of S(r) that is the shape of the
coherently illuminated area and h,, = 27H,,, the H,, being the 2D reciprocal-
lattice vectors. When the size of the QD is much smaller then the distance
between QD’s which are themselves much smaller than the coherently illu-

minated area, the scattered intensity can be written as

Icoh( ) ‘Acoh Z ‘Sz | ‘S q— h )‘2 + cross terms. (2)

This equation has a simple meaning. The leading term in this expression
describes the diffraction pattern from an array of QD’s which is a periodic
array of the Bragg peaks with the symmetry of the 2D lattice of QD’s. Each
Bragg peak will be smeared by the distribution |S(q)[* with a half-width of
about 27/L, where L is the size of the coherently illuminated area. In ad-
dition the whole pattern will be modulated by the FT of the shape function
corresponding to one island |s,(h,)|* (see Fig. 2c). There will be intensity
modulation between the Bragg peaks because of a small cross term contri-
bution in (2). Diffraction pattern in Fig. 2c¢ has a sixfold symmetry due
to a threefold symmetry of pyramid islands and same orientation of islands
chosen for calculations.

In the case of the partially coherent illumination, the diffracted intensity
can be written as a convolution of the coherently scattered intensity I..n(q)
(2) and a FT of a Complex Coherence Factor (CCF) p;,,(q) a function that

defines coherence properties of the incoming beam (for details see Ref. [26])

Lyeon(@) = Leon () @ tin(@) = [Acon(a)|” @ pin(q), (3)
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where ® implies convolution. Now substituting the expression for A..;(q)
(1) we obtain the following result for the diffracted intensity from a 2D array

of QD’s in the case of the partially coherent illumination

Locon(@) =Y |s:(hy,)|* - {IS(q —h,)*® uin(q)} + cross terms.  (4)

n

It is convenient to assume a Gaussian shape for the CCF p;,,(r)

p(r — 1) = exp (_%) , (5)

coh

where [, is the transverse coherence length. In this case we will also have a
Gaussian distribution for j;,(q) in the reciprocal space with a typical length
oo ~ 27 [leoh-

Changing the value of the coherence length [, in (5) we can gradually
go from the case of coherent illumination to the case of the incoming beam
with reduced coherence length. For example, in the case of the coherent
illumination l.,, >> L, where L is the typical size of the illuminated part
of the sample and q.o, << g, = 27/L. In this limit FT of the CCF p;,(q)
can be replaced by a delta function pu;,(q) — 0(q). Substituting this into
(4) will immediately give the coherent limit of (2), when the intensity distri-
bution around each 2D Bragg point is given by ¢, . If instead the coherence
length ..y, is decreased this will lead to an increase of ¢, in reciprocal space.
When ., reaches the size L due to convolution in equation (4) we will have
an approximately twice broader distribution in the reciprocal space around
each Bragg peak. If we will further decrease the coherence length but still
keep it bigger than the 2D period of QD lattice, then in (4) we will still have
periodic distribution of intensity corresponding to each Bragg position, but
with increased width of each peak that will be still determined by the co-
herence length. Continuing this process we will finally come to the situation
when coherence length will be less then the separation between the islands
in the QD structure, but still bigger then the size of one individual island.



In reciprocal space we expect [26] a continuous non-periodic distribution of
intensity with a shape given by the FT of an individual island |s.(q)?.

As it is clear from this analysis the width and the shape of each Bragg
spot depends on the coherent properties of the incoming beam and also on
the scattering geometry. They have a more round shape for the symmetrical
(a; ~ o) scattering geometry, but are more elongated for the grazing exit
geometry. The same behavior of the speckles was observed in our previous
studies of antiphase domain structure of thin CugAw films[30]. This behavior
can be explained by simple Ewald construction. For a nanometer structures
(as quantum dots) in the vertical direction we have elongated shape in the
reciprocal space in the direction normal to the surface. For the grazing exit
conditions the Ewald sphere is cutting these elongated structures along their
long shape producing elongated Bragg shapes observed in experiment (Fig.
2b).

There are some additional features that are easily seen on the diffraction
pattern in Fig. 2a,b. These are two broad intensity distributions outside the
center of the pattern. They are, necessarily, modulated by speckles arising
from the coherent incident beam. They have overall ‘banana’ shape and fine
speckle structure inside each of the maxima. We attribute these features to
diffuse scattering originating from disorder. This can be a chemical disor-
der due to a interdiffusion of Si into Ge dots, shape disorder (each island
in an array varies slightly in its shape), strain disorder and possibly missing
dots (vacancies) in a 2D array. The most important, probably, here is a
strain disorder that is very complicated by its nature and is also related to a
chemical and shape disorder. Slightly different composition or shape of the
individual islands produce different strain field inside the quantum dot and
outside in the surrounding substrate. These broad diffuse scattering maxima
could, in principal, be observed also in the conventional incoherent scattering
experiment (see for example Ref. [31]). What is new in the coherent diffrac-
tion experiment is that a ‘smooth’ diffuse peak breaks into a complicated

speckle structure. The fact that we can observe two diffuse maxima apart



from the center of the diffraction image can be mostly probably explained
by the compressive (Ge) and tensile (Si) deformation field in the islands and
in the surrounding substrate. Due to complication of diffraction pattern by
strain effects we consider a simpler GISAXS geometry as a good candidate

for a phase retrieval.

3.2 GISAXS experiment

We performed a GISAXS experiments on the same samples. This technique
is more sensitive to the average shape of the quantum dots and not sensitive
to the deformation distribution in the islands. This technique can be also
used to get 2D (Q,, Q,) maps of the intensity distribution in the reciprocal
space (see for e.g. Ref. [24]). The GISAXS experiment was performed in
two different geometries. The first one had the incidence angle («;) higher
than the critical angle of the substrate (Fig. 3a) and the second one with
a; < a. (Fig. 3b). Critical angles for our energies are a,. ~0.2 deg for Si
and o, ~ 0.275 deg for Ge. In the first experiment (Fig. 3a) the CCD
detector was covering angles smaller than the specularly scattered incident
beam (ay < «;) and in the second experiment (Fig. 3b) when the incident
angle was very small (a; = 0.1 deg) it covers angles higher than the specular
reflected beam (ay > ;). Special precautions were taken to protect the CCD
detector from the strong specular reflected beam in the second experiment by
putting a beam stop in front of the detector. Unfortunately this also makes
part of the reciprocal space with lower exit angles unavailable for analysis.
A typical feature that can be seen in the first geometry (Fig. 3c) is a
strong Yoneda scattering [32, 33] for angles close to critical angle for the exit
beam. In the direction of the specular beam there can be recognized three
strong Bragg spots parallel to the horizon. Such a picture appears when all
the islands in the sample are aligned along the beam. When the sample is
rotated slightly in the horizontal direction Bragg spots abruptly change their

orientation and make an angle with the horizon that corresponds to cutting
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by the Ewald sphere the periodic rods originating normal to the surface of the
sample. On the Yoneda peak above the critical angle strong side flares can be
observed. We attribute them to the crystal truncation rods perpendicular to
the facets of the individual islands. The final width of these rods is probably
related to a small misorientation of the dots in the sample.

For very small incident angles (Fig. 3d) and with islands aligned along
the beam the diffraction pattern looks as a typical diffraction pattern from a
periodic array of scatterers [34]. Many diffraction orders (about ten) can be
resolved on each side from the central peak, indicating a high periodic quality
of the sample. The width of each diffraction rod is related to the number of
coherently illuminated dots and the overall shape can be attributed to the
shape of the Fourier transform of an average shape of the individual quantum
dots. There are also periodic variations of intensity that can be observed
along each rod in the vertical direction. The bigger period corresponds to
the inverse height of the individual islands and finer variations of intensity
can be attributed to the cutting by the Ewald sphere of the side maximuma
adjacent to the strong one in the direction along the beam. The reciprocal

space map and an Ewald sphere construction is shown schematically in Fig.

4.

4 Reconstruction of the quantum dots shape

We attempted to use diffraction pattern shown in Fig. 3d to reconstruct
an average shape of the islands in the sample. Several steps were taken to
generate full reciprocal space amplitude. As we discussed before, for these
measurements the CCD detector was positioned at angles higher then specu-
larly reflected beam (0.1 deg) and an additional beam stop was used to block
high intensities around this beam. So part of the data for low @, values
down to ), = 0 were irretrievably lost. From our estimates of the geometry

of the experiment angles from 0 to 0.299 deg were missing, corresponding to

11



a distance of 268 pixels on our CCD detector.

In the GSAXS geometry the measurement is not sensitive to strain and
the diffraction pattern should be centrosymmetric. We may therefore sym-
metrize pattern about the origin, adding 2 x 268 pixels of spacer in between
rotated copies of the pattern. The data is then interpolated across the spacer
region. The next data preparation step was to ‘flag’ the interpolated rods,
but not the regions between them. This flagging tells the fitting algorithm
to allow the intensity in those regions to vary rather than forcing them to
fixed values at each iteration while keeping information about troughs in the
data.

To invert GISAXS data we used an iterative approach first proposed by
Gerchberg and Saxton [35] and then further developed by Fienup [36]. What
is important for this method of phase retrieval is the fact that no starting
model is used for fitting the data. On the first step the missing phases are
taken as a random set and are combined with the amplitudes in reciprocal
space. Then FT is applied back and forth with specific constraints used
in both real and reciprocal space. To test the reproducibility, the calcula-
tions are repeated with another set of starting random phases. To avoid
stagnation we used an alternation of two algorithms: error-reduction (ER)
and hybrid input-output (HIO) (Fienup [36], Millane & Stroud [37]) having
about 1000 cycles for each set of random phases. A detailed description of
these algorithms and actual parameters used in reconstruction was given in
our previous publication (Ref. [38]). The following constraints were applied.
In reciprocal space, the calculated amplitude on each iteration step was re-
placed by its experimentally measured amplitude /ey (q) except where the
data is flagged. In real space, using the fact that GISAXS measurements are
nonsensitive to strain, we can take as a powerful constraint that the electron
density has to be real and positive. An additional constraint tied to the con-
cept of oversampling is that the density in real space is confined to a region
called the support.

In the reconstruction algorithm we evolved a support with several stages
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[5]. First reconstructions with the support region defined in the form of the
elongated window with the height about the expected height of the islands
and the width about the width of the focused beam gave quite promising
results. In these images one could see a smeared image of a row of eight
quantum dots with the period corresponding to the period of the array of
QD’s in a sample (cf. Fig. 5). To get more information about the individual
shape of the QD’s we used a tighter support in the form of periodic array
of square boxes based on the results of the first fits, similar to the support
used in our previous paper [26]. What was found in this case that it is some
additional intensity is always present in the reconstructed images between
expected positions of Ge QD’s. This additional contribution was attributed
to silicon oxide layer between Ge QD’s. So, on the next step we included
this information to the support in the form of additional boxes between
the positions of the original Ge positions and with a small shift from exact
center between positions of Ge dots. In addition rectangular boxes on the
expected Ge positions were further tightened by adding facets on the top of
the boxes. This helped avoid stagnation of the algorithm due to overlapping
of the original image and a twin image that has the same diffraction pattern.
After each modification of the support a new set of fits with random starting
phases were performed. Very generally speaking it is similar to refining in
the direct modelling, when initial model is updated on each step that reduces
error metric. The final shape of the support array is shown in Fig. 6c.

We show our reciprocal space reconstructed diffraction patterns for the
simple support and for the evolved tight support in Figs. 5 and 6 respectively.
Reconstruction with the support in the form of elongated window produced
a higher resolution reciprocal space image in Fig. 5a, where the fine struc-
ture along the diffraction rods can be discerned. Conversely, a more smeared
diffraction image (Fig. 6b) is reconstructed with the final tight support (Fig.
6¢). The agreement of the calculated diffraction pattern with the data is

considerably better for the large support. This agrees with our previous gen-
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eral findings for iterative reconstruction algorithms [39] that the tighter is
the support used for reconstruction the lower is the fidelity of the recipro-
cal space diffraction pattern, presumably because of the reduced number of
degrees of freedom.

The best reconstructed image from the GISAXS data is shown in Fig.
6d. A row of five islands with stronger intensity is very well reproduced in
the reconstructed image. We contribute them to the shape of Ge islands.
The islands have a very well defined period of 0.43 pm that match very
well to the results of an AFM image (Fig. 1). Islands in the middle of the
row have brighter intensity and overall intensity damps down away from the
center. We attribute this effect to the illuminating beam profile and to partial
coherence effects in the incoming beam [38, 40], or a complicated wavefront
profile of the beam passing KB mirrors. Such variation of intensity across
the view of reconstructed images was also observed in the lensless imaging of
C-nanotubes with electron diffraction [41]. All islands have more flat shape
on the bottom and more round shape on the top. We estimated the size of
the islands and get 128(h)x45(v) nm. The average size of the islands from
AFM measurements is 120(h)x30(v) nm that is in a good agreement with
our results. We estimated spatial resolution in reconstructed images from the
highest spatial frequency obtained in experiment in horizontal and vertical
directions and got 20(h)x5(v) nm.

In the reconstructed images between Ge islands silicon oxide islands with
lower contrast can be also seen. They have lower contrast due to a lower Z
value, but still contribute to diffraction. It can be noticed that every second
diffraction rod in Fig. 3d has stronger intensity then the previous one. This
can be attributed to additional scattering from silicon oxide islands. Scatter-
ing from Ge islands can be, in principle, enhanced by using anomalous x-ray
scattering. This approach was used recently for quantitative measurements
of the Ge composition profile in QD islands [42]. Preliminary experiments
have shown that using this approach in GISAXS geometry essentially help to

separate intensity diffracted from the Ge islands from the diffracted intensity
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originating on silicon oxide substrate.

5 Conclusions

We presented in this paper results of coherent x-ray diffraction on the sam-
ples with quantum dots. We discussed different geometries of scattering on
these samples. In the large angle coherent diffraction geometry, there are co-
herent and incoherent contributions to the scattering, with the coherent part
producing a map of Bragg spots corresponding to the real space symmetry
of quantum dots arrangement. The width and the shape of each Bragg spot
is related to the size of the coherently illuminated area and the geometry of
experiment. In the grazing exit angle geometry the shape of Bragg spots will
be more elongated and in the symmetrical or grazing incident angle geome-
try they will have more round shape. We discussed the origin of the diffuse
scattering that can be observed in the experiment and pointed out that in
the case of the coherent incident beam this diffuse scattering shows a speckle
behavior which originates from a coherent sum of amplitudes scattered from
different parts of the sample.

We also discussed results of GISAXS experiment on our samples. We
found a different behavior of the diffraction pattern for different incident
angles below and higher than the critical angle. We used GISAXS measure-
ments with the incident angle smaller than the critical angle for reconstruc-
tion of the average shape of islands in the sample by using an iterative phase
retrieval algorithms. Results of reconstruction were very encouraging. We
got correct periodicity and average size of the quantum dots (as compared
with the AFM measurements) with very general constrains in the real space.
Using focusing mirrors and illuminating a finite number of quantum dots
gave us the possibility to measure intensity in a wide range of reciprocal
space that gave us a nano-meter resolution in reconstructed images.

We think that this approach of coherent diffraction studies of nanosized
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materials could be developed into a powerful technique for investigating the

structure of nanosize objects.
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Figure Captions

Fig. 1 AFM micrographs of 2D ordered Ge islands.

Fig. 2 Coherent diffraction pattern from a sample in Fig. 1. (a) Diffrac-
tion pattern measured near the (022) reflection of Si with an incidence angle
a; = 1 deg. Reciprocal space coordinates of the center of the diffraction
pattern is at (0, 1.99, 1.96), top edge is at (-0.0218, 1.9819, 2.0169), the
right edge is at (-0.0101, 1.9373, 1.9639) in the Si reciprocal lattice. (b)
Diffraction pattern in the grazing angle geometry measured near the (-111)
reflection of Si with an incidence angle a; = 12.5 deg and exit angle oy =1
deg. Reciprocal space coordinates of the center of the diffraction pattern
is at (-0.9794, 0.9800, 0.9696), top edge is at (-0.9771, 0.9762, 1.0216), the
right edge is at (-1.0216, 1.0048, 0.9734) in the Si reciprocal lattice.(c) Cal-
culated diffraction pattern from a sample with a periodic array of quantum
dots (from Ref. [26]).

Fig. 3 Coherent diffraction from a sample in Fig. 1 in GISAXS geometry.
(a) Geometry with incidence angle «; higher than the critical angle a of the
substrate (o; > «.) and CCD detector covering angles smaller than the
specularly scattered incident beam; (b) geometry with very small incidence
angle (a; < a.) and CCD detector covering angles higher than the specular
reflected beam. (c) Diffraction patern corresponding to geometry (a), here
af = a, = 0.199deg and oy = o; = 0.77deg. (d) Diffraction pattern
corresponding to geometry (b).

Fig. 4 Ewald construction for a scattering on a periodic array of quantum
dots. Periodic array of dots with the period d, in x direction along the beam
propagation will give rise to a periodic array of intensities in reciprocal space
with the period of 27 /d,. If N, dots are illuminated by the elongated beam
this will give rise to an additional fine structure with spacing in reciprocal
space 27 /N,d,. The finite size of the dots in vertical direction s, will produce
additional modulation of intensity in Q, direction with spacing 27/s,. Ewald

sphere with the radius |k;| = |ky| cuts side maximuma adjacent to the strong
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one and produce a fine variation of intensity on the CCD detector (see Fig.
3d).

Fig. 5 (a) Reconstructed data in the reciprocal space from GISAXS
experiment (Fig. 3d) used for reconstruction; (b) reconstructed image of the
quantum dot array in real space obtained with the support in the form of
elongated window.

Fig. 6 (a) Experimental data from GISAXS experiment (Fig. 3d) used
for reconstruction (log scale); (b) reconstructed data in the reciprocal space;
(c) support used for reconstruction; (d) final image of the reconstructed
quantum dot array in real space, the period of the array is 0.43 pum and

the average size of the Ge islands in the array are 128(H)x45(V) nm.
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