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Analysis of the three-dimensional ordering of epitaxial Ge quantum dots
using focused ion beam tomography
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Buried layers in quantum dot (QD) superlattices influence the position of QDs in the subsequently
grown layers through strain field interactions. Since the strain interactions are complex, a
three-dimensional reconstruction of the superlattice can enhance the fundamental understanding of
self-organization mechanisms. We have studied the three-dimensional relationship of QDs using
focused ion beam tomography. Analysis of the reconstruction is consistent with earlier models for
self-organization. QDs on successive layers form above buried QDs. In certain cases, successive
QDs in a column decrease in size, resulting in the elimination of the column while QDs in other

columns grow in size. © 2006 American Institute of Physics. [DOI: 10.1063/1.2217930]

Much work has been done to study the phenomenon of
self-assembly in epitaxial quantum dot (QD) systems.'_4 In
Si/Ge the lattice mismatch between the two materials, Ge
having the larger lattice constant by 4.1% at room tempera-
ture, causes strain when one is grown on the other. This
strain can be relieved through the formation of QDs. If sets
of bilayers are then formed by overgrowing each successive
layer of QDs with a film of the substrate material a QD
superlattice can be formed. Strain fields due to the buried
QDs make it favorable for the QDs on subsequent layers to
form above the buried QDs, thus forming columns. While
the QDs on the initial layer nucleate and grow essentially
randomly (with any deliberate externally induced organiza-
tion mechanism absent) subsequent layers are known to
self—organize.5 Previously, it has been observed that spatial
organization occurs such that the QDs in the later layers
deviate from being centered on the lower QDs to positions
that more evenly space the quantum dots. The driving force
for this is believed to be due to minimization of the system
strain energy through QD-QD interaction.®™ Techniques
such as transmission electron microscopy (TEM), scanning
tunneling microscopy (STM), and atomic force microscopy
(AFM) have been used to analyze these structures. In the
case of STM and AFM only the topmost layer can be ob-
served while TEM gives a two-dimensional projection of a
three-dimensional volume. Modeling papers that explore the
QD ordering phenomenon have thus been only able to draw
upon these two-dimensional observations.™* To gain a
greater insight into these self-assembly processes, we have
used the focused ion beam (FIB) to tomographically recon-
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struct a full three-dimensional representation of the QD su-
perlattice structure.

Ge and Si films were grown via molecular-beam epitaxy
(MBE) on (100) Si substrates using a custom built VG 90S
double-chamber UHV-MBE system at the University of
Virginia.9 Details of the growth conditions have been re-
ported previously.lO The QD superlattice was analyzed by
cross-sectional TEM analysis and no dislocations were ob-
served (within the limited field of cross-sectional TEM im-
aging, only tens of um? of superlattice region sampled), i.e.,
the QDs remain coherent. This is despite the fact that the
QDs are relatively large, with diameters of approximately
150 nm. This large size is attributed to the interdiffusion of
Si at the relatively high growth temperatures employed here,
resulting in a decreased lattice mismatch with the substrate
(in comparison, QDs grown at lower temperatures, such that
the QD composition remains close to pure Ge, have diam-
eters of a few tens of nanometers.'"

Focused ion beam serial sectioning was performed using
an FEI FIB-200 (Ref. 13) with a 30 kV Ga ion beam. The
sample was milled using a 70 pA ion beam in serial fashion
by positioning the surface of interest parallel to the beam
direction and removing material with the edge of the beam.
When a flat surface was obtained the sample was rotated 90°
such that the newly formed surface was normal to the pri-
mary ion beam. The resultant surface was imaged with sec-
ondary electrons generated by an 11 pA primary ion beam.
This was repeated at 20 nm intervals using an independent
reference mark to increment the beam position relative to the
surface being milled. This procedure was performed until the
total volume of interest was sectioned. The images were pro-
cessed using Adobe Photoshop (Ref. 14) with the Fovea Pro
(Ref. 15) tool kit to increase contrast and, in the case of
shape-based interpolation method, to find the edges of quan-
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FIG. 1. FIB tomographic reconstruction of the QDs in a Ge/Si quantum dot
superlattice. The spatial resolution between the layers was intentionally de-
creased so that the evolution of the columns could more easily be observed
(Ref. 10).

tum dot features. MATLAB (Ref. 16) was used to reconstruct
the sectioned volume via a linear interpolation method.
Shape-based interpolations were calculated using the com-
puter code developed at the University of Virginia. 17 Figure 1
shows the tomographic reconstruction of the QD superlat-
tice. The serial slices were taken parallel to the front face of
the reconstruction and then the volume filled using the
shape-based interpolation method. The spatial resolution be-
tween QD layers in the original images was intentionally
decreased so that the evolution of the columns is more ap-
parent. The flattened faces of some of the QD columns are
due to the reconstructed volume intersecting some of the
outermost columns.

Upon examination of the tomographic reconstruction in
Fig. 1, it can be seen that all of the QD columns in the
reconstruction do emanate from the first layer grown and in
some cases are extinguished prior to the 20th layer. The ter-
mination of QD columns after several layers of growth was
predicted by Tersoff et al. and Liu et al. for QD columns that
were too closely spaced.3’4 The number density of the QDs
on each layer was calculated by viewing cross sections of the
reconstructed volume at each layer. Figure 2 is a graph of the
number density of QDs on each of the grown layers. The
density of QDs on each successive layer decreases until a
constant value is reached at the 17th layer. As can be seen in
the inset of Fig. 2, the earlier layers consist of a high number
density of small QDs while the later layers have a lower
density of larger QDs. As some columns disappear, as seen in
Fig. 1, the QDs in the other columns increase in size. This
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FIG. 2. Number density of QDs as a function of growth layer. Inset (a) is a
reconstructed FIB secondary electron image of the first QD layer grown (1)
and inset (b) is the last QD layer grown (20).

clearly shows one effect of the three-dimensional self-
assembly process.

Another way to examine the three-dimensional ordering
of QDs is to plot the size of the QDs on each layer as in Fig.
3. The actual size of the QDs cannot be accurately obtained
from these data alone due to both the physical limits of the
FIB tomographic technique, i.e., ion and electron interaction
volumes, finite beam size, lateral uncertainty in positioning,
mixing due to milling, and the postprocessing of the images.
These uncertainties combine to produce potential errors of
up to 20 nm in the measured feature sizes. For the purpose of
this analysis, the sizes of the QDs were normalized to the
largest QD base area measured in the system. A curve was
drawn connecting the QDs on each individual layer going
from the smallest to the largest using the normalized base
areas, QD 1 being the smallest QD measured on any given
layer. Only the odd numbered QD layers were plotted for the
sake of clarity. For the first several layers two trends are
observed. The number of QDs on successive layers de-
creases, and the number of smaller QDs increases. This is the
stage where some of the QD columns are terminating, while
QDs in other columns increase in size. As columns termi-
nate, the average size of the QDs increases until a final size
distribution is reached at around the 17th layer. This is con-
sistent with the constant number density observed in Fig. 2.
From TEM images the size distribution of the QDs changed
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FIG. 4. Comparison of Voronio polygons (light lines) and compression band
network (heavy lines). (a) shows the nth layer of QDs and a schematic
illustration of the compression band network on the surface after capping.
(b) shows the resulting (n+1)th layer of QDs and the corresponding com-
pression band network after capping.

from being between 120 and 200 nm in diameter on the first
layer to between 160 and 220 nm on the final layer. These
numbers may be affected by the fact that all observed QDs
may not have been completely contained within the thick-
ness of the TEM foil, but the trend in size is confirmed. Since
the total amount of Ge deposited on each layer is constant
the increase in QD size with a decrease in number density is
expected.

If we assume that nucleation of Ge QDs in the first bi-
layer is essentially random and that the adatom capture re-
gion for a QD is purely geometric (which is unlikely given
the complex surface diffusion and capture kinetics), we can
apply the Voronoi polygon construction.'® This is done by
drawing a locus of points equidistant to the two closest QD
centers and terminating it when another locus is intersected.
This results in Voronoi polygons each containing one QD.
Together the Voronoi polygons fill the two-dimensional
space of the QD layer. Each Voroni polygon has an area that
represents the geometrical capture region for surface diffu-
sion by its enclosed QD, and that is proportional to the vol-
ume of the enclosed QD. If we assume that: (i) the propagat-
ing strain fields from the initial QD layer control nucleation
sites on subsequent layers and that (ii) the geometrical cap-
ture region, i.e., area of the associated Voronoi polygon, de-
termines the rate of subsequent QD growth, then there would
be no spatial reorganization of QDs within the layer and the
size distribution of QDs on each layer would remain con-
stant. This is clearly not observed in the current work.

Recent elasticity calculations of surface strain due to
buried epitaxial particles with lattice parameters larger than
the surrounding matrix show a region in tension directly
above the particles. There is also a compressively strained
region that, in the case of an isolated particle, forms a ring
around the particle if isotropic elasticity is assumed. " If
multiple particles are embedded, as in the layers of QDs
examined here, and they are close enough together, then
these compressively strained regions will overlap. A network
of compressively strained “bands” would then enclose each
QD. If the location of this network is not coincident with the
Voronoi polygons (and in general, there is no reason why
these networks should coincide) then a strain dependence of
surface diffusion would cause QDs to grow at different rates
than predicted by simple geometrical capture areas, even for
the case of isotropic surface diffusion. Figure 4 illustrates the
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change in the adatom capture area for a QD surrounded by
other QDs. The light lines show the Voronio construction
while the heavier lines schematically illustrate the compres-
sion bands due to strain from the buried QDs. As each suc-
cessive layer is grown, some of the QD columns increase in
diameter while others decrease. The resulting compression
band network (CBN) on each successive layer will evolve,
such that smaller QD columns will eventually disappear as
their associated capture areas in the CBN shrink to zero (Fig.
4). QDs in other columns will grow, until surviving columns
are sufficiently separated from each other (i.e., by the opera-
tive surface diffusion length before capping commences)
such that they do not affect each others growth. A constant
configuration is then reached. In this specific experimental
case this occurs at about the 17th QD layer.

In summary, we have developed a method for the full
three-dimensional characterization of QD superlattices. This
enables the relative size and position of all QDs in the sys-
tem to be individually addressed and compared to the other
QDs in the system. We observe that within 20 QD layers the
average size increases and the number density decreases to a
stable distribution, but the positions of the QDs within the
layers are not substantially altered. This is attributed to re-
gions of compressive stain locally modifying surface
diffusion.
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