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ABSTRACT

Two distinct mechanisms for the endotaxial growth of quantum dots in the Sn/Si system were observed by means
of analytical transmission electron microcopy. Both mechanisms operate simultaneously during temperature and
growth rate modulated molecular beam epitaxy combined with ex situ thermal treatments. One of the mechanisms
involves the creation of voids in Si, which are subsequently filled by Sn, resulting in quantum dots that consist of
pure o-Sn. The other mechanism involves phase separation and leads to substitutional solid solution quantum dots
with a higher Sn content than the predecessor quantum well structures possess. In both cases, the resultant quantum
dots possess the diamond structure and the shape of a tetrakaidecahedron. (Sn,Si) precipitates that are several times
larger than the typical (Sn,Si) quantum dot possess an essentially octahedral shape.

INTRODUCTION

Self-assembled semiconductor quantum dots (QDs) are expected to lead to “paradigm changes in semiconductor
physics” [1]. For semiconductor opto-electronic devices, the QD size must be of the order of magnitude of the
exciton Bohr radius. The energy band gap of the QDs must be smaller than that of the surrounding semiconductor
matrix. No structural defects such as dislocations, which lead to non-radiative recombination, are allowed to exist in
the QDs [2].

As 0-Sn is a direct, 0.08 eV, band gap semiconductor and substitutional Sn,Si;_, solution are predicted to possess
direct band gaps for 0.9 < x < 1 [3], QDs in a Si matrix consisting of pure o-Sn or substitutional (Sn,Si) solutions
with a sufficiently high Sn content have potential applications as direct band-gap material for cheap and effective
optoelectronic and thermo-photovoltaic devices. There are, however, at room temperature a 41.8 % bulk unit cell
volume mismatch between 0-Sn and Si and an equilibrium solid solubility of Sn in Si of only 0.12 %. This restricts
the growth of pseudomorph Sn,Si; layers on Si by molecular beam epitaxy (MBE) [4-7] to a Sn content of about
10 % and a thickness of the order of magnitude 10 nm.

At growth temperatures in the range 220 to 295 °C, pseudomorph Sn,Si,, layers with up to 5 % Sn content have
been grown with film thicknesses up to 170 nm. Thermal treatments of these layers at temperatures above 500 °C for
1 hour led to the formation of o-Sn precipitates, B-Sn precipitates, precipitates that consisted of both o-Sn and -
Sn, and misfit dislocations [5-7]. While these 0-Sn precipitates may be considered to constitute QDs in this material
system (according to the requirements given above [2]), the simultaneously present misfit dislocations are clearly
undesirable for device applications.

Alternatively, temperature and growth rate modulated MBE [8,9] produces Sn,Si;/Si superlattices with
essentially pseudomorph Sn,Si; substitutional solutions having Sn compositions in the range of x = 0.02 to 0.05
and film thicknesses ranging from 1 to 2 nm. Typical growth procedures [8,9] are as follows.

The growth temperatures of the Sn,Si;, layers range from 140 to 170 °C and the growth rate is 0.02 nm per
second. To suppress segregation of Sn to the surface during growth, the Sn,Si,  layers are overgrown with 4 to 6 nm
of Si at the Sn,Si;x growth temperature and at growth rates ranging from 0.01 to 0.03 nm per second. The
temperature is then raised to 550 °C and a Si capping layer with a thickness of the order of magnitude 100 nm is
grown at a rate of 0.05 nm per second. By the time this growth sequence has been completed, the Sn,Si;  layer has
experienced an in situ thermal treatment at 550 °C for a time of the order of magnitude 30 minutes. For the growth
of Sn,Si;/Si multilayer structures, the whole growth sequence is repeated several times, effectively resulting in an
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in situ thermal treatment for the first Sn,Si; 4 layer at 550 °C for a time on the order of magnitude a few hours. In
addition to this in situ thermal treatment, ex situ anneals at temperatures between 550 and 900 °C are performed for
30 minutes. The summarily effect of the epitaxial growth and these thermal treatments is the crystallographically
oriented precipitation of Sn within the Si matrix. Precipitation process such as this are broadly described as endotaxy
(from the Greek, literally meaning arrangement within).

There is an unexplained peculiarity in the plots of average QD precipitate sizes versus ex-situ annealing times, e.g.
Fig. 1a, subsequent to temperature and growth rate modulated MBE [9]. Employing analytical transmission electron
microscopy in both the parallel illumination and scanning probe mode, we will address this issue in the main part of
this paper. A minor issue to be addressed at the end of this paper is the shape of larger (Sn,Si) precipitates.

Thermodynamics driven structural transformations may occur in both o-Sn and Sn,Si,_, (y > x) QDs. As one can
easily estimate, there is an essentially hydrostatic pressure of the order of magnitude 10 GPa on these entities with a
corresponding excess Gibbs free energy that significantly exceeds the thermal energy of the atoms in the QDs [10].
This excess Gibbs free energy may be reduced by structural prototype transformations from the diamond structure
into either the 3-Sn structure or into atomically ordered Sn-Si compounds (over a long enough time, possibly even at
room temperature [11]). Here we would like to mention only that we actually did observe in temperature and growth
rate modulated MBE grown Sn/Si quantum dot samples B-Sn precipitates [10] and precipitates with showed Y2
{110} superlattice spots in their [001] diffraction pattern [12] (besides o-Sn and Sn rich Sn,Si;_, QD precipitates).

Finally, we would like to remark that the equilibrium shape of a void in Si has been determined experimentally
[13] to be a tetrakaidecahedron, Fig. 1b. This shape is determined by {111}, i.e. octahedron, and {100}, i.e. cube,

planes. A = Y/ a 1s a shape parameter, Fig. 1b; for A = 0 the shape is an octahedron and A = i 3 corresponds to a cube.

EXPERIMENTAL DETAILS

Three sets of pairs of multilayer samples (one with and one without an additional ex-situ anneal for 30 minutes at
800 °C) with four Sn,Si;,/Si layers and substitutional Sn contents of nominally 2 %, 5 %, and 10 % in each of the
Sn,Si; « layers were grown by temperature and growth rate modulated MBE [8,9], stored at room temperature for a
few years, and eventually selected for our transmission electron microcopy (TEM) investigations.

Our structural analyses employed analytical TEM in both the parallel illumination and scanning probe mode using
both a JEOL JEM-2010F Schottky field emission STEM/TEM and a JEOL JEM-3010 TEM at the University of
Illinois at Chicago. Parallel illumination TEM utilized conventional diffraction contrast (CTEM), selected area
electron diffraction, and high-resolution phase contrast (HRTEM) imaging. Atomic resolution Z-contrast imaging in
the scanning probe mode (STEM) proved to be especially useful for our investigations as the effects of strain fields
in and around QDs and interference effects such as the formation of moiré fringe due to double diffraction are
negligible [12]. In addition, the intensity in Z-contrast images is roughly proportional to the square of the atomic
number (Z) of the scattering atoms. For precipitated Sn (Z = 50) in Si (Z = 14), an image contrast as high as about
(50%/14%) - 1 is possible, which allows for a direct and intuitive interpretation of such Z-contrast images in terms of a
distribution map of Sn. TEM specimen preparation followed standard procedures involving mechanical grinding and
ion milling to electron transparency.

RESULTS AND DISCUSSIONS

Earlier plan view TEM investigations of Sn,Si;, layers annealed at 650 °C at the California Institute of
Technology revealed an initially rapid increase of the average QD volume (<r>") with time (t) for the first 2.2 hours
of the anneal, Fig. 1a, [9]. After this time, the function <r>"(t) showed the typical linear behavior that is expected for
precipitate coarsening by volume diffusion [14]. Non-linearities of <r>" with time are commonly attributed to
diffusion shortcuts such as dislocations, stacking faults, grain boundaries, and other common lattice defects [14].

Our TEM/STEM investigations of similar samples in plan view and cross section, Figs. 2a-c, however, showed
that these structures are essentially free of the common lattice defects, mentioned above [12]. The lower
magnification cross section images of Figs. 2a,b show that there are small precipitates of Sn within the Si matrix
quite far away from the spatial positions of the Sn,Si; layers. Such Sn precipitates were found in both the ex-situ
annealed and the as grown samples, which only had in situ thermal treatments. Higher magnification Z-contrast
STEM images such as Fig. 3a show directly that these Sn precipitates are voids within the Si matrix that are partially
filled with Sn. In this (Fig. 3a) image one can directly discern that Sn (which appears brighter due to its larger Z)
lines the interface between the void and the Si matrix. As mentioned above, the equilibrium shape of a void in Si is a
tetrakaidecahedron, Fig. 1b, [13]. The applications of Neumann’s and Curie’s symmetry principles [15] to the
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determination of the shape of small o-Sn and SnySi;., precipitates in a Si matrix shows that this can be a
tetrakaidecahedron as well [10,16]. Filling an equilibrium shape void in Si by precipitation of Sn should, therefore,
be an energetically favorable process.

Additional evidence for the existence of voids in Si that are partly filled with Sn has been gathered by quantitative
electron energy loss spectroscopy (EELS) [17], Fig. 3b, and will be presented elsewhere [18]. The filling up of
partially Sn filled voids in Si by more Sn as a result of diffusion (into a diffusion shortcut) due to a thermal
treatment at moderate parameters (300 °C for approximately three hours) was directly (in situ) observed under the
electron microscope, Figs. 4a,b. More or less well formed o-Sn QDs, Fig. 4b, resulted as o-Sn and Si both possess
the diamond structure. We consider this latter in sifu observation as most direct proof of our void-filling hypothesis,
proposed above.

This mechanism also provides a straightforward explanation for the initially rapid increase of the average QD
precipitate volume with annealing time, <r>’ (t), in Fig. la. The creation of voids in Si and their subsequent filling
with Sn emerges, therefore, as the first of the two mechanisms by which quantum dots grow endotaxially in the
Sn/Si system.
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Figure 1. (a) Results of earlier ex situ annealing experiments at 650 °C, after ref. [9]. The plot of the average QD
precipitate size (<r>") versus the annealing time (t) shows an initial rapid increase of the <r>°(t) function which later
on shows the typical linear relationship that is expected when the precipitate coarsening is governed by volume
diffusion. (b) Sketch of a tetrakaidecahedron, modified after ref. [15] (with that author’s permission).

Figure 2. Sn,Si;,/Si multilayer structures in [110] cross sections, the smaller black arrows points towards Sn
precipitates that grew within the Si layers, the larger white arrows indicate growth directions; (a) CTEM overview, x
= 0.1, ex-situ annealed; (b) Z-contrast STEM overview, x = 0.1, ex-situ annealed; (¢) HRTEM image showing a
perfectly pseudomorph Sny ,Sij g layer as deposited, power spectrum as insert.

An interesting question is how these voids may have arisen in the first place. The answer to this question may be
found in a mechanism analogously to that described in ref. [19]. According to that mechanism, when a freshly
prepared Si surface is exposed to air at room temperature, voids of about 10 nm diameter and a number density of
about 10" cm™ form spontaneously approximately 10 nm below the surface due to compressive strain that arises
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from the formation of Si0, on the surface [19]. Temperature and growth rate modulated MBE deposited Sn,Si; 4
layers may also cause the formation of voids during the (low temperature) growth process since they also compress
a freshly grown Si surface. The thermal cycling during temperature and growth rate modulated MBE [8,9] of
multilayer structures ensures that there are many vacancies in the structure and this could allow preformed voids of
any shape to grow and reach their equilibrium shape.
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Figure 3. (a) [110] cross section Z-contrast STEM image of a void in Si that is lined by Sn on its interface with the
Si matrix. The arrow represents the growth direction, x = 0.1, ex-situ annealed. (b) Si L-edge counts and Sn M-edge
counts at a series of spatial positions across a void (and along a line perpendicular to the growth direction) in Si that
is partly filled with Sn. While the solid circles represent the experimental Si L-edge counts, the triangles represent
the experimental Sn M-edge counts. Calculated Si L-edge and Sn M-edge counts are superimposed as dashed lines
for both assumptions, that this void is either “empty” or “fully Sn filled”. The close proximity of the experimental
and calculated sets of Si L-edge counts and the large difference between the respective sets of Sn M-edge counts
both indicate that the EELS data are due to a partially Sn filled void in Si. The calculations were performed for a
tetrakaidecahedron with A = 0.26 and a specimen thickness of 33 + 3 nm, as determined experimentally.

Figure 4. [110] cross section Z-contrast STEM images of o-Sn QD precipitates, x = 0.05, ex-situ annealed, power
spectra as inserts; (a) Voids in Si that are partially filled with Sn, marked by arrows; (b) The same voids but
significantly more filled with Sn as a result of a moderate additional thermal treatment (in situ) under the STEM.

Phase separation of Sn from a pseudomorph Sn,Si; predecessor layer results in QD precipitates as well since the
diamond structural prototype can be conserved. Fig. 5a shows an early stage of the formation of such a QD at the
spatial position of a pseudomorph Sny ;Sig g layer. When fully formed, these QDs are substitutional solid solutions of
Sn in Si (i.e. SnySi;y) with a higher Sn content than the pseudomorph Sn,Si,., predecessor layers (i.e. y > x). We
consider this mechanism as the second formation mechanism for endotaxially grown QDs in the Sn/Si system.
While we proposed this mechanism earlier on theoretical grounds [9,20], the Z-contrast STEM images, e.g. Fig. Sa,
suggest that this phase separation starts with the formation of {111} Sn-Si interfaces and preferential substitutional
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Sn-Si replacements in the areas around intersecting {111} planes. Note that only for a very high Sn content, Fig. 5b,
is a direct band gap predicted for Sn,Si; 4 alloys [3].

A shape transition with size of Sn rich precipitates that may be due to an increasing contribution of the elastic
mismatch strain energy to the total energy of the QDs has been observed, Figs. Sb,c. While smaller a-Sn and Sn rich
Sn,Si;., QD precipitates possess the typical tetrakaidecahedron shape, Figs. 1b, 4b, and 5b, which probably results
from the anisotropy of the interface energy density [16], a much larger precipitate had a shape that resembles more
closely an octahedron, Fig. Sc. The shape of this large precipitate may results from the anisotropy of the elastic
mismatch strain energy, i.e. the thermodynamics of misfitting precipitates in other words [15].

Figure 5. [110] cross section Z-contrast STEM images, x = 0.1, ex-situ annealed, the arrows represent the respective
growth directions; (a) Partially formed Sn,Si;., precipitate in Si with y > x = 0.1, grown endotaxially by phase
separation from a SngSigo layer. Shape transition of Sn rich precipitates with size from (b) a tetrakaidecahedron to
(c) essentially an octahedron.

Intermediately sized Sn rich QD precipitates possess tetrakaidecahedron shapes with smaller {001} facets, i.e.
smaller shape parameters suggesting a gradual transition to the shape of an octahedron (A = 0) with increasing size.
As the large precipitate in Fig. 5c is located partly at the predecessor substitutional Sny;Sig ¢ solution layer and partly
within the Si spacer layer, it may have formed by the simultaneous operation of both endotaxial growth mechanisms.
The upper part of the QD may, therefore, consist of o--Sn and the lower part of a substitutional SnySi, ., solution with
a high Sn content. This hypothesis is consistent with the contrast in Fig. Sc as there seems to be comparatively less
Sn in the center of this precipitate that around its {111}/(001) apex.

Finally, we would like to suggest that the employment of the void creation and subsequent filling mechanism (by
with o-Sn precipitate QDs grow endotaxially in Si) may offer an opportunity to make progress in other QD systems
such as endotaxially grown (In,As,Si) QDs in Si [21]. With the equilibrium shape of the voids [13] may probably
also be connected an equilibrium size so that QDs with a rather homogenous size distribution may be created by the
employment of the newly proposed mechanism.

SUMMAY AND CONCLUSIONS

Two distinct mechanisms for the endotaxial growth of quantum dots in the Sn/Si system have been observed. The
first of these mechanisms is of a novel type and involves the creation of voids in the Si matrix and their subsequent
filling with Sn atoms by diffusion. The second mechanism results from phase separation, as proposed earlier. While
the QDs that result from the first mechanism consist of pure o-Sn, the quantum dots that result from the second
mechanism are substitutional SnySi;., solutions with a high Sn content. Both of these mechanisms result in QDs
which possess the diamond structure and the typical shape of a tetrakaidecahedron. Sn precipitates that are several
times larger than the typical quantum dot possess an essentially octahedral shape.
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