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Self-organization of semiconductor nanocrystals by selective surface faceting
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The formation and ordering of Si nanocrystals in dewetting and agglomeration of the thin single crystalline
Si layer in silicon-on-insulator has been investigated using low-energy clcctron microscopy. The evolution of
the Si dewetting and agglomeration is captured in real time, revealing the detailed proccss for the formation
and ordering of the nanocrystals. A surfacc faceting mcchanism governing this self-organized proccss is

proposed and supported with first-principlcs calculations.
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Semiconductor nanocrystals have attracted much attention
because of their unique properties and potential applications
in nanoscale devices.2’3 A promising method for creating
semiconductor nanocrystals on surfaces is free-energy-
minimization driven self-assembly. One straightforward ap-
proach of this kind, surface self-assembly via the dewetting
and agglomeration of thin solid films on a substrate, has been
used in a variety of applications, including catalysis,45 stor-
age devices,6 and sensors.7

As the vast majority of thin films deposited on a substrate
is thermodynamically unstable, films readily dewet from the
substrate and agglomerate into three-dimensional (3D) nano-
crystals under appropriate conditions (see review8). Agglom-
erated nanocrystals prepared by dewetting from a substrate
are invariably randomly distributed or show fractal
characteristics,8 however, because the films from which they
form, prepared by sputter deposition or evaporation on a het-
erogeneous host, are amorphous or polycrystalline. Random
distributions are themselves quite valuable,57 but many
bottom-up nanotechnological applications foresee a need for
order.9-10 So far in rare cases, but ones that are rapidly be-
coming more relevant in semiconductor technology, the ther-
modynamically unstable thin top layer is crystalline. The
outstanding example is silicon-on-insulator (SOI): for this
material, the self-organization shows a different behavior. As
the thin Si layer dewets from the underlying amorphous-
oxide substrate, the agglomerating Si nanocrystals self-order
into a very distinctive pattern.11-12 The physical mechanism
underlying such self-organization has not been determinable,
because so far only the end pattern has been observed, with
veiy little knowledge of its initiation and progression.

In this paper, we present the first real-time observation of
the dewetting and agglomeration process, with a detail that
allows insight into the mechanisms of Si nanocrystal forma-
tion and organization from an initially continuous thin film
as it dewets from the substrate under elevated temperature.
We follow the dynamics of the dewetting and self-organized
agglomeration with low-energy electron microscopy
(LEEM). LEEM shows that the self-organization arises from
a selective surface faceting process. First-principles surface
energy calculations confirm that the faceting is controlled by
surface energy anisotropy. We compare the surface energies
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of relevant high-temperature Si surface phases, providing a
quantitative assessment of the desire of the system to orga-
nize in the fashion in which it does. We expect that the con-
cepts we articulate here are general to single-crystal thin
films or membranes bonded to or otherwise formed on for-
eign hosts.

We cany out experiments with bonded SOL SOI, in
which a silicon dioxide layer (200 nm thick here) is inter-
spersed between a crystalline top Si layer (the template
layer) and the bottom Si (handle) wafer, is rapidly becoming
a mainstream substrate in microelectronics fabrication. Both
the template and substrate Si layer are crystalline and (001)
oriented. The top Si layer is thinned to the order of 10 nm by
diy thermal oxidation and wet chemical oxide etching. The
samples are chemically cleaned using the triple IMEC
procedure13and introduced into the LEEM chamber at a base
pressure of 5 XIO™0 Torr and outgassed overnight at
650 °C. The sample is covered by a thin oxide layer, which
protects the Si template layer. The sample is rapidly heated
to 900 °C for 50 sec in a 5 X 10”8 Torr disilane atmosphere
to remove the oxide, and then rapidly cooled.

For thicknesses below the range of tens of nanometers, a
clean single-crystal Si template layer dewets at elevated tem-
peratures, leading to self-organized Si nanocrystals that form
in squares.” «'2 The edges of the squares are along (110) di-
rections. Inside the squares, Si nanocrystals self-organize
into a regular array, exhibiting high spatial and orientational
order, in particular lining up along (130) directions.11-12 Fig-
ure 1 shows our results, which are similar to those of Refs.
11 and 12. Important observations are that the Si surface
must be clean (the dewetting occurs only if the sample is
heated in ultrahigh vacuum) and that the dewetting starts
predominantly at defect sites, such as pinholes, indicating a
heterogeneous process.

We perform LEEM at UHV (~10""1) torr) and at various
temperatures in the dark-field image mode, using the contrast
caused by the electron emission difference between Si and
Si0214 on SOI samples in which the top Si layer has been
thinned to the order of 10 nm by diy thermal oxidation and
wet chemical oxide etching. Figure 2 shows four sequential
LEEM images at five sec intervals, illustrating the dewetting
and agglomeration process at 980 °C. The Si template sur-
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FIG. 1 (Color online) Self-organized Si nanocrystals, formed
when a thin (here 9 nm) template layer of Si dcwects from the oxide
in SOI after annealing at 900 °C for 5 min. The dewetting initiates
at defects in the Si layer, (a) Optical image showing a number of
regions of dewetting on SOl (1000X). (b) Scanning clcctron mi-
croscopy image showing an ordered array of Si nanocrystals (bright
spots) in one agglomeration pattern, (c) Atomic force microscopy
image showing the ccntcr region of one pattern. The Si nanocrystals
arc facctcd and 90 nm high X 300 nm wide on average.

face appears dark and the exposed oxide surface appears
bright. The Si layer dewets initially in stripes, beginning at
the edges of the remaining complete Si layer, with Si atoms
moving away to expose oxide trenches (bright bands) ex-
tending out along {130) directions. The already dewetted re-
gion is out of the field of view at the bottom (see Fig. 1).
Going from Fig. 2(a) and 2(b) one can see a trench extending
from position Alto A2 along the [130] direction; at the same
time, another trench forms and grows from position B\ to B2
along the [310] direction. This process continues, to form
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FIG. 2. Real-time sequential LEEM images of the dewetting and
agglomeration proccss in SOI, taken at 5 see intervals at 980 °C.
The image field of view is 5 (j.m. Labels 41 to A2, /J1to R2, and
Cl to C2 indicate formation and growth of trcnchcs in the Si tem-
plate layer along two {130) directions. The trcnchcs appear as bright
bands bccausc the exposed oxide has a higher clcctron emission.
Between trcnches. Si ridges (dark bands) form, also along {130)
directions. These ridges then narrow, as indicated by arrows in h, c,
and d, and break up into individual nanocrystals (dark dots).

eventually a network of trenches all in {130) directions [Figs.
2(c) and 2(d)], We expect that the width of the trenches is
related to the diffusion distance of Si, as very little Si leaves
but instead piles up onto the Si ridges between the trenches,
which are forced also to be along {130) directions. Finally,
the ridges break into individual Si nanocrystals (without loss
of volume), as indicated by arrows in Figs. 2(b)-2(d), due to
the Rayleigh instability.15 Naturally, these Si islands line up
along {130) directions.

The high-temperature LEEM measurements do not have
the ability to resolve the facet structure of the islands. The
atomic force microscopy (AFM) measurement of the Si
nanocrystals in the fourfold pattern shows that the nanocrys-
tals are facetted, as seen in Fig. 3. The AFM line scans show
an angle of 72+£2° between the large facets at the island base
and the surface, indicating that these are indeed (311) type
facets. The islands have [Fig. 3(a)] shallower facets [e.g.,
(111) and (113)], on their upper parts, as well as continuation
surface between the facets.

The temperatures (<980 °C) needed for the dewetting of
our Si layers are below the roughening temperature of the
Si(001) surface (~1200 °C), and presumably depend on the
thickness of the Si layer.16 We have also confirmed by reflec-
tion high-energy electron diffraction (RHEED) measure-
ments that the Si layer has never melted or shown signs of
premelting in the above dewetting and agglomeration pro-
cess.

The real-time LEEM observations, supported by the AFM
and RHEED results, lead us to propose the following mecha-
nism of self-organization. The dewetting initiates at pinholes
and the concomitant agglomeration at a fixed temperature is
controlled by a highly selective surface faceting process,

235413-2



SELF-ORGANIZATION OF SEMICONDUCTOR.

FIG. 3. (Color online) AFM images and line scans of Si nano-
crystals. The measured contact angle Sis 72+2° (Ref. 28).

with the surface structures formed during the process, includ-
ing trenches, ridges, and islands, bounded at their base by a
single family of {311} facets, as illustrated in Fig. 4. For

example, if a trench is bounded by (311) and (311) facets, it
must grow along the (130) ((130)) direction, i.e., along the
intersection line of the (311) plane (the facet plane) and the

(001) plane (surface and interface) calculated as (311)
© (001) =(130), as shown in Fig. 4. Similarly, if a trench is

bounded by (311), (131), or (131) facets, then it must grow

along the (310), (310), or (130) directions. Consequently,
ridges and hence Si islands will only form along one of these
four directions, as shown in Fig. 1. As we discuss below, the
trench cannot, however, be bounded by those planes of the
{311} family with index, z=3, such as a (113) plane, because
these planes make a much smaller contact angle with the
(001) surface and interface. Otherwise, we would see islands
align along the (110) direction, which we do not.
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FIG. 4. Schematic diagram illustrating the sequential formation
of trenches, ridges, and nanocrystals, all bounded by (311) and
(311) facets, leading to alignment of the nanocrystals in the (130)

direction. The contact angle of a (311) facet with the oxide surface
is 72.45°.

The proposed mechanism requires that {131} facets be the
most stable ones at the dewetting and agglomeration tem-
perature. We have confirmed this stability by first-principles
calculations.17 We compare the stability of Si {111} and {113}
surfaces at high temperature, as both had been considered as
the most stable Si facet.1819 The structures of both
Si(311) and Si(Ill) surfaces depend on temperature. At high

temperature, Si(311) exhibits a (3X1) or (1X1)
reconstruction2022 and Si(lll) a (1X1) reconstruction;2
at low temperature, Si(311) exhibits a (3X2)

reconstruction, 202 and Si(lll) a (7X7) reconstruction.2
Our calculations show that at low temperature, the Si(311)-
(3 X 2) phase (95 meV/A?2) is slightly higher in energy than
is the Si(lll-(7 X 7)) phase (89 meV/A2); but at high tem-
perature, the Si(311)-(3 X 1) (96 meV/A2) or (1 X 1) recon-
structions (113 meV/A2) are more stable than Si(lll)-
(1X 1) (125 meV/A?2). Thus, at the dewetting temperature,
Si(311) facets are preferred over Si(lll) facets. Note that we
compare only the enthalpies of different surfaces at a relative
high temperature (—900 °C), because entropy differences
between these surface phases are expected to be small as
long as all the surfaces maintain their ordered phases with
well-defined reconstruction (atomic ordering). For example,
the entropy difference between the 7 X 7 and 1X1 phases is
about 0.013£B per 1 X 1 cell.24.

An additional observation favors the proposed mecha-
nism. Although all facets in the (311) family have the same

energy, those with index z=3, such as (113) and (113), do
not appear in the agglomerated Si islands as the facets in
contact with the oxide surface. This is because the overall
formation (nucleation) energy of a facet is not determined by
the facet energy alone, but depends also on its orientation
with respect to the substrate. Dewetting starts from a pinhole
with probably vertical sidewalls. As Si moves, these side-
walls will tilt from the vertical (with an unfavorable energy)
to reach a lower-energy configuration, at a faceting angle 0.
The formation energy for a given low-energy configuration
can be calculated as

Rfonmmn=Jf COS 6+ (1/2)(y,-- 3Si- JSiCK), (D)
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where/, i, Si, and Si02are, respectively, the surface energies
of a facet, the Si/Si02 interface, the Si(001) surface, and the
Si02 surface. For the same facet energy, jj, the smaller the
angle a facet makes with the surface, the larger is its overall
formation energy. The formation energy of a shallow (113)
facet, having a (001) surface contact angle of 25.24°, would
be three times higher than that of a steep (311) facet, having
a contact angle of 72.45°. For the same reason, the (311)
facet is energetically favored over the (111) facet even if they
had comparable surface energies, because the (111) facet is
shallower, with a smaller contact angle of 54.75°. The sur-
face contact angle is uniquely defined for and by the given
facet, unlike the equilibrium contact angle of a liquid droplet,
which is not limited to discrete values but takes the value
that minimizes the free energy.2 Consequently, for two fac-
ets with degenerate energies, the facet with a steeper surface
contact angle will form because of a smaller surface area.

Furthermore, possible kinetic limitations also favor the
steep (311) facet, the first with a low energy that the system
can reach. As the silicon atoms moving away from the ver-
tical wall of the initial sites, the system will reach the steep
(311) facets first. Even if the formation energies were similar,
there would be no motivation for the system to go beyond
the (311) facet.

In conclusion, we have used real-time LEEM imaging
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