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ABSTRACT: Uniform silicon nanocrystals were synthesized
with cuboctahedral shape and passivated with 1-dodecene
capping ligands. Transmission electron microscopy, electron
diffraction, and grazing incidence wide-angle and small-angle X-
ray scattering show that these soft cuboctahedra assemble into
face-centered cubic superlattices with orientational order. The
preferred nanocrystal orientation was found to depend on the
orientation of the superlattices on the substrate, indicating that
the interactions with the substrate and assembly kinetics can
influence the orientation of faceted nanocrystals in superlattices.
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N anocrystal assemblies are being explored for a variety of
applications due in large part to their tunable properties
that depend on both the individual nanocrystals and their
arrangement.’ Some nanocrystals can even be made with highly
controlled polyhedral, or faceted, shape and assembled into
superlattices with orientational order and coherent crystal
structure throughout the superlattice.”™** For silicon (Si), it is
now possible to synthesize highly uniform nanocrystals and
assemble them into superlattices.””** Si nanocrystals have also
been made with a faceted cube and tetrahedal shape, albeit not
with sufficient uniformity to form superlattices.””~>* Here, we
demonstrate a synthetic approach that yields organic ligand-
stabilized Si nanocrystals with uniform cuboctahedral shape
that can be assembled into face-centered cubic (fcc) super-
lattices with preferential orientational order.

Transmission electron microscopy (TEM), electron diffrac-
tion, and grazing incidence small angle (GISAXS) and wide-
angle X-ray scattering (GIWAXS) data show that the
superlattices of Si nanocrystal cuboctahedra exhibit a high
degree of orientational order in the fcc superlattices.
Furthermore, the relative orientations of the nanocrystals in
the fcc superlattices varied with the orientation of the
superlattice on the substrate, indicating that not only are
packing constraints important, but the substrate and kinetic
affects also influence the relative orientation of the nanocrystals.

Figure 1 shows TEM images of several Si nanocrystals with
cuboctahedral shape. TEM images provide two-dimensional
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projections of the nanocrystal shape, so nanocrystals must be
imaged with various orientations on the substrate to determine
accurately their three-dimensional shape. Figure 1 shows
nanocrystals imaged with four different orientations on the
substrate and all compare well to those expected for
cuboctahedra. For reference, Figure la illustrates the shape of
a cuboctahedron and how a cuboctahedron would appear with
three different orientations on the substrate. The cuboctahe-
dron is a polyhedron with 8 triangular faces, 6 square faces, 12
identical vertices, and 24 identical edges. The cuboctahedron
and the diamond cubic Si lattice both have the same rotational
symmetry (rotation group 432), each with 24 rotational
permutations.” The square and triangular faces of the
cuboctahedra are {100} and {111} planes of diamond cubic
Si. Figure 1 shows TEM images of several Si nanocrystals
imaged with four different types of orientations on the
substrate. The four different orthogonal projections shown in
Figure 1 all correspond to nanocrystals with a cuboctahedral
shape, as shown in Figure 1b—j. The experimentally observed
TEM images are also consistent with the HRTEM image
simulations shown in Figure la. Three-dimensional atomic
models of cuboctahedral Si nanocrystals were created using the
Rhodius software package.””’' Each cuboctahedral model has
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Figure 1. (a) Three-dimensional atomic models of a Si nanocrystal with cuboctahedral shape. The blue square facets are {100}y planes and the
green triangular facets are {111}y planes. Four different two-dimensional projections and their simulated TEM images are also shown. (b—j) TEM
images of Si nanocrystals with four different orientations. (b—d) The vertex projections, corresponding to the (110)yc zone axes; (ef) edge
projections, corresponding to the (112)yc zone axes; (gh) triangular face projections, corresponding to the (111)yc zone axes; (ij) skewed
projections that show the {111} and {220} lattice fringes of Si. The labels “//(hkl)yc” indicate that the electron beam is oriented parallel to an

(hkl)yc crystal plane.

14 different facets belonging to the {111} and {002} family
planes, 8 and 6 facets, respectively. A basic model with 6680
atoms was used to illustrate the nanocrystal morphology along
different orientations (Figure la (top)), while a more complex
model with similar size to the experimentally characterized
nanocrystals (about 53360 atoms) was used for HRTEM
image simulations (Figure la (bottom)). For the HRTEM
image simulations, parameters were used equivalent to those
corresponding to the JEOL 2010F TEM used for the
experimental imaging: acceleration voltage = 200 keV, Cc
1.1 mm, Cs = 0.5 mm, energy spread = 0.80 eV, defocus = 53.4,
73.4,43.4, and 53.4 nm for the [110], [112], [—111] and [001]
projections, respectively. TEM images of nanocrystals with
[001]yc zone axis were not observed, probably due to the low
lattice fringe contrast at this projection, as shown in the
simulated TEM image. In addition, the [001] projection
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contains the {220} planes, which have d-spacing (0.19 nm)
near the limit of the resolution of the TEM used for the
imaging.

The Si nanocrystals with cuboctahedral shape were
synthesized by heating hydrogen silsesquioxane (HSQ) while
cycling the temperature between 800 and 1400 °C. (See
Supporting Information for Experimental Details.) This process
yields Si nanocrystals embedded in an SiO, matrix and the
cuboctahedral shape results from the relative Si/SiO, interface
energies of the {100} and {111} facets of Si. The {100} surface
has the lowest Si/SiO, interface energy and the {111} facets
have the next lowest energy.’””’ The {110} facets have
significantly higher energy due to their high in-plane Si—Si
bond density.” The two lowest energy facets of {111} and
{100} present themselves during nanocrystal growth and lead
to the cuboctahedral shape that is observed.” After heating
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HSQ, the nanocrystals are liberated from the oxide by etching
with hydrofluoric acid and then passivated by thermal
hydrosilylation with 1-dodecene. A size selective precipitation
is used to finally narrow the uniformity of the nanocrystals.
The nanocrystals are of course still not perfectly uniform
after size selection. The remaining statistical variation in
nanocrystal size and shape includes a distribution in the
number of atoms in the nanocrystal core and varying edge and
corner truncations. (See Figures S8 and S9 in Supporting
Information for examples.) Another source of variation in the
nanocrystal shape are crystallographic defects, which distort the
cuboctahedral shape. For example, Figure 2 compares a

Figure 2. High-resolution TEM images of faceted Si nanocrystals
imaged down the [110]yc zone axis. The image in (a) matches a
vertex projection of a perfect cuboctahdron with angles between the
facets of @ = 54.7°, f = 125.3° and the expected relationships between
the corner-to-corner and face-to-face separations and edge lengths.
The image in (b) shows a nanocrystal with a (—111)yc twin.
Twinning leads to a distortion from the cuboctahedral shape with
[110]nc zone axis showing a distorted hexagonal projection with three
angles between facets of 2a = 109.5°, f# = 125.3°, and y = 141.1°.

nanocrystal with a perfect cuboctahedral shape and a
nanocrystal with a shape distorted by a twin. In Figure 2a, a
vertex projection is shown of the nanocrystal with cuboctahe-
dral shape (i.e., imaged down the [110]yc zone axis) having the
characteristic distorted hexagonal shape with angles of 2a =
109.5° and B = 125.3° between facets. The longest corner-to-
corner distance is \/ 2 times longer than the distance between
square {100} facets and twice as long as the cuboctahedron
edge length, as expected for a cuboctahedron. The nanocrystal
in Figure 2b has a (—111)yc twin. The twin defect leads to a
distorted shape with three angles 2a = 109.5°, # = 125.3°, and y
= 141.1° between the facets in the projection.
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Figures 3 and 4 show TEM images and GISAXS data
obtained from superlattices of the cuboctahedral Si nanocryst-
als. The superlattices have fcc structure. The TEM images in
Figure 3a—d show superlattices with four different orientations
on the substrate. The fast Fourier transforms (FFTs) of the
TEM images in Figure 3a—d are shown in Figure 3e—h and all
indexed to fcc superlattices, revealing the orientation of the
superlattice on the substrate. (111)g; projections were most
commonly observed. Typically, about 70% of the grid are
covered by superlattice with (111)g planes being exposed,
while (—211)g;, (110)g;, and (001)g, superlattice projections
can also be observed from approximately 10%, 5%, and 5% of
the total area, respectively. Approximately 10% of the sample
on a TEM grid would be a disordered nanocrystal ensemble.
The GISAXS pattern indicates that the fcc superlattice is
oriented with (111)g; planes on the substrate and the lattice
constant of the superlattices is ag . = 16.6 nm.

Electron diffraction and GIWAXS both probe the atomic Si
lattice of the nanocrystals. Both electron diffraction and
GIWAXS data show that the nanocrystals have a preferred
crystallographic orientation. For example, Figure 3i—l shows
the electron diffraction patterns obtained from the superlattices
imaged in Figure 3a—d. The diffraction spots (as opposed to
rings) indicate that the nanocrystals have a preferred crystallo-
graphic orientation in the superlattice. The appearance of spots
in the GIWAXS pattern in Figure 4b as well indicates that the
preferential orientation of the atomic Si lattice in the
superlattice is relatively long-range. Both the electron
diffraction patterns and the GIWAXS patterns index to
diamond cubic Si. In addition, the GIWAXS data indicate
that the atomic (110)yc planes are predominantly oriented
parallel to the substrate, which is consistent with the TEM and
electron diffraction data as well, as discussed in further detail
below.

The relative orientation of the Si nanocrystal cuboctahedra in
the fcc superlattice can be determined by analyzing the electron
diffraction patterns in relation to the superlattice orientation
observed by TEM. For instance, Figure 3a is a projection of the
(111)g, superlattice plane. The electron diffraction pattern in
Figure 3i was obtained from this superlattice region. It exhibits
six spots with hexagonal symmetry. The d-spacing obtained
from the diffraction pattern matches the (111)yc atomic Si
planes. If the sample were a single crystal of Si, there would
only be four {111}y diffraction spots, not six, and the
diffraction pattern is actually an overlay of three different spot
patterns. These three spot patterns are indicated by white,
yellow, and blue circles. They arise from diffraction obtained
down the same [110]y¢ zone axis of the Si atomic lattice from
nanocrystals with three different rotational orientations. (See
Supporting Information for complete indexing of the electron
diffraction patterns and a discussion about the analysis.)

Figure 3j shows an electron diffraction pattern obtained from
a superlattice with a different orientation. The superlattice is
imaged in the [—211]g direction, and the electron diffraction
pattern consists of an overlay of two spot patterns
corresponding to nanocrystals imaged down the [—110]yc
(white circles) and [1—12]yc zone axes (yellow circles). The
superlattice in Figure 3c is imaged in the [110]g direction and
the electron diffraction pattern obtained from this region
(Figure 3k) corresponds to two sets of diffraction spots
obtained from nanocrystals oriented with either [1—12]yc
(white circles) or [—111]y (yellow circles) zone axes parallel
to the beam. The superlattice in Figure 3d is imaged down the
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Figure 3. TEM images of superlattices formed by Si nanocrystals with cuboctahedral shape. The superlattices have fcc structure with various
orientations with (a) (111)g, (b) (=211)g;, (c) (110)g, and (d) (001)g, planes parallel to the substrate, corresponding to FFT in (e—h). (i—1)
Electron diffraction patterns taken from ~1 um? area of superlattice shown in (a—d), respectively.

[001]g; zone axis and the electron diffraction pattern of this
region shown in Figure 3l is an overlay of two different spot
patterns corresponding to the [110]yc zone axis from
nanocrystals with two different orientations.

From the TEM and electron diffraction data, the preferred
orientations of the cuboctahedra in the superlattice can be
determined. A cuboctahedron and an fcc lattice both have the
same rotational symmetry (rotation group 432) with 24
rotational permutations.” So, there are 24 possible rotational
orientations of the cuboctahedral nanocrystals in each super-
lattice position. The orientational relationship between the
superlattice and the Si atomic lattice of the nanocrystals is
described by a transformation matrix, Tg; _nc. Tsnc provides
the relationship between the superlattice orientation and the
atomic Si lattice orientation: [h'k'l']lyc = [hkllg Ts—no in
which [hkl]g is any given direction in the superlattice, and
[W'k'l']yc is the direction in the atomic lattice parallel to
[hkl]g. Tg_nc is determined from the crystal orientations
observed by electron diffraction. For example, the TEM and
electron diffraction data in Figure 3a,i show that the [111]g,
[-211]g;, and [0—11]g directions in the superlattice are
oriented parallel to the [220]yc, [—220]yc, and [002]yc
directions of the atomic Si lattice in the nanocrystals,
respectively, such that

1 1

f[lll]SL’TSL—»NC NG [110]xc (1)
L[_le] .T. = L[—110]

NG SL"4SL—NC V2 NC (2)
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This transformation matrix corresponds to the Si nanocryst-
als with the specific orientation that gave rise to the electron
diffraction that is labeled with white circles in Figure 3i. This is
one of the 24 rotational permutations. Rotational permutations
of a cubic lattice, that is, fcc, are related by common rotational

-1 0 0
matrices, A, i = 1, 2,..24. For instance, A = 8 —01 (1)‘

describes a rotation of 180° around the [001]g; axis, which
turns [100]g into [—100]g, [010]g, into [0—10]g, and
[001]g;, into [001]g;, The transformation matrices for the other
nanocrystal orientations are

T=ATy_ no i=12.,24 ()

Hence, the electron diffraction patterns obtained from a
superlattice imaged down the [111]g zone axis can be indexed
by considering only six orientations of the nanocrystals, and the
spot patterns of three of the six orientations overlap; for
example, diffraction from the [110]yc zone axis overlaps with
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Figure 4. (a) GISAXS and (b) GIWAXS data obtained from an
assembly of Si nanocrystals with cuboctahedral shape. The diffraction
peaks in (a) are indexed to an fcc superlattice structure with a lattice
constant of 16.6 nm and (111)g superlattice planes oriented on the
substrate. The GIWAXS pattern in (b) shows broad diffraction spots
indicating that there is a preferential crystallographic orientation of the
atomic Si lattice with (220)y¢ crystal planes on the substrate. The
white arrow indicates the crystal direction perpendicular to the
substrate.

diffraction from the [—1—10]g zone axis. A complete list of
common rotational matrices and a detailed indexing of the
diffraction patterns is described in Supporting Information.

Once T _nc is known, the electron diffraction patterns can
be predicted for other superlattice orientations. For example,
superlattices imaged down the [—211]g zone axis should give
rise to diffraction spots corresponding to observation of the Si
atomic lattice down the [-110]yc zone axis (white circles in
Figure 3j), since

[—211] Ty —ne = V3 [=110]xc (©)

In Figure 3j, some additional diffraction spots corresponding
to the [1—12]yc zone axis (yellow circles) are also observed
that are not predicted by Tg _,nc This is because some
nanocrystals are oriented preferentially with a [1—1\/ 6]nc
Zone axis,

1
J3
0| Tsp-ro-nc = T[I_IJEJNC

00
[—211]g-[1 0
010

™)

Nanocrystals oriented on a [1—1\/ 6]nc zone axis do not
give rise to diffraction spots, but there is enough rotational
disorder of the nanocrystals in the superlattice such that some
will lie on a [1—12]yc zone axis, an orientation that does give
rise to spots. The angle between the [1—1\/6]NC and [1—
12]yc zone axes is only 5.8°. The rotational disorder in the
superlattice is discussed in more detail below. Additionally,
there are four possible nanocrystal orientations with a [1—
12]c zone axis, compared to only two nanocrystal orientations
with a [—110]y¢ zone axis, which influences the spot pattern.

Calculation of Tg_ ¢ for the other two superlattice
projections, that is, with (110)g (Figure 3k) and (001)g.
(Figure 3l) orientations, reveal that the nanocrystals have
different relative orientations than in the superlattices observed
with (111)g; orientation. The transformation matrices describ-
ing the relative orientations, Tg_nc(110) and Tsi—nc(oo1)
calculated from the TEM and electron diffraction data in
Figure 3 are

(111, & (112),
[010],,

°(112)g,

o(111)g,

©(110)

(110),,

SL

(001),
[010],

[001]g,

11
2 2 2
0 U
2 2 2
1 1 0
2 2

©(001)g ‘

L

Figure 5. Hlustration of the relative orientations of Si nanocrystals with cuboctahedral shape in fcc superlattices that were determined experimentally
by TEM and electron diffraction, as in Figure 3 for example. The corresponding transformation matrices are also shown.
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The corresponding orientations of the cuboctahedra in the
fcc superlattice positions are illustrated in Figure S. The
nanocrystal orientations observed by TEM for the nanocrystals
with (111)g planes oriented on the substrates are consistent
with the superlattices examined by GISAXS/GIWAXS.

The different nanocrystal orientations for the superlattice
orientations observed by TEM might be the result of a kinetic
effect in which the formation process of the superlattices
influences the orientation of the nanocrystals, or an interaction
between the nanocrystal shape and the substrate. Thapar and
Escobedo®® have recently shown that hard polyhedra can
exhibit significantly different superlattice nucleation kinetics
than hard spheres for example. Interactions with the substrate
might also influence the orientation of the nanocrystals. It
appears that the cuboctahedral Si nanocrystals prefer to lie on
the substrate on a vertex. The dodecene-capped Si nanocrystals
are hydrophobic and the substrates, either an amorphous
carbon film or native Si oxide, are slightly hydrophilic. The
interactions between the substrate and the nanocrystals will
depend on the superlattice orientation. For example, if a
superlattice with a (0—11)g; plane parallel to the substrate had
nanocrystals with the same orientation as those with (111)g
planes on the substrate, the nanocrystals would have the
[001]y¢ direction perpendicular to the substrate, which would
be unfavorable as it would require cuboctahedra to contact the
substrate with square (001)yc facets.

The amount of orientational disorder in the superlattice can
be determined from the breadth of the electron diffraction
spots. Figure 6 shows an electron diffraction pattern obtained
from a region of only a very few nanocrystals. This pattern
consists of a collection of sharp spots, as opposed to the diffuse
spots shown in Figure 3i—], which were obtained from a much
larger region of nanocrystals. The breadth of each diffraction
spot provides a measure of the rotational distribution of
nanocrystals in the superlattice. As shown in Figure 6a, the
collection of spots has a breadth of #/6. This one “diffraction
spot” corresponds to four specific nanocrystal orientations
(Figure SS), and a rotational freedom of
Aw = 7/6%\[1/4 = 7/12. This is an estimate of the variation
in rotational ordering of the cuboctahedra in the superlattice.

The Wigner—Seitz (W-S) cell of fcc lattice has a rhombic
dodecahedral shape. We have recently proposed that the space
filling of nanocrystals in the W-S cell of a superlattice can
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Aw=Tmi/6*(1/4)"?

Figure 6. Electron diffraction pattern obtained from a region of about
100 Si nanocrystals, showing how the diffuse diffraction spots evolve
from a collection of sharp diffraction spots from individual
nanocrystals. The breadth of the diffraction spots reflects the
distribution of nanocrystal orientations in the superlattice.

provide insight about the preferred superlattice structure, at
least in the case of fcc versus body-centered cubic structure.””
Figure 7 illustrates the space-filling of the nanocrystal
cuboctahedron in the W-S cell for a superlattice with a
(111)g;, orientation on the substrate. To accommodate the
difference in geometry, ligands must provide some ability to flex
and bend and fill available space in the superlattice. For
example, the fcc superlattice geometry requires the separation
between {100}y facets of neighboring cuboctahedral nano-

Figure 7. (a) Illustration of a cuboctahedral nanocrystal fit into the
rhombic dodecahedron W-S cell of the fcc superlattice. The
nanocrystal volume is drawn to include the capping ligands. The
nanocrystal orientation drawn is with the (110)yc atomic Si plane
oriented parallel with the (111)g plane. Projections of three different
directions are shown. (b) A (111)g projection of the superlattice, in
which the orange hexagons are the W-S cells, shows that the small
volume of Si nanocrystal ligand layer that protrudes out of the W-S cell
can fit into the neighboring W-S cell, as highlighted by the red
rectangle. Also, see accompanying videos of the cuboctahedral
nanocrystals within the fcc W-S cell in Supporting Information.
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crystals to be larger than that of {111}y facets, which might be
accommodated by the difference of capping ligand density on
those two facets. Theoretical models of dense hard
cuboctahedra have not predicted the fcc phase with orienta-
tional order,”®™*® which is perhaps not surprising since very
dense collections would induce facet-interactions that distort
the lattice. The less dense fcc structure with rotational disorder,
the “rotator phase”, on the other hand, would not exhibit the
same space-filling constraints. In our case, we did not observe
the rotator phase, but probably because the nanocrystal density
is too high. The rotator phase has been observed for PbS
nanocrystal superlattices under a saturated solvent vapor that
expands slightly the superlattice from its solvent-free density.*”
In our case, the W-S cell is too small relative to the nanocrystal
size to allow free rotation of the nanocrystals, and the
nanocrystals are frozen into a specific orientation. The
orientation of the nanocrystals was found to deviate by up to
7/12 from one of the 24 rotational permutations. Part of this
deviation is due to the inhomogeneity in Si nanocrystal size and
shape. They are not perfect cuboctahedra due to twinning
defects, truncation of corners, rounding of facets, and the soft
capping ligand shell. (See Supporting Information for further
discussion.)

In conclusion, Si nanocrystals were synthesized with uniform
cuboctahedral shape. These nanocrystals assemble into fcc
superlattices with orientational order. Theoretical predictions of
hard cuboctahedral particles have only predicted for fcc plastic
crystals (a rotator phase with no orientational order) or a
densely gacked tri-interlocking distorted simple cubic struc-
ture.”* " The soft ligand shell of the nanocrystals prevents
strong facet interactions and provides enough spherical
symmetry for the nanocrystals to pack into an fcc structure;
however, the anisotropic shape of the nanocrystals is still
sufficient to lock the nanocrystals with specific orientations in
the superlattice, as the available volume in the W-S cell of the
fcc lattice compared to the cuboctahedral shape of the
nanocrystals is quite small. No angular lattice distortions
from cubic symmetry were observed. The relative orientation of
cuboctahedral Si nanocrystals in the fcc superlattice can be
described with a transformation matrix, T ¢, to help index
electron diffraction patterns without ambiguity. The super-
lattice orientation on the substrate was observed to influence
the preferred crystallographic orientation of the nanocrystals.
This indicates that the superlattice assembly kinetics and the
nanocrystal-substrate interactions influence the preferred
orientations of faceted or polyhedral nanocrystals in a
superlattice.
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