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inorganic nanoparticles have attracted

much interest because they can reveal
fundamentally interesting collective physi-
cal properties and potential applications in
functional devices.' > Among numerous
nanoparticle assembly strategies,
evaporation-induced assembly could be
the simplest method for fabricating both
two-dimensional (2D) and three-
dimensional (3D) assemblies, while
Langmuir—Blodgett approach serves as an
alternative technique for creating 2D as-
semblies effectively.*® The self-assembly of
nanoparticles into long-range ordered su-
perlattices requires narrow size distribution
and uniform shape of the particles. There-
fore, the particle morphology is an impor-
tant factor in governing the geometrical
packing in organized structures.®? It is
noteworthy that, despite remarkable suc-
cesses in the self-assembly of nearly mono-
disperse spherical colloidal
nanoparticles,'®'" the realization of con-
trolled self-assembly of nonspherical nano-
crystals is still challenging. Nowadays, re-
searchers are paying more and more
attention to anisotropic nanostructures be-
cause of the rich assembling behavior
caused by their reduced shape symmetry
and many peculiar properties owing to their
unusual shape and/or mutual
interaction.'?”'* For example, ordered
mono- and multilayers in close-packed ar-
rangement (2D and 3D assemblies) have
been reported for anisotropic particle build-
ing blocks including nanorods,” ' ellip-
soids,'® nanoplates/nanosheets, =22 and
faceted polyhedra.’>?~2° Interestingly, bi-
nary superlattices self-assembled from tri-

l n recent years, organized assemblies of
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ABSTRACT (Controllable self-assembly of uniform star-shaped PbS nanocrystals with six symmetric (100)-
oriented horns into highly ordered structures including close-packed arrays and patterned arrays was realized by
evaporation-induced assembly routes. First, large-area three-dimensional (3D) and two-dimensional (2D)
hexagonal close-packed (hcp) arrays of PhS nanostars were assembled on clean Si substrate by drop coating and
vertical deposition, respectively. Then, by using monolayer colloidal crystals (MCC) and inverted MCC (IMCC) as the
template, a variety of non-close-packed (ncp) arrays of PhS nanostars with controllable patterns were fabricated
through the vertical deposition method. With the MCC template, an ncp array of [111]-oriented PhS nanostars with
three horns stably standing on the template plane was prepared, leading to the formation of novel star—sphere
binary colloidal crystals with a stoichiometric star/sphere ratio of 1. The reflectance spectrum of the resultant
MCC—PbS composite array was measured, which exhibited a considerable red shift in the reflectance peak
compared with the original MCC template. Alternatively, with the IMCC template, an ncp array of [001]-oriented
PbS nanostars with a single horn stretched vertically upward was obtained. Furthermore, some novel patterns for
PbS ncp arrays were readily fabricated using MCC/IMCC templates with larger periodic spacings. For the template-
assisted assembly of PbS nanostars, the obtained PbS ncp arrays generally inherited the long-range hexagonal
order from the initial MCC template. This assembly strategy is a versatile approach and may open a new route for
the controlled assembly of anisotropic nanostructured materials into large-scale ordered arrays with desirable
patterns.

KEYWORDS: self-assembly - nanostars - patterning - ordered arrays - monolayer
colloidal crystals

angular nanoplates and spherical nano-
particles have also been obtained.® Very
recently, self-assembly of CdTe tetrapods
into network monolayers has been realized
at the air/water interface.?® For preparing
these 2D and 3D assemblies of nonspheri-
cal building blocks, either evaporation-
induced assembly method'%'>~2124 or
Langmuir—Blodgett technique???32°2¢ jg
employed in most cases. However, to the
best of our knowledge, the self-assembly
behavior of well-defined star-shaped nano-
particles has not been reported yet.
Although evaporation-induced self-
assembly has emerged as a conventional
“bottom-up” method and receives much
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Figure 1. SEM images of (a) PbS nanostars and (b—e) their 3D hcp
assemblies obtained by drop coating. (f) Schematic illustration of
the 3D hcp structures of six-horn stars. Inset in (a) is the TEM image
of PbS nanostars, and inset in (c) is the corresponding fast Fourier
transform.

attention, generally only close-packed nanoparticle ar-
rays form on normal substrates. It is still a main chal-
lenge to assemble nanoparticles in desired locations ex-
hibiting controllable patterns. In this regard, template-
assisted assembly, where a prefabricated “template”
orients and directs the assembling components to con-
trol the morphology and pattern of the resulting assem-
blies, would provide a straightforward and effective
route to fabricate novel structures/phases that would
be otherwise unfavorable in the absence of the
template.>~>?2% A broad range of objects have been
used as templates for nanoparticle organization, which
can be classified into categories of soft and hard tem-
plates. While soft templates (such as small molecules
and block copolymers,? as well as DNA molecules®)
possess distinct chemical structures and provide mul-
tiple well-defined binding sites for the attachment of
nanoparticles, such assembly strategies are typically ap-
plicable to a limited subset of particles that match spe-
cific surface chemistry requirements. Alternatively, hard
templates, such as relief structures patterned on the
surfaces of solid substrates,®' 33 provide greater tough-
ness and preserve their structural characteristics for as-
sembling nanoparticles. Nanosphere lithography that
usually employs hexagonal close-packed (hcp) mono-
layer colloidal crystals (MCC) as the hard template has
been proven to be a flexible and cost-effective tech-
nique for the patterning of nanostructured arrays with
long-range periodicity in a large scale.3*~3¢ Recently, 2D
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periodic arrays of ring-shaped nanostructures as-
sembled from CdSe semiconductor quantum dots were
fabricated via an evaporative templating method by
combining nanosphere lithography with capillary li-
thography.” However, little work has been focused on
the periodic arrays of anisotropic nanoparticle building
blocks with controlled patterns by the template-
assisted assembly method.3® Notable examples include
the self-assembly of nanorods/nanotubes directed by
the templates of polymers3°*~*? and water droplets,* as
well as the template-directed organization of CdTe nano-
tetrapods into lithographically patterned devices.*
Considering the complex orientation and peculiar func-
tion for star-shaped nanoparticles, it would be highly
desirable to assemble anisotropic nanostars with well-
defined locations and orientations assisted by MCC.
Lead sulfide (PbS) is an important semiconductor
with a narrow band gap (0.41 eV at room temperature)
and large Bohr exciton radius (~18 nm), showing exten-
sive quantum size effects in nanocrystalline form and
great promise such as near-infrared (NIR) photoelec-
tronic devices.*#¢ Although there has been great inter-
est recently in self-assembly of PbS nanocrystals, the ar-
chitectural control of PbS nanoscale building blocks
with well-defined locations and orientations remains a
key obstacle to overcome in the discovery of novel col-
lective properties and is essential for the success of
bottom-up approaches toward future nanodevices.*’ ~>°
Herein, we report the evaporation-induced, control-
lable self-assembly of star-shaped PbS nanocrystals for
the first time. First, large-area 3D and 2D hcp arrays of
PbS nanostars were assembled on clean Si substrate by
drop coating and vertical deposition, respectively. Then,
a variety of non-close-packed (ncp) arrays of PbS
nanostars with controllable patterns were fabricated
on patterned Si substrate covered with MCC or inverted
MCC (IMCC) using the vertical deposition method.

RESULTS AND DISCUSSION

Close-Packed Arrays of PbS Nanostars on Si Substrate. The
synthesis of star-shaped PbS nanocrystals was achieved
in the presence of the cationic surfactant cetyltrimethy-
lammonium bromide (CTAB) and the anionic surfac-
tant sodium dodecyl sulfate (SDS), as described in our
previous work.>' The PbS product exhibits a well-
defined star-shaped geometry with six symmetrical
horns oriented along the (100) directions, and the crys-
tal size determined from the distance between two
neighboring vertices is ~75 nm (Figure 1a and Support-
ing Information, Figure S1). The preparation process
for 3D hcp assemblies of PbS nanostars is illustrated in
Scheme 1A using the drop coating method. When one
drop (~30 pL) of a concentrated PbS dispersion (~30
mM) was cast onto a Si substrate and dried in air, PbS
nanoparticles spontaneously adopted ordered struc-
tures and precipitated to the substrate at the edge with
slow solvent evaporation, which typically resulted in
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Scheme 1. Schematic illustration of two methods of
evaporation-induced assembly: (A) drop coating, (B) verti-
cal deposition.

formation of rings >100 wm in width due to the coffee-
cup effect>?>* (Supporting Information, Figure S2). Fig-
ure Tb shows that PbS nanostars self-assembled into
films at the edge with a significant amount of cracks
after solvent evaporation. Figure 1c shows an enlarged
scanning electron microscopy (SEM) image of the ob-
tained PbS assemblies, which suggests that the close-
packed arrays exhibit hexagonal geometry in a large
area, as indicated by the fast Fourier transform. As
clearly shown in Figure 1d, PbS nanostars self-
assembled into hcp arrays with an average distance be-
tween the centers of neighboring PbS particles of ~60
nm. Considering the peculiar morphology of six-horn
stars, PbS nanoparticles tended to deposit with three
horns stably standing on the lower layer or the sub-
strate, and the horns of neighboring nanostars interdig-
itated to form assemblies with closest packing. An ob-
lique view presented in Figure 1e confirms the
multilayer 3D array of PbS nanostars. As expected from
the hexagonal arrangement, each PbS monolayer is
shifted by half the inter-PbS distance with respect to
the adjacent layers (Figure 1f).

A simplified geometrical model was adopted to
schematically illustrate the lattice spacing of 3D hcp
nanostar assemblies (Scheme 2). It shows that the horns
of neighboring six-horn nanostars interdigitate to form
3D hcp assemblies with closest packing. For such a clos-
est packing, the center-to-center distance between
two neighboring nanostars (d) should meet the equa-
tion d = (\/3/2)] — a, where | represents the distance
between two neighboring vertices of an individual
nanostar and a represents the inserted distance be-
tween neighboring nanostars. For the current 3D hcp
assemblies of PbS nanostars (as shown in Figure 1), /
and d were measured to be ~75 and ~60 nm, respec-
tively. It indicates that the inserted distance between
neighboring nanostars (a) is around 5 nm, which is con-
sistent with the experimental observation.

The vertical deposition is an effective method for
the preparation of MCC with a 2D hcp structure, which
was currently used to prepare 2D hcp assemblies of PbS
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Scheme 2. Schematic illustration of the close-packed micro-
structure of 3D hcp nanostar assemblies showing the lattice
spacing: (a) oblique view, (b) top view, (c) side view. For clar-
ity, only one layer of half nanostars showing three upper
horns is illustrated. Here, d represents the center-to-center
distance between two neighboring nanostars. For the super-
ficial plane formed by three upper vertices of each nanostar,
I represents the distance between two neighboring vertices
of an individual nanostar, a represents the inserted distance
between neighboring nanostars, and b represents the
vertex-to-vertex distance between two neighboring
nanostars, which equals d.

(side view)
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nanostars. As illustrated in Scheme 1B, the assembly
process here was carried out in a cuvette containing
the aqueous dispersion of PbS nanostars with a verti-
cally inserted Si substrate. At a proper concentration of
the initial PbS dispersions (e.g., ~1 mM), the monolayer
2D arrays of PbS nanostars could be fabricated after
evaporating the dispersion medium. Figure 2 shows
the SEM images of the obtained 2D assemblies of PbS
nanostars. The nanostars self-assembled into mono-
layer hcp arrays very similar to the top layer arrange-
ment of the 3D hcp assemblies. However, as shown in

; 5 1Lm 2 v e - 3 g5 = - —
Figure 2. SEM images of 2D hcp assemblies of PbS nanostars ob-

tained by vertical deposition. Color inset in (b) illustrates the 2D hcp
structures of six-horn stars.
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Scheme 3. Schematic illustration of the fabrication of ncp
arrays of PbS nanostars assisted by MCC (A) and IMCC (B)
through vertical deposition.

Figure 2b, the average spacing between two neighbor-
ing nanostars is ~70 nm, which resulted in a consider-
able deviation of orientation of nanostars for the 2D hcp
arrays. It has been shown that high-quality colloidal
crystals of monodisperse polymer or SiO, spheres can
be readily prepared using the vertical deposition
method.*® For the preparation of MCC, colloidal crystal-
lization is initiated by attractive capillary forces in the
meniscus region, and solvent evaporation causes a con-
vective particle flow toward the substrate from the
bulk of colloidal suspension, so the balance between
capillary forces and convective flow during the solvent
evaporation is essential for the monotonic formation of
MCC.%¢ However, this simple approach is generally lim-
ited to colloidal particles that sediment slower than the
solvent evaporation since the larger or denser particles
tend to sediment quickly and are not deposited
well.>”8 Considering the relatively high density of the
current PbS nanostars, the vertical sedimentation of
PbS nanostars in the solution would be competitive
with their deposition onto the vertical Si substrate.

g 2 o — -«
Figure 3. SEM images of (a) 130 nm MCC template and (b,c) 2D
ncp array of PbS nanostars assembled on the template by vertical
deposition. (d) Schematic illustration of the 2D ncp array-1 of six-
horn stars.

| /@) . .
ACINANC) voL. 4 « NO.8 = HUANG ET AL

Therefore, a considerable orientational deviation could
occur due to the perturbation of particle sedimentation
during the slow solvent evaporation.

Because the nanoparticles were passivated by sur-
factants, assembly could be dominated by repulsive
electrostatic/steric interactions that favored close-
packed structures. Here the surfactant concentration in
the PbS dispersions should be high enough to make the
particle positively charged and stable in water, which
was critical for the formation of the 3D and 2D hcp as-
sembilies. If the as-prepared nanocrystals were washed
several times with deionized water, PbS nanostars with
insufficient surfactant coating tended to aggregate in a
disordered manner due to the large van der Waals at-
traction. Besides the surfactant concentration, the tem-
perature for the solvent evaporation was also important
for the preparation of 3D and 2D hcp assemblies of
PbS nanostars. When the temperature was higher than
60 °C, only disordered PbS aggregates formed because
the solvent evaporation was too fast for the PbS
nanostars to attain their equilibrium positions.

Patterned Arrays of PbS Nanostars Assisted by MCC. Two
kinds of patterned templates on Si substrates, which
are denoted as MCC and IMCC, were used for the self-
assembly of PbS nanostars into patterned arrays, as il-
lustrated in Scheme 3. For the preparation of the ncp ar-
ray of PbS nanostars with three horns stably standing
on the template (designated as ncp array-1, Scheme
3A), the MCC template is employed to direct the verti-
cal deposition. Considering that the PbS six-horn star is
actually a single crystal with the six horns grown along
the (100) directions®' and it uses three (100)-oriented
horns to stand on the template, ncp array-1 can be re-
garded as [111]-oriented assemblies; namely, the [111]
axis of the crystal is perpendicular to the plane of the
template. Alternatively, patterned assemblies of [001]-
oriented PbS nanostars with a single horn vertically
standing on the template plane (designated as ncp
array-2) can be fabricated using the IMCC template by
vertical deposition, which is presented in Scheme 3B. It
is worth mentioning that ncp arrays of PbS nanostars
with both [111] and [001] orientations inherit the long-
range hexagonal order from the initial MCC template.

Figure 3a shows the MCC template, in which the
poly(styrene methyl methacrylate) (P(St-MMA)) spheres
had an average diameter (D) of 130 nm and arranged
hexagonally on the Si substrate in a large area. After ver-
tical deposition of PbS nanostars on the MCC tem-
plate, as shown in Figure 3b, a uniform film of PbS as-
semblies could deposit on the substrate. From a
magnified image shown in Figure 3¢, we can see that
the voids among the neighboring P(St-MMA) spheres
are the most stable positions for the deposition of PbS
nanostars with three horns standing, and the spacing
between two neighboring nanostars is 130 nm, as pre-
cisely predefined by the MCC template. Figure 3d illus-
trates the 2D ncp array-1 of PbS nanostars with the
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[111] direction perpendicular to the template plane,
which reserved the long-range hexagonal periodicity
of the MCC template. It is worth noting that the result-
ant PbS arrays were also well-aligned with uniform side
orientations. At a proper concentration of initial PbS dis-
persions (~1 mM), when one nanostar settled on one
void, its stretched sharp tips prevented the deposition
of other stars in the three neighboring voids. Thus, the
PbS nanostars tended to occupy three separated inter-
stitial sites in the ordered MCC template layer, which re-
sulted in the ncp array-1 structure with the star-to-
sphere number ratio of 1 (Figure 3d).

At a higher concentration of the initial PbS disper-
sion (~2 mM), as shown in Figure 4, more PbS nanostars
can be trapped in the voids among the P(St-MMA)
spheres after vertical deposition, resulting in a PbS
nanostar array with a higher packing density, and the
star-to-sphere number ratio is greater than 1 but less
than 2. In this higher PbS dispersion concentration,
when one nanostar settled on one void, other nanostars
could also occupy some neighboring voids besides the
three separated interstitial sites in the MCC template
layer. However, when nanostars filled neighboring
gaps, perfect structural order was not obtained due to
the steric hindrance of PbS six-horn stars with stretched
sharp tips. It may be noted that binary colloidal crys-
tals consisting of one layer of larger spheres (L) and one
layer of smaller spheres (S) with different stoichiome-
tries (such as LS and LS,) can be obtained via layer-by-
layer assembly.> In the current situation, novel
star—sphere binary colloidal crystals consisting of one
layer of six-horn PbS nanostars and one layer of poly-
mer spheres with a stoichiometric star/sphere ratio of 1
were obtained by assembly of PbS nanostars (/ ~ 75
nm) onto MCC of polymer spheres (D ~ 130 nm) at a
proper concentration of initial PbS dispersions (~1
mM). However, regular star—sphere binary colloidal
crystals with a higher stoichiometric star/sphere ratio
cannot be obtained at the fixed sizes of stars and
spheres due to steric hindrance. Since the PbS
nanostars with a double-tripod shape are potentially
nestling into the triangle-shaped interstices among col-
loidal spheres, the optimum sphere size for the forma-
tion of star—sphere binary colloidal crystals with differ-
ent stoichiometries can be calculated through a
geometrical model shown in Scheme 4. It can be seen
that there is a critical diameter (D.) of colloidal spheres
for the formation of star—sphere binary colloidal crys-
tals with a star/sphere ratio of 2, which is equal to 2. If
the sphere diameter is smaller than D, star—sphere bi-
nary colloidal crystals with a star/sphere ratio of 1 can
be obtained, but the formation of perfect binary colloi-
dal crystals with a star/sphere ratio of 2 is prohibited
since the stretched star tips would prevent the deposi-
tion of other stars in the three neighboring voids. When
the sphere diameter is increased up to larger than D,
star—sphere binary colloidal crystals with a star/sphere

www.acsnano.org

nm MCC template with a higher packing density by vertical deposi-
tion. Circled areas in (b) represent the positions of colloidal spheres.

ratio of 2 can be obtained. Particularly, for the PbS
nanostars with / ~ 75 nm, D. would be ~150 nm; there-
fore, star—sphere binary colloidal crystals with a star/
sphere ratio of 1 (i.e., the ncp array-1 structure shown
in Figure 3) were readily obtained using polymer
spheres with a diameter slightly less than D. (e.g., ~130
nm). It may be expected that star—sphere binary colloi-
dal crystals with a star/sphere ratio of 2 could be pro-
duced by selecting colloidal spheres with a diameter
larger than 150 nm under suitable assembly conditions.
As a result of a 2D periodic change of refractive in-
dex for the ordered arrays of PbS nanostars assembled
on the 130 nm MCC template, the as-obtained
MCC—PbS composite arrays may demonstrate typical
properties of photonic crystals. Here the photonic prop-
erties of the MCC—PbS composite arrays were prelimi-
narily investigated by measuring their optical reflection
spectra. With normal incidence, the reflection spectra
of both composite arrays with different packing densi-
ties as well as the 130 nm MCC template showed obvi-
ous reflection peaks (Figure 5). This phenomenon has
also been observed in the case of 2D ncp colloidal
crystals.®28! As shown in Figure 5a, the reflection spec-
trum of the 130 nm MCC template showed a main peak
centered around 330 nm. For the typical structure of
composite arrays shown in Figure 3b—d with the star-
to-sphere number ratio of 1 (designated as MCC-PbS-1),
the refection spectrum exhibited a major maximum
centered at 545 nm (Figure 5b). For another composite
array with a higher packing density of PbS nanostars, as
shown in Figure 4 (designated as MCC-PbS-2), the posi-
tion of the main reflection peak further red-shifted to
690 nm (Figure 5c). Notably, after vertical deposition of
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Scheme 4. Geometrical sketch of the size relationships be-
tween colloidal spheres and PbS nanostars. Here, D, repre-
sents critical diameter of colloidal spheres for the formation

of star—sphere binary colloidal crystals with a star/sphere ra-
tio of 2.
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Figure 5. Reflection spectra of (a) 130 nm MCC template
and (b,c) PbS nanostar arrays assembled on the template
with different packing densities: (b) MCC-PbS-1 with a lower
packing density as shown in Figure 3b—d, (c) MCC-PbS-2
with a higher packing density as shown in Figure 4.

PbS nanostars on the MCC template, the main reflec-
tion peak of the composite arrays significantly red-
shifted, which could be simply attributed to the high re-
fractive index for PbS.%2 Nevertheless, further
calculation is needed to determine the stop band posi-
tion of the composite arrays. These results indicate that
the as-obtained MCC—PbS composite arrays could act
as a photonic material with potential applications in-
cluding thin film optical sensors.®*%* It is also expected
that the composite array might have interesting
photonic properties in different incident directions
due to its anisotropic star-shaped building blocks,
which is currently under investigation in our lab.

The patterns of the PbS nanostar arrays can be
readily adjusted by using MCCs with different sphere di-
ameters as the template under otherwise identical con-
ditions. For example, two MCC templates consisting of
340 nm poly(methyl methacrylate) (PMMA) spheres and
500 nm polystyrene (PSt) spheres were employed for

Figure 6. SEM images of patterned arrays of PbS nanostars as-
sembled on the 340 nm (a,b) and 500 nm (c,d) MCC templates with
a lower (a,c) and higher (b,d) packing densities by vertical
deposition.

A S . .
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vertical deposition of PbS nanostars. Figure 6a shows
the ncp array of PbS stars assembled in a lower PbS dis-
persion concentration (~0.75 mM) by using 340 nm
spheres in the MCC template. Since the sphere diam-
eter was larger than D. (~150 nm), one PbS nanostar
tended to occupy each interstitial site in the ordered
MCC template layer, leading to a star-to-sphere num-
ber ratio of approximately 2. However, it is noteworthy
that the size matching between the triangle-shaped in-
terstice of MCC and the star-shaped particle would de-
crease with increasing the diameter of the polymer
spheres, resulting in a significant deviation from the
perfect binary star-sphere colloidal crystals with a star/
sphere ratio of 2. If the PbS dispersion concentration
was increased to ~1.5 mM, nanonet-like PbS nanostar
arrays with a hole size of ~260 nm were assembled on
the MCC template (Figure 6b). In this case, PbS
nanostars tended to fill the gaps among the template
layer with local ordered structure, leading to the
nanonet-like arrays with ordered, hexagonally packed
circular holes that were inherited from the original MCC
templates. For the 500 nm MCC template, each intersti-
tial site of the template could trap three to five PbS
nanostars in an ordered arrangement under a lower
PbS dispersion concentration (~1 mM), resulting in an-
other novel pattern for ncp PbS nanostar array, as dem-
onstrated in Figure 6c¢. Similarly, if the PbS dispersion
concentration was increased to ~2 mM, nanonet-like
PbS nanostar arrays with a hole size of ~390 nm were
assembled on the MCC template (Figure 6d).

Patterned Arrays of PbS Nanostars Assisted by IMCC. As illus-
trated in Scheme 3B, [001]-oriented assemblies of PbS
nanostars with a single [001]-oriented horn vertically
standing on the template (designated as ncp
array-2) can be obtained through IMCC template-
directed vertical deposition. A silica IMCC film on a
Si substrate was fabricated by replicating the pre-
pared MCC of polymer spheres with silica, which was
followed by extracting the polymer spheres with
toluene. A typical SEM image of the as-replicated
silica IMCC film templated by 130 nm P(St-MMA)
spheres is shown in Figure 7a, which shows a
honeycomb-like structure, inheriting the long-range
hexagonal order from the initial MCC template. A
closer view shown in Figure 7b reveals that there is
a circular gap with a diameter of ~50 nm on the top
of the IMCC template, which is significantly smaller
than the diameter of the colloidal spheres, indicat-
ing that the height of the silica filling is considerably
higher than the colloidal sphere equators. This IMCC
consisting of relatively deep cavities with narrow
necks can serve as a unique template for the
orientation-specific assembly of PbS nanostars. Fig-
ure 7c shows a top view of the PbS ncp array as-
sembled in proper PbS dispersion concentration (~1
mM) by using a 130 nm IMCC template. As can be
seen, each nanostar is strictly oriented with a single
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horn inserted into the circular gap of the IMCC tem-
plate and the opposite horn stretched vertically up-
ward. Figure 7d illustrates clearly that the orderly
aligned nanostars reserved the hexagonal periodic-
ity of the IMCC template.

It was found that the size of the circular gap on the
top of the IMCC template, which was determined by
the silica filling height, showed a remarkable effect on
the formation of ncp PbS arrays with different orienta-
tions. For the situation shown in Figure 7a,b, the height
of the silica filling is much higher than the colloidal
sphere equators. For comparison, a thinner silica IMCC
template was fabricated by infiltrating a silica sol with a
lower concentration, which reveals a circular gap with
a diameter of ~110 nm on top (Figure 8a). In this case,
the silica filling height was much lower than that in Fig-
ure 7a,b, and the PbS nanostars tended to deposit on
the template with three horns stably inserted into the
interstitial site to form [111]-oriented assemblies after
vertical deposition (Figure 8b). So the size matching be-
tween circular gaps on the top of the IMCC template
and the stretched horns of PbS nanostars is essential for
the formation of the ncp array of [001]-oriented PbS
nanostars.

Moreover, other patterned arrays of PbS nanostars
can be conveniently fabricated by using silica IMCC
with larger size cavities as the template through verti-
cal deposition. For example, when the size of initial
polymer spheres of the MCC template was increased
from 130 to 500 nm, silica IMCC with a cavity size of
~500 nm was obtained, and PbS nanostars tended to
fill the hexagonally ordered cavities completely at a
proper PbS dispersion concentration (~2 mM) after ver-
tical deposition. The as-prepared PbS array exhibited or-
dered, hexagonally packed disk-like units that were in-
herited from the original IMCC template (Supporting
Information, Figure S3a). It can be seen from a magni-
fied image that about 20 nanostars were filled in each
cavity with disordered structure to constitute the disk-
like unit of the patterned array (Supporting Information,
Figure S3b). However, further study is still needed to
fully investigate the effect of such parameters (such as
cavity size and pore opening) on the degree of unifor-
mity in nanostar orientation, which is decidedly of inter-
est. In this regard, the orientation of the stars both out
of the IMCC surface plane and in the plane might be
well-controlled if the silica filling height could be accu-
rately adjusted combined with the use of colloidal
spheres with varied sizes.

CONCLUSIONS

Controllable self-assembly of star-shaped PbS nano-
crystals into both close-packed arrays and patterned ar-
rays was demonstrated for the first time. First, large-
area 3D and 2D hcp assembilies of PbS nanostars were
obtained on clean Si substrate by drop coating and ver-
tical deposition, respectively. Interestingly, by using
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Figure 7. SEM images of (a,b) silica IMCC templated by 130 nm col-
loidal spheres and (c) ncp array of PbS nanostars assembled on the
IMCC template by vertical deposition. (d) Schematic illustration of
the 2D ncp array-2 of six-horn stars. Insets schematically illustrate
the side view.

MCC and IMCC as the template, various ncp arrays of
PbS nanostars with controllable patterns were fabri-
cated through the vertical deposition method. With the
130 nm MCC template, an ncp array of [111]-oriented
PbS nanostars with three horns stably standing on the
template was prepared, leading to the formation of
novel star—sphere binary colloidal crystals with a sto-
ichiometric star/sphere ratio of 1. The photonic proper-
ties of the MCC—PbS composite arrays were also pre-
liminarily investigated, which showed that the
reflection peak still existed when PbS nanostars were
assembled on the MCC template and it red-shifted
with increasing the packing density of PbS
nanostars. It was revealed that a proper concentra-
tion of initial PbS dispersions and the peculiar shape
of six-horn stars were crucial for the exclusive forma-
tion of the ncp array of [111]-oriented PbS nanostars.
With the 130 nm IMCC template, an ncp array of
[001]-oriented PbS nanostars with a single horn
stretched vertically upward was prepared, and the
suited size of circular gaps on the surface plane of
the IMCC template (i.e., the proper silica filling
height) was essential besides the peculiar six-horn

Figure 8. SEM images of (a) silica IMCC with a lower height tem-
plated by 130 nm colloidal spheres and (b) PbS nanostar array as-
sembled on the IMCC template by vertical deposition. Insets sche-
matically illustrate the side view.
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star shape of PbS nanocrystals. Furthermore, some
novel patterns for the PbS ncp array were readily
fabricated using MCC/IMCC templates with larger
periodic spacings. It is worth mentioning that, for
the template-assisted assembly of PbS nanostars, al-
most all of the PbS ncp arrays inherited the long-
range hexagonal order from the initial MCC tem-
plate. The obtained PbS close-packed and patterned
arrays may exhibit novel physical properties by vir-
tue of the peculiar six-horn star shape of PbS nano-

METHODS

Materials Synthesis. The star-shaped PbS nanocrystals were syn-
thesized by the thermal decomposition of thioacetamide (TAA)
in aqueous solutions of lead acetate in the presence of the cat-
ionic surfactant cetyltrimethylammonium bromide (CTAB) and
the anionic surfactant sodium dodecyl sulfate (SDS), as described
previously.>' Monodisperse poly(styrene methyl methacrylate)
(P(St-MMA)), poly(methyl methacrylate) (PMMA), and polysty-
rene (PSt) colloidal spheres were prepared according to the
methods reported previously.®>®

MCC/IMCC Fabrication. The MCC template was fabricated on a Si
substrate using a method recently developed at our lab.3>%¢ For
the preparation of the MCC template, 10 p.L of water/ethanol dis-
persion containing monodisperse polymer colloidal spheres
was dropped onto the top surface of a 1 X 1 cm piece of glass
surrounded by water located at the midbottom of a Petri dish.
The dispersion spread freely on the water surface until it covered
nearly the whole surface area, resulting in a colorful MCC film
up to ~16 cm? in area. Then the MCC film was picked up with a
Si plate, and the patterned substrate covered with MCC was kept
in vacuum prior to use. To generate the IMCC template on a Si
substrate, the Si plate with MCC was infiltrated with silica sol.>®
After silification, the patterned substrate covered with IMCC was
obtained by extracting the polymer MCC using toluene. The
thickness of IMCC could be readily controlled by simply varying
the concentrations of silica sol.

Nanocrystal Assembly. The as-prepared PbS nanocrystals were
collected by centrifugation and redispersed in water, resulting
in the formation of PbS nanocrystal dispersions with various con-
centrations. The 3D hcp assemblies of PbS nanostars were pre-
pared using a simple drop coating method. Briefly, a drop (~30
L) of the PbS dispersion with the concentration of ~30 mM was
placed onto a clean Si substrate. The droplet was left uncov-
ered and allowed to evaporate at room temperature. After
evaporation, a ring made up of PbS nanoparticle assemblies
was observed on the substrate. For the preparation of 2D hcp as-
semblies and differently patterned assemblies of PbS nanocryst-
als, the vertical deposition method was employed. The disper-
sion of PbS nanocrystals in water with proper concentration (1
mL) was added into a clean 2 mL cuvette, followed by vertically
inserting a panel of clean Si substrate or patterned substrate cov-
ered with MCC/IMCC. The cuvette was kept undisturbed at room
temperature over several days to deposit a uniform film of PbS
assemblies on the substrate after the evaporation was complete.

Characterization. The samples were characterized by scanning
electron microscopy (SEM, Hitachi FE-54800, 2 or 5 kV), transmis-
sion electron microscopy (TEM, JEOL JEM-200CX, 160 kV), and
optical microscopy (Nikon E600). Optical reflection spectra with
normal incidence were recorded using a Hitachi U-4100
UV—vis—NIR spectrometer with a 5° specular reflectance
accessory.
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crystals as well as their well-defined locations and
orientations and could find potential applications in-
cluding photoelectronic and photonic nanodevices.
The assembly strategy described here is a versatile
approach and may open a new route for the con-
trolled assembly of anisotropic nanostructured ma-
terials into large-scale ordered arrays with desirable
patterns, which is essential for the success of
bottom-up approaches toward future nanodevices
with novel collective properties.

Supporting Information Available: SEM and TEM images of an
individual star-shaped PbS nanocrystal, optical photograph and
micrograph of a coffee ring of PbS nanostar assemblies formed
by drop coating, and SEM images of patterned array of PbS
nanostars assembled on the 500 nm IMCC template. This ma-
terial is available free of charge via the Internet at
http://pubs.acs.org.
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