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This communication presents a straightforward approach in
generating spheroid-like particles through a unidirectional chemical
etching process. Manipulation of the etching profile can also
generate nonspherical particles with other geometries. The spheroid-
like particles generated are uniform in size and shape so it is feasible
to use them in the evaporation assisted assembly process.1 The
initial observation of the self-assembly structure of these particles
showed a counterintuitive orientational order in the monolayer with
their long axis perpendicular to the substrate.

Research in the biological systems frequently involves the use
of particles.2a,b The study of particle assembly with different
packing geometry is also critical for the understanding of the bulk
properties of various materials, such as optical2c and composite
materials.2d Most of such studies, however, involve only spherical
particles. The challenges in the synthesis of nonspherical particles
limit the widespread use of these particles in both fundamental
studies and industrial applications. The rising interests in non-
spherical particles motivate the increased effort in developing
processes to synthesize these particles.3,4 Whitesides,3a Lahann,3b

Weitz,3c Velev,3d Xia,3e Pine,3f and others3g,h reported various
approaches of generating nonspherical particles in liquid matrixes
or at the liquid interface. The Xia4a and Mitragotri4b groups also
demonstrated the generation of nonspherical particles in stretched
or compressed solid matrixes. The nonspherical particles generated
in most of these approaches are limited either to a certain size range
or to specific materials.

This communication reports a general approach that is applicable
to generate nonspherical particles of a wide range of materials,
including organic and inorganic materials. Using spherical particles
as the starting material, the approach transfers the spherical geometry
into a nonspherical geometry through an anisotropic chemical etching
reaction. The reaction occurs in a reactive ion plasma-etching chamber,
with a unidirectional electric field to guide the direction of the reaction.
Figure 1a,b describe the generation of a layer of spheroid-like silica
particles using directional CF4 etching chemistry. Equation 1 gives
the simplified version of the overall etching reaction in such a process:5

SiO2(s)+CF4(g)f SiF4(g)+CO2(g)+CO(g) (1)

In the plasma field, CF4 molecules are broken down to various ionic
species that move vertically to the silica surface in the unidirectional
electric field. As the reactive species reach the silica surface, the
reaction between these species and silica generates SiF4, which is
volatile and diffuses away from the surface to expose new silica sites
for the further etching reaction.

A pure geometry analysis can predict the final dimension of the
resulting particles. Figure 1c shows the cross section (blue circle)
of the starting particle placed in the Cartesian coordination plane
with the origin (O) at the center of the blue circle and y-axis as the
etching direction. Equation 2 describes the cross section of the outer
surface of the starting particle:

x2 + y2 ) r0
2 (2)

In the equation r0 is the radius of the starting particle. As the
etching starts, reaction 1 occurs at equal speed at all locations of
the top surface. There is a negligible reaction at the bottom surface
due to the masking effect by the top surface in the unidirectional
etching field. After a certain reaction time, the top surface moves
down a distance of s and rests on the red circle (eq 3):

x2 + (y+ S)2 ) r0
2 (3)

The cross section of the resulting particle is the intersection of
the two circles and forms a shape similar to an ellipse. The
schematic showed so far is the cross section along the etching
direction. Rotating the intersection along its short axis (y-axis) will
result in the schematic of the final particle in three dimensions,
which is a spheroid-like particle (close to an oblated spheroid). To
generate particles with uniform size and shape in this approach,
the starting particles should be a mono- (or submono-) layer, with
no order or close-packing needed. If more than one layer of particles
are used, the masking effect from the overlapping will introduce
variance in the final particle geometry. Yang et al. used close-packed
particles for size tunable nanopatterning and tried to apply the
masking effect to generate particles with pores on their surfaces
using ordered close-packed double layers of particles as the starting
material.6 The multidomain and the inherent imperfection of the
double-layer structure make it difficult to generate particles with
pores of uniform sizes and location. Their approach also required
a separation step to collect the resulting particles. The collection
of the resulting particles in this approach only involves a single
release step and makes the scale-up process feasible.

Figure 2 shows the change of the height (h) of the silica particles
with time during the directional CF4 etching in the experiment. The
starting materials were spherical silica particles with a diameter of
∼510 nm, synthesized using the standard Stober process.7 Dip coating
of a solution containing ∼20 wt% silica particles in ethanol deposited
a monolayer of these particles onto the silicon substrate. The directional
CF4 etching occurred in Anelva-5 (Anelva Corporation, Japan) with

Figure 1. (a) Schematic of the unidirectional etching reaction; (b)
nonspherical particle after etching; (c) schematic of the cross section of
the resulting particle within the Cartesian plane.
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the RF power at ∼500 W. The inserts of Figure 2 are SEM pictures
of the particles after 0, 1, and 2 min of etching. The schematic on
the right side of the SEM pictures shows the predicted downward
movement of the cross-sectional top surface of the particle (red
circle). The dimension and shape of these particles matched well
with the pure geometry analysis, with the aspect ratio of h/d (d is
the width of the particle in the x direction, Figure 1c) reaching
∼0.6 after 2-min etching. Analysis based in Figure 1c shows
theoretically the aspect ratio can become infinitely small, while in
the experiment the smallest aspect ratio that can be reached will
depend on the spatial resolution of the etching process.

After release and collection, these spheroid-like particles were
redispersed in ethanol to make a solution of ∼0.5 wt%. Through
an evaporation-assisted assembly, these particles formed a mono-
layer on the silicon substrate. Figure 3 shows the schematic and
the images of monolayer of the particles at different processing
stages. For the starting particles, there was no orientational order
due to the spherical symmetry (Figure 3a). After the unidirectional
etching, the particles had an orientational order with their long axis
parallel to the substrate (Figure 3b) due to the vertical etching
direction. An etching direction other than vertical will generate
orientational order with tilted axis.

After release and reassembly of these spheroid-like particles,
there are several possibilities for the orientational order in the
monolayer. The directionality of their long axis (parallel, tilted, or
perpendicular to the substrate) defines these orientational orders.
In the gravity field, the energy of the states increases as the long
axis moves from the parallel state, to the tilted state, and to the
perpendicular state. In the experiment, however, most of the time

the state observed was the perpendicular state (Figure 3c), with
the tilted state observed at the edge of the monolayer. The parallel
state was observed where there were isolated particles. In an
evaporation-assisted assembly, capillary force plays a dominant role
in forming the structure. As the meniscus of the solution withdraws,
the capillary force tends to rotate the spheroid-like particles at the
air-ethanol-silicon interface. For isolated particles on the silicon
substrate, eventually the meniscus will sweep past the particles and
leave some residue liquid around the particles. As the residue liquid
evaporates, capillary force diminishes and eventually the gravity
force dominates so the particle takes the parallel state, the lowest
energy state in the gravity field. For the multiple particles in the
meniscus, we speculate that the rotating facilitates the jamming of
the particles, which somehow helps align the particles with their
long axis perpendicular to the substrate. Further detailed study of
the assembly of these particles, such as the effect of the aspect
ratio and particle size, is needed to understand the orientational
order and also to explore other possible packing geometries.

In conclusion, this report presents a general approach in
generating spheroid-like particles. Directional chemical etching has
the capability to generate structures with sizes ∼10 nm8 and can
be applicable to various materials.9 It is thus possible to extend
the current approach to generate nonspherical particles of a broad
range of materials (Supporting Information: images of spheroid-
like polystyrene particles), with the dimension of the particles as
small as tens of nanometers. This process will help further open
the door for the fundamental studies of these nonspherical particles
and will facilitate the understanding of the impact of the geometry
to the bulk properties.

Acknowledgment. The Nanotechnology Advanced Technology
Program of GE Global Research supported this work. The authors
also want to thank Dr. Zhebo Ding, Mr. Rolf Boone, and Dr. Vikas
Midha for their support and valuable discussions.

Supporting Information Available: Images of polystyrene spheroid-
like particles generated. This material is available free of charge via
the Internet at http://pubs.acs.org.

References

(1) Jiang, P.; Bertone, J. F.; Hwang, K. S.; Colvin, V. L. Chem. Mater. 1999,
11, 2132–2140.

(2) (a) Ballard, J. D.; Dell’Acqua-Bellavitis, L. M.; Bizios, R.; Siegel, R. W.
MRS Symposium 2005, 845, 339–344. (b) Kim, S. H.; Jeyakumar, M.;
Katzenellenbogen, J. A. J. Am. Chem. Soc. 2007, 129, 13254–13264. (c)
Brozell, A. M.; Muha, M. A.; Abed-Amoli, A.; Bricarello, D.; Parikh, A. N.
Nano Lett. 2007, 7, 3822–3826. (d) Endo, H.; Kado, Y.; Mitsuishi, M.;
Miyashita, T. Macromolecules 2006, 39, 5559–5563.

(3) (a) Xu, S.; Nie, Z.; Seo, M.; Lewis, P.; Kumacheva, E.; Stone, H. A.;
Garstecki, P.; Weibel, D. B.; Gitlin, I.; Whitesides, G. M. Angew. Chem.,
Int. Ed. 2005, 44, 724–728. (b) Roh, K.-H.; Martin, D. C.; Lahann, J. Nat.
Mater. 2005, 4, 759–763. (c) Kim, J. W.; Larsen, R. J.; Weitz, D. A. J. Am.
Chem. Soc. 2006, 128, 14374–14377. (d) Velev, O. D.; Lenhoff, A. M.;
Kaler, E. W. Science 2000, 287, 2240–2243. (e) Yin, Y.; Lu, Y.; Xia, Y.
J. Am. Chem. Soc. 2001, 123, 771–772. (f) Manoharan, V. N.; Elsesser,
M. T.; Pine, D. J. Science 2003, 301, 483–487. (g) Cho, Y. S.; Yi, G. R.;
Kim, S. H.; Elsesser, M. T.; Breed, D. R.; Yang, S. M. J. Colloid Interface
Sci. 2008, 318, 124–133. (h) Niederberger, M.; Bartl, M. H.; Stucky, G. D.
J. Am. Chem. Soc. 2002, 124, 13642–13643.

(4) (a) Lu, Y.; Yin, Y.; Xia, Y. AdV. Mater. 2001, 13, 271–274. (b) Champion,
J. A.; Katare, Y. K.; Mitragotri, S. Proc. Natl. Acad. Sci. U.S.A. 2007, 104,
11901–11904.

(5) Yanda, R. F.; Heynes, M.; Miller, A. K. Demystifying chipmaking; Elsevier:
2005.

(6) (a) Choi, D. G.; Kim, S.; Lee, E.; Yang, S. M. J. Am. Chem. Soc. 2005,
127, 1636–1637. (b) Choi, D. G.; Yu, H. K.; Jang, S. G.; Yang, S. M. J. Am.
Chem. Soc. 2004, 126, 7019–7025.

(7) Stoeber, W.; Fink, A.; Bohn, E. J. Colloid Interface Sci. 1968, 26, 62–9.
(8) Kim, S.-J.; Maeng, W. J.; Lee, S. K.; Park, D. H.; Bang, S. H.; Kim, H.;

Sohn, B.-H. J. Vac. Sci. Technol. B 2008, 26, 189–194.
(9) Cotler, T. J.; Elta, M. E. IEEE Circ. DeV. Mag. 1990, 6, 38–43.

JA805278X

Figure 2. Plot of the height of the silica particles during the etching process.
The inserts show the profile of the starting particle and the particle after
1-min and 2-min etching.

Figure 3. Monolayer of particles (a) before etching, (b) after etching, and
(c) after release and reassembly.
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