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ABSTRACT

By using O 2-plasma etched monolayers of hexagonally close-packed latex spheres as masks for metal vapor deposition, we successfully
demonstrate a stepwise colloidal lithography to stepwise grow highly ordered multiplex quasi-three-dimensional grids of metallic one-dimension al
nanostructures, e.g., nanowires and nanorods. The success of the present approach is centered at manipulation of the incidence angle of
metal vapor beams with respect to the normal direction of colloidal masks and particularly the azimuth angle æ of the projection of the vapor
beam incidence on the masks with respect to the vector from one sphere to the nearest neighbors. Stepwise deposition of different metals
by regularly varying æ allows consecutively stacking of 1D nanostructures into multiplex quasi-3D grids. This stepwise angle-resolved colloidal
lithography should provide a significant nanochemical complement of conventional lithographic techniques, enabling us to easily fabricate
sophisticated 3D nanostructures with defined vertical and lateral heterogeneity.

The intensive study of one-dimensional (1D) nanostructures,
such as rods, wires, ribbons, and tubes, is driven by their
paramount technical applications, for instance being used as
interconnects and functional components of nanoscale de-
vices.1 Up to now, a host of methods to fabricate 1D
nanostructures have been successfully established, mainly
based on direct crystal growth,2 seed-mediated crystal
growth,3 anisotropic self-assembly,4 or template-assisted
deposition.5 The template-assisted process also allows forma-
tion of periodic arrays of 1D nanostructures with alignment
perpendicular to the supporting substrates. From the point
of view of constructing nanoscale devices, however, aligning
1D nanostructures not vertically but horizontally to the sub-
strates is highly demanded.6 Fabrication of such 1D nano-
structure arrays has relied exclusively on lithography, and
accessing a higher level of chemical and structural complex-
ity is strongly dependent on the lithography development.

Among the newly developed lithographic techniques,
colloidal lithography, using highly ordered interstitial arrays
within colloidal crystals as masks or templates to pattern
planar and curved surfaces, is of bourgeoning interest due
to the process simplicity, the low cost, and the accessibility
of scaling down the feature size.7-16 Nonetheless, colloidal

lithography allows only generation of ordered arrays of
nanoscale dots. One-dimensional nanostructures and espe-
cially their three-dimensional (3D) hierarchical arrays are
hard to directly be generated by this means yet. To break
this bottleneck, herein we combined plasma-etching of
colloidal templates and optimization of the incidence angle
of a metal vapor beam and demonstrated a stepwise way of
colloidal lithography, which is capable of fabricating quasi-
three-dimensional (3D) multiplex grids of metallic nanowires
and nanorods.

The monolayers of hexagonally close-packed polystyrene
(PS) microspheres were prepared on silicon wafers as masks
for metallic vapor deposition via a controlled evaporation
process. Prior to the vapor deposition, we conducted two
sets of experiments. The first set was to etch the colloidal
masks by O2-plasma to convert the close-packed hexagonal
arrays of PS spheres into non-close-packed ones. Depending
on the sphere diameter, the gap between neighboring spheres
was adjusted by the etching period; 20 min etching was
sufficient to yield non-close-packed arrays in the case of 830
nm PS spheres. The second set was to determine the sphere
packing orientations of hexagonally close-packed PS sphere
monolayers using scanning electron microscopy (SEM) to
achieve a defined mask registry. Herein we used the azimuth
angle (æ) of the projection of the vapor beam on the masks
with respect to the vectors between the nearest-neighboring
spheres in the templates to define the mask registry. The
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vectors between the nearest-neighbor spheres and that
between the next-nearest-neighbor spheres are marked as
yellow and green arrows in Figure 1a, respectively. One
vector between the nearest-neighbor spheres, the vector (R),
was set as the reference line. Using the resulting non-close-
packed monolayers of etched PS spheres as masks for metal
vapor deposition led to metal films containing spherical holes
hexagonally arranged. By varying the incidence angle (θ)
of the metal vapor beam, the angle of the vapor beam with
respect to the normal direction of the colloidal masks, from
0° to 15° to 30°, the spherical holes in the metal films were
deformed into ellipsoidal ones (Figure S1, Supporting
Information). Whenθ was increased to 45°, the resulting
patterns turned out strongly dependent on the registry of the
colloidal masks. Whenæ ) 0°, that is, the projection of the
metal vapor beam on the colloidal mask was co-incident with
the vector (R) between the nearest neighbor spheres, zigzag
nanowires were obtained and well separated and aligned in
parallel (Figure 1b). The width of the resulting zigzag
nanowires was dependent on the period of O2-plamsa etching
of PS microspheres in a nearly linear fashion (Figure S2 and
Table S1, Supporting Information). Despite the decrease of

the intervals between the zigzag nanowires obtained, the
separation periodicity of their arrays changed little with the
etching time, which was well in agreement with the periodic-
ity of the original colloidal templates. On the other hand,
when the projection of the metallic vapor beam was
co-incident with the vector from next-nearest-neighbor
spheres, i.e.æ ) 30°, trapezoidal nanorods were obtained
and arranged in a hexagonal array (Figure 1c).

According to the symmetry of a hexagonally non-close-
packed sphere monolayer, there are three distinct vectors
between nearest-neighbor spheres, marked by yellow arrows
in Figure 2a. This encouraged us to conduct stepwise metal
vapor deposition by alternating the azimuth angle,æ, as
schematically depicted in Figure 2a. After implementing the
first step of metal vapor deposition atθ ) 45° andæ ) 0°
s the project of metal vapor beam on the mask in coin-
cidence with the reference vector (R), we rotated the colloidal
mask by 120°, say, the masks were registered atæ ) 120°.
Afterward, the second step of metal vapor deposition atθ
) 45° was performed. The removal of the colloidal masks
led to the second set of zigzag nanowire arrays on the
supporting substrates, crossing the zigzag nanowire arrays

Figure 1. (a) Schematic illustration of metallic vapor incidence on a hexagonally non-close-packed sphere monolayer. The vector between
nearest-neighbor spheres, the vector between next-nearest-neighbor spheres, and the normal direction of the colloidal template are highlighted
by yellow, green, and blue arrows, respectively. The incidence angle (θ) of the vapor beam (orange arrow), with respect to the normal
direction of the colloidal masks (blue line), and the azimuthal angle (æ) of the projection of the vapor beam on the colloidal mask (orange
dashed line), with respect to the vector between nearest-neighbor spheres, are marked. One vector (R) between nearest-neighbor spheres is
used as the reference. SEM images of 1D nanostructures obtained by using plasma-etched close-packed 830 nm PS sphere monolayers as
masks and depositing gold vapor atæ ) 0° (b) andæ ) 30°(c). The plasma etching time is 20 min,θ is 45°, and the deposition time is
30 min. The blue circles highlight the original colloidal template spheres.
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derived fromæ ) 0° (Figure 2b and Figure S3, Supporting
Information). Before removing the colloidal masks, in the
current work, we rotated the colloidal masks further by 120°
(æ ) 240°) and conducted the third step of metal vapor
deposition atθ ) 45°. This three-step deposition process
yielded three distinct sets of zigzag nanowire arrays fabri-
cated after decomposition of the colloidal templates (Figure
2c). Using atomic force microscopy (AFM) to analyze the
height profiles of the resulting structures (Figure S4, Sup-
porting Information), we found that these three distinct sets
of zigzag nanowire arrays crossed each other at an angle of
120°; the height of the crossing parts of every two arrays
were close to the sum of their thicknesses. SEM imaging of
the samples obtained by partially removing the template
spheres by using Scotch tape demonstrated the geometric
consistency of the resulting grid structures with the three
distinct 1D interstitial arrays in line with three vectors be-
tween the nearest-neighboring spheres in the colloidal tem-
plates (Figure S5, Supporting Information). Thanks to the
independence of the chemical nature of the steps in stepwise
metal vapor deposition, we chose three different metals for
each step: gold for the first step, silver for the second step,
and nickel or gold for the third step to the grids shown in
Figure 2. Selectively etching or melting of silver nanowires
from Au-Ag-Au grids demonstrated their laterally and
vertically heterogeneous nature (Figures S6 and S7, Sup-
porting Information). Figures 3 and S8 (Supporting Informa-

tion) reveal that metal vapor deposition by stepwise and
consecutively varyingæfrom 30° to 150° to 270° yields new
quasi-3D grids composed of trapezoidal nanorods supporting
each other and forming a cone with an intersection angle of
120°.

Note that the present stepwise angle-resolved colloidal
lithography is not limited to the three steps described above.
Further stepwise alteration of the azimuth angle as a function
of æ ) n‚120° or æ ) n‚120° - 30° caused little change of

Figure 2. (a) Schematic depiction of constructing quasi-3D grids of multiplex zigzang nanowires by stepwise rotating the colloidal mask
by 120° with respect to the reference vector (R) between nearest-neighboring spheres over the course of metallic vapor deposition. The
projection of metal vapor on the mask was set coincident with the reference vector (R), namelyæ ) 0°. SEM images of quasi-3D grids of
multiplex zigzag nanowires obtained by stepwise depositing gold, silver, and nickel atæ ) 0°, æ ) 120°, andæ ) 240° using plasma-
etched close-packed 830 nm PS sphere monolayers as masks. The structure obtained by two and three deposition steps are show in (a) and
(b), respectively. The plasma etching time is 20 minθ is 45°, and the deposition time is 30 min.

Figure 3. SEM image of multiplex quasi-3D grids of multiplex
trapezoidal nanorods obtained by stepwise depositing gold, silver,
and nickel atæ ) 30°, æ ) 150°, andæ ) 270° using plasma-
etched close-packed 830 nm PS sphere monolayers as masks. The
plasma etching time is 20 minθ is 45°, and the deposition time is
30 min.
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the structure geometry. Newly formed 1D nanostructure
arrays were superimposed on the existing ones but led to
3D woodpile-like grids with a vertical heterogeneity.

In summary, we have successfully fabricated periodic
arrays of metallic nanowires and nanorods by using plasma-
etched sphere monolayers as masks and adjusting the
incidence angle of metal vapor deposition and the registry
of the colloidal masks. The incidence angle (θ) of the metal
vapor beam and the registry of the colloidal mask, i.e., the
azimuth angle (æ), play a pivotal role for the success of the
present methodology. Stepwise variation ofæ during deposi-
tion of metal vapor onto colloidal masks allows different
1D metal nanostructures stacking in quasi-3D and 3D
multiplex grids with a defined vertical and especially lateral
heterogeneity. Laterally arranging different nanowires into
a periodic array with a defined alignment is hard to
implement by otherwise means, either conventional litho-
graphic techniques or self-assembly techniques. The present
methodology, stepwise angle-resolved colloidal lithography,
should provide a significant variant of lithography and pave
a facile and elaborate way to construct sophisticated and
heterogeneous 3D nanostructures. As a nanochemical comple-
mentary tool of conventional lithographic techniques, it there-
fore holds immense promise in surface patterning. Besides,
the resulting multiplex quasi-3D grids should be of signifi-
cance in technical applications, for instance being used as
crossbar switches for microelectronics, as plasmon-assisted
enhanced transmission substrates for electro-optics, and
stimulation patterned substrates for cell adhesion and growth.
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