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assembly and etching
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We have developed a method combining Langmuir–Blodgett assembly and reactive ion etching to
fabricate nanopillars with uniform coverage over an entire 4 inch wafer. We demonstrated precise
control over the diameter and separation between the nanopillars ranging from 60 to 600 nm. We can
also change the shape of the pillars from having vertical to tapered sidewalls with sharp tips
exhibiting a radius of curvature of 5 nm. This method opens up many possible opportunities in
nanoimprinting, solar cells, batteries, and scanning probes. © 2008 American Institute of Physics.
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Vertical arrays of nanopillars, nanowires, or nanocones
have been sought after for many applications. For example,
vertical Si nanopillars with aspect ratios less than 5 have
been used as nanoimprint masters.1 Vertical nanowire arrays
of larger aspect ratios have also been exploited in solar cells2
and vertical field effect transistors.3 A tapered geometry in
vertical nanocone arrays has been shown to be beneficial for
the reduction in light reflection via refractive index
matching4 and will also afford new structures as scanning
probe tips. Recently, we demonstrated that Si and Ge nanowires could serve as ultrahigh charge storage capacity Li-ion
battery negative electrodes.5 We believe that vertical arrays
of nanowires, nanopillars, or nanocones may improve battery
performance. For many of these applications, the diameter,
spacing, and shape of the vertical nanostructures need to be
precisely controlled. All of these arrays should be fabricated
over a large area with high throughput and low cost.
Several methods have been used to fabricate vertical arrays. Nanowire arrays have been synthesized using the
vapor-liquid-solid method with high diameter control;6 however, obtaining small separation between nanowires has been
challenging due to the merging of metal catalyst particles at
growth temperatures. Nanowire arrays have been made using
solution chemistry, although the control of spacing and diameter is limited.7 Electron-beam lithography combined with
etching can define features down to sub-10 nm,8 but the cost
is high and the throughput is low. Photolithography is a possible choice, although the cost is too high for many applications. Recently, a technique known as natural lithography9
has exploited arrays of chemically synthesized nanospheres
as masks for patterning different shapes of particles and
pillars.10 The advantage of this approach is that nanospheres
can assemble into close-packed arrays. The spacing and diameter can then be tuned with nanoscale control by etching.
Spin coating is usually used to prepare single or multiple
layers of nanospheres. While spin coating is quick and
cost-effective,11 the resulting monolayer of nanospheres is
not close packed and does not cover a large area but rather
forms domains. The Langmuir–Blodgett 共LB兲 method is
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known as a reliable technique to prepare a monolayer of
nanoparticles over a large area,12 yet it has not been used for
controlled nanopillar/nanocone formation. Herein, we exploit
LB assembled nanoparticles as a mask for reactive ion etching 共RIE兲 to fabricate nanopillars with uniform coverage
over an entire 4 inch wafer. We demonstrate precise control
over a wide range of diameters and spacings. We can also
tune the shape from vertical pillars to nanocones, which have
sharp tips with radius of curvature of 5 nm.
Figure 1 shows the general fabrication process for making the Si nanopillars. First, monodisperse SiO2 nanoparticles, synthesized in-house, were assembled into a closepacked monolayer on a Si 具100典 wafer using the LB method
关Fig. 1共a兲兴. Monodisperse SiO2 particles with diameters from
50 to 800 nm were produced by a modified Stöber
synthesis.13 Before LB assembly, SiO2 particles were modi-

FIG. 1. 共Color online兲 Fabrication process of Si nanopillars. 共a兲 Deposition
of the silica nanoparticles by LB. 共b兲 Shrinking of the mask by isotropic RIE
of SiO2. 共c兲 Anisotropic etching of Si into pillars by RIE. 共d兲 Removal of the
residual mask by HF etching.
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FIG. 2. 共Color online兲 共a兲–共d兲 are SEM images of randomly selected areas at
great distances from each other on a 4 inch wafer with nanoparticles deposited by LB.

fied with aminopropyl methyldiethoxysilane so as to terminate them with positively charged amine groups and prevent
aggregation. Second, the diameter and spacing of the nanoparticles were tuned by selective and isotropic RIE of SiO2
关Fig. 1共b兲兴. The etching is based on fluorine chemistry using
a mixture of O2 and CHF3. This shrinking step also removed
the native oxide from the Si substrate, facilitating further
etching. Third, Si nanopillars were formed by Cl2 based selective and anisotropic RIE of the Si substrate 关Fig. 1共c兲兴.
The diameter and spacing of the nanopillars were determined
by the initial nanoparticle size and both SiO2 and Si etching
times. Finally, SiO2 particles at the tips of pillars can be
selectively removed by etching with hydrofluoric acid 共HF兲
关Fig. 1共d兲兴.
One important characteristic of our approach is that hexagonal, close-packed monolayers of nanoparticles can be
produced on a wafer-scale within the short 60 min LB assembly and deposition. Figure 2 shows a digital camera picture of a 4 inch wafer covered by a monolayer of 200 nm
diameter SiO2 particles. Scanning electron microscope
共SEM兲 images at four random locations far from each other
show that a monolayer of particles covers the whole wafer.
Although line and point defects exist in the nanoparticle
packing, we did not observe any area that was not covered
by the nanoparticles.
Using this method, the entire area covered with nanoparticles was transformed into nanopillars. Experiments were
performed to demonstrate control over the nanopillar diameter and spacing. In the first series, samples starting with
nanoparticle diameters slightly larger than the desired pillar
diameters were etched isotropically to between 120 and 600
nm. The resulting nanopillars with corresponding diameters
can be seen in Figs. 3共b兲–3共d兲. Pillars with diameters less
than 100 nm were obtained through a combination of thermal
oxidation of large Si nanopillars and HF etching. Figure 3共a兲
shows nanopillars with 60 nm diameters. When nanoparticle
diameters are sub-100 nm, the spacing between nanoparticles
decreases proportionately. This restricts ionic and reactive
neutral species from arriving on the silicon surface during
RIE and also impedes byproduct removal.14 Therefore, the
aforementioned silicon oxidation technique was used to
evenly decrease the final nanopillar diameter over the whole
wafer. In the second series, represented in Fig. 4, nanopillars

FIG. 3. SEM images of nanopillar arrays with uniform tip diameters of 共a兲
60, 共b兲 125, 共c兲 300, and 共d兲 600 nm.

of varying spacings from 50 to 400 nm were fabricated by
etching nanoparticles with diameters of 200 to 500 nm.
Nanopillar arrays with desired diameter 共D兲 and spacing 共S兲
can be rationally designed. Since the center-to-center distance of neighboring nanopillars is D + S, the SiO2 nanoparticles can be chosen to have an initial diameter of D + S and

FIG. 4. Nanopillar arrays with a spacing of 共a兲 400, 共b兲 350, and 共c兲 50 nm.

Downloaded 26 Oct 2008 to 171.67.102.27. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

133109-3

Appl. Phys. Lett. 93, 133109 共2008兲

Hsu et al.

wafer by the synergy of LB deposition and etching. We demonstrated unprecedented control of the diameters and spacings over a wide range. We also tuned the shape of the pillars
from having vertical to tapered sidewalls, allowing for sharp
nanotips with a radius of curvature of 5 nm.
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FIG. 5. 共a兲 Schematic of sharpening process with thicker arrows indicating
faster etching rate. 共b兲–共d兲 show SEM images corresponding to intermediate
and final steps, with inset in 共d兲 of a tip.

be etched by 21 S. The diameter of the initial nanoparticles can
be precisely controlled from 50 to 800 nm. RIE etching can
be controlled with an accuracy of ⬃10 nm. Thus, we have
precise control of the nanopillar diameter and spacing over a
wide range, which is particularly suitable for applications in
solar cells and batteries.
Tapering was present in most of our nanopillar samples
for several reasons. First, Cl and Br free radicals arrive at the
Si surface from all directions during RIE, inducing some
isotropic etching of Si or undercutting during the supposedly
anisotropic steps. Second, the etching selectivity of Si to
SiO2 is around 26; therefore, the extent of lateral etching will
increase due to mask erosion when using SiO2 masks. Third,
when the etched products are deposited during etching, tapered sidewalls can occur since the deposition rate decreases
from the bottom to the top of the pillar.
However, the undercutting can be utilized to form
unique, sharp nanocones through control of the etching conditions. The idea is as follows 关Fig. 5共a兲兴. First, Si nanopillars were formed by Cl2 based anisotropic RIE. Second,
C2ClF5 / SF6 was used for further isotropic etching of preformed nanopillars, which created undercut and sharpened
the nanopillars.15 Figures 5共b兲–5共d兲 show the SEM images at
different stages of the sharpening process. Accompanying the
sharpening is the shrinkage of the SiO2 spheres 关Fig. 5共c兲兴.
Excitingly, the combination of anisotropic and isotropic etching can lead to a sharpening of the tips to a radius of curvature of 5 nm 关Fig. 5共d兲兴, opening up the opportunities for
refractive index matching and array-based high resolution
probes.
In conclusion, we have developed a method to produce
close-packed arrays of Si nanopillars over an entire 4 in.
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