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ABSTRACT

The use of self-assembled polymer structures to direct the formation of mesoscopic (1 −100 nm) features on silicon could provide a fabrication-
compatible means to produce nanoscale patterns, supplementing conventional lithographic techniques. Here we demonstrate nanoscale etching
of silicon, applying standard aqueous-based fluoride etchants, to produce three-dimensional nanoscale features with controllable shapes,
sizes, average spacing, and chemical functionalization. The block copolymers serve to direct the silicon surface chemistry by controlling the
spatial location of the reaction as well as concentration of reagents. The interiors of the resulting etched nanoscale features may be selectively
functionalized with organic monolayers, metal nanoparticles, and other materials, leading to a range of ordered arrays on silicon.

The fabrication of sub-100 nm features on silicon surfaces
is a critical challenge for future technological devices based
on silicon-based materials, including hybrid silicon-organic
and nanoparticle devices, molecular electronics, micro- and
nanofluidics, sensing, photovoltaics, and others.1,2 The most
important representative top-down technique, photolithog-
raphy, has seen decades of remarkable improvements, leading
to the latest 65 nm commercial transistor technologies, with
further decreases in size and chip densities still expected.3

The sheer monetary and energetic costs of manufacturing
such devices have reached such an unprecedented magnitude,
however, that alternative strategies to produce patterned
silicon architectures are under intense investigation in both
academia and industry.3 To be considered commercially
viable in the near to mid-term and beyond, new processes
should ideally be compatible with existing silicon-based
micro- and nanofabrication techniques.

Polymer self-assembly has recently arisen as one possible
approach to uniformly pattern large areas of semiconductor
interfaces.4-10 The spontaneous phase separation of block
copolymers into nanoscale domains can be harnessed in a
cost-effective manner to efficiently and simultaneously
produce periodic patterns.11-16 While certainly not intended
to replace photolithography, polymer self-assembly is comple-
mentary due in large part to the ubiquity of polymers in IC
fabrication processes as photoresists.4 For instance, IBM
announced in 2003 its intention to utilize self-assembled
block copolymers that form quasihexagonal close-packed
templates for manufacture of floating silicon gates for flash
memory. The approach is based upon techniques first

described in 1997 in which a block copolymer monolayer
serves as a mask for plasma and reactive ion etching.17

While the covalent linking of two chemically distinct
polymer blocks leads to an amphiphilic molecule, a property
critical for the self-assembly process, the dual nature of the
polymer can also be used to direct chemical reagents to the
surface in a spatially defined manner, as outlined in Figure
1. The chemical specificity of one block over the other
toward passage and transport of reagents to the surface results
in localized reactivity, directed by the parent block copoly-
mer.18 The reaction described in this work is based upon
the central ingredient in silicon surface processing, the
fluoride ion [F- (aq)], typically derived from either hydro-
fluoric acid [HF (aq)] or ammonium fluoride [NH4F (aq)].19-21

Aqueous fluoride treatment of silicon wafers leads to rapid
dissolution of silicon oxide, and depending upon the length
of exposure, etching of the silicon lattice and hydride
termination.19,21 Here we demonstrate that self-assembled
block copolymer-based quasihexagonal template arrays can
direct aqueous fluoride-based etching of silicon surfaces,
leading to patterned nanoscale Si-H terminated etch pits
on the silicon surface, in minutes, in laboratory ambient. The
unetched silicon surface remains terminated by the native
oxide, and thus orthogonal chemical functionalization of the
etch pits and top silicon interface is possible.

The amphiphilic block copolymer, polystyrene-block-poly-
(4-vinyl pyridine), denoted throughout as PS-b-P4VP, was
selected as the general polymer for template surface pat-
terning, as illustrated schematically in Figure 1. This block
copolymer was chosen because it contains the pyridyl group,
a Brönsted base. The sizes of the micellar core (represented
in blue) and the corona (represented in red) are easily
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controlled through variation of the molecular weight of two
blocks.22 The micelles are transferred from solution onto the
Si surface by spin-coating or dip-coating, upon which they
spontaneously self-assemble into monolayers of quasihex-
agonal arrays, thus resulting in formation of the template
for the subsequent etching process. Through immersion of
native oxide-capped Si wafers of different orientations,
coated with a monolayer of the self-assembled PS-b-P4VP
block copolymer [PS-b-P4VP, (Mn ) 128 400-b-33 500
g/mol)] in a dilute HF (aq) solution for less than 1 h, etching
of the silicon surface takes place selectively in a manner
that reflects the spacing of the parent template. As shown in
the plane and sectional view scanning electron microscopy
(SEM) images of polymer-coated Si wafer shard dipped in
0.01% HF (aq) for 40 min (Figure 2), the etch pits develop
underneath the P4VP cores of the block copolymer film.
After removing polymer film by 5 min ultrasonication of
the wafer shard in neat toluene, the well-defined etch pit
array is revealed. Plan view SEM images (Figure 3a-d) of
Si(100), Si(111), and Si(110) show the formation of truncated
square and pseudohexagonal-shaped etch pits with center-
to-center spacings of∼125 nm, identical to that of the parent
block copolymer monolayer. The cross-sectional images in
Figure 3e-h reveal the three-dimensional nature of the etch
pits, each defined by apparently flat walls that can be
assigned to Si(111), Si(100), and possibly transitional Si-
(311) faces (Figure 3i-l, vide infra).23,24 Some degree of
corner rounding is apparent, as is common in the absence
of a clearly defined top surface mask.23 Oxygen appears to
play a minor role, as shown by the subtle difference in etch
pit shapes on Si(100) in the presence and absence of oxygen
(Figures 3a-b). Oxygen is an anisotropic oxidant of Si-
(111)-H surfaces, and thus its occurrence appears to have
a minor role in etch pit morphology.25

Etching takes place exclusively beneath the micellar cores,
in close proximity to the P4VP cores due to protonation of

Figure 1. Schematic diagram for the fabrication of the etch pits on a Si(100) surface using PS-b-P4VP as the template. (a) The polymer
micelles solution formed in toluene were spin-coated onto a native oxide-coated silicon surface, and the micelles spontaneously self-
assembled into a quasihexagonal close-packed monolayer array on the surface. Next, the polymer thin film coated silicon shard was dipped
into an HF (aq) solution for the designated time. The etch pit array (squares shown here) was obtained after removal of the polymer. (b)
Chemical structure of the PS-b-P4VP block copolymer.

Figure 2. Morphology of the copolymer template coated surface
after immersion into HF (aq) solution. Top (a) and side (b) view
SEM images of a PS-b-P4VP(128 400-b-33 500) coated Si(111)
surface etched in 0.01% HF (aq) for 40 min, with the polymer left
intact; the polymer removal step was omitted.
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the pyridyl groups of the poly(4-vinylpyridine) block by HF
(pKa ) 3.17) that results in selective localization of fluoride
ion within the P4VP core. The resulting high local concen-
tration of (poly)pyridinium fluoride at the silicon surface is
reminiscent of the well-studied ammonium fluoride (aq)
etchant, typically used at high concentrations (∼40% w/w
in water). Ammonium fluoride (aq) is an anisotropic etchant
that etches much more slowly along the〈111〉 direction than
along the〈100〉 direction.26,27On Si(111) surfaces, anisotropic
etching with NH4F (aq) leads to atomically flat, monohy-
dride-terminated Si(111) interfaces, while it has been reported
that on Si(100), a rougher interface made up of Si(111)-H
microfacets and Si(100)-H2 planes is produced.28,29 To
demonstrate that the poly(pyridinium) fluoride block could
be the etchant, a 56% w/w pyridinium fluoride (aq) solution
was studied for the etching of the Si(100), Si(111), and Si-
(110) wafers (SEM images in Supporting Information).
Similar square and elongated pseudohexagonal pit shapes
and morphologies are observed on Si(100) and Si(110)
surfaces, respectively, although their sizes and locations are
diverse and heterogeneous due to the obvious lack of spatial
control. On the other hand, triangular etch pits form on Si-
(111) with the 56% pyridinum fluoride (aq) solution;
triangular and pseudohexagonal etch pits are simply varia-
tions on the same theme and are closely related as the two
morphologies differ only in the rate of etching of the Si-
(112h) and Si(1h1h2) planes.30,31The three broad internal walls

of the pseudohexagonal etch pit structures can be assigned
as Si(111) faces (Figure 3k), identical to the three walls of
the triangular etch pits.32 The three smaller walls, on the other
hand, are more difficult to assign because formation of the
stable Si(111) face would result in undercutting, as has been
observed in other basic etches.33 A provisional assignment
of an intermediary Si(311) surface would yield an almost
vertical wall [∼80° from surface Si(111) plane], similar to
those observed here by SEM (Figure 3g); the Si(311) face
should be considered to be composed of stairlike ledges of
Si(100) and Si(111) planes.23 The morphological shapes of
the etch pits are transitional, and thus a particular form
observed at any given time represents the arrested develop-
ment of the anisotropic etching reaction; the shapes may not
correspond to the most stable final product of the etching
solution [hence the appearance of atypical surfaces such as
the proposed Si(311) faces, for instance].

Evolution of the morphology of etch pits through simple
modulation of immersion time and HF concentration allows
access to a range of shapes and sizes. Preliminary screening
revealed the importance of HF concentration with respect
to both the size and shape of the etch pits as well as etching
rates because both are affected dramatically over the range
from 10% to 0.01% HF (aq) (Supporting Information); little
etching and etch pit formation was observed below 0.01%
HF (aq) concentration. Parts a-d and e-h of Figure 4 show
the SEM images of etch pits on Si(100) and Si(111),

Figure 3. Geometric shape evolution of the patterned etch pits on different orientations of single crystalline silicon. Top (a-d) and side
(e-h) view SEM images showing the etch pit arrays on silicon. (a and e) Etching of Si(100), in 0.01% HF (aq) for 50 min, in air. (b and
f) Si(100) etched in Ar sparged 0.01% HF (aq) for 50 min. (c and g) Si(111) etched in Ar sparged 0.01% HF (aq) for 40 min. (d and h)
Si(110) etched in Ar sparged 0.01% HF (aq) for 40 min. (i-l) Top view models showing the proposed assignments of the exposed planes
of the etch pits.
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respectively, obtained at increasing etching times using PS-
b-P4VP (Mn ) 128 400-b-33 500 g/mol) as a template in
0.01% HF (aq). The SEM images and the histograms in
Figure 4i-j for Si(100) show that the etch pit diameter varied
from ∼14 to∼83 nm with increasing time; the depth of the
etch pits also simultaneously increased from<5 to∼55 nm.
In addition to the increase in depth and width, the morphol-
ogy of etch pits also evolved, starting with irregularly shaped
pits at short etching times, and gradually developing into
well-defined geometric shapes after 30-40 min. The kinetics
of etching in this system are influenced not only by silicon
etching parameters but also by inversion of the PS-b-P4VP
block copolymer in acid. As has been previously reported,
immersion of a monolayer of PS-b-P4VP in methanol or
ethanol results in inversion of the structure,34,35 and AFM
images taken after exposure to HF (aq) also show a similar
inversion phenomenon (Supporting Information). The mor-
phological shift of the PS-b-P4VP block copolymer would
be expected to affect local concentrations of fluoride ion;
the influence of polymer inversion on silicon etching kinetics
is clearly complex and will be the subject of further study.

In addition to shape, diameter, and depth, periodicity can
be controlled through utilization of block copolymers of

different molecular weights. Parts a-c of Figure 5 show
atomic force microscopy (AFM) images of PS-b-P4VP with
molecular weights of PS-b-P4VP (Mn ) 20 000-b-19 000
g/mol), PS-b-P4VP (Mn ) 57 300-b-24 700 g/mol), and PS-
b-P4VP (Mn ) 128 400-b-33 500 g/mol); the center-to-center
spacings of the P4VP cores, the bright spots in the AFM
images, vary from 50 to 65 to 125 nm, respectively. The
corresponding film thickness of each block copolymer film
for each of the three molecular weights was 23( 1, 30 (
1, and 23( 1 nm, respectively, as measured by ellipsometry
(Supporting Information). Brief immersion the PS-b-P4VP
monolayer-capped silicon wafer in 1% HF (aq) for 3 min,
followed by polymer removal through 5 min of ultrasoni-
cation in toluene, results in etch pits on the surface with
identical periodicity to that of the parent polymer template
(Figure 5d-f).

Precise control over the chemistry of the internal environ-
ment of the etch pits would enable, for instance, selective
functionalization, growth, and isolation of nanoscale materials
and immobilization of individual biomolecules. Because
fluoride-based etching of Si(s) yields surface-bound Si-Hx

groups, the walls of the etch pits would be expected to be
hydride-terminated. The PS layer prevents contact of the HF

Figure 4. Shape evolution of etch pits with increasing etching time. SEM images of the etch pits on Si(100) (a-d) and Si(111) (e-h)
obtained at different etching time using PS-b-P4VP (Mn ) 128 400-b-33 500 g/mol) as templates. The etching time from (a-d) is 20, 30,
40, and 50 min, respectively. The etching time from (e-h) is 10, 20, 30, and 40 min, respectively. HF (aq) solution (0.01%) was used as
etchant in all cases. (i and j) Histogram representation of the width and depth distribution of the etch pits obtained with different etching
times on Si(100).
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etching solution with the native oxide on the silicon surfaces,
leading to exclusive etch pit formation under the P4VP cores;
the top unetched silicon surface should therefore remain
oxide terminated. As a result, selective functionalization
either inside the etch pits or on the top oxide surface should
be achievable, assuming that the etching process is indeed
as selective as postulated. Germanium attenuated total
reflection IR (GATR) of a Si(100) surface etched with 1%
HF (aq) through a PS-b-P4VP monolayer has both nonoxi-
dized and oxygen back-bondedν(Si-Hx) modes centered
around 2100-2200 cm-1 (Supporting Information). The two
modes would be expected, as there are at least two popula-
tions of Si-Hx groups, one near the oxide interface and the
other on the nonoxidized Si-Hx terminated etch pit interior.
Si-Hx termination of the pore interiors can be demonstrated
via galvanic reduction of HAuCl4 to Au(0) nanoparticles
(Supporting Information). Galvanic displacement reactions,
widely studied as a means to deposit metals on semiconduc-
tor surfaces, will occur spontaneously on H-terminated Si
surfaces and not on the insulating oxide interface.36-38 A
freshly patterned Si(100) wafer, following removal of the
block copolymer, was immersed in a HAuCl4 (10-4 M)
ethanolic solution (H2O/ethanol) 1:1, v/v) for 5 min.36

Strongly adhering gold nanoparticles grew selectively inside

the etch pits with no metal observed on the oxide interface,
demonstrating the obvious difference in chemical reactivity
between the etch pit interior and the flat top surface due to
the distinct functionalities, oxide versus hydride. The Si-
Hx terminated etch pit interiors may also be functionalized
via hydrosilylation of a long chain alkyne, producing Si-
alkenyl groups,39,40as confirmed by the production ofν(C-
Hx) modes (Supporting Information). Because the chemistry
of silicon surfaces is now so diverse,41,42 the possibilities to
interface a wide variety of functional molecules and struc-
tures, both within the etch pit and on the top face, are end-
less.

In conclusion, block copolymer-directed silicon surface
etching is demonstrated, using an only aqueous fluoride-
based chemical etchants. Through modulation of the etching
conditions (time, fluoride concentration, silicon wafer ori-
entation, etc.), shape, size, and morphology of the resulting
etch pits can be controlled. Because fluoride etching of
silicon results in hydride termination, the etch pit interiors
are chemically distinct from the top face of the silicon wafer,
rendering it possible to construct functionalized three-
dimensional etched nanostructures on the wafer. Fluoride-
based etching, mediated by a variety of self-assembled block
copolymer structures, is presently underway.

Figure 5. Modulation of etch pit periodicity by using block copolymers of different molecular weights. (a-c) AFM height images of
PS-b-P4VP (x-b-y) thin films on a silicon (100) surface, wherex and y designate the molecular weights of the PS and P4VP blocks,
respectively. (d-f) AFM height images of the corresponding patterned etch pits obtained by etching with 1% HF (aq) for 3 min. Scan areas
are 1µm × 1 µm in all cases.
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1153-1160. (b) Kästle, G.; Boyen, H. G.; Weigl, F.; Lengl, G.;
Herzog, T.; Ziemann, P.; Riethmu¨ller, S.; Mayer, O.; Hartmann, C.;
Spatz, J. P.; Mo¨ller, M.; Ozawa, M.; Banhart, F.; Garnier, M. G.;
Oelhafen, P.AdV. Funct. Mater.2003, 13, 853-861. (c) Spatz, J.
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