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ABSTRACT

Dense, ordered arrays of [100oriented Si nanorods with uniform aspect ratios up to 5:1 and a uniform diameter of 15 nm were fabricated by
block copolymer lithography based on the inverse of the traditional cylindrical hole strategy and reactive ion etching. The reported approach
combines control over diameter, orientation, and position of the nanorods and compatibility with complementary metal oxide semiconductor
(CMOS) technology because no nonvolatile metals generating deep levels in silicon, such as gold or iron, are involved. The Si nanorod arrays
exhibit the same degree of order as the block copolymer templates.

One-dimensional (1D) semiconductor nanostructures exhibit exploitation of Si nanowire arrays. We report a CMOS-
electronic, optical, chemical, mechanical, and thermal prop- compatible procedure for the formation of dense, ordered
erties that depend on their diameter and on their growth Si nanorod arrays with a lattice constant of 36 nm based on
direction?! Silicon (Si) nanowires are of particular interest, BCP lithography and plasma etching that meets this require-
as state-of-the-art semiconductor technology is still basedment. Diameter, orientation, and position of the nanorods
on this material. Two strategies for the fabrication of with aspect ratios (length/diameter) of 5:1 and diameters of
assemblies of Si nanowires have been investigated: vapor 15 nm can easily be controlled. CMOS devices are com-
liquid—solid (VLS) growth, and combinations of block monly fabricated on (100) Si wafers to achieve optimal
copolymer (BCP) lithography and reactive ion etching (RIE). electronic performance of the gate oxides. To realize a
These approaches involve the use of etch resists or catalystgonfiguration that enables the combination of standard
consisting of metals such as gold (Au) or iron (Fe), which. cMOS devices with components based on vertical Si
are incompatible with complementary metal oxide semicon- nanorods, we generated Si nanorod arrays with 180
ductor (CMOS) technology. Gold and iron as well as cobalt gjrection perpendicular to the surface of an (100) Si wafer.
and nickel can contaminate silicérthus generating deep Vapor—liquid—solid (VLS) growth, which is initiated and

levels in the band gap of this semiconductdihe presence catalyzed by goltt” or aluminund nanoparticles, commonly

of deep levels deteriorates the electronic properties of Si . : . - 940
because they act as efficient centers for the recombinationy'.eIOIS ELllDor ELlO_]orlented Nanowires. Gold colloids;
thin Au'! and AP films, nanosphere lithograpHy,gold-

of electrons and holes. Therefore, the development of a. . .

fabrication process that circumvents the use of metals'mplameOI Si substrates,and galvanic dlsplacerr_lgnt pro-

generating deep levels is a prerequisite for the technical cesses were employe_d 0 genera_te and to posmon _metal
nanoclusters, whose size and location determine the diameter
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Figure 1. Schematic diagram of the fabrication procedure for Si
nanorod arrays by BCP lithography. (a) A 35 nm thicklRBBMMA

film containing PS cylinders normal to the film plane forms on a
SizNgs-coated Si wafer. (b) Selective removal of the PMMA vyields
an ordered array of PS nanodots. (c) The pattern thus generated is
transferred into the g\, layer by RIE with a CHE/Ar mixture.

(d) The ordered array of $i, nanodots acts as an etch mask for
the formation of Si nanowires by RIE with HBr.

assembling dense, ordered arrays [@D0] oriented Si & :
nanowires with periods in the sub-50 nm range. Block w0 S
copolymer (BCP) lithography combined with plasma etching “ . T
is an alternative approach that potentially overcomes thesey %
drawbacks. BCPs self-assemble into ordered arrays of# [k
nanoscopic domains, whose nature depends on the relative
composition of the BCP~2% The selective removal of one
component yields etch masks for the patterning of underlying
substrate’®3° by plasma etchingt Commonly, these masks (b)
contain hexagonal arrays of holes within a continuous matrix.

A tedious mask reversal process that started with the Figure 2. Atomic force micrographs of the BCP template prior to
fabricati f i P film involvi | and after the removal of PMMA. (a) Phase image of a 35 nm thick
abrication of a continuous porous film INvolving several gy p\vvA film after annealing for 40 h at a temperature of

deposition and etching steps, each of which may give rise 165°cC. The PS domains appear dark, the PMMA matrix appears
to defects and artifacts, yielded Si nanopill&rsiowever, bright. (b) Topography image of an array of PS nanodots after the

the direct generation of pillar arrays by BCP templates removal of the PMMA.

consisting of dot arrays is much more attractive because the

number of process steps and the related costs could bestching requires robust masks with high etch contrast.
reduced, whereas the throughput could be improved. ParkConfigurations based on spherical particles without adhesive
et al. proposed BCP templates containing hexagonal arrayscontact to the substrate do not meet this requirement.
of spherical polybutadiene (PB) domains stained with os- Organometallic polymers containing spherical ferrocenyldi-
mium embedded into a polystyrene (PS) matrix as templatesmethylsilane (PFS) domains within a PS matrix may
for the production of nanodot arrasHowever, wetting overcome this drawback and allow transferring the pattern
layers consisting of PB at the BCP/air and BCP/substrate defined by the PFS domains into underlying substrétes.
interfaces are a severe drawback for the pattern transfer byHowever, the nonvolatile Fe-containing contaminations pose
dry etching. The generation of nanorod arrays by plasmaa serious problem for CMOS technology. This is also the
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case if block copolymer micelle nanolithographs? is
employed to position arrays of spherical metal nanoparticles

Etch masks consisting of cylinders connected to th
underlying substrate show better etch contrast and bette
robustness. Therefore, such inverse etch masks allow the us
of resists based on nanoparticles containing significant
amounts of Fe, Au, or other nonvolatile metals, generating
deep levels to be circumvented. We fabricated arrays of
cylindrical PS domains instead of the commonly used porous
continuous films from a polystyrenaock-poly(methyl
methacrylate) (P®PMMA) template with a PS volume
fraction of 30% for the CMOS-compatible generation of Si
nanorod arrays. A 35 nm thick $8l, layer was deposited
onto (100)-oriented silicon wafers by low-pressure chemical
vapor deposition. Hydroxyl-terminated random copolymers
of styrene and methylmethacrylate were grafted onto the
SisN4 surface as previously descrilfédto balance the
interfacial interactions of PS and PMMA 1 wt % solution

(a)

of PSh-PMMA (M,, = 75.6 kg/molM, = 70.7 kg/mol,M,/
M, = 1.07; Polymer Source Inc.) in propylene glycol

(b)

Figure 3. Transmission electron micrographs of cross-sectional

monomethyl ether acetate (Aldrich) was spin-coated onto the specimens (a) of &N, nanodots connected to the underlying Si
wafers thus treated to produce a 35 nm thick BCP film, as wafer after the first RIE step with CHFAr and (b) of Si nanorods

determined by ellipsometry (Figure 1&)The samples were

connected to the underlying Si wafer after the second RIE step
with HBr. Note that the distinct interface between theNailayer

annealed for 40 h at a temperature of 2G5under nitrogen.  and the Si substrate seen in (a) vanishes after RIE with HBr,
As a result, PS cylinders oriented normal to the substrateindicating the complete removal of thesSi.

formed within the PMMA matrix. The latter was removed

by exposure to UV light for 5 min, followed by rinsing with ~ film prior to the removal of the PMMA. The dark PS
acetic acid. The PS was stained with ruthenium tetroxide cylinders with a diameter of 18 nm are surrounded by a bright
(RuQ,)®* to enhance the contrast in the subsequent dry PMMA matrix. The period of the hexagonal microphase
etching steps. To this end, we exposed the samples tq RuOStructure amounts to 36 nm. The topography image of a
vapor produced by dissolving 0.2 g ruthenium chloride developed sample (Figure 2b) shows the liberated PS
hydrate (RuG#3H,0, Aldrich) in 10 mL 10 wt % aqueous  cYlinders in bright contrast. It is obvious that the removal
sodium hypochlorite solution (Aldrich) for 15 min. The ©f the PMMA did not destroy the arrangement of the PS
staining procedure yields arrays of PS nanodots containingCylinders. After each RIE step, cross-sectional specimens of
Ru atoms, which exhibit improved chemical and thermal the sample; thus obtained were investigated by transm|§3|on
stability (Figure 1b). In contrast to Au and Fe, Ru shows a €/€ctron microscopy (TEM) using JEM 1010 and Phillips
pronounced tendency toward the formation of volatile CM20T transmission electron microscopes operated at ac-

compound¥ and can therefore easily be removed. Theoreti- C€I€rating voltages of 100 and 200 kV, respectively. Cross-

cal studies revealed that Ru does not generate deep levels iﬁect!onal fspemmensl were Erzzar;q by SllchOQ ﬂm'th
crystalline silicor® This is in line with results indicating an sections from samples embedded ih epoxy Tesin with a

even improved performance of Si/metal oxide solar cells diamond wire. The sections were ground and polished to a

when Ru is incorporated into the oxide layéiThe pattern th'Ckne.SS 0f-80 um, dimple-ground, and further polished

. ! . . . to a thickness less than 1&n. The samples were then
transfer into the underlying $\, was achieved by reactive . ; .
. . . X thinned to electron transparency by ion etching from both
ion etching (RIE) with a mixture of 10 vol % CHFnd 90 . : .
vol % Ar for 50 s using an inductively coupled plasma (ICP) sides with Arjons (PIPS, Gatan).

The RIE step with CHEfAr resulted in the formation of

reactor (Oxford PlasmalLab System 100) equipped with 2.1 P ¥

. . SisN4 dots with a height of 25 nm and a diameter of 18 nm
MHz ICP380 and 13.56 MHZ radio frequency sourcesh3i at the top on the Si substrate (Figure 3a). The period of the
dots formed at the position of the PS dots, whereas the

) , ) X array was 36 nm, corresponding to that of the BCP template.
underlying Si substrate in between was uncovered (Figure Nore the clear and distinct interface between the Si and the
1c). _Fmall_y, the exposed Si Wa_s.etched with HBr for 60 s, SisN, that is typical of SiN, layers deposited on Si by low-
forming Si nanorods at the positions of theMsi dots that  yressyre CVI? The subsequent RIE step with HBr yielded
were removed in the course of this RIE step (Figure 1d). an array of Si nanorods connected to the Si substrate with
We investigated the BCP films prior to and after the diameters of about 15 nm and an aspect ratio of about 5:1.
removal of the PMMA by atomic force microscopy (AFM),  While in this work a proof of concept is demonstrated, higher
using a Digital Instruments Inc. 5000-1 AFM equipped with aspect ratios of the Si nanorods may be realized by
silicon cantilevers (NSC15, MikroMasch, resonant frequency optimizing the HBr-based etch protocols or by testing other
325 kHz). Figure 2a shows an AFM phase image of a BCP etch gases. The complete removal of theNgicaps is
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Figure 4. Scanning electron micrograph and real space image analysis of an array of Si nanorods. (a) SEM image with corresponding
Fourier transform (inset). (b) Nearest-neighbor peak of the pair distribution function. (c) Pair distribution function encompassing a length
of 500 nm, evidencing that a correlation between the positions of the nanorods exists for distances as large as 500 nm. (d) Angular distribution
function, representing the distribution of the angles between three nearest neighbors.

obvious from the disappearance of the Sigiinterface. vapor-liquid—solid growth because of the high solubility
The array of the Si nanorods still exhibited a period of 36 of Si and Ge in eutectic Au/Si/Ge mixturés!*
nm, as initially imposed by the BCP template (Figure 3b).
The lateral order of the Si nanorod arrays was analyzed
by real space image analysis. The scanning electron micros
copy imagé® in Figure 4a shows a large field view of an
ensemble of Si nanorods. The Fourier transform of a :
quadratic section of this image with an edge length of 1200 support by Seoul Research and Business Development
nm shows ring patterns, as expected for nanorod assemblie? rogram (10816).
exhibiting a polycrystalline degree of order. The nearest- References
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