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1. Introduction SINWS5 28 are also important in nanotechnology because
Si-based nanoelectronics is compatible with the Si-based

Nanotechnology is a culmination of many facets of microelectronics. SINWs in the nanosize regime exhibit
scientific and technological developments in the nanorealm, quantum confinement effects and are expected to play a key
including nanofabrication, nanomachineries, quantum de- role as interconnection and functional components in future
vices, molecular machines, and molecular computers, etc.nanosized electronic and optical devices. It has been sug-
In principle there are two approaches to nanotechnology: thegested that semiconductor wires finer than 100 nm in
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in section 2, followed by theoretical considerations of silicon
nanowires vs nanotubes in section 3. In section 4, a general
discussion on the various approaches to nanotechnology is
given. In particular, the bottom-up approach to nanotech-
nology is divided into five basic steps. The first is to tailor
makenanomaterials of controlled dimensions and composi-
tions (including doping) with desirable properties. The second
is to etch €lean, prepare, or functionalize the surfaces, or
fill the interior of the nanomaterials for specific applications.
The third is to precisiortut or machine the nanomaterials
into individual components. The fourth step isassemble
various components or elements into nanodevices. And,
finally, the last step is to linkifterconneck individual
nanodevices together aridtegrate them into functional
devices and connect them to the microworld, and eventually
to the macroworld. Obviously the last two steps are critical
to the future of bottom-up nanotechnology, yet they are the
least developed to date. In this review, we shall focus our
attention on the first three aspects. The fourth and the last
aspects will only be discussed briefly.

A simple scheme, with special terms and symbols useful
in categorizing various nanostructures, is introduced in
section 5. We shall then discuss the synthesis (section 6) of
SiNWSs and silicon nanodots (SiNDs), with emphasis on the
rational controls of diameter, orientation, position, and
composition, etc. Section 7 deals with the surface treatments
(etching) and the surface speciation of SINWs. The use of
low-dimensional silicon materials as platforms, templates,
and molds in doing chemistry and in creating other composite
nanomaterials will be described in section 8. With role
reversal, utilizing other materials such as CNTs, zeolites, and

anodized aluminum oxide (AAQ) as templates, a wide variety

diameter can be used to develop 1-D quantum-wire high- of silicon-based nanomaterials can also be made. Section 9
speed field effect transistors and light-emitting devices with provides a systematic discussion of the controlled syntheses
extremely low power consumpticf. of a wide variety of nanomaterials of different structural

The contrast between carbon-based and silicon-basedypes. Section 10 describes several nanomachining and
nanomaterials, in terms of their structures and properties, isnanomanipulating techniques for nanomaterials. Quantum-
deeply rooted in the attributes of the two elements and their size effects and properties such as photoluminescence are
disparate atomic properties. In other words, despite the factdiscussed in section 11. Though not the focus of this review,
carbon and silicon belong to the same group (group 1V) in brief discussions on the fabrication of various nanostructural
the Periodic Table, the two elements are very different in elements and the assembly of these individual components
terms of their structural, chemical, and physical properties. into fundamental nanodevice units are discussed in section
For example, while CNTs are relatively easy to make, the 12. This is followed by atomic- and molecular-scale tech-
corresponding silicon nanotubes (SiNTs), composed of nologies in section 13. Finally the interconnection and
rolled-up graphite-like sheets, are yet to be synthesized. integration of nanodevices and their interface with the

While SiNTs are difficult to make, many synthetic routes Mmicroworld, and eventually to the macroworld, will be
have been developed in recent years to obtain bulk quantitiesPresented in section 14.
of SINWs, using both gas-phase, condensed-phase and The pros and cons of the bottom-up and top-down
solution technique® 28 A number of interesting properties  approaches to nanotechnology are also discussed in section
such as the morphology, structure, photoluminescence,12. Itis widely held that the present top-down semiconductor
electron field emission, thermal and electronic conductivities, technology has not exploited the physics and chemistry (e.g.,
and surface chemical properties of SiNWs have also beenquantum-size effects) of nanomaterials on the one hand and
reported. has not taken advantage of the development of bottom-up

Obviously the roles carbon-based and silicon-based na-nanotechnology on the other. We shall discuss reasons for
nomaterials will play in the future development of nano- this viewpoint. While each approach has its advantages and
science and nanotechnology hinge upon their properties.disadvantages, it is our view that future development of
Many excellent reviews and books are available in the nanotechnology will probably encompass both approaches
literature regarding carbon-based nanomaterials and nanowith their relative contributions depending upon specific
devices'%3%-36 This review, instead, focuses on silicon-based applications (e.g., performance enhancement, materials im-
low-dimensional nanomaterials and nanodevices with specialprovement, and functionalization, etc.). In fact, as we shall
emphasis on building the materials base for a wide variety see in section 12.3, a “hybrid technology”, exploitating the
of nanostructures potentially useful in future nanotechno- advantageous attributes of both approaches, is on the horizon
logical applications. We shall begin with a brief discussion and, in some disciplines, being explored or already put to
of the similarities and differences between silicon and carbon use.
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2. Silicon vs Carbon: Similarities and Differences greater polarization caused by the larger disparity in the
o ) electronegativities of silicon vs its substituents. Indeed, the
_ Carbon and silicon are the two most important elements greatest bond polarization occurs when silicon is bonded to
in the Periodic Table for obvious reasons. _They occupy Fhe highly electronegative atoms such as oxygen and halogens
central stage of the early rows of the Periodic Table by being (X), giving rise to kinetically labile S+O and SX bonds,
the first and the second members of group IV (or group 14). gegpite the fact that these latter bonds are very strong (with
Itis ironic, however, that factors which make carbon unique g energies of 452 and 565, 381, and 310 kJimol foCSi
in nature are also the factors that differentiate these two 5nq si-X bonds, where X= F, Cl. and Br, respectively). It
elements. We shall first describe six important factors (of g interesting to note the paradox that &) and S-X bonds
relevance to the discussions in this review) that distinguish 5,¢ thermodynamically stable on the one hand and kinetically
carbon from silicon, as well as the rest of the elements in ro5ctive on the other, both due to the very same reason of
the Periodic Table, followed by a discussion of the distinc- |arge hond polarization (i.e., with high ionic characters).
tions between silicon and carbon. Third, the larger atomic size of silicon gives rise to longer
First, being a group IV member, carbon has four electrons gj—sj ponds of 2.35 A and weaker-S8i bonds with bond
and four valence orbitals. As such, it is capable of forming energy of 222 kJ/mol, in comparison to-C bonds of 1.54
four two-center two-electron covalent bonds. Second, with A with bond energy of 345.6 kJ/mol. Furthermore, as a result
carbon being more electronegative than hydrogen (Pauling’sof the poorz— overlaps for silicon (smaller than those of
electronegativityy = 2.55 for C and 2.20 for H), the €H carbon by roughly an order of magnitude)=Sii bonds of
bonds, unequivocally the most important bond in biology, 2 16 A, with bond energy of 327 kJ/mol, are much weaker
are polarized as €T—H"* with the partial negative charge  than G=C bonds of 1.34 A with bond energy of 602 kJ/
residing on the carbon atom. Third, while-® bonds are  mg|. As a result, S+Si bonds are often nonplanar (folded
rather strong, carbon bonded to more electronegative atomsyng twisted). Fourth, the energy difference between the
such as oxygen and halogens (excepfbonds) are weaker  yalence s and p orbitals for silicon is only half of the
and more reactive (note that-& bonds have bond energies corresponding value for carbon (s — Ess = 5.66 eV)

of 411 kJ/mol, whereas €0 and C-X bonds have bond g c E2p — Ezs= 10.60 eV)). As a result, silicon tends to
energies of 357.7 and 485, 327.2, 285 kJ/mol, where X ytjlize all three of its valence p orbitals, resulting in®sp
F, Cl, and Br, respectively). Fourth, the small atomic size pypridization, in contrast to carbon which can “activate” one
of carbon means efflc!ent—yr overlap and the formation  \3jence p orbital at a time to give sp, 2spand sP
of stable double and triple bonds. The-C, C=C,and G pypyridizations. Finally, thenergicallylow-lying d or other
C bond lengths are 1.54, 1.34, and 1.20 A, with bond energiesyjirtyal oribitals (such as the antibonding oribitals) allow
of 345.6, 602, and 835.1 kJ/mol, respectively. Fifth, the large sjlicon to expand its coordination sphere from four to five
energy difference between the valence s and p orbitals meangy sjx. While this attribute greatly enriches the chemistry of
a relatively large hybridization energy for carbon, which gjjicon, it is detrimental to biological systems which rely,
implies that carbon will “activate” one valence p orbital at  among other things, on the stability of chiral centers. In other
a time (since hybridization causes energy), as required byords, the expansion of coordination spheres, especially in
the bonding situation, giving rise to sp, >spand sp the case of fluxional behavior in solution, can cause
hybridizations, thereby forming triple, double, and single acemization of the chiral centers. This may be one of the
bonds, respectively. Sixth, since there are no energeticallyyeasons why nature chose carbon instead of silicon in
accessible d orbitals for carbon to expand its coordination pyilding the biological world. The energetically accessible
(or valence shell_), it makes the racemization of chiral carbon g+ or o* oribitals of silicon also allow “back-bonding”
centers rather difficult. _ _ _ tooccur, with electron densities donated from the lone pair-
Silicon differs from carbon, in terms of five of the six (s) of the bonded atom (substituent) back to the silicon virtual
factors discussed above, as follows: (1) lower electronega-orhitals (thereby making them less basic) or the mixing of
tivity; (2) kinetically more reactive; (3) larger atomic radius, d, 7, or o -type oribitals. This bonding capability, which is
and hence larger orbital size; (4) smaller energy difference not available to carbon, manifests itself in the reduced
between the s and the p orbitals, and hence lower hybridiza-pasicities of lone pairs of atoms (such as oxygen as in
tion energies; and (5) the availability of energetically low- sjloxanes and nitrogen as in silaxanes) attached to silicon. It
lying d orbitals and the ability to expand its coordination s also one of the major causes of the nonplanar structures
sphere. These factors impact tremendously on the chemicabf silenes and disilenes (often folded and sometimes twisted,
and physical properties of silicon in comparison with that or both).
of carbon. They will be discussed briefly in this section and  \we should close this section by saying that it is the
developed, albeit qualitatively, into bonding principles which - peculiar properties of silicon, and their seemingly paradoxical

can be used to rationalize many experimental observationscontrasts with carbon, that make silicon chemistry and
described in latter sections. We shall now discuss each ofmaterials most interesting and useful.

these differences in detail.

_ The most impt_)rtantdistinctio_n_between silicon and carbon 3. Silicon Nanowires vs Silicon Nanotubes: Why

is the difference in electronegativity)( In contrast to carbon, and Why Not?

silicon (y = 1.90) is less electronegative than hydroggn ( '

= 2.20); hence, StH bonds are polarized in the opposite Unlike carbon nanotubes, the analogous silicon nanotubes,
sense, as Si—H.>~ This implies that nucleophilic attacks based on rolled-up graphene-like sheets, are yet to be made,
on silanes usually occur at the silicon centers. SeconeldSi  though several theoretical investigations suggesting their
bonds are significantly weaker than-€l bonds, as indicated  existence have appear&d® A closely related type of silicon

by their respective bond energies (318 kJ/mol forSivs nanostructure, described as crystalline silicon nanotubes, has
411 kJ/mol for C-H). Silanes are also much more reactive recently been preparéti.*® However, these latter nanostruc-
than the corresponding hydrocarbon analogues due to theures, to be discussed later, are best considered as crystalline
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silicon nanopipes or hollow crystalline silicon nanowires or
nanorods.

On the basis of silicon’s “inability” to adopt the %p
coordination, Seifert et & argued that the existence of
SiNTs is doubtful. Alternatively, these authors proposed that
Si-based silicide and SiH nanotubes are theoretically stable
and energetically viable, and could thus be considered as
sources of SINTSs, particularly in view of the existence of
many layered silicides. On the other hand, by applying
density functional theory (DFT), Fagan et*ainvestigated
the similarities between silicon and carbon nanotubes. Their
results showed that the electronic and structural properties
of SiNTs are similar to those of CNTSs; i.e., they may exhibit
metallic or semiconductive behaviors, depending on the
structure type (zigzag, armchair, or chiral) and the tube

diameter. The strain energies of such structures have recently

been described by Barnard and Ru$so.

3.1. String-Bean-like Silicon Nanotube Structures

In a recent publicatio®? Zhang et al. compared the
electronic structures of four systems: a diamond-structured
carbon nanowire (CNW), a silicon nanowire (SiINW), a
carbon nanotube (CNT), and a silicon nanotube (SiNT) in
order to elucidate the differences in the structures and
bonding between cubic (diamond-like) and tubular nano-
structures of carbon and silicon with the hope of understand-
ing the reason(s) for the hitherto unsuccessful synthesis of
the silicon analogues of the CNTs.

Figure 1 shows the four model compounds studied in this
work. They represent a diamond nanowiregHgo (1), a
silicon nanowire, SiHeo (2), a carbon nanotube s, (3),
and a silicon nanotube, 31> (4). The carbon nanotube

selected here has an armchair (3,3) structure. It is one of the

smallest carbon nanotubes reported recefit§t. Hydrogen
atoms were added to saturate the dangling bonds. PM3
parametrizatiot? of the MNDO semiempirical Hamiltoni&h

was used. The results were further confirmed by ab initio
calculations.

For the geometrically optimized nanostructutest, there
are general trends of bond length variations. As indicated in
Figure 1, the G-C bonds in structuré are about 1.54 A, as
expected for single bonds. Similarly, the-Si bonds in
structure2 average about 2.35 A expected for single bonds.
In the CNT3, the C-C bond lengths alternate between 1.40
and 1.46 A, indicating a relatively small degree 6£C vs
C—C bond localization. In other words, the small bond length
alternation of about 0.06 A signifies thatdelocalization is
extensive in CNTs. SiNT such dsalso shows similar bond
length alternation (see Figure 1), but with a much larger
variation of 0.40 A. The shortest-S8i bond length is only
about 1.85 A, while the longest is about 2.25 A, showing a
stronger tendency for bond localization £8i vs Si-Si).

As can be seen from Figure 1, CNBlhas a smooth surface
and a more-or-less uniform tube diameter. In contrast, SINT
4 has a puckered (corrugated) structure which may be
referred to as the “string-bean” distortion. It has a periodically
varying diameter.

A detailed analysis of the total density of states revealed
that tubular structures for silicon are, in general, less stable
and tend to relax to the diamond-like structure with
tetrahedral configuration, which allows for the largest extent
of overlap of the sphybridized orbitals. The results also

Teo and Sun
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Figure 1. Four cluster models for SINWs and CNTs: a diamond
nanowire G4Hego (1), @ SINW SisHeo (2), a CNT G4H12 (3), and

a SINT SksH12 (4). (Reprinted from ref 42, Copyright 2002, with
permission from Elsevier.)

in the energetics and overlaps of the valence s and p orbitals
of C vs Si discussed earlier. In particular, the paorr
overlap of silicon weakens the delocalization and, under
appropriate conditions, may lead to a puckered tubular
structure as exemplified by the armchair structdre

3.2. Gearlike Silicon Nanotube Structures

In a follow-up publicatiorf? Zhang et al. explored the
structural and energetic characteristics of different types
(zigzag, armchair, and chiral) of SINT structures by perform-
ing density-functional molecular dynamics simulations at
various temperatures. A number of the findings were
subsequently substantiated by ab initio HartrBeck (HF)
or DFT calculations.

It was found that single-walled SiNTs can adopt a number
of distorted tubular structures (see Table 1), representing
respective local energy minima, depending on the theory used
and the initial model adopted. In particular, “gearlike”
structures containing alternating®djke and sp-like silicon
local configurations were found to be the dominant structural
form for SiNTs via extensive density functional tight-binding
molecular dynamics (DFTBMD) simulations (followed by

suggest that SiNTs are less stable than the correspondinggeometrical optimization using HF or DFT) at moderate

CNTs; the cause of which can be traced to the differences

temperatures (below 100 K). The gearlike structures of SINTs
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Table 1. Degree of Distortion of Silicon Nanotubes as a Function of the Idealized Hybridizations of the S8i Bond, Producing Various
Possible Structures (Reprinted with Permission from Ref 43. Copyright 2005 American Chemical Society.)

Smooth Gear-like String-bean- | Severe Collapsed
Structure types CNT-like puckering like distortion | distortion tube
tube

Degree of distortion

- e
Structural feature? ff N\; Q

Si-Si bond

v

hybridization? sp-sp” sp-sp’ sp-sp’ sp’-sp’ sp-sp’

deviate considerably from, and are energetically more stabletube. They are all semiconductors with small band gafis (
than, the smooth-walled tubes (the silicon analogues of eV), leveling off to fractions of an electronvolt at large
single-walled carbon nanotubes (SWCNTSs)). The energeticsdiameters. Only those of the armchain) SiNTs show a
and the structures of gearlike SiNTs are shown to dependlinear relation to the inverse of the diameter of the tube. For
primarily on the diameter of the tube, irrespective of the type the purpose of comparison, SWCNTSs can either be metallic
(zigzag, armchair, or chiral). In contrast, the energy gap is or semiconducting. All armchair SWCNTSs are metals; those
very sensitive to both the diameter and the type of nanotube.with n — m = 3k, where k is a nonzero integer, are
At 0 K, it was found that SiNTs deviate only slightly from  semiconductors with a small band gap; and all others are
the smooth-walled structures analogous to those of CNTs.semiconductors with a band gap which is inversely propor-
However, as the temperature was raised to-30 K, tional to the nanotube diamet&r2* With the limited set of
considerable structural deformation could occur. Further zigzag SiNTs calculated, the— m= 3k anomaly also seems
annealing at higher temperatures eventually led to theto occur; i.e., the band gaps of zigzagQ) SiNTs wheren
collapse of many of the SiNTs. As a general rule, small- = 3k are abnormally small (cf. Figure 5).
diameter zigzagr, 0) SiNTs (forn < 6) easily collapse in Table 1 shows schematically the structural features and
the temperature range of £30 K, while SiNTs with larger  the extents of distortion of the various possible structures of
diameters can withstand higher temperatures in the annealing A
process. @ 2 & 5
It was shown that the annealed SINTs contain two
alternating silicon sites “A” and “B.” Site A is close to
tetrahedral, while site B is more-or-less trigonal planar, as
indicated by the sums of bond anglé® and=f. Za and
2 designate the sums of the three angles around site A anc &
site B silicon atoms (see Figure 2), respectively. Figure 3
shows the variation oEa and X as functions of the tube  (b)
diameter. A sum close to the ideal value 0&k3109.4P = >
328.2 is taken here as an indication of a tetrahedral structure %°
(with sp*like hybridization), whereas a sum close to the ideal
value of 3x 12(? = 360 is indicative of a trigonal planar
structure (with splike hybridization). It can be seen from
Figure 3 thata and %5 are generally independent of the
type or chirality of the SiNTs. They are, however, highly (¢)

| .
dependent on the diameter of the tube. Sa . . N Y
Figure 4 shows the variation of cohesive energies of the ﬁ . " , ?ﬁ
A W e — J

/

)
1]

relaxed gearlike SiNTs as a function of the diameter of the :
tube. It can be seen that the cohesive energy varies linearly 4 '

with the inverse of the tube diameter, regardless of the type i@
(zigzag, armchair, or chiral) of SINT. The cohesive energy ﬁ Q@

approaches asymptotically a value of about 4.77 eV per _ T ] ) ';’
silicon atom as the diameter increases. A similar relationship I':] '%‘(J)rsalzc-uggg‘g‘zs?;ﬁ?]go\flvﬁ[:?g‘g';r%gzhst'u'\t‘;"; Ztr:glcot;(r)iz ;’(')ac"’,‘\?_l_
between coheswzo energy and tube diameter was aISO(b) gearlike configuration obtained by MD calculations, and (c)’
observed for CNT$? _ string-bean-like puckered configuration from PM3 calculations.

In sharp contrast, the calculated energy gaps (see FigurgRreprinted with permission from ref 43. Copyright 2005 American

5) seem to depend very much on the type or chirality of the Chemical Society.)
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Figure 3. Sums of bond angleEa (=al + a2 + a3) andZf
(=p1 + B2 + B3) vs the diameter of the SINTs. The data points
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(n,m) SiNTs. (Reprinted with permission from ref 43. Copyright
2005 American Chemical Society.)
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3.3. Predictions on the Structures and Properties
of Silicon Nanotubes

While the calculated structures of SINTs may be sensitive
to the method used, several predictions can be made. First,
the weakz—m overlap in S=Si bonds, even in more-or-
less planar structures, generally implies relatively weak
silicon double bonds. Consequently, silenes and disilenes are
usually synthesized with (and stabilized by) bulky ligands.
They are often nonplanar, folded, and/or twisted to a varying
degree. These attributes, carried over to SiNTs, would mean
severestructural distortionandthermodynamic instability
Second, though the mode of distortions may take on a variety
of forms, and vary from system to system, it will most likely
involve a combination, or more appropriately, a compromise,
between splike and sp-like local silicon configurations.
Third, since the sum of the energies of two single-Si
bonds is greater than that of a double=Si bond, there is
a tendency for two StSi bonds to couple ([Z 2] coupling),
giving rise to four single bonds. This property will probably
carry over to the SINTs. In this context, the tendency of
SiNTs to distort, and eventually collapse at high enough
temperatures, may also be traced to the formation 6fSsi
bonds in place of the SiSi bonds. Obviously this tendency

SiNTs. The CNT-like structure is that of_a_ smooth tubu_lar to convert spto sp-hybridized silicon via [2+ 2] coupling
shape and represents a local energy minimum for a givenbecomes more pronounced between layers of silicon in

type of silicon nanotube. It contains mostly?sgp Si—Si

multiwalled SiNTs. Finally, SINTs, like molecular silicon

bonding. The gearlike structure is that of a deformed tubular compounds, will probably be more reactive than their CNT
shape and represents an energetically more favorable locapnalogues in the sense that they iaetically labile

minimum. The wavelike deformation of the circumference Generally speaking, this kinetic lability is caused by the many
of the cross-section gives rise to the gearlike shape. It is of '€action pathways with low activation energies available to

good structural order containing mostly ’sp® Si—Si

bonding. The string-bean-like structure involves more distor-
tion. The puckering is along the tube axis, containing mostly

silicon (in contrast to carbon) as a result of the smaller energy
gap between HOMO and LUMO (as well as the energy
difference between these frontier MOs and the Fermi level)
and the availability and energetic accessibility of virtual d

sp—sp’ Si—Si bonding. Progressively more severe distortion orbitals in the case of silicon.

results in the disruption of the tubular structure, though it It is well-known that disilenes have — 7* transitions

may be energetically more favorable because of the increaseq;ii, approximately half the energy of that of the carbon
number of sp-sp’ Si—Si bonding. Final total collapse of  analogues. Because of this relatively small HOMQIMO

the tube might occur when the distortion becomes so severegap (ca. 3 eV), disilenes oxidize at less positive potentials
that the structure no longer looks like a tube but rather and reduce at less negative potentials than the corresponding
resembles that of amorphous®sjlicon. alkenes. Also, disilenes are both better Lewidases and
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(SICNTs) have been successfully synthesized and character-
ized. This topic will be discussed in section 8.3. Here we
wish to discuss briefly two theoretical studies of SICNTSs.
In one study, ab initio methods were used by Froudakis and
co-worker8® to study SiCNTs with different Si:C ratios,
ranging from C-rich to Si-rich (Figure 6). It was found that
SICNTs gradually lose stability as the Si:C ratio increases.
Nevertheless they remain stable until the ratio of 1:1; after
which the Si-rich tubes collapse to nanowires or clusters with
solid interiors. In another study,the generalized tight-
binding molecular-dynamics (GTBMD) scheme of Menon
and Subbaswamy and ab initio methods were used to
investigate structural and electronic properties of SICNTs
with Si:C ratios of 1:1. Two types of rolled-up graphene-
sheet structures of SICNTs were studied: type 1 involves
alternate Si and C sites (Figure 7), whereas type 2 contains
pairs of S+=Si and G=C bonds (Figure 8). Surface recon-
struction, after relaxation, results in wavelike appearance for
both structures, with the Si atoms situated in one plane and
the C atoms located above and below the Si plane. However,
F_ilgure 6. DbFT Optimitzid ge(%méelzlr_ire)s Q‘;rf]i”iteTSize%_f(i:“Q'?Twayed the wavelike distortion is more severe for type 1 structures.
Slicon—carpon nanotubes | witn various Sl ratios (see
text). (Reprinted with permission from ref 55. Copyright 2003 It was found that type 1 Structure_s are more stable than Wpe
American Chemical Society.) 2 structures by 0.43 eV per SiC pair. _These theoretical
predictions are consistent with the experimental results (to
better Lewisxr acids than the corresponding alkenes. We be discussed later).
expect SiNTs to inherit most, if not all, of these attributes.
For example, we expect SiNTs to exhibit interesting optical 3.6. Theoretical Studies of Silicon Nanotubes
properties (due to the participation of energetically low-lying with Encapsulated Metals
virtual d orbitals) and lower energy transitions (in comparison , . o
to the corresponding CNTSs). They should also be easier to It is known that layered silicon systems exist in some
both oxidize and reduce and should behave as betienors silicides. For instance, in alkaline-earth metal siliciéfethe

and betterr acceptors, than their carbon analogues. silicon layers, _formed' by cyclphexane-like rings, are sepa-
rated by metal ions. It is conceivable that the layered structure
3.4. Crystalline Silicon Nanotubes of silicon in these systems may be rolled up to form tubular

structures analogous to the gearlike configurations described
earlier. Indeed, using first-principle density functional cal-
culations, Singh et &F5° showed that hexagonal metallic

Though attempts to make bona fide CNT-like SiNTs have
thus far been unsuccessful, the closely related tubelike silicon

nanostructure, known as crystalline silicon nanotubes (CS-gjjicon nanotubes can be stabilized by doping with Be or 3d
iNTs) had been synthesized by several groups. This silicon ;4 nsition metal atoms (Figure 9 and Figure 10). The resulting

nanostructure, however, is best described as crystalline silicon, 5 nostructures are more stable than those formed from
pipes or hollow (_:rysta}tlgl;rlee silicon nanorods and will be  glemental silicon. Their electrical, magnetic, and optical
discussed in section 6'S. properties can be modified by changing the metal atoms.
. . . Finite nanotubes doped with Fe and Mn have high local
3.5. Theoretical Studies of SICNT Structures magnetic moments, whereas Co-doped nanotubes have low
Despite the unsuccessful attempts to make bona fide SiNTsvalues and Ni-doped nanotubes are mostly nonmagnetic. The
by many research groups, CNT-like silicon carbide nanotubesinfinite Si,sFe, nanotube (Figure 11) is found to be ferro-

O 58

(b)
Figure 7. (a) Type-1 graphene sheets of SiC with a Si to C ratio of 1:1 obtained by GTBMD relaxation. The surface reconstruction results

in wavelike appearance. The top and bottom panels in each of these figures show top and side views of the structures, respectively. In both
structures Si atoms (colored gray) are all in a single plane, while C atoms (colored black) are displaced above and below this plane. (b) End
views of single-wall SiC nanotubes of zigzag (top panel) and armchair (bottom panel) configurations. (c) Corresponding side views. (Reprinted
with permission from ref 56 (http://link.aps.org/abstract/PRB/v69/p115322). Copyright 2004 by the American Physical Society.)
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Figure 8. (a) Type-2 graphene sheets of SiC with a Si to C ratio of 1:1 obtained by GTBMD relaxation. (See caption for Figure 7a for
color designations). (b) End views of single-wall SiC nanotubes of zigzag (top panel) and armchair (bottom panel) configurations. (c)
Corresponding side views. (Reprinted with permission from ref 56 (http://link.aps.org/abstract/PRB/v69/p115322). Copyright 2004 by the
American Physical Society.)
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Figure 9. Finite Be-doped Si nanostructures: (a).Be (x = 2 and 3), (b) SiBe (x = 2 and 3), (c) SBe (x = 3 and 5), and (d) iBe

(x=4 and 7). Groups | and Il represent structures with the same number of Si and Be atoms but different distributions of Be atoms, while
the structures in group Il have higher concentrations of Be atoms. (Reprinted with permission from ref 58. Copyright 2002 American
Chemical Society.)

3 E

build single-nanowire/-nanotube single-electron/-photon nan-
odevices. The first characteristic is due to the so-called
guantum-size effects whereby the properties of a material
change with its size in the nanometer regime. The second is
made possible by the invention of high-resolution transmis-
sion electron microscopy (TEM) and scanning probe mi-
croscopy (SPM, including scanning tunneling microscopy

Figure 10. Lowest energy structures of the finite nanotubes with
stoichiometry SiM (M = Mn, Fe, Co, and Ni). (Reprinted with
permission from ref 59 (http://link.aps.org/abstract/PRL/v91/
p146802). Copyright 2003 by the American Physical Society.)

(STM) and atomic force microscopy (AFM)). The third is
the result of the developments of various nanofabrication
techniques (such as nanoimprint lithography using electron

beams or X-rays) as well as due to a physical phenomenon
known as “quantum confinement” in the nanorealm. There
is no doubt that the nanorevolution will impact every aspect
of human activities, not just in science and technology.
There are, in principle, two approaches to nanotechnol-
ogy: the bottom-up strategy and the top-down approach. The
bottom-up strategy attempts to build nanodevices from
. atomic or molecular components. The top-down approach
4. Nanotechnologies: General Remarks seeks to fabricate nanodevices on silicon (or other semicon-
Nanotechnology is a revolution, not evolution, in science ductors) chips directly using electron beam, “extreme
and technology. It distinguishes itself from all previous ultraviolet,” or X-ray lithography.
scientific and industrial revolutions in three major aspects. The pros and cons of the bottom-up and top-down
In fact, for the first time in human history, man can (1) approaches to nanotechnology are matters of hot debate in
change the fundamental properties (such as band gaps anthe literature. It is widely held that the present top-down
luminescence) of matter as well as tailor make materials with semiconductor technology has not exploited the physics and
desirable attributes; (2) observe and manipulate nanoscalechemistry (e.g., quantum-size effects) of nanomaterials on
objects (such as atoms and molecules); and (3) fabricate andhe one hand and not taking advantage of the development

magnetic with nearly the same local magnetic moment on
each Fe atom as in bulk iron. Mn-doped nanotubes are
antiferromagnetic, but a ferromagnetic state lies only 0.03
eV higher in energy with a gap in the majority spin bands

near the Fermi energy.
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Figure 11. Structures of Fe-doped finite silicon nanotubes with stoichiometrigfF&j SiseFes, SiugFes, ShaFes, SkeFes, and SigFe;.
(Reprinted with permission from ref 59 (http://link.aps.org/abstract/PRL/v91/p146802). Copyright 2003 by the American Physical Society.)

of bottom-up nanotechnology on the other. Many reasons respectively, in 0-D whereas suffixes such as NW and NT
come to mind. First, nanomaterials and their properties in designate nanowires and nanotubes, respectively, in 1-D. For
the nanorealm, especially at the interface, are not well- example, SIND stands for silicon nanodot and AuNS
understood and/or still under investigation. Second, the represents gold nanoshell. Likewise, SINW stands for silicon
fabrication techniques, both at the materials level and at thenanowire and CNT represents carbon nanotube. Single-
device stage, are not well-defined or fully developed. Third, walled and multiwalled nanotubes or nanoonions are des-
connection to the macroworld remains a real problem. ignated by prefixes SW and MW, respectively. For example,
Finally, even if all these problems can be overcome, they SWCNT designates single-walled carbon nanotube while
are at present not mass producible and/or cost competitiveMWCNO means multiwalled carbon nanoonion.
enough to challenge the existing semiconductor technology. Two-dimensional (2-D) materials are represented by
For a stand-alone bottom-up nanodevice to challenge the top-chemical symbols without suffixes, but may be followed by
down nanodevice, it must overcome these hurdles and/orthe crystal orientation in parentheses. As an example, Si-
integrate into it. (111) signifies silicon (111) surface. Prefixes suclaasd
While each approach has its advantages and disadvantages, may be used to indicate amorphous and crystalline
it is our view that future development of nanotechnology materials, as exemplified by-Si and c-Si respectively.
will encompass both approaches with their relative contribu- Finally, intrinsic, p-, and n-type silicons are represented by
tions depending upon specific applications (and taking into i-Si, p-Si, and n-Si, respectively.
account performance enhancement, materials improvement, \We may classify low-dimensional nanomaterials into six
and functionalization, etc.). In other words, application- broad categories: namely, 0-D on 0-D, 0-D on 1-D, 1-D on
specific nanodevices can be fabricated using a combination1-D, 0-D on 2-D, 1-D on 2-D, and 2-D on 2-D. Table 2 lists
of the two approaches. For example, nanodevices could berepresentative examples of nanomaterials discussed in Sec-
made via the bottom-up strategy and assembled in situ (ortion 9, categorized in terms of their structures as denoted by
“grown in place”) on a nanochip fabricated via the top-down these terms and symbols.
lithographical techniques and interfaced to the macroworld. A number of symbols are employed in Table 2 to represent
This hybrid nanotechnology allows the exploitation of the the composite nanomaterials. The symbol @ is used to

advantageous attributes of both approaches. represent inclusion of nanodots (ND) in nanoshells (NS), as
. ) i designated by ND@NS, or nanocrystals (NC) in nanoshells

4.1. Five StepS to Nanodevices in the Bottom-Up (NS), as designated by NC@NS. For example, AUND@SIO

Approach NS indicates a coreshell structure of a gold nanodot

Similar to microelectronics, there are basically five steps €N¢aged in a silica nanoshell. y
in the bottom-up approach to nanotechnology. The firstis The symbol =" is used to designate the deposition of
to tailor make nanomaterials of desirable properties. The nanodots or nanoshells on tbetsidesurfaces of nanowires
second is to etctelean), prepare, or functionalize the surface  ©f Nanotubes. The former is exemplified by AUNBINW,
for a particular application. The third is to precisiont or which indicates deposition of gold nanodots on a silicon
machine the nanomaterials into individual components. The Nanowire surface. By the same token, the symbel
fourth step is tcassemblevarious components or elements denotes 0-D nanodots deposited on a 2-D film or surface,
into nanodevices. And finally, the last step is to link @S exemplified by NiINB-Si(111), signifying the deposition
(interconnect and integrajéndividual nanodevices together ~ Of nickel nanodots on a Si(111) surface. ,
to form functional devices and connect to the microworld  The symbol " is used to indicate “inclusion” 0-D in

and eventually to the macroworld. We shall discuss each of 1-D" composite nanomaterials. For example, GIRBW
these five steps in the following sections, with special 'epresents the dispersion of nanodots within a nanowire. One

emphasis on the first three. interesting example is the necklacelike silicon nanowire
structure which constitutes crystalline Si nanodots (beads)
At oo immersed in an amorphous silica hanowire, designated as
gygggalgonzatlon of Nanomaterials: Terms and SINDCa-SIONW. Similarly, NDCNT may be used to
signify the filling of a nanotube with nanodots. One example
In this review, we make use of a simple scheme, with is SINDCCNT, which indicates filling of a carbon nanotube
special terms and symbols, to categorize the various typeswith silicon nanodots.
of low-dimensional nanomaterials. In fact, this scheme allows As we shall see in section 9, three classes of “1-D on 1-D”
a systematization of the structural types of nanomaterials in composite nanomaterials can be identified. The synabol
general. Suffixes (following chemical symbols) such as ND, between two 1-D nanomaterials represents a “radial” het-
NC, and NS represent nanodots, nanocrystals, and nanoshellgrostructure with one 1-D nanomaterial enwrapped in
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Table 2. Terms and Symbols of Nanomaterials Classified in Terms of the Structures
Sym Schematic Examples
bols
0D in 0D @ AuND@SiOzNS
ODon 1D - AuND-+=SINW
0D in 1D - SiNDC a-
Si0;NW
— CeoCNT
0D on 2D
- AuND_2 Si
1D on 1D - SINWCCNT
(radial
heterostru
cture)
1D on 1D SINW-CNT
(axial -
heterostru
cture
1D on 1D I SINW[Si0,NW
(Biaxial
heterostru
cture)
1D on 2D n SINW1Si
(perpendi
cular)
1D on 2D ” CNT||Si
(parallel)
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another. For example, SINWCNT indicates a SiNW

enwrapped in a CNT. The corresponding “axial” hetero- | (a) SiO Vapor 0AG
structure is represented by a™ between two 1-D nano-

materials, as exemplified by SINMCNT which indicates l l l

the head-to-tail union of a SINW and a CNT. And finally,

biaxial nanowires are designated by the symbpl ds ‘““ Semi-liquid Si0,|

illustrated in SINWZnSNW, which represents side-by-side
growth of Si and ZnS nanowires.

The “1-D on 2-D” composite hanomaterials are represented
by “II’ or “ 1", depending upon whether the 1-D nanomaterial
is parallel or perpendicular to the 2-D surface. Examples are
as follows: carbon nanotubes grown parallel to the silicon
surface, CNTISI, and silicon nanowires grown perpendicular
to the silicon surface, SINWSI.

Of course these simple symbols do not necessarily conveyj
all the structural details of nanomaterials. For example,
SINDCCNT indicates neither the degree of filling of the
CNT with the SiNDs, nor the crystallinity of the SINDs, nor

the layer structure of the CNT. Nevertheless, such informa- Sil¥apor VLS

tion can easily be added if needed (e.g., cSiND-

(0.15)cSWCNT may be used to indicate a 15% filling of a l l l
single-walled carbon nanotube with crystalline silicon nan- +—1 L-S interface

odots). -
We shall make use of these symbols throughout this
review.

6. Synthesis of Silicon Nanowires and Silicon
Nanodots

Many bottom-up synthetic strategies have been developedfigure 12. Schematic representations of the proposed mechanisms

" ; ; for (a) the OAG and (b) the VLS (inset: phase diagram of-/8i
to produce bulk quantities of SINWs and SiNDs. They can lloy) techniques widely used in SINW growth. (Adapted with

be categorized into vapor—ph_ase growth and solution—basedgermissiOn from ref 71. Copyright 2003 Wiley-VCH.)
syntheses. For the synthesis of 0-D SiNDs, readers are

referred to an excellent review by Masala and Sestadri. A schematic diagrams of OAG and VLS growth are shown

For the synthesis of 1-D SiNWs, it is necessary to restrict jn Figure 127! We shall describe both techniques, along with
the growth of silicon along one direction. A widely szlsed their advantages and disadvantages, in the next subsections.
technique is the so-called vapdiquid—solid (VLS) growth It should be mentioned here that both techniques produce
Here a Sol|d‘||qu|d interface is introduced via a metal homogeneOUS, monodispersed S|NWS with narrow Size
nanoparticle, serving as a catalyst, to limit the growth of gistributions (e.g., 20+ 2 nm) and uniform diameters
silicon to occur only at the solidliquid interface and hence  throughout the entire length-L «m or longer) of nanowires.
promoting the growth in one dimension (i.e., the nanowire

growth direction). Silicon from a gaseous source is “dis- 6.1. Oxide-Assisted Growth Technique

solved” in the liquid phase of the metal catalyst, in the form ~"

of a composite nanoparticle, forming a eutectic mixture.  The OAG technique is essentially a thermal evaporation
Oversaturated silicon subsequently crystallizes at the liguid technigue. And, when laser is used as the energy source, it
solid interface, promoting the one-dimensional growth in a s called the “laser ablation” technique. Typical equipment
continuous manner. Since this method involves three phasesysed in the synthesis of silicon nanowires is depicted

the vapor phase of the silicon source, the liquid phase of theschematically in Figure 13. An alumina tube is mounted
eutectic mixture droplet, and the solid phase of the nanowire, inside a tube furnace. Either pristine SiO powder or an
itis commonly referred to as the vapdiquid—solid (VLS) equimolar mixture of silicon dioxide and silicon powders is
growth. This method has been widely used to grow SiN- placed at the center of the tube, the middle of the high-
Ws?262 The diameter of the resulting SINWs can be temperature zone of the furnace, which is the evaporation
controlled by the size of the metal catalyst. A variant of the source. Silicon wafer or other substrates are placed at
VLS technique is the solutiorliquid—solid (SLS) process,  positions downstream from the carrier gas to collect the
wherein the gaseous source is replaced by a solutionproducts. The tube is evacuated to a base pressure 8f 10
sourcez’ 034 Torr. A carrier gas of argon, mixed with 5%Hs introduced
Another commonly used technique is the oxide-assisted at one end of the alumina tube with a flow rate of 50 sccm
growth (OAG) via thermal evaporation of silicon suboxide (standard cubic centimeters per minute) and a pressure of
or silicon powders mixed with silicon oxid&. 7! In the OAG 500 Torr. The temperature of the furnace is gradually
method, oxides, instead of metals, play an important role in increased to 11361400°C and kept at this temperature for
inducing the nucleation and growth of nanowires. The major the Si nanowire growth. Sublimed silicon monoxide dispro-
advantage of this technique is that no metal catalysts areportionates to produce silicon and silicon dioxide in the gas
needed; the latter can lead to the contamination, affecting phase. The Si atoms collide with the carrier gas and, in the
the performance of nanowires in devices. process, are cooled, to form silicon clusters that nucleate and
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Figure 13. Schematic diagram of the thermal evaporation apparatus for SINW growth via the OAG technique.

grow into nanowires and collect on the surfaces of the
substrates. The nanowires thus formed comprise a crystalline
silicon core and an oxide outer layer. The diameters of the | E; y
silicon nanowires depend critically on the temperatures of %
the substrates. The temperatures at the substrate position
(where products are collected) are determined to be ranging:
from 900 to 850°C, depending on their distances down-
stream from the evaporation source.

The SiNWSs prepared by thermal evaporation technique

long (mlcrometers) freestanding wires with a diameter of A P 100 nm
several nhanometers to tens of nanometers. Each nanowir’ Yy TR T RTE % Ty pavd
has a crystalline silicon core of approximately 15 nm in =
diameter and is sheathed with an amorphous oxide layer
whose thickness is of one-quarter to one-third of the nominal | s
diameter. Typical TEM images of SiNWs synthesized via (b) :
OAG method are shown in Figure 14. The majority of the |
SiNWSs produced via the evaporation technique generally |
grow along the (110) or (112) directions. As-prepared SiNWs |
are stable in air (under ambient conditions) for months.
Apparently the crystalline silicon core is protected (passi- PO, %

Y l

JI

vated) by the amorphous oxide layer. Furthermore, under ™ -:{
normal TEM imaging conditions, the oxide sheathing is i .}
relatively stable; though under prolonged intense e-beam
irradiation, part of the oxide layer could be blown away or
the entire SINW could be “melted”. !
The advantages of the thermal evaporation technique ar ” {?‘h: ! ,’
as follows: (1) no need for metal catalysts; (2) uniform (g 4 ek X
diameters. The main disadvantage is the lack of precise&_ﬂm
control of the diameters of the nanowires, though they can
be controlled to a certain degree by varying the experimental Figure 14. (a) TEM image of as-prepared SiNWs by thermal

j'.ﬁ"::
ff'\ “i

W

*N} &Mh}

i-—‘-farbﬁ

conditions and/or the choice of the carrier gas. evaporation. (b) HRTEM image of a single SiINW covered with an
oxide layer (Reprinted with permission from ref 147. Copyright

6.1.1. Mechanism of Oxide-Assisted Growth: Theoretical 2002 American Chemical Society.)

Insights

unsaturated clusters is taken here to mea@.siclusters

The mechanism of the oxide-assisted growth of SINWs containing coordinatively unsaturated silicon atoms with
had been explored by Zhang, and co-workers on the basiscoordinations of less than four (pybridization). Further-
of DFT calculations of SiO clustef&’*It was found by these  more, the HOMO comprises predominantly surface silicon
researchers that for &, clusters withnv/(n + m) of less orbitals, suggesting that surface silicon atoms are the reactive
than 0.62 (hereafter referred to as “unsaturated clusters”),sites. As the (SiQ)cluster grows in size, SiSi bonds begin
the tendency (as measured by the inverse of the HOMO to form atn = 5 and, atn = 18, all silicon atoms are four-
LUMO energy gap) to form SiSi bonds is greater than that  coordinate sphybridized?® On the basis of these results, it
of forming SO or O—0O bonds; and that such tendency was conjectured that two unsaturated clusters can be fused
increases with decreasing oxygen contemt* The term together via SiSi bond formation, with concomitant re-
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construction and migration of some of the oxygen atoms to A variant of the VLS growth is the so-called SLS method.
the surface. The SLS method, as applied to the growth of SINWSs, uses
Experimentally, it is known that in the oxide-assisted high-temperature supercritical fluids (in place of the vapor
growth, the maximum vyield is obtained when SiO powder phase) and organic-monolayer-protected gold nanocrystals
or an equal molar mixture of Si and Si@ used as the as seed particles (in place of the metal cataly3t¥)5Bulk
source?® Furthermore, little or no SiNWs can be obtained quantities of defect-free SINWs with nearly uniform diam-
with pure Si or SiQ as the source. These observations eters in the range of-45 nm can be grown to a length of
suggest that silicon monoxide clusters play an important role several micrometers with this approach. Alkanethiol-coated
in the nucleation and growth of the SINWSs. gold nanocrystals (2.5 nm in diameter) were used as seeds
On the basis of these theoretical results, Zhang, Lee, andto direct one-dimensional Si crystallization in a solvent
Lifshitz proposed the following mechanism for the oxide- heated and pressurized above its critical point. The orientation
assisted growth of SiNWs. Initially, (Si@)clusters are of the Si nanowires produced with this method can also be
formed in the gas phase from the silicon and oxygen atomscontrolled with the reaction pressiie.
evaporated from the source via collisions with the carrier
gas. These gaseous (SiQYlusters are carried to, and 6.3. Growth Habits of Silicon Nanowires
anchored on, the substrate. The anchored (Si03ters serve ) ) )
as nucleation sites. With their surface silicon atoms, contain- 1 he growth direction, the shape of the cross-section, and
ing “dangling bonds,” exposed to the vapor, these unsaturatedthe mternal atomic structure (mcludl_ng twinning or other
clusters can “absorb” additional (Si@justers to form larger  Stacking faults, if any) of single nanowires can be determined
clusters. At abouh = 5, Si-Si bonds begin to form. And by the microtome technlql_Je widely used_m the preparation
at the cluster size of approximatety= 18, a silicon core of transmission electron microscopy specimens of biological

resembling bulk silicon begins to take shape. In the process,Samples®>7®Using this technique, it was demonstrated that
some of the oxygen atoms will be expelled and migrate to both the coaxial structure of vertical cross-section of normal

the perimeter, forming a chemically inert Si6heath. The ~ SINWs and the horizontal cross-section of SINWs can be

oxygen diffusion length depends on the temperature and theoPtained and examined under TEW.

crystal orientation of the Si core. Ultimately, crystalline  Another important aspect of the microtome technique lies
SiINWs with a specific crystallographic orientation and an in the fact that it allows direct visualization of the cross-
amorphous silicon oxide sheath are formed. The growth sections of silicon or other nanowires or nanotubes. The
direction of the nanowires depends critically on the surface direct observation under high-resolution transmission electron
free energies of the crystal faces at the interface. The highly microscopy (HRTEM) of the cross-sections of nanowires is
reactive (SiO)like tip of the nanowires serves as the critical in the determination of the orientation and behavior
“collector” for (i.e., capturing) the incoming vapor-phase of the growth of these nanowires as well as their internal
(SiO), clusters, promoting the axial growth of the crystalline structures and atomic arrangements. This information is
Si core, while the inert SiQlayer in the outer perimeter crucial in the understanding of their properties in the
restricts the lateral growth of the nanowire, resulting in the nanorealm (e.g., quantum size effects) and, ultimately, in the

1-D growth of SiINWSs. construction of nanodevices.
6.2. Vapor —Liquid —Solid Method 6.3.1. I;Silicon Nanowires Prepared by Oxide Assisted
Growt

The VLS method for growth of nanowires relies on the

dissolution of gaseous reactants into nanosized liquid droplets SiNWs prepared by the OAG technique generally grow
of a metal catalyst, followed by nucleation and growth of along the [110] or [112] direction and, less frequently, in
single-crystalline rods in one direction, thereby forming the the [100] or [111] direction. Figure 15a shows a typical
nanowires. The one-dimensional growth is induced and HRTEM image of the vertical cross-section of a SiNW
directed by the liquid droplets, whose sizes remain essentiallygrown by the OAG method. The silicon atomic-resolution
unchanged during the entire growth process. Hence, eacimage allows the determination of the growth direction of
liquid droplet serves as a virtual template to restrict the lateral the SINW to be the (110) direction with the perpendicular
growth of an individual wire. Metal nanoparticles of Au, Fe, (111) planes (with spacings of 3.1 A for Si(111)) meeting

and Ti, etc., have been employed as the metal catalysts inat the expected angle of 109.5Figure 16a depicts the
the growth of SINWg5627578 Gold is commonly used in  HRTEM of the cross-section of a twinned SiNW. It is

SiINW growth because of its inertness and its ability in obvious that this particular SiNW is twinned with the two
forming relatively low-temperature eutectics with Si at 363 twinning (111) planes meeting at an angle of 148
°C. The phase diagram of the A®i eutectic is shown in  structure model of the twinning mechanism is portrayed in
the inset of Figure 12b. It should be emphasized that, thoughFigure 16b, showing the mirror images of two twin (31
often referred to as “catalysts”, the metal nanoparticles play planes meeting at the theoretical angle of °Ldf the twin
more of the role as “initiator” and “director” for the one- boundary (11) plane.
dimensional growth of the nanowires. A totally different technique, namely, the polishing and
The advantage of the VLS process is that the diameter ofion milling method, has been used by Li et al. to prepare a
the nanowire can be controlled by the size of catalyst cross-section sample of SiNWs prepared by CRAGEM
nanoparticles. Recently, Wu et al. reported that single-crystal results show that the growth axes of SINWs prepared by the
silicon nanowires with diameters approaching molecular OAG method are predominantly alondgl12land [1100]
dimensions and a small diameter distribution can be syn- directions, occasionally along th@01direction, but rarely
thesized using a well-defined gold nanocluster as cat&lyst. along the 1110 direction. Wires with different growth
Little or no visible amorphous oxide outer layer was directions are associated with different diameters and various
observed. cross-sectional shapes as categorized in Figure 17. The
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Figure 15. (a) HRTEM image of the cross-section of a SINW. Note the dark and light ellipses of the top and bottom cross-sections. (b)

Schematic representations of the top (left) and side (right) views. (Reprinted with permission from ref 79. Copyright 2003 American Chemical
Society.)

x|

Figure 16. (a) HRTEM image of the cross-section of a SINW with two twinning (111) planes meeting at the angle®ofld)48tructure
model of the twinning in a. (Reprinted with permission from ref 79. Copyright 2003 American Chemical Society.)

growth direction of SINWs has been rationalized in terms assembly and integration of SINW-based nanodevices onto
of the relative surface energies of different crystallographic the existing silicon microtechnology. In this section, we shall

planes. review some of the strategies developed to date with regard
. ) to the diameter and orientation controls of the growth of
6.3.2. Silicon Nanowires Prepared by VLS Growth SiNWSs, to controlled doping during and after growth, and

The growth direction of SiINWs prepared by the VLS to the positioning of the SINWs at the designated sites and
process has a strong diameter dependence, with the smaliconnecting them to predetermined network during growth.
diameter NWs growing primarily along tHa@10direction ~ Obviously these strategies may also be applied to other one-
and the larger diameter NWs growing along thel1]  dimensional nanomaterials.
direction’® A cross-sectional image, depicted in Figure 18, .
of a 3.8-nm SINW prepared by VLS process confirms the 6-4.1. Diameter Control
growth axis to be thel 10 direction and reveals a hexagonal  There are many ways to control the diameters of SINWs

cro_ss—section Wi_th well-developed facets. An analysis of the during growth: via the use of catalysts or templates, carrier
lattice-resolved image shows that these facets correspond tQas, reaction temperature, or combinations thereof.

consisont i e i shepe (Fiute 160 preiied o112 VL5 ioces, e daeter of e reulng S
zyfgrv':lhuelff(ﬂg)stglj;ggnér;r dhez?egs}grre?ﬁé)aggg)s &;eng.las one can obtain Si_NWs V\_/ith a de;sirable_ diameter by se!ecting
expected ’ cz_italyst nanoparticles \_N|th a suitable size. The monodlsperse
' SiNWs were synthesized by exploiting well-defined Au
. nanoclusters as catalysts for one-dimensional growth via a
6.4. Rational Growth Controls VLS mechanism (Figure 19%.The SiNWs grown from 5,
The rational control of the growth process of nanomaterials 10, 20, and 30 nm nanocluster catalysts had mean diameters
in general, and of SINWSs in particular, is a key step in the of 6, 12, 20, and 31 nm, respectively (Figure 20). Obviously
future development of the bottom-up strategy in nanotech- the diameter distribution of the SINWs prepared by this
nology. Needless to say the physical and chemical propertiesmethod is determined by the spread of the sizes of the metal
of SINWs depend critically on their diameter, crystal catalysts. As mentioned earlier, Wu et al. recently reported
orientation, and dopant composition and concentration. that single-crystal silicon nanowires with diameters ap-
Positioned growth of SiINWs and direct growth of SINWs proaching molecular dimensions and a small diameter
network on prefabricated silicon wafers will benefit the distribution can be synthesized using well-defined gold
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Figure 18. TEM images of a 3.8 nm SiNWs grown along tA4.0]

S direction: (@) side view; (c) HRTEM cross-sectional image. These

circular (15nm) rounded triangle (300nm) images are compared with the equilibrium shapes predicted by
Wulff construction: (b) side view; (d) cross-section view. The scale

(C-) [001] bars are 5 nm. (Reprinted with permission from ref 75. Copyright

2004 American Chemical Society.)

the third one has a tadpolelike shape and appears to be broken
into short Si rods. The head of the tadpoles is crystalline
silicon, while the tail of the tadpoles is amorphous silicon
oxide.

We shall now turn to the use of templates or molds to
control the diameters of nanowires or nanotubes. Generally
speaking, templates can be categorized into two broad
classes:concae- andcorvextypes. Concave-type templates
truncated rectangle (350nm) are porous materials with cavities or channels for the SINWs

Figure 17. (a) Cross-sectional HTREM image of a small-sized to grow V.V'thm’ whereas convex-type molds are templates
SINW grown along [112]. (b) Cross-sectional TEM images of a fof the SINWs to grow on the outside. Each of these two
small- and a large-sized SiNW grown along [110]. (c) Cross- types can further be Categorlzed into inert vs sacrificial
sectional TEM image of a SINW grown along [001] (Adapted with templates. We shall discuss a few examples of various types
permission from ref 80. Copyright 2003 Wiley-VCH.) of templates. It is obvious that these classification schemes
or concepts are also applicable to the growth of other

nanocluster as cataly§tAs mentioned earlier, the growth ~nanomaterials.
direction has a strong diameter dependence, with the smallest 6.4.1.1. Anodized Aluminum Oxide as Templates.
diameter NWs growing primarily alond 10Cand the larger Porous templates can be used not only to control the diameter
NWs growing along111[] of SINWs but also to obtain ordered SINW arrays. As an
In the OAG growth, the diameters of the SINWs can be example, ordered single-crystal SiINW arrays had been
controlled by the carrier gas used in the growth procdéss. synthesized by pyrolysis of silane on Au particles deposited
SiNWSs with the diameter distributions peaking at 13, 9.5, (via the VLS method) within hexagonal close-packed
and 6 nm have been obtained using He, Ar (5%, ldnd nanochannel alumina (NCA) templates called anodized
N, respectively, as carrier gases. This is shown in Figure aluminum oxide®?83 A schematic of nanowire fabrication
21. The exact effect of the carrier gas on, and the detailed process is shown in Figure 22. The SiNWSs produced by this
mechanism of, the growth process is presently unclear.fabrication technique have several important features. The
Nevertheless, the carrier gas atoms are expected to affecpore diameter, length, and density in the NCA templates can
the formation and transport of the silicon nanoclusters and be controlled by varying adjustable parameters such as the
the phase separation process at the growth front of theanodizing voltage, electrolyte composition, temperature, and
SiNWSs. The substrate temperature (i.e., growth temperature)the time of anodization. The diameter and length of the
also affects the diameter and shape of the SiINWs in the OAG nanowires depend on the pore diameter and the growth time,
growth. For example, in one studythe average diameters respectively. Figure 23 shows typical histograms of the
of SINWs were determined to be 200, 80, and 50 nm for measured SiNW diameters and corresponding SEM images
substrate temperatures of 1190, 1160, and *T30espec- of the nanowires after VLS growth of nanowires within the
tively. Furthermore, while the first two types of nanowires NCA membrane (Figure 23a) and protruding from the tip
(200 and 80 nm in diameter) resemble long straight rods, surface of the membrane (Figure 23b). For this particular
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Figure 20. Histograms of SiNW diameters grown from 5, 10, 20,
and 30 nm diameter Au nanoclusters. The smooth curves show a
Gaussian fit of the nanowire distributions. The calculated NW
diameters include the oxide layers. (Reprinted with permission from
ref 62. Copyright 2001 American Institute of Physics.)
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approach. Mesoporous silica, formed by the hydrolysis of
tetramethoxysilane in the presence of a triblock copolymer
surfactant, was employed for the nucleation and growth of
silicon8485The silica matrix provides a means of producing

a high density of stable, well-ordered arrays of SINWs in a
low dielectric medium.

6.4.1.3. Zeolites as Quasi-Template$t has been dem-
onstrated that zeolite can be used as a sacrificial template to
grow very fine and uniform SINWs via the disproportionation
reaction of SiO by thermal evaporation (the OAG tech-
nique)##8The diameter of the Si core of the resulting SINWs
ranges from 1 to 5 nm with an average of 3 nm. The single-
crystalline silicon core is sheathed by a thick and uniform
amorphous oxide layer of 2840 nm in diameter. Figure

Figure 19. (a) Schematic representation of size-controlled synthesis
of SINWs from Au nanoclusters. (b) AFM image of 10 nm Au

nanoclusters dispersed on the substrate (top). FESEM image of24a is an overview of the SEM image of the SINWSs. A large
SiNWSs grown from the 10 nm nanoclusters (bottom). The inset in quantity of SINWSs can be found on the surface of the zeolite

the bottom image is a TEM micrograph of a 20.6 nm diameter

SiINW with a Au catalyst at the end. The scale bar is 20 nm.
(Reprinted with permission from ref 62. Copyright 2001 American
Institute of Physics.)

pallet. In the zoom-in image (Figure 24b), it is seen that the
SiNWs were attached to the surface of the zeolite pallet.
Energy dispersive X-ray spectroscopy (EDX) results show

that SINWs are composed of mainly Si, O, and a small
mount of Al. The small amount of Al came from zeolite
nd provides strong evidence for the growth mechanism

proposed by the authot® Figure 25 shows the TEM image

sample, the average pore diameter of the membrane was 13
+ 27 nm. The average SiNW diameter was 1883 nm

for wires grown within the membrane, which matches closely . . . ) i
to the pore diameter of the membrane. The average diametelof a single SINW. These Si cores are very fine and uniform

of the SINWs protruding from the top surface of the in diameter throughout the entire lengthd um or longer)
membrane was 15& 9 nm, substantially larger than the of each wire. The central Si core measures 1.3 nm in diameter

size of the membrane pores. with a relatively thick SiQ outer layer of 20 nm in diameter.
Other applications and/or strategies using AAO as tem- Assuming a SiSi bond length of 0.235 nm, this fine
plates (e.g., “template replication” method) will be described nanowire of 1.3 nm in diameter contains only six to seven
in sections 6.5.3 and 9.5.5.2. silicon atoms across the short dimension. This is one of the
6.4.1.2. Silica as Templatesln another study, SiNWs  finest SiINWs synthesized to date. The inset of Figure 25
were synthesized within the 5 nm diameter pores of meso-shows a HRTEM image of the same SiNW. It confirms that
porous silica using a supercritical fluid solution-phase the core is crystalline silicon with 3.1 & spacing.
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orientation-controlled growth of SINW arrays on silicon
(100), (111), and (110) substrates have been demonstrated.
The axes of as-synthesized SiNWSs lie along the [111]
direction. Furthermore, the SiINWs are oriented perpendicular
to one set of the crystal planes of the substrate. As a result,
the orientation of the SINW array can be controlled by the
crystal orientation of the substrdfe These well-aligned
SINW arrays form ordered networks on the substrate, and
their orthographic projections on (100), (111), and (110)
substrates form rectangular patterns, triangular networks, and
parallel straight lines, respectively, as portrayed in Figure
28.

6.4.3. Position Control

Precisely controlled growth of SINWs on desirable sites
is very important in the bottom-up strategy in fabricating
nanoelectronic or nanophotonic devices. In the VLS method,
the positions of SiINWs can be controlled by the initial
positions of metal clusters or thin films as the catalyst.
Various lithographical techniques have been used to create
patterns of metal thin film for the SINW growth. For
example, SINWs with diameters of 280 nm can be grown
on iron-patterned silicon substrates. The patterning was done
with 5 nm thick iron film by e-beam evaporation through a
shadow mask. SINWs are grown only within the patterned
iron squares on the substrates (Figure 29 another
example, nanosphere lithography method was found to be a
305 7 5 1113 1517 19 21 useful lithographic tool for fabricating regularly arranged

Diameter (nm) gold islands in the nanometer range which served as catalysts

Figure 21. Histograms (size distribution in terms of diameter) for for the growth of SINWs (Figure 30).The ordered arrays
SiNWs synthesized by laser ablation using different carrying Of vertically aligned silicon nanowires were grown by
gases: (a) He, (b) Ar (5% #Hi and (c) N. (Reprinted with molecular beam epitaxy growth using prepatterned arrays
permission from ref 72. Copyright 1999 American Institute of of gold droplets on Si(111) substrates.

Physics.) Recently, Yang and co-workers reported the use of
. ) galvanic displacement processes to selectively deposit Au
6.4.2. Orientation Control nanoclusters onto prepatterned Si surfaces for the growth of

Controlling the crystal orientation of SINWs in the growth  Vertically and laterally aligned Si nanowire arr&ydhe key
process is important for many app"cationsl Many physica| advantage of this approach is that the metal deposition OCcurs
and chemical properties, such as optical, electronic transportselectively on Si surfaces and not on other surfaces such as
and surface properties, depend on the crystal orientation ofSilicon dioxide and silicon nitride (commonly used masks
SiNWSs. In fact, the growth direction is determined by the in microfabrication). Water-in-oil microemulsions were
crystal orientation of SINWs in the growth process. In either €mployed in the galvanic displacement process to control
VLS or OAG method, it has been observed that growth the size of the Au clusters, which in turn control the size of
orientation correlates with the diameter of SiNWs. In the the nanowires synthesized by the VLS method. Figure 31
VLS process, the SiINWs with small diameters tend to grow shows laterally aligned Si nanowire arrays grown on Si pillars
primarily along110;)whereas SiNWs with larger diameters  With (111)-exposed sidewalls fabricated on (110) silicon-
tend to grow along111as depicted in Figure 26.In the oxide-insulator (SOI) substrates. The diameters of the
OAG method, SiNWs predominantly grow alofifl2and nanowires retain a good correlation with tRgparameter of
[1100directions and occasionally along tH&01direction the microemulsions used to deposit Au clusters on the Si
(but rarely along thé1110direction), as shown in Figure Ppillars. In addition, the nanowires only grow on the Si
271 The growth orientation of SINWs produced via the SLS sidewalls and are absent on both the top and bottom surfaces
method can be controlled by the reaction presduNano- ~ of the sample, due to the selectivity of the galvanic
wires formed at low pressure (200 bar) exhibit a preponder- displacement process.
ance of(1000growth direction, whereas those synthesized In another study, Wang et al. exploited a multistep
at high pressure (270 bar) grow almost exclusively along nanocluster-catalyzed VLS process to grow branched and
the [1100direction. By applying the conventional epitaxial hyperbranched SiNWs by depositing Au nanoclusters on
crystal growth technique to the VLS process, it is possible prefabricated SiNWs backbofeFigure 32 shows a scheme
to achieve precise orientation control during the SiNWs of the growth process of the branched and hyperbranched
growth. This so-called vapetliquid—solid epitaxy (VLSE) SiNWs. First, a SINW of specific diameter and composition,
technique is particularly powerful in controlled synthesis of serving as the backbone, is prepared by Au nanocluster-
nanowire arrays. In VLS process, large-diameter SiINWs mediated VLS growth using silane as the reactant. Second,
prefer to grow along th€l11direction. If a Si(111) wafer ~ Au nanocluster catalysts of defined diameter are deposited
is used as a substrate, SINWs will grow epitaxially and onto the SINW backbone from solution, and then first-order
vertically on the substrate to form a nanowire affa8f.The branches are grown by the VLS process. Third, the branch

Occurrence (%)
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Figure 22. Schematic representation of silicon nanowire fabrication process: (a) cross-section view of nanoporous alumina membrane, (b)
electrodeposition of Au within pores, (c) VLS growth of SiNWs protruding out of the membrane surface, (d) removal of the SINWs by
mechanical agitation, (e) VLS growth of SINWs within the membrance, and (f) removal of the SINWs by wet etching of the membrane.
(Reprinted with permission from ref 83. Copyright 2005 Wiley-VCH.)
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Figure 23. Histograms of SINW diameters and the corresponding SEM images of nanowires grown (a) entirely within membrane and (b)
protruding out of the top surface of the membrane. The arrows indicate the initial position of Au within the membrane. (Reprinted with
permission from ref 83. Copyright 2005 Wiley-VCH.)

growth steps can be repeated many times to yield higherbe asserted during or after growth. Changing the reactants
order or hyperbranched SiNW structures. Typical SEM and/or the substrate during growth is the most direct way to
images of branched Si nanowire structures are depicted incontrol the composition of the resulting nanowires. Post-
Figure 33. growth reactions (e.g., induced by a high-temperature treat-

6.4.3.1. “Grown-in-Place” Approach. A “grown-in- ment) between the constituents of the nanowire or between
place” approack*4which combines the VLS method with  the constituents of the nanowire and the substrate or the
lithographically fabricated, nanochannel templates, was template can sometimes change the composition of the
explored to produce Si nanowires and nanoribbons of nanowires as well. We will see many examples of these
controlled size, shape, orientation, and positioning in pre- control strategies in later sections.
determined device architectures. This technique will be  Other ways of composition control, commonly used in the
discussed in detail in section 10.3. semiconductor industry, are sputtering, implantation, doping,
etc. Doping can be done during or after growth of the
nanomaterial, as we shall discuss next.

Obviously the performance of a nanodevice fabricated with  6.4.4.1. Doping of SiNWs.Doping of SiNWs can be
a particular nanowire depends critically on its composition. achieved in two ways: in-situ doping (doping during the
Here the word “composition” is taken to imply both the growth process) and postdoping (doping after growth through
relative concentrations of the constituents and their distribu- an implantation and annealing process). Single-crystal n-type
tion profiles within the nanowire. Composition control can and p-type silicon nanowires have been prepared by in-situ

6.4.4. Composition Control
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Figure 26. (a) HRTEM image of the catalyst alloy/NW interface
of a SINW with al111growth axis. Scale bar, 20 nm. (b) HRTEM
image of a catalyst alloy/NW interface of a SiNW withCa10]

growth axis. Scale ba= 5 nm. (Reprinted with permission from

Figure 24. (a) A typical SEM image of the SiNWs synthesized ref 75. Copyright 2004 American Chemical Society.)
with zeolite Y as quasi template. (b) Zoom-in image of a. (Reprinted

with permission from ref 48. Copyright 2003 American Chemical
Society.) 70
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Figure 27. Distribution of shapes, sizes, and growth directions of

SiNWSs synthesized by OAG technique. (Adapted with permission
from ref 71. Copyright 2003 Wiley-VCH.)

Abundance %

also been used as dopants in a gas-phase VLS-CVD (CVD
= chemical vapor deposition) approach in which silane
. : e T : (SiH,) or silicon tetrachloride, etc., is used as Si soufgét
Figure 25. TEM image of a typical single SiNWwith a Si core Compared to .SO“d dopants, the dpplng level can be controlled
diameter of 3 nm covered with a SiCayer of 28 nm. The insetis ~ €aSily by tuning the concentration (flow rate) of the gas

the HRTEM image of the same SiNW. (Reprinted with permission dopant(s) in the gas-phase silicon source. In other studies,
from ref 48. Copyright 2003 American Chemical Society.) metals such as Zn, A#;,'%%nd Li'% have been doped into

Si nanowires in order to change the electronic transport

doping and characterized by electrical transport measure-Properties and morphology of the Si nanowires.
ments?895-102 | aser-assisted VLS growth was used to  Two-terminal, gate-dependent measurements made on
introduce either boron or phosphorus dopants during the individual boron-doped and phosphorus-doped SiNWs showed
vapor-phase growth of SiINWA&:%® Gaseous compounds that these materials behave as p-type and n-type materials,
such as diborane, trimethylboron, and phosphine, etc., haverespectively’> In addition, these studies show that it is

. -
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Figure 29. SEM images of silicon nanowires on the silicon
substrate. (a) Image at low magnification. The white rectangles are
silicon nanowires grown on previous iron patterns. The other area
remains blank. (b) Top view of the silicon nanowires on one iron
pattern at high magnification (bar 1 um). The diameters of the
SiNWs are generally below 60 nm. (Reprinted with permission from
ref 76. Copyright 2000 American Institute of Physics.)
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Figure 30. (Left) Steps of Si nanowire fabrication using nanosphere
lithography: (a) deposition of a mask of polystyrene particles on
) . ) ) a Si(111) substrate covereg b 2 nmthick oxide layer (blue), (b)
Figure 28. SEM images of SiNW arrays grown on (A) Si (100)  deposition of gold by thermal evaporation, (c) removal of the
substrate, (B) Si (110) substrate, and (C) Si (111) substrate. gpheres, (d) thermal annealing and cleaning step to remove the oxide
(Reprinted with permission from ref 89. Copyright 2005 Wiley- |ayer, and (e) Si deposition and growth of nanowires by MBE.
VCH.) (Right) The corresponding SEM micrographs of wafers (from step
a to step e): regular monolayer mask and structured gold layer
possible to incorporate high dopant concentrations in the made using 1320 nm polystyrene particles. The Si nanowires were

SiNWSs to approach the metallic regime. grown with gold templates produced with 600 nm polystyrene
. . . _particles. (Reprinted with permission from ref 90. Copyright 2005
The doping process can also be done after Si nanowire american Chemical Society.)

growth. In one example, n-type Bi-doped SiNWs were

SiNWs after the growth of SiINWs in a sealed evacuated \;i5 \/arious Templates

(1075107 Torr) quartz tube at 1000C.1** The doping

concentrations depend on the oxide sheath thickness. The As discussed earlier, while carbon nanotubes are relatively
postdoping has the advantages such as appropriate choiceasy to make, the corresponding silicon nanotubes, based
of the vapor-phase dopants and selective patterning of theon rolled-up graphite-like sheets, are yet to be synthesized.
doped SiNWs. Crystalline silicon nanotubes, designated as cSiNTSs, though,
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Figure 33. SEM images of the branched structures of SiINWs
prepared following deposition of gold nanoclusters from (a) 1:20,
(b) 1:8, (c) 1:3, and (d) 1:1 diluted stock solutions and subsequent
growth. Bars= 1 um. (Reprinted with permission from ref 92.
Copyright 2004 American Chemical Society.)

Figure 31. Laterally aligned Si nanowire arrays grown on Si pillars

bounded by (111) sidewalls fabricated on (110) SOl substrates. Bar Besides being an interesting nanostructure, crystalline
= 20 um. The insets are close-ups of each image; & um.  sjlicon nanotubes may open up new and exciting possibilities
The R parameter of the microemulsion used in the galvanic ¢, nauing different kinds of nanosized heterostructures by

displacement process was 16 (a), 25 (b), 50 (c), 100 (d), and 200_.;,. 2 ;
(e), respectively. Au clusters were deposited from water-based flling the inside (hollow) space with one type of nanoma-

solution in f. (Reprinted with permission from ref 91. Copyright te€rial and/or by decorating the outside surfaces of the

2005 American Chemical Society.) nanotubes with yet another type of nhanomaterial to produce
integrated nanodevices. Such possibilities have been well-
l demonstrated for CNTs.
We shall describe several examples of recently prepared
CSINTSs.

6.5.1. SIO,NWC cSINT: Crystaline Silicon Nanotubes
Filled with Silica

It was discussed earlier in section 6.4.1.3 that zeolites can
be used as a sacrificial template to grow very fine and
uniform silicon nanostructures. In fact, three distinct types
of composite nanowires and nanotubes of (crystalline) silicon
and (amorphous) sili¢&® were grown on zeolite Y via
disproportionation of SiO by thermal evaporatiod;, a
silicon nanowireinside a silica nanotube;2, a silicon
| nanotubeoutsidea silica nanowire; an@®, a side-by-side
l growth of a biaxial silicor-silica nanowire structure. The

first type had been described earlier. Here we discuss the
second type, SINWCCSINT, which can be described as a
crystalline silicon nanotube filled with amorphous silica (a
silicon nanotubeoutsidea silica nanowire). The third type
will be described in a later section.

= Typical TEM images of SIGNWCCcSINT are shown in
Figure 34. This morphology represents a new silicon
nanotubular structure, distinctly different from the conven-
tional rolled-up graphene-sheet structures epitomized by the
¢ J CNTs. In this context, it is best described as a hollow
Figure 32. Schematic representation of the multistep syntheses crystalline silicon nanowire or nanorod. The particular cSINT
of branched and hyperbranched NW structures. Red, green, andportrayed in Figure 34 has an inner diameter of 3 nm and
blue arrows/colors signify the growth of the backbone, first an outer diameter of 15 nm. The crystalline silicon walls
generation, and second generation NWs, respectively. (Reprintedpaye g thickness of about 6 nm on each side. The crystal
‘évggigterm'ss'on from ref 92. Copyright 2004 American Chemical lattices on the two sides of the tube are almost parallel (within
y.) ; e .
10° in most cases). The distinctive features of these cSINTs
are as follows: (1) single-crystalline tube walls; (2) uniform
have been prepared by several groups. The latter are, ininner and outer tube diameters throughout the length of the
realty, hollow SINWs. nanotube; and (3) the tube interior being filled with silica.
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Figure 34. (a) TEM of a crystalline silicon nanotube, cSiNT. (b) Corresponding HRTEM image (Reprinted with permission from ref 48.
Copyright 2003 American Chemical Society.)

Furthermore, this method is rather simple and requires noshell nanowires with HCI solution which resulted in the

catalysts. formation of the crystalline Si tubular nanostructures, cSINTS.
) Some nanotubes have one closed end (Figure 36a), while
6.5.2. Using AAO as Templates others are open-ended (Figure 36¢). The high-resolution TEM

Independent works by several other groups to produceimage of a crystalline tubular nanostructure shows that the
cSiNTs are worth mentioning. For example, Sha et‘al. (111) fringes with & spacing of about 0.31 nm are aligned
produced a somewhat different pcSiNT structure with the perpendicular to the longitudinal direction of the tube,
tube wall being made of polycrystalline (pc) silicon interlaced Su99esting a [111] growth orientation of the single-crystalline
with amorphous silicon. These latter pcSiNTs were prepared Si tubular domains.
by chemical vapor deposition using a nanochanngODAl ] -
substrate (i.e., the AAO membrane) as template. In this case,”. Surface Treatments: Etching of Silicon
the channels were presputtered with gold which served as aNanowires
catalyst for the VLS growth of the pcSiNTs (along with
SiNWSs) inside the AAO nanochannels. Jeong eP also
reported the growth of polycrystalline or amorphous SiNTs,
with thick SiO, sheaths, by molecular beam epitaxy on top
of the protruding pore edges of the AAO membrane, but
without metal catalysts.

As discussed previously, the silicon oxide layer of the as-
prepared SiINWs or SiNDs serves as a protective layer,
rendering the as-prepared SiNWs relatively inert. The
inertness of the as-prepared SiNWSs is unfavorable for most
applications of SINWSs in nanotechnology. Further fabrication
and/or processing require removal of the oxide layer.

6.5.3. “Template Replication” Technique The most widely used technique for removing silicon oxide

. . . . from the silicon surface is by etching with dilute hydrofluoric
_ Another interesting strategy to produce cSINT using AAO  a¢iq_ |t js known from studies of 2-D Si wafer that, after HF
is the so-called "template replication” method from which  yreatment, the silicon surfaces are hydrogen-passivated. It is
highly ordered cSINT arrays can be prepat®@he method, 5 of importance to investigate the etching behavior of

demonstrated schematically in Figure &fdg infra), in- giNws and the stabilities and properties of the resulting
volves a combination of a multistep template replication (with ginws after etching.

NiO cores inside AAO nanochannels) technique and the

CVD (using silane) approach. By dissolving away the NiO it ;

cores and the AAO templates, cSiNTs of uniform diameters, 7.1. Surface Speciation of Etched SINWs

lengths, and wall thicknesses can be obtained (see Figure During the past decade there have been numerous studies

35). on hydrogen-terminated Si surfaces of bulk silicon
] ] materialst®®111 Species such as SiH, SiHand SiH have
6.5.4. Using ZnS Nanowires as Templates been observed on HF-treated surfaces of Si by high-

resolution electron energy loss spectroscopy (HREE$S)S
infrared spectroscopy (IRSJ? 17 scanning tunneling mi-
croscopyt'®1® and low-energy electron diffraction

Recently, Hu et at’ demonstrated an epitaxial casting
technique in producing cSiNTs using ZnS nanowires as

templates. In the template-based growth of the crystalline : ) -
Si tu%ular nanostructurgs ZnSNWSiIgIT core-shell nar):ow- (LEED),*?°*?!etc. Here we discuss Fourier-transform infrared

ires were initially obtained by epitaxial growth of Si shell SPectroscopy (FTIR) and STM probes of etched SiNWs.
layer on ZnS nanowires as templates (see section 9.3.2.1, .

ZnSNWCCSINT), in which the shell is a Si thin layer and 7.1.1. FTIR Probe of Etching

the core is a ZnS nanowire. The ZnS nanowire templates Attenuated total reflection (ATR) Fourier-transform in-
were subsequently removed from the ZnSN@GINT core- frared spectroscopy has recently been used to characterize
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Figure 36. (a) TEM image of cSiNTs. Scale bar: 200 nm. (b)
TEM image displaying a cSiNT with a thin wall. (c) TEM image
displaying the open end of a cSiNT. Scale bars in b and c: 100
nm. (d) EDS spectrum taken from an individual Si tubular
nanostructure. (Reprinted with permission from ref 47. Copyright
2004 Wiley-VCH.)

4 6 8 10

Energy(keV) deuterated experiment described in ref 122. Suffice it to say
. . . . . here that the shapes of the envelopes of the, ittl the

Figure 35. TEM image of crystalline silicon nanotube, cSiNTs: : L .

(@) cSiNTs and (bd) the individual SINT with different wall SiDy peaks are rather similar and the ratios of the corre-

thicknesses. Scale bar: (a) 250 and-@ 50 nm. (e) High- sponding Si-H:Si—D stretching frequencies average about
resolution TEM image of the cSIiNT. Bar 5 nm. (f) EDS spectrum  1.38, which agrees with the expected theoretical ratio of 1.39

taken from an individual cSiNT. (Reprinted with permission from calculated on the basis of the (reduced) mass ratio of 2:1
ref 46. Copyright 2005 American Institute of Physics.) for D vs H.

the surface species on oxide-free SiNWs after etching with 7.1.2. Scanning Tunneling Microscopic Observations
aqueous HF solutiof?? Figure 37 shows the ATR-FTIR
spectra in the range of 76@000 cnm! obtained from (a)
as-prepared SiNWs and (b) HF-etched SiNWSs. In the
spectrum of as-prepared SiINWs (Figure 37a), only @i
vibrations at~1050 and~800 cm! were observed. The
strong absorption near 1050 chis due to the in-plane
stretching vibration involving the SiO—Si moiety. The

Direct observation of the arrangement of surface species
on etched SiNWs is provided by STM, which revealed
atomically resolved images as portrayed in Figure'239.
These images were interpreted as hydrogen-terminated Si-
(111)-(1 x 1) and Si(001)-(1x 1) surfaces corresponding
to SiHs; on Si(111) and Siklon Si(001), respectively. We
absorption at about 800 crhis due to in-plane bending shall discuss these interesting STM results further in section

vibration involving the same moiety. Upon etching with a 11.2.

dilute (5%) aqueous HF solution, new absorption bands : . } : "
attributable to SiH, (2000-2200 o™, and~900 cmy) (-2 Etched SINWs: Why H-Terminated"

and CH (2800-3000 cm;* due to organic impurities) were Chemical cleaning of silicon wafers play an important role
observed in the spectrum, while the-%) absorption bands  in the manufacture of integrated circuits in the semiconductor
virtually disappeared (Figure 37b). industry. The so-called RCA cleaning proced#taas three

Figure 38 shows the vibrational spectra of HF-etched major steps: (1) “organic clean” with a,8,—NH,OH
SiNWs in the frequency range of the -Sil stretching solution; (2) “oxide strip” with a dilute HF solution; and (3)
vibrations. Three broad overlapping bands, labeled as M, D, “ionic clean” with a HO,—HCI solution. In the second step,
and T, can be observed. In accordance with the FTIR resultsthe oxides on the silicon surfaces are removed by dipping
of Si(111) and Si(100) wafef§/*1the M, D, and T bands  the silicon wafers into a HF solutiofi’"1%° This technique
were assigned to the monohydride (SiH), the dihydride for oxide removal has recently been shown to be also
(SiHp), and the trihydride (Sik), respectively. These bands applicable in the postgrowth treatment of silicon nanow-
are composed of several unresolved peaks due to differentres1??123 The etched silicon surfaces were found to be
chemical adstructures. Detailed assignments of these peakspassivated by H instead of F for both silicon wafér'o°
labeled M1, M2, M3, D1, D2, and T (also three or more and silicon nanowire¥2?3This is puzzling since a SiF
unresolved peaks), can be found in the literatdfei11-122 bond is almost twice as strong as a—8i bond (bond

To specify the adstructures, it is necessary to differentiate energies: 5.7 vs 3.1 e¥d. Because of the high electrone-
between isolated vs interacting vibrational modes of silicon gativity of F, one might have expected that silicon surfaces
hydrides in the IR spectra. This was accomplished by a are F-terminated in the final step of the oxide removal.
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In an independent study, Zhang et al., proposed a
“fluorination-induced back-bond weakening” rationale for the
hydrogen termination based on extensive DFT calculafi&ns.
As the surface silicons are bonded with fluorine, the bonds
between surface silicon atoms and the silicon atoms under-
neath are significantly weakened due to the high electrone-
gativity of fluorine and the extraordinary strength of-%i
bonds. The weakened-S&i back-bonds facilitate the reac-
tion between the HF molecule and the Si surface, thereby
peeling off the surface layer, leaving behind a hydrogen-
terminated Si surface.

Two reaction pathways, or modes of attack, were proposed.
As illustrated in Figure 40a, if there are three F atoms
(b) HF-etched SiNW's attached to a surface Si atom, the $3Fongly polarize and
weaken the SitSi2 bond underneath and enhance the
reactivity of the silicon back-bonds. The highly polar HF
molecule attacks the “polar” SiSi bond involving the Sik:

The negatively charged F atom from the HF molecule will
attack the positively charged Sil, and the positively charged
H atom from the HF molecule will attack the negatively
charged Si2, thereby abstracting the Sikoiety from the
surface and resulting in a H-terminated surface. This reaction
pathway may be termed “dipotelipole” interaction. If the
surface silicon is bonded with a single F atom, an alternative
reaction pathway involving an “insertion-type” interaction

4000 3500 3000 2500 2000 1500 1000 is more appropriate, as depicted in Figure 40b. Here the F

Wavenumber (cm') atom of the incoming HF molecule eventually attaches itself

Figure 37. ATR-FTIR spectra of (a) as-prepared SiNWs and (b) to the more pQSItlver charged Sil and H t_o the remaining
HF-etched SiNWs. (Reprinted with permission from ref 122. Unsaturated Si2, leading to the hydrogenation of the silicon
Copyright 2003 American Chemical Society.) surface.

The reaction kinetics was also studied. Transition-state
(activation energy) calculations modeled by various cluster
structures in order to simulate the possible reaction pathways
also suggest that H-terminated surfaces are more favorable
than F-terminated surfaces. Details can be found in the
literature (cf. ref 133).

(a) As-prepared SiINWs

%R

7.3. Stabhilities of SINWSs

The thermal stability of the hydrogen-passivated surfaces
of SINWs was investigated by Sun et al., using FTIR
spectroscopy?? It was found that hydrogen desorption due
to the trihydrides occurred at550 K and that due to the
dihydrides occurred at650 K. At or above 750 K, all silicon
hydride species began to desorb from the surfaces of SINWSs.
' : ' : i : i At around 850 K, the SINW surfaces were practically free
2200 2150 2100 2050 2000 of all silicon hydrlde SpeCieS.

The stabilities/reactivities of HF-etched SiNWs in air and
in water were also studied. Hydrogen-passivated surfaces of
SiNWSs showed good stability in air (under ambient condi-
tions) but relatively poor stability in waté#?in comparison
with the silicon wafer. The difference in the stabilities of
) . hydrogen-passivated SINWs in air vs in water may be
Attempts have been made to elucidate the phenomenon ingssociated with the hydroxide ion (albeit very low concentra-
various theoretical and experimental stud#s!** For tion in neutral solutions) in water and oxygen in air (vide

example, Trucks et 4f° proposed a mechanism of hydrogen infra), since it is known that hydroxide ions and oxygen can
passivation of silicon surfaces based on a transition-statetiack the silicon surface.

theory, by considering the hydrogen fluoride molecule as

the main reactive species attacking the Si surfaces. On th ; i i

basis of the assumption that the-%i bonds polarize the °7.4. Etching SINWSs with HF and NH 4

silicon back-bonds (the underlying layer) due to their highly  In a series of papers, Chen et al. reported a systematic
ionic nature, this polarization was thought to facilitate the study of the etching behavior and the surface speciation of
insertion of HF into the SiSi bond, leading to fluorination ~ SiNWSs in various HF and NHF etching solution34135

of the surface silicon and hydrogenation of the underlying Specifically, the concentration and pH dependences of the
(second) layer silicon. etching time, or the “stability”, of SINWSs in these solutions

%R

Wavenumber (cm™)

Figure 38. ATR-FTIR spectrum of HF-etched SiNWs in the range
of 2000-2200 cnt?l. (Reprinted with permission from ref 122.
Copyright 2003 American Chemical Society.)



Silicon-Based Nanomaterials and Nanodevices Chemical Reviews, 2007, Vol. 107, No. 5 1479

3.8A

1 54

Iz.aA

Figure 39. STM images and theoretical views of (a, top panels) a SINW with a Si (111) facet and (b, bottom panels) a SINW with a Si
(001) facet. (A) Constant-current STM image of the Si (111) facet of a SINW on an HOPG substrate. The wire’s axis is along the [112]
direction. (B) Theoretical representation of Sieh Si (111) viewed along the [111] direction. Red and large blue circles represent the H
atoms and Si atoms in the Sjlroieties, respectively. Small blue circles represent Si (111) atoms in the layer below. (C) Constant-current
STM image of the Si (001) facet of a SINW on an HOPG substrate. The wire’s axis is along the [110] direction. (D) Theoretical representation
of the SiH, on Si (001). (From ref 123 (http://www.sciencemag.org). Reprinted with permission from AAAS.)

Scheme 1. Schematic Representations of Different Surface
Species on SiNW Surfaces in Various HFNH4F Solutions
with Different pH Values

Etchant HF NHJF (NaOH)
H OH o

Surface I I Sli

species o S" 4, N S‘I " o ‘ ",

Figure 40. Schematic diagrams of (a) dipetéipole interaction pH= 01 2 3 45678 9 10 11 12 1314
and (b) insertion-type interaction. (Reprinted with permission from
ref 133 (http://link.aps.org/abstract/PRB/v69/p125319). Copyright

2004 by the American Physical Society.) is to be contrasted with the Si wafer results in which etching

with either HF or NHF produces SiHy species on the
were investigated. It was concluded that JfHs an efficient surface. This difference suggests that the-I$j surface
etchant for SiINWs and that SiNWs are stable only in species produced in NH solutions are so unstable that they
relatively narrow pH ranges in these solutions. When SiNWs are hydrolyzed readily at pH 4. Efforts were made to
are etched with HF, the stability range is pH1—2, where rationalize the strikingly different etching behaviors using
the surface moieties are-SHy species X = 1—3) and, at HF vs NH,F as etchants, in terms of their concentration and
high HF concentrations, the H-terminated Si surfaces are pH dependences via the double passivation model described
covered with (passivated by) HF or HF-related molecules above.
through H-bonding. When SiNWs are etched with JRH D . . .
the stability range is pH= 12—14 (NaOH added for high /-5 Similarities and Differences in Etching
pH values) where the surface moieties are mainty(6i), Behavior between 1-D and 2-D Silicon
species X = 1—3) and, at high N concentrations, the While there are many similarities between 1- and 2-D Si
negatively charged Si surfaces are stabilized (passivated) bysystems, there are also striking differences in their etching
NH,4" ions via ionic bonding. These features, termed “double behaviors. In both cases, variables such as the concentration
passivation” model, are represented schematically in Schemeand the pH value of the etching solutions and the oxidizing
1, using monosubstituted surface silicon as examples,power (and its anisotropy, if any) of the etchant, along with
respectively. The same principles apply to di- and trisubsti- experimental parameters such as the etching time and the
tuted surface speciations. dissolved oxygen (in air), all play important roles in
To better understand the etching behaviors, ATR-FTIR determining the etching behavior, the resulting surface
spectroscopy was used to characterize the surface speciespeciation, and the quality (smoothness, definition) of the
on the SiNWs. It was found that, while etching SINWs with surfaces.
HF gives rise to Si-Hy surface species, no SHy species First and foremost, as discussed earlier, ATR-FTIR
were observed when SiNWs were etched with,NHThis measurements showed that, while etching SiNWs with HF
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gave rise to StHy surface species, no -SHy species were  “atomically flat surfaces” of Si(111), passivated with-Si
observed when SiNWs were etched with M1 The former Hy species, can be obtained by etching with JAHwhich
is in line with the 2-D results. The latter, however, is at odds has a pH of 7.8}%8110.137
with the corresponding results reported for the 2-D Siwafers,  For 1-D SiNWs, the distinction between the isotropic (such
where etching with N produces StHy species on the  as Q) and the anisotropic (such as OHetchants disap-
surface. Indeed, etching Si wafers with HF, Nior HF peared due to their nanoscale dimensions. Thus, SiNWs are
buffered with NHF (BHF) all give rise to H-terminated  etched away easily in solutions with pH values ranging from
silicon surfaces. It is believed that the nanoscale dimensions3 to 10. In acidic HF solutions with pH of 1 to 2, however,
of SINWs may have contributed to the rapid hydrolysis of protection by HF impedes oxidation by, Qvhereas, in basic
the surface StHyx species (to give Si(OH)x or Si—(07)y), NH,F solutions of pH= 12—14, passivation by the am-
especially at neutral or high pH values and in the presencemonium ions again slows down the etching process. This
of oxygen. is, in essence, the double passivation madgers

Second, as discussed earlier, SINWs are stable only in  Fourth, while NHF is aslowetchant for Si(111) surfaces
relatively narrow pH ranges in the respective etching in the 2-D system, it is asfficientetchant for the 1-D SiINWs
solutions (pH= 1-2 for HF and 12-14 for NH,F). These  grown from SiO, which also have predominantly Si(111)
results differ from those of 2-D Si wafers and can be faces, again due to the nanoscale dimension of SiNWs.
rationalized in terms of the double passivation model. Finally we shall close this section by demonstrating that,

There are many studies regarding the pH dependence ofyhjle etching behavior of silicon depends on many factors,
the etching of Si wafers in various etching solutions. For the interplay between these effects (such as the pH of the
example, Jakob and Chabdlfirst reported that the Si(111)  gtchant, the crystal orientation of Si wafer, and oxygen) may
surface etched in low pH<S) HF-containing solutions  pe exploited to produce smooth Si surfaces. For example,
exhibited a rough morphology, whereas those etched in high-\yhjle 'Si(100) surfaces tend to give rough surfaces after
pH (~6.6) HF-containing solutions gave rise to “atomically etching by HF solutions with pH values of-#, a recent
smooth” surface$’®13”Under similar conditions, however, report by Schmidt et B8 showed that, in fairly acidic (pH
etching of Si(100) surfaces generally produces rougher 0.5) solutions such as HF:BO, etching of Si(100)
surfaces. It is generally believed that the close-packing gyrfaces can also produce smooth surfaces as well. This latter
structure of the terminal hydrides on the Si(111) surfaces gpservation may be related to the etching behavior of SINWs
contributes to the smoothness of the surface by hinderingin acidic HF solutions discussed earlier. Here the effect of
the attacks by the etchants. , _ oxygen on the etching curve was minimal (almost nonexist-

‘Third, the effect of oxygen on the etching behavior of 1-D ing) at low pH (<1) values. Apparently the double passi-
SiNWs in different etching solutions is rather interesting. In ysation of the silicon surfaces by HF under acidic conditions

acidic (HF) etching solutions, the etching curves (as a protects the surfaces from attack by oxygen (oxidation) for
function of etchant concentration) are unaffected by oxygen. hoth 1-D and 2-D Si systems.

In neutral or basic (N&F) solutions, oxygen greatly acceler-

ates the etching process. These observations may be relate " .

to the dramatig F():hanges in surface morphologigs of 2-D g Silicon Nanowires as Platforms and Templates

silicon wafers upon etching in oxygen-containing vs oxygen-  |n this section, we shall discuss the use of low-dimensional

free etchants. For 2-D Si wafers, for example, Garcia &°al.  silicon-based nanomaterials as platforms, templates, and

reported that Si(111) surfaces etched in buffered HF solution molds in creating other composite nanomaterials, which may

(BHF) containing oxygen are much rougher than those etchedor may not contain silicon. Role reversal, with other materials

in oxygen-free BHF (both of pH- 4.7). This effect was  such as CNTs, zeolites, AAO as templates, can also afford

interpreted by these authors via a model involving kinetic a wide variety of silicon-based nanomaterials. In both cases,

competition between oxygen-induced and etchant-inducedit involves reactions on the surfaces of the templates, or, in

oxidation reactions, summarized below. essence, doing chemistry at the interfaces between the
Previous morphological studies have shown that @1  substrates and the templates in the nanorealm.

a highlyanisotropicoxidant with the following site-specific

rate of attack: 8.1. AuAgND +SiNW: Reductive Growth of
Ligated Metal Nanodots on SiNWs

In an attempt to deposit structurally well-defined metal
clusters, which may be considered as zero-dimensional
“nanodots,” on one-dimensional semiconducting silicon
“nanowires,” heterogeneous reaction between the nanosized
polyicosahedral metal (PIMs) clust&ts146 and HF-etched
silicon nanowires was studied. The metal frameworks of
these nanosized AtAg clusters can be described as vertex-
According to these authors, the etched surface morphologysharing polyicosahedra. They grow in solution via a “cluster
reflects the kinetic competition between these two oxidants. of clusters” growth pathway, giving rise to a well-defined
In low-pH solutions, the etch morphology is rough singe O growth sequence, from a single icosahedron with 13 atoms
oxidation dominates and the etching is isotropic. In high- (s,(13)) to an icosahedron of 13 icosahedra with 127 atoms
pH solutions, the etching is dominated by Obind the etch (s15(127)). These metal clusters are protected from spontane-
morphology is primarily determined by the anisotropy of the ous aggregation by organic ligands such as triphenylphos-
etchant (OH). Since the rates of attacks of kinks and steps phine. The early members of the vertex-sharing polyicosa-
by OH™ are much faster than that of the terraces, they are hedral mixed-metal clusters are portrayed in Scheme 2. These
preferentially etched away. Thus, defect-free, almost perfectligand-protected nanosized metal particles are of interest in

kink > dihydride step> monohydride step> terrac(i)

On the other hand, Dis an isotropic oxidant with the
following site-specific rate of attack:

dihydride step~ monohydride step kink > terrac(%)
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Scheme 2

(13)

Scheme 3

that they exhibit quantum-size effects with properties highly
dependent upon the size, shape, structure, and composition
of the metal coré3®-146

As reported in ref 147, the heterogeneous reduction causes
a progressive growth of the metal clusters, in a way similar
to the homogeneous reductive cluster growth observed in
solution!3%-14¢ |n the latter case, progressive reductive
condensation of the metal clusters caused by chemical
reducing agent [R] is a spontaneous but stepwise agglomera-

. S . - Figure 41. TEM image of the reduced AuAg clustet)(on silicon
tion process of a smaller cluster building block (in this case, | = o ires: (a) at the beginning of the reaction: (b) after about 30

an icosahedral cluster unit) as follows (cf. Scheme 2): min. (Reprinted with permission from ref 147. Copyright 2002
American Chemical Society.)

+ [R] [R] [R] [R] [R]
M* == 5,(13)— 5,(25)— 5,(36) —— 5,(46)— ... . . .
chored) to the SINW surface (Figure 41a). As the reaction
Here M™ denotes monocationic Au(l) or Ag(l) complexes progressed, the anchored metal clusters were reduced by the
and [R] represents reducing agents such as NaBHhis SiHx (wherex = 1, 2, 3) and/or Si atoms on the SINW
process, instead of adding one atom at a time, the clustersurfaces and grew to form larger clusters on the SiNW
“grows” by adding one icosahedron at a time, giving rise to surface. After about 30 min, metal clusters of different sizes,
the vertex-sharing polyicosahedral growth sequence viaranging from 1 to 7 nm in diameter, were observed on the
spontaneous self-assembly. SINW surface (Figure 41b). In solution, larger metal clusters
In ref 147, it was reported that reductive cluster growth of 7—25 nm in diameter, as indicated by TEM, were
of a triicosahedral cluster, (BP)2Au18A020Cl14 (1), depicted obtained. Metal particles of sizes greater than about 5 nmin
in Scheme 3, can occur on the surface of the hydrogen-diameter are bulklike with the face-centered cubic structure
passivated SiNWs. Clustéiis a vertex-sharing triicosahedral  (fcc), as indicated by electron diffraction (not shown). As
cluster with 18 gold and 20 silver atoms, encapsulated within the metal clusters grew to larger particle sizes (approximately
a ligand shell containing 12 BR ligands and 14 chloride  7—25 nm in diameter), they tended to separate from the
ligands. The metal core measures<11.5 x 1.5 nn? and SiINW surfaces. And finally, after about an hour, aggregates
has an oblate shape. The heterogeneous reaction wasfthese colloidal particles were formed and precipitated from
followed by high-resolution transmission electron micros- the solution. As a result, the color of the solution turned from
copy. dark cherry red at the beginning to light red in about 30
The TEM images of the products from the reaction of the min, and eventually to almost colorless after about an hour.
HF-etched SiNWs with a solution containing clusieare A plausible mechanism for the heterogeneous reductive
shown in Figure 41. It was found that the original cluster cluster growth of the AttAg clusterl on the surfaces of
(1) was reduced to clusters of larger sizes by the SiNWs SiNWs can be found in ref 147.
within minutes. Concomitantly surface Si atoms were re-  Two interesting phenomena, the “sinking cluster” and the
oxidized to silicon oxide. On the basis of the time sequence “cluster fusion” processes, were observed during the TEM
(by quenching the reaction at 5 min intervals) of the HRTEM observation of the reaction products. It was found that some
images, the following general observations can be made. Atmetal clusters attached on the SiNW surface were sinking
the beginning, the metal clusters were chemisorbed (an-into the amorphous oxide layer under TEM observation. Parts
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HCNTSs refers to a new type of hydrocarbon nanotubes.
Specifically, SINWs sheathed by CNTs or HCNTs, as
represented by SINWCNT and SiINWCHCNT, respec-
tively, can be prepared by ultrasonication of HF-etched
SiINWs in common organic solvents. Further sonication
causes demolding of the products, giving rise to the
conventional CNTs and/or the new HCNTSs. Depending upon
the sonication time as well as other experimental conditions,
a hybrid composite nanomaterial CNT/HCNT, with or
without SINW inside, can also be found. We shall discuss
these interesting nanomaterials next.

8.2.1. CNT(O)s vs HCNT(O)s via Sonochemical
Reactions Using SINWs as Molds

First we shall describe the synthesis of HCNTSs, along with
the conventional CNTs, using SiNWs as templafé&?°
Conventional carbon nanotubes and nanoonions (CNOs) can
be produced by such diverse techniques as arc discharge,
laser ablatiod? CVD,'* electron beam irradiation, and high-
temperature annealid§i-'>2etc. Generally speaking, these
carbon nanostructures can only be produced under such
severe conditions as high temperature, high vacuum, high
voltage arc discharge, or high-energy electron irradiation.
Many of these preparative methods require specialized
equipment (such as lasers and CVD) and metal catalysts.
Recently, however, a simple sonochemical solution method,
using SiNWs as templates, to produce carbon nanostructures
under mild ambient conditions (room temperature and
atmospheric pressure) and without metal catalysts have been
reported*®14° These carbon nanotubes and nanoonions,
Figure 42. TEM image of the “sinking cluster” process: (a) at termed HCNTSs and H.CNOS’ have interlayer spacings ranging
the beginning of the TEM observation; (b) after about 1 min. from 3.4 to 5.9 A. Since many common organic solvents

(Reprinted with permission from ref 147. Copyright 2002 American can be used, this simple method provides a new synthetic
Chemical Society.) route to a wide variety of carbon and hydrocarbon nanoma-
terials.

) o These nanostructures exhibit a wide variety of shapes and
aand b of Figure 42 are two snap shots of the sinking processforms, the most common ones being multiwalled hydrocar-
of a cluster of approximately 2 nm in diameter (indicated pon nanotubes. Most of these carbon nanostrucures have a
by an arrow in Figure 42a). Under the intense electron, the ¢jgsed cap at one end and without encapsulated metal
throbbing cluster, while barely attached to the SINW surface, catalysts. Figure 43a depicts a typical CNT which has an
sank beneath the surface of the oxide layer. And, after aboutinner diameter of 4 nm. The interlayer spacing is 3.4 A, a
1 min, it was completely submersed in the oxide layer (Figure gjstinctive signature of CNT. The HRTEM image of a typical
42b). It was believed that the ligands played a role in the hydrocarbon nanotube (HCNT) is shown in Figure 43b. This
cluster “sinking” process. In other words, under intense myitiwalled HCNT has an outer diameter of 18 nm and an
electron beam irradiation, some of the phosphine and/orinner diameter of 3 nm. Unlike the conventional CNTs,

became coordinatively unsaturated. The oxide ions in the 4. g A

silicon oxide layer became the replacement ligands, thereby ) )
stabilizing the cluster. 8.2.2. SINWCHCNT and SINWCCNT

Another interesting phenomenon observed here is the It is believed that the SINWs serve as templates in the
“fusion” or “aggregation” of metal clusters (see Figure 5 of formation of these nanostructures. Indeed, both SINVENT
ref 147). It was found that clusters can travel a distance moreand SINWCCNT were observed, along with the final product
than 10 times its size and fuse or link together to form larger HCNTs and CNTSs, in the ultrasonication process. This is
clusters or aggregates, respectively. Since the rates of bothevidenced by the “caught-in-the-act” HRTEM picture shown
the sinking and the aggregation processes appear to increasi@ Figure 44a. Here, a HCNT of about 4 nm in diameter and
with increasing electron fluxes, it was suggested that electron65 nm in length was found to connect the tip of one SINW
irradiation, rather than thermal effects, provides the driving (A) to the body of another SINW (B). The SiNWs have

force for these processés. diameters of about 30 nm. The EELS results, taken from

the area between A and B, revealed that it is comprised
8.2. SINWCCNT and SINW CcHCNT: Syntheses of purely of carbon. The HRTEM image in Figure 44b, taken
Carbon and Hydrocarbon Nanostructures on from area A in Figure 44a, showed that this new type of
SINW (as Templates) HCNT has an interlayer spacing of 4.2 A, emanating from

the tip of SINW A. This seven-layered HCNT (or a total of
In this section, we shall discuss a special class of compositel4 layers) is connected to SINW B as shown in Figure 44c,
nanomaterials based on SINWs and CNTs or HCNTSs, wheretaken from area B in Figure 44a.
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nation, giving rise to CH units which subsequently polymer-
ize to form the hydrogenated graphene shéethat wrap
around the SINWs (templating effect).

While these heterogeneous reactions may be rather com-
plicated, they may be represented as

sonication sonication

(HC)adSiN—W(D)’ a-(HC), SiN—W(D)’ HCNT + HCNO (3)

Here (HC)q denotes the adsorbed hydrocarbon fragments
on the surfaces of the SiNWs or silicon nanodots (hereafter
referred to collectively as SINW(D)s) after the removal of
the substituents (e.g., dehydrochlorination), and a-(HC)
represents the polymerized amorphous hydrocarbons. These
hydrocarbon polymer fragments may resemble hydrogenated
amorphous carbon (a-C:H) on the one hand and hydrogenated
graphite on the other. The joining of the hydrogenated
graphite fragments eventually forms wavy layers of HCNT-
(O)s.

Further ultrasonication also causes the SiINWs to shed off
the HCNT(O)s, refreshing the SINW surfaces for further
reactions. The extruded HCNTs or HCNOs usually collapse
to form different types of solid or hollow tubes or onions,
depending on the types and frames of silicon nanostructures.
One example of the collapsed HCNT as it extrudes from a
SINW is depicted in Figure 44b.

Upon prolonged ultrasonication (5 min), the HCNT(O)s,
with interlayer spacings greater than 3.4 A, can be converted
to the conventional CNT(O)s, with interlayer spacings of 3.4
A, as represented in eq 4. Apparently these transformations
involve dehydrogenation reactions (which may be catalyzed
by the SINW(D) templates), followed by the annealing
process.

sonication

HCNT(O)——— CNT(O) 4)

Figure 43. (a) High-resolution TEM (HRTEM) image of a typical The nucleation and growth mechanism described above
CNT with interlayer spacing of 3.4 Aand 8 walls. (b) HRTEM ~ for the HCNT(O)s and CNT(O)s on SiNWs may be
image of a typical HCNT with inner and outer diameters of 3 and - 1hareq with the formation and growth of conventional
18 nm, respectively. (Reprinted with permission from ref 149. .
Copyright 2005 American Chemical Society.) carbon _nanotubes. For example, nucleation and growth
mechanisms of carbon nanotubes from polyyne rifitfspm
two parallel carbon sheets via thermal activatiefior from
a semifullerene nucled8’ as well as on a nanoparticle
catalyst via a carbon precipitation process have been
proposedS81%° In particular, carbon nanotube growth as-
sociated with metal particle catalysts has been proposed to
8.2.3. Templating Effect and Formation Pathway(s) occur by either a “root growtf® process, in which the
nanotube base interfaces directly with the metal nanopar-
Ultrasonication is believed to play an important role in ticles, or a “folded growth” modé&?! in which the carbon
the formation of these HCNTs/HCNOs. In other words, shell that forms the nanotube wraps around the nanoparticles
chemical transformations on the surfaces of the SINWs occur|eading to the curved graphitic layers that extrude from the
in the acoustic cavitation of ultrasound which can achieve a nanoparticle surface. In this context, the sonochemical growth
local heating of up to 5200 K in temperature with lifetimes of hydrocarbon or carbon nanotubes/onions on SiNWs
of <1 us!®® In fact, sonication not only promotes the reported here resembles more of the folded growth mode.
heterogeneous reaction between the,Sitbieties on the It is believed that these new structures of HCNTs/HCNOs
SiINW surfaces and the organic molecules in solution to form gre formed by networks of chair-form cyclohexane-like
the different types/shapes of carbon and hydrocarbon nano-hexagonal structure, similar to that of partially hydrogenated
structures but also causes the extrusion (or demolding) ofgraphite on the one extreme and that of amorphous hydro-
the products (see Figures 44a and 45a). carbon (a-C:H) on the other. Morphologically, they are
On the surfaces of the SiNWs, the chemisorbed organic similar to the conventional CNTs or CNOs except thattC
solvent molecules react with the SiFhoieties, and, under  bonds have been inserted between layers, thereby converting
the local heating condition of the ultrasonication process, curved sp sheets into puckered %planes or combinations
result in the elimination of the substituents of the solvent thereof. The more €H bonds being inserted, the larger will
molecules. In the case of chlorinated solvents, the reactionbe the interlayer spacings. The interlayer spacing also
between the StH and C-CI bonds results in dehydrochori- depends on the degree of packing between adjacent layers.

Figure 45 shows the TEM element mapping results which
confirm the chemical compositions of the SINW (the
template, silicon mapping, Figure 45b) and the HCNT (the
product, carbon mapping, Figure 45c).
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area “A” in a. (¢) HRTEM image taken from area “B” in a. (Reprinted with permission from ref 148. Copyright 2002 American Chemical
Society.)

Silicon Carbon

; i TR 4
Figure 45. Caught-in-the-act: (a) TEM image of the extrusion of a multilayer HCNT from an oxide-removed SiNW. The elemental
mapping images are as follows: (b) silicon mapping; (c) carbon mapping. (Reprinted with permission from ref 149 Copyright 2005 American
Chemical Society.)

The characteristics of HCNT(O)s, which distinguish them c-Ccc*
from the conventional CNT(O)s, are as follows: (1) HCNT-
(O)s have wavy layers or shells; (2) their large and variable
interlayer spacings range from 3.4 to 5.9 A; (3) they easily
shrink or buckle or can be damaged or broken by intense
electron beam; (4) they are partially hydrogenated, the degre€s
of hydrogenation decreasing with the sonication time; (5) &
they are free of metal or other catalysts; and (6) prolonged £
ultrasonication can convert HCNT(O) into CNT(O)s.

Spectroscopic data are consistent with the TEM observa-£
tions and the proposed structural models for these carbon
and hydrocarbon nanomaterials. For examplagle-tube
EELS results of individual new HCNT (curve a) and the
normal CNT (curve b), shown in Figure 46, are consistent
with this notion. The main difference between the new
HCNT and the conventional CNT is that HCNT exhibits less
sp* bonds and more disordered®smnds than that in CNT
as evidenced by the edge ratigf(C—C)/z*(C=C) of ) ) o
approximately 1 for the conventional CNT but 1.5 for the Figure 46. Comparison of the EELS of an individual hydrocarbon
new HCNT. This observation is consistent with the (partial) Nanotube (HCNT) (curve a) with that of a normal carbon nanotube
hvdrogenation of the €C bonds. (CNT) (curve b). (Reprinted with permission from ref 148.

yarog . .. Copyright 2002 American Chemical Society.)

The Raman spectra of the products are also consistent with
the structural model. The intense peaks at 517 and 966 cm and may be tentatively assigned to a carboarbon stretch-
can be ascribed to the scattering of the first-order optical ing frequency corresponding to a bond order of approxi-
phonon and the overtone of TO (L) of Si in SINWs, mately 1.5. We note that these bands are very different from
respectively. More importantly, in the range of 130800 those observed for conventional CNTs, which has a strong
cm 1, there were three weak peaks at 1300, 1450, and 1600peak at 1580 cnt (sp?), the so-called G-band tangential
cm, depicted in Figure 47. The peak at 1300 ¢rnan be mode, and a much weaker peak at 1348 £(sp®), the so-
assigned to sp(C—C single bond), whereas that at 1600 called D-band related to the disordered graphite and/or
cm ! to s (C=C double bond) stretching frequencies of amorphous carbon. For comparison, the characteristic Raman
the HCNT(O)s. The peak at 1450 ciis rather unusual  peak of diamond occurs at 1332 chwhich may be taken

(b) CNT

(a) HCNT

ntensi

T T T T T T T T T T T T T T T
280 285 290 295 300 305 310 315 320 325 330 335 340 345 350
Energy Loss (eV)
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Figure 47. Raman spectra of hydrocarbon nanostructures (HCNTS).

(Reprinted with permission from ref 149. Copyright 2005 American
Chemical Society.)

as the bench mark for the $g8—C single-bond stretching
frequency.

Other related reports of the synthesis of CNTs and CNOs
are worth mentioning®?-1%% One is a recent report of the
synthesis of single-walled carbon nanotubes on the surface
of the silica powder inp-xylene under sonication condi-
tions1%4 This method is similar to that using SiNWs as molds
just described; however, it requires ferrocene as the precursor
of Fe catalyst and silica powder as the nucleation site. Two
reports on the synthesis of CNffsand CNO$? by arc
discharge (using graphite electrodes) in water at room
temperature have also appeared. Finally, Lee and co-workers
produced CNT-encapsulated crystalline SiNWs by a hot
filament chemical vapor deposition (HFCVD) methi§elAt
~900°C, carbon multilayers were formed on the surface of
carbonized SiNWSs. However, at a higher reaction temper-
ature (~1000°C), the silicon core reacted with carbon and
transformed into #-SiC core. Carbon shells formed on the
SiC core were not as uniform as those on the Si core. As
the substrate temperature increased further to 1%00
featherlike carbon sheets sprouting from the surface of the
nanowires were formed. At an even higher deposition

temperature (1308C), a mixture of carbon flakes wif-SiC Figure 48. (a) HRTEM image of a SiC nanotube structure with

nanowires was obtained. 3.8 A interlayer spacings. Panels b and ¢ are Si and C element

mappings of the SiC nanotube in a, respectively. (Reprinted with
8.3. CNTCSICNT: Synthesis of SICNTs using permission from ref 167. Copyright 2002 American Chemical
CNTs as Reactive Templates Society.)

Among the various semiconducting materials, silicon carpide nanowires with 2.5 A spacing of the1l} planes
car_blde possesses unique phyS|c_aI and electron_lc p_ropertle%f B-SiC with the cubic zinc blende structure. These
which make it a suitable material for the fabrication of nanomaterials are similar to those produced by Pan’ét al.

ﬁ!eﬁtrfonic devices lfor hi%ggtemper.ature,. higr—power, and The second nanostructure obtained was the biaxial nanowires
igh-frequency applicationiS> One-dimensional SiC nano- 4 gjlicon carbide-silicon oxide (see Figure 3a,b of ref 167).

systems may exhibit unique properties due to quantum-sizeA similar biaxial structure had been observed by Wang et

effects, making them useful materials in nanotechnology and al 16 The biaxial Si@SiO, nanowires consist of two side-

the synthesis of SICNT using CNT as a reactive template,eggj;gﬁ guabr;alnowwes @SIC and silica to be described in

thereby producing a new composite heterostructure of ] .
CNTCSICNT 167 A third type of nanostructure may be described as
In ref 167, the growth of one-dimensional nanostructures CNTCSICNT. A typical image is shown in Figure 48a.
of SiC was observed in the reaction between silicon Element mappings (Figure 48b,c) showed the multiwalled
(produced by disproportionation of SiO) and carbon nano- tube structures to be composed of Si and C with the interior
tubes (as templates) in a tube furnace (at about@35The being CNTs and the exterior being SICNTs. Furthermore,
original goal was to synthesize SiNTs (see section 3) using the interlayer spacings of the exterior multiwalled SiICNTs
CNTs as molds. Instead, three types of interesting SiC are significantly larger than those of 3.4 A normally observed

nanostructures were obtained. The first type is the silicon for the interior multiwalled CNTs (see Figure 488&).
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optoelectronic devices raise the issues of electrical conduc-
tivity of SINWs and the patterning of electrical (ohmic)
contacts to SiINWs. Although SiNWSs can be mass-produced,
it is difficult to increase the electrical conductivity of SINWs
during the growth process. A number of strategies have been
developed in order to provide ohmic contacts to SiNWSs,
including deposition of Ag particles on SiNWs by chemical
(a) SIiC nanotube methods,’2173 or formation of metal silicide layers on
SiNWs1# A simple and effective technique to fabricate a
metal thin film on the surface of SINWSs, or SINWs wrapped
(b) SIC nanowire with Au cable (SINWCAUNT), was reported’®

In Figure 50a, gold nanoparticles, with an average diameter
of 5 nm, were deposited onto the silicon oxide surfaces of
the SINWs via argon-ion sputtering. Most, if not all, of the
Au particles were crystalline with distinct facets. Some of

— T T T T T the Au nanoparticles, however, aggregated to form larger
50 100 150 200 250 300 350 fused clusters. The region marked “A” was annealed by the
Energy Loss (eV) electron beam in the TEM. It can be seen that all Au particles
Figure 49. EELS spectra of (a) a single SiC nanotube and (b) a in this region were transformed into a metallic layer covering
single SiC nanowire. Both were found in the B3 sample. (Reprinted the surface of the SINW as depicted in Figure 50b. The
with permission from ref 167. Copyright 2002 American Chemical gigmeter of the annealed region was reduced about 50% in
Society.) comparison with the original oxide-covered SiNWs. Corre-
sponding to region “B” in Figure 50b, a HRTEM image
shows an Au film covering the SINW which is in turn
covered by a Si@layer of about 1 nm, as shown in Figure
50c. Judging from the lattice parameters (d-spacings), the

carbide nanotube is controlled by the diffusion of Si to the Au film and some bared (uncovered) Si spots can be found

SiC/C interface. However, since the Si diffusion rate through on the SINW su.rfaces as shpwn in Figure 50(c). )
bulk SiC is extremely slow in the temperature range of-800 ~ Parts ad of Figure 51 depict the snapshots and the time
1000°C, a steady supply of Si atoms from the dispropor- Sequence of the Au film formation process. In Figure 51a, a
tionation of SiO must therefore be transported primarily via POlyhedral Au nanoparticle, about 5 nm in diameter, was
surface diffusiort”* This is consistent with the observation 2attached to the surface of a SINW. Part of this Au
that the SICNTs were formed layer by layer, from outside nanoparticle was covered by SiQserving as ligands). In
in, via diffusion of Si atoms into the multiwalled carbon Figure 51b, the attached SiCgand began to disappear, and
nanotubéd®? the Au nanoparticle started to sink into the Sildyer of

The EELS spectrum (curve a in Figure 49) of a single S[NW. In Figure 51c, half of the Au nanoparticle merged
multiwalled SICNT shows that the Sisk-edge shifts to a with the existing Au film layer. .In Figure 51q, the entire Au
higher energy at 101.2 eV (from 99.3 eV of pure silicon) r]anopartlclg d!sappea}red and mtegrat_ed with the eX|st|.ng Au
and the C K-edge shifts to a low energy at 282.5 eV (from film layer. It is interesting to note that, in the process (Figure
284 eV of pure carbon), indicating a strong chemical bonding 91b—d), the Au nanocrystal rotated and reoriented to match
between Si and C. This is to be expected on the basis of thethe lattice orientation of the existing Au film layer.
fact that carbon is more electronegative than silicon. The In the second part of the study, SINWs with the oxide
EELS of SICNT is contrasted with the EELS @fSiC layer removed (by HF etching) were coated with Au
nanowire (curve b in Figure 49). With the exception of the nanoparticles and annealed by an electron beam in the same
preedge peaks, the two EELS spectra are rather similar. Thefashion. The results are similar. The reader is referred to ref
strong preedge absorption peaks of both the Si and the C175 for details.
EELS of SICNT (curve a of Figure 49) are indicative of the
a bonding between Si and C (compare with curve b of Figure 8.4.1. Formation of AUNWC SIO,NT: SiNWs as Sacrificial
49 for B-SiC). Templates

The observed multiwalled SiC nanotube is a new polytype
(allotrope) of SiC, with interlayer spacings, ranging from . . X .
3.5t0 4.5 A, distinctly different from those of the amorphous Wrapped around SiNWSs), as descrl‘Ped n th? previous
SiC or any of the common crystalline SiC phases (such as S€ction, were furnace annealed-~80°C and 10° Torr,
the cubic (3C), hexagonal (4H, 6H), or rhombohedral (15R) uniform crystalline AUNWs were formed in the core of the

structures, etc} It was also proposed that the structure of nanowire, with the SINWs being oxidized to $i€ncomi-
these new SiC nanotubes is similar to that of carbon tanty:"Figure 52 shows TEM images of an AUNW inside

nanotubes with silicon atoms substituting half of the carbon & SO sheath. The resulting heterostructure may be desig-
atoms in the curved hexagonal graphite tubular structure. Nated as AUNWESIONT. The formation of AUNWS is due
to the softening of SINWs upon oxidation and the enhanced
8.4. Formation of Gold Nanocables on SiNWs: Au diffusion at elevate(_j temperatures. The §_t®erlayer
SINWCAUNT on AuNWs can be readily removed by HF etching to expose
the AuNWSs. Thus, the furnace annealing of Au-coated
The potential applications of SINWs in interconnection SiNWs offers a simple method of synthesizing very thin
and as basic components in future mesoscopic electronic anctrystalline Au nanowires.

101.2 eV

282.5eV

Intensity (a.u.)

It is known that, at a sufficiently high temperature ¥
800°C), Si can react with C to form silicon carbid®.At
the experimental temperature of 935, Si and C react to
form SiC. The transformation of carbon nanotube to a silicon

When the heterostructures SINVAUNT (Au nanocable



Silicon-Based Nanomaterials and Nanodevices Chemical Reviews, 2007, Vol. 107, No. 5 1487

'y 'il : L .:!'.. . B =
> ?* Al 'r..‘. : 3 .. Pe
. NES il e el e

Figure 50. (a) Au nanoparticles, with an average diameter of 5 nm, are randomly attached to the surface silicon oxide layer of the SINWSs.
(b) The region marked “A” in a was annealed by the electron beam in the TEM. It can be seen that all Au particles in this region transformed
into a metallic layer covering the surface of the SINW. (c) HRTEM image of region “B” in b shows an Au film covering the SINW, which
is in turn covered by a Sifayer of about 1 nm. (Reprinted with permission from ref 175. Copyright 2002 American Chemical Society.)
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Figure 51. (a) Polyhedral Au nanoparticle, about 5 nm in diameter, was attached to the surface of a SINW. (b) The Au nanopatrticle started
to sink into the SiQ layer of SINW. (c) Half of the Au nanoparticle merged with the existing Au layer. (d) The entire Au nanoparticle
disappeared and integrated with the existing Au layer. (Reprinted with permission from ref 175. Copyright 2002 American Chemical Society.)

9. Silicon-Based Low-Dimensional Nanomaterials hybrid composite material$’**° There are two major
morphologies in SIND-based composite nanomaterials: those

In this section, we shall provide a systematic review of nyolving free-standing SiND structures and those in which
the syntheses and structures of various silicon-based low-siNDs exist in solid solution (as in Si@natrix, x < 2)19%:192

dimensional nanomaterials with special emphasis on building or as part of a solid network (as in porous 8#:1% The
a wide materials base for future nanotechnological applica- |atter can also be categorized as 0-D in 2D. Almost all the

tions. Specifically, we shall focus our attention oD on free-standing SiNDs have to be stabilized or functionalized
m-D silicon-based composite nanomaterials wheren < by an oxide, a ligand, or a self-assembled molecular outer
2. layer, resulting in the formation of a corshell structure.

Since there are many excellent reviews dealing with 0-D Many excellent review§8182.19219 gre available for 0-D
on 0-D and 2-D on 2-D, these topics will only be touched SiND-based composites, specifically those involving SiNDs/

upon briefly. SiO¢ matrix and porous Si. We will briefly discuss some
interesting SiNDs coreshell structures and silica-based
9.1.0-Don 0-D core—shell heterostructures in the following sections.

Composite nanomaterials based on 0-D Si nanodots (0[‘911 SIIICO”'Based COI’e—She// Heterostructures
nanocrystals, or quantum dots) have attracted considerable The most common SiND coteshell structures are formed
interests in microelectronics, optoelectronics, photonics, andby surface modification and/or functionalization of SiINDs
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SiO, termination provides a different surface modification
that allows one to probe the photoluminescence (PL) of these
nanoparticles with different surfaces. The gi@mination
also provides an alternate surface that can be further modified
to make more complex arrays of nanoparticles attached to
surfaces or polymers.

9.1.2. Silica-Based Core—Shell Heterostructures

Silica (SiG) can be a good “core” as well as a good “shell”
material in the fabrication of 0-D coreshell heterostructures.
The use of silica as a coating (shell) material has a long
tradition in colloid sciencé?” One reason is the good stability
of silica colloids (especially in agueous media), though other
reasons such as easy control of the deposition process (and
the shell thickness), processability, chemical inertness,
controllable porosity, and optical transparency, etc., are also
attractive features. All these properties make silica an ideal,
(a) low-cost material to tailor surface properties, while basically
maintaining the physical integrity of the underlying core
material. Different core materials such as metals (e.g.,
AUND@SIONS, AgND@SIONS, FeEND@SIGNS), metal
oxide (e.g., FE@O,ND@SIONS), and semiconductor (e.g.,
CASND@SIQNS, CdTeND@SIiGNS) have been coated
with silica to form core-shell nanoparticles.

Hollow nanospheres can also be coated with silica. This
gives rise to hollow multishell heterostructures. For example,
silica-coated gold hollow nanospheres (designated here as
AUNS@SiQNS) with tunable interior-cavity sizes had been
fabricated by a two-step reaction schettfefirst, uniform
gold hollow nanospheres with tunable interior-cavity sizes
were fabricated by using Co nanoparticles as sacrificial
templates and varying the stoichiometric ratio of starting
material HAuC}, over the reductants. Then the hollow gold
nanospheres were coated with amorphous silica by using the
Staber method® The surface plasmon resonance peak
(b) corresponding to the hollow gold nanospheres shifted over

Figure 52. (a) TEM image of AUNW inside a Sisheath formed ahreglon_ of hmﬁrt(:;]_tfllan 100 nm in wavelength due to the
by annealing the Au-coated SiNW at 830 for 1 h at 102 Torr, change In S e '.C ness. . -
and (b) the corresponding HRTEM image showing the Au core.  Another interesting example is the silica-coated carbon
(Reprinted with permission from ref 176. Copyright 2004 American nanoonion heterostructure CNO@S\. This core-shell
Institute of Physics.) nanostructure was synthesized via a slow reaction (days) of
AUND@SIONS of 15 nm in diameter with Cgl(as
during the synthesis process or postproégssd® The outer solvent)2°” The silica covering of AUND@SIENS is porous
layers may be oxide, metal, or molecules, etc., dependingin nature, and the gold core is accessible for halocarbons. It

on the surface reactions and treatment methods {1%e is believed that confinement of carbon formed within the

One example is the (silicon corejgold shell) structures  nanoshells forces its conversion to onions. The halocarbon

SIND@AUNS. mineralization process is catalytic in nature, producing more
It is also possible to fabricate the reverse ceshell carbon per metal ion removed. This appears to bring carbon

structure in which alkyl (R) terminated Si is the outer shell atoms together, leading to the formation of the onions.
layer with the core being another material such as Ge, or Silica is also a good nanodot core material. For example,
GeND@SI-RNS® This reverse coreshell material was  silica nanospheres can be used as templates for metal shell
synthesized via a solution synthesis route. The reaction of deposition to form SIND@MNS structures. Metals (M)
SiCl, with Mg,Ge in tri(ethylene glycol) dimethyl ether such as Au, Ag can be deposited on silica nanospheres via
(triglyme) produces nanometer-sized GeND@&GINS crys- either metal ion or colloid reduction in solutid?® 2%° or
tallites with a chloride passivated surface. Further reaction via thermal evaporation techniqu&82?! The silica core
with alkyllithium provides a stable surface terminated with supported metal shell structures are good candidates for
alkyl groups. The resulting crystalline particles (average 5.8 plasmon resonances investigation. Noble metal nanoshells
nm in diameter) can be suspended in organic solvent, such(e.g., Au, Ag) exhibit a strong, plasmon-derived optical
as hexane or cyclohexane, or isolated as a powder. Theresonance, typically shifted to much longer wavelengths than
termination with alkyls protects the Si surface from oxidation the plasmon resonance of the corresponding solid metal
and allows these Ge nanoparticles to be soluble in a varietynanospheres.
greonrgzsa T;]C ;g\l/\i/éeg t;btg}itézﬁnl%lg.ng them amenable for polymer 9.1.3. Core—Multishell Heterostructures

If 30% H,O, was added to the GeND@SCINS colloid In principle, MND@SIQNS or SIQND@MNS structure
solution, GeND@SIENS structures can be obtained. The can further be coated by metal or silica, respectively, via
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Figure 53. SEM images of different silver structures formed in (a) 0.1, (b) 0.1 (zoomed-in image), (&) 1002, (d) 1.0x 1073, (e) 1.0
x 1074, (f) 1.0 x 10°¢ M silver nitrate solutions. (Reprinted with permission from ref 172. Copyright 2001 American Institute of Physics.)

the synthetic strategies described above to form -eore with concomitant reoxidation of the SINW surfaté173.223
multishell heterostructures. For example, a BIAUNS@SIQ By varying the concentration of the metal ions in solution,
multishell heterostructure had been fabricated, starting with nanostructures of these metals with different shapes and sizes
the SIQ@AUNS structuré?? The outer silica layer provides  can be produced. These reactions provide a simple method
greatly enhanced thermal stability of the nanoparticle, raising to fabricate zero-dimensional metal nanopatrticles on one-
its melting temperature by 30@elative to uncoated nanoshells. dimensional silicon nanowires. We shall describe a few
Core-multishell heterostructures of general formulas examples next.
ND@NS1@NS2@NS3... can in principle be made sequen- 9.2.1.1 AgND=SiNW. The reductive deposition of Ag on
tially with different kinds of materials, giving rise to awide HF-etched SINW surfaces produced a wide variety of

variety of interesting 0-D nanostructures. morphologies as depicted in Figure B3It can be seen that
the size and morphology of the silver metal particles range
9.2. 0-D on 1-D from small clusters to dendrite with increasing concentration

of AgNQOs. These variations can be understood in terms of

Zero-dimensional nanodots or nanoshells can be depositednass transport of silver ions across the electrical double
on the outside or the inside of one-dimensional nanowires |ayers of the surfaces of SINWSs.

or nanotubes. In the following subsections, the word “nan- Upon immersion into the AgN@solution, the local

odots” is taken to mean either solid nanodots, hollow concentration of the surface silicon atoms in the volume
nanoshells, or composite cershell nanostructures discussed around the nanowires can be assumed to be in excess of that
in the previous sections. of the Ag ions. In fact, at the concentration ofx110~* M,
9.2.1. Nanodots on Nanowires: ND=NW 1 mL o_f the solution contains 1®ions, corresponding to
o ' approximately a monolayer coverage a 1 cn? surface of
HF-etched SiNWs exhibit moderately high reactivity in the nanowires. The redox reaction will thus be controlled
solution as a reducing agent. The reductive growth of by the concentration of the Ag ions (mass action). In high-
nanosized Au-Ag clusters on HF-etched SiNWSs in organic concentration solutions, a large quantity of Ag ions in the
solvents have already been discus¥&diF-etched SINWs  vicinity of the wires was reduced and aggregated as dendrites.
can also reduce a number of metal ions such as silver, copper|n low-concentration solutions, however, silver clusters or
palladium, and rhodium in aqueous solution to produce metal aggregates of clusters were deposited on the surfaces of
nanoparticles on the surfaces of SINWs at room temperature, SINWS.
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. . ; The morphologies of Pd and Rh nanoparticles formed on
(a) the SINW surfaces, as revealed by HRTEM, are rather
25 nm interesting. Roughly speaking, there are two types of
nanoparticles: the larger onesH20 nm in diameter) are
generally round-shaped and have a thin amorphous oxide
sheathing, whereas the smaller onegl (hm in diameter)
are often faceted and without the oxide sheathing. Figure
57a depicts a typical round-shaped Rh nanoparticle with an
8 nm diameter attached to a SINW surface. Some of these
nanoparticles were partially or completely surrounded by a
silicon oxide layer. In this regard, the oxides served as the
ligands, stabilizing the metal nanoparticles on the SINW
surfaces. As a result, these nanoparticles showed good
stabilities under HRTEM observation.

Many of the smaller nanoparticles® nm) exhibit well-
defined facets, suggesting a high-frequency polyhedral
structure as illustrated by the HRTEM image of such an Rh
15000-] (b) particle shown in Figure 57b. The Rh nanoparticle appears

to be an individual polyhedron of about 3.5 nm in diameter.
Both Rh and Pd nanopatrticles exhibited fcc lattice structure

3 150001 without the amorphous oxide layer. This type of nanopar-
s ticles, with little or no oxide sheathing, showed poor stability
£ 140004 lc., L under intense TEM electron beam bombardment. It was
g | found that some metal nanoparticles on the SINW surface

eventually detached from the SiNW surface or sank into the

13800+ amorphous oxide layer during TEM observation. These
1 observations are similar to those discussed earlier for the
120004+— - y . . . ligated Au—-Ag alloy nanoparticles on SiINW surfac&s.
000 1000 1200 1400 (600 (000 2000 Other shapes or morphologies of the nanoparticles or
Energy loss (V) aggregates of nanoparticles have also been observed.
Figure 54. (a) TEM image of the SiNWs treated with a 1.0 9.2.1.4. AUAgND=SINW. Au—Ag nanodots deposited on

1073 M copper sulfate solution. (b) Corresponding EELS spectrum
of the SINWs shown in a. (Reprinted with permission from ref
172. Copyright 2001 American Institute of Physics.)

silicon nanowires, AUAgNBE-SINW, via reductive growth

of structurally well-defined phospine-ligated geldilver
clusters on HF-etched SiNWSs, have been discussed in section
8.1147

9.2.1.2 CuND:=SINW. When HF-etched SINWs were ; .
immersed in 1.0x 1072 and 1.0x 1073 M copper sulfate 9.2:2. Nanodots in Nanowires: NDCNW
solutions, brown metallic copper formed on the SiNWs was We shall now describe a few examples of nanodots
clearly visible at high concentration (10 102 M). The immersed in nanowires.
product from the reaction of HF-etched SiNWs and the 1.0 9.2.2.1. SINR=SIiO.NW (Necklacelike Chains). The
x 107 M copper sulfate are shown in Figure 54a. The necklace- or chainlike SiINWs have been synthesized by
corresponding EELS spectrum is shown in Figure 54b, where alternating the pressure of the carrier gas in the OAG growth
the Cu Lsredge at 931.1 and 951.0 eV can be clearly proces€?* The necklacelike SINGSiO,NW nanostructure
identified. The prominent feature just below 1600 eV has may be described as a chain of crystalline Si nanoparticles
been interpreted as the XAFS of the Cu L-edge. immersed in an amorphous silicon oxide nanowire.

9.2.1.3. PAND-SIiNW, RhND-=-SiNW. The palladium and The necklacelike SINBSIO,NW nanostructures are some-
rhodium nanoparticles<{10 nm in diameter) have also been times referred to in the literature as “chainlike SINWs”. They
produced on the hydrogen passivated surfaces of SiN%s. are often observed as byproducts in the fabrication of normal
Figure 55a shows the SEM image of Pd nanoparticles SINWs by both laser ablatié# and thermal evaporation
aggregated on SiNWs from reductive deposition of Pd(ll) methods’ A bulk quantity of Si nanosphere chains can also
ions in a 1.0x 1073 M solution on SINW surfaces. High  be prepared by annealing normal SiNWs at high temperature
magnification, Figure 55b, revealed a distribution of ag- via a spheroidization mechani&hi?¢or by heating a gold-
gregates varying from tens of nanometers to hundreds ofcoated silicon substrate via an extension of the vapor
nanometers. The TEM images of Pd nanoparticles on SiNWsliquid—solid mechanisriz
from the 1.0x 10~* M Pd(ll) solution are shown in Figure Figure 58 shows a typical TEM image of the necklacelike
56a. The sizes of most of the Pd nanoparticles are smallerSiINDCSiO,NWSs. The nanopatrticles have an average diam-
than 5 nm. The HRTEM image shown in Figure 56b reveals eter of 16 nm and are connected 20 nm long oxide
the fcc structure of these Pd nanopatrticles with lattice spacingwires. The HRTEM images are depicted in Figure 59. The
of 2.2 A. They are either attached to the SINWs or immersed nanoparticles are single crystalline silicon nanodots as
in the amorphous Si© Similar results were obtained for confirmed by electron diffraction. The outer shells of the
Rh. No Pd and Rh nanoparticles larger than 10 nm were nanoparticles and connecting wires are amorphous silicon
found to attach to the SINW surface. Apparently as the metal oxide. It is interesting to note that the silicon nanoparticles
nanoparticles grow to a larger size X0 nm in diameter), in the chainlike SINWs exhibit a variety of shapes. In
they tend to separate from the SiNW surfaces. addition to the commonly observed spherical shape, shown
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Figure 55. (a) SEM image showing metallic Pd nanoparticle aggregates from the reductive deposition of Pd onto the surfaces of SINWs
in a 1.0x 10-3 M Pd(ll) solution. (b) High magnification of SEM image of a. (Reprinted with permission from ref 223. Copyright 2004
American Chemical Society.)

Figure 56. (a) TEM image of Pd nanoparticles on SiNWs formed in a £.a0* M Pd(ll) solution. (b) HRTEM image of the Pd
nanopatrticles in a. (Reprinted with permission from ref 223. Copyright 2004 American Chemical Society.)

£ nm

Figure 57. HRTEM image of (a) a round Rh nanoparticle of 8 nm in diameter on the surface of a SINW and (b) a near perfect individual
polyhedral Rh nanoparticle of about 3.5 nm in diameter on SiNW surface. (Reprinted with permission from ref 223. Copyright 2004
American Chemical Society.)

in Figure 59a, rectangular and triangular shapes are alsaticles exhibit (111) crystal planes with a 3.1dspacing. In
observed, as shown in Figure 59b,c, respectively. From thea cross-sectional study of the nanowiféshe horizontal
HRTEM images, it can be determined that the Si nanopar- cross-section of a chainlike SINW was obtained and it was
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S0 nm

Figure 58. Typical TEM image of the necklace- or chainlike
SiNWSs. (Reprinted with permission from ref 224. Copyright 2004
American Institute of Physics.)

found that some nanoparticles, measuring-26 nm in
diameter, exhibited polyhedral shapes such as hexagons and
octagons in the cross-sectional view. While it is believed
that fluctuations of the chamber pressure in the OAG growth
process contribute to the formation of these nanstructures,
the detailed mechanism remains unclear and awaits further
investigation.

9.2.2.2. CuSINIZSINW. Copper silicide nanocrystals
embedded in a silicon nanowire, CuSINBINW, were
obtained by laser ablation of Si/metal mixture targets at 1200
°C in an argon gas flo’?8 Consistent with the bulk-phase
properties, copper was found to have a high solubility in
silicon nanowires. The copper atoms react with silicon to
form copper silicide, which precipitates as nanocrystals
within the nanowires. The copper silicide nanocrystals are
spherical in shape and embedded in the silicon nanowire as
depicted in Figure 60. The diameters of the nanocrystals tend
to increase with increasing diameter of the host nanowire.

9.2.3. Nanodots on Nanotubes: ND+NT

The discovery of carbon nanotubes opens up new and e T e
exciting possibilities for making different kinds of nanosized T
heterostructures by filling the inside hollow space with other
elements (nanodots in nanotubes, designated asNND?2°230
or by decorating the outside surfaces of the nanotubes . v : ok
(nanodots on nanotubes, designated as-ND).?31-233 One Ay e AR NS R : ©
example of the latter is the attachment of CdSe nanoparticlesrigure 59. HRTEM images of the chainlike SiINWs with (a)
on the surface of CNTs, designated as GHSBIT 233 Further spherical Si nanoparticles, (b) rectangular Si nanoparticles, and (c)
examples can be found in the literature. We shall now discusstriangular Si nanoparticles. (Reprinted with permission from ref
the filling of CNTs in the following sections (sections 9.2.4 224. Copyright 2004 American Institute of Physics.)
and 9.2.5).

or ionic interactions. These confinement effects, coupled with
9.2.4. Nanodots in Nanotubes: NDCNT the positions and orientations of molecules inside the cavities
of the nanotubes could, in some cases, lower the activation
energy of some reactions (thereby facilitating the kinetics)
and, in others, favor the formation of one isomer (whose

Confinement of molecules (nanodots or nanoshells) within
the cavities (channels) of nanotubes can result in distortion
of the shape of the molecules as well as perturbation of bond ;
lengths and/or angles. These changes can be caused b hape confor_ms better to the nanotube cavity) over others
geometrical constraints (shape matching) and/or interactions\"€"€by defying thermodynamics).
between the molecules (guests) and the interior (host) of the We shall now discuss a few examples of nanodots (ND)
nanotubes (guesguest and guesthost interactions). The O nanoshells (NS) in nanotubes (RINT or NSCNT).
nature of these interactions could range from weak van der 9.2.4.1. SINCMWCNT. Recently a simple approach was
Waals or hydrogen bond interactions to rather strargr developed to introduce ex-situ synthesized silicon nano-
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Figure 60. (a) TEM image of the composite structures of the s
silicon nanowires and the metal silicide nanocrystals. (b) HRTEM iy

image of a metal silicide nanoparticle. Snow marks indicate the Figure 61. Plan-vie HRTEM image of an open MWCNT with

sites where electron beam diffractions and EDX were probed. (C) giameter 40 nm filled with a SINDs/methanol solution: (a) HRTEM
HRTEM image of a part of the metal nanoparticle and its interface image of a small section of MWCNTSs where the graphitic walls

with the silicon nanowire. The lattice spacing at the interface is ; ;

. > appear as dark fringes. (b) TEM image of the hollow part of the
about 0.31 nm, corresponding to that of the (111) planes of Si. ;e \ith SIND particles. The distance between atomic columns
The lattice distance at the site of the particle is about 0.20 nm. (d) ;¢ 9 20 nm corresponds to silicon (226) spacing. The inset
SAED patterns taken at the nanoparticle (site 2 in b). (€) SAED jnicates the corresponding selected area electron diffraction

patterns probed at the interface (site 3 in b). (Reprinted from ref «gaAEp) pattern. (Reprinted with permission from ref 234. Copyright
228, Copyright 2001, with permission from Elsevier.) 2006 American Institute of Physics.)

AR

crystals, either dispersed in organic solvents such as methanoted-shifted by 15 cmt and significantly broadened. These
or embedded in Si@based spin-on-glass (SOG) solutions, observations can be interpreted as being caused by the
into multiwalled carbon nanotubes at room temperature andinteractions between the-SH bonds of the cluster with the
atmospheric pressufé It is known that opened MWCNTs interior wall of the CNT2® In contrast, the icosahedral
exhibit strong capillary effect and can be wetted and filled o-carborane forms an ordered zigzag chain in SWCHNTs.
by substances having low surface tensions. Theoretical 9.2.4.3. Nanoshells in Nanotubes: NSNT. The struc-
calculations suggested (see ref 16 in the original paper) thattures and dynamics of carbon nanotubes filled with fullerenes
any liquid having a surface tension below 200 mN/m will can be found in the excellent review by Khlobystov et3al.
spontaneously enter the channels of CNTs under ambientHere we provide a brief account of the important experi-
conditions. This rules out most of the molten semiconductors mental observations and theoretical investigations to date.
and heavy metals. In contrast, water and organic solvents The filing of carbon nanotubes with fullerenes was
will easily enter and fill the CNT channels. discovered accidentally when both were produced simulta-
Figure 61 shows the TEM images of SiNDs that were neously by the pulsed laser vaporization technf§&i€arbon
dispersed in methanol via sonication and introduced into nanotubes filled with fullerenes are called “peapods”. The
MWCNT channels through the capillary effect. The ends of z—x interactions between the fullerene surface and the
the MWCNTs were opened by thermal annealing in an interior of a nanotubé3® both consisting of curved graphitic
oxygen atmosphere at 58. The MWCNTs have an  sheets, had been estimated to amount to ca. 3 eV ger C
average inner diameter of 40 nm. The darker dot images, molecule. This represents a 50% increase over the cohesive
having diameters of 310 nm, within the CNT channels  energy of fcc fullerene crystaf8? Good shape matching and
correspond to the embedded crystalline SiNDs, as confirmedthe effectiver—z interactions suggest that the encapsulation
by the high-resolution TEM images and electron diffractions of fullerenes in SWCNTs should be spontaneous and

shown in Figure 61a,b. irreversible, provided the nanotube diameter is at least 0.6
9.2.4.2. NanoclustecCNT. Nanoclusters such as cubic nm larger than that of the fullerenes (to allow for the
octasiloxane, gBisO1,, and icosahedral-carborane, &B10H12, thickness of ther orbitals, i.e., 2x 0.34 nm).

had been incorporated into CNTs. The former is a cubic  9.2.4.3.1. GeCCNT and GoCCNT.The packing arrange-
cluster with eight silicon atoms at the corners, bridged by ment of nanoshells in hanotubes depends not only on the
twelve oxygen atoms on the edges, of the cube. Each siliconinternal diameter of the nanotubes but also the size and shape
atom is bonded to a hydrogen atom. In the nanotubesof the nanoshells. It has been determined theoretically that
(SWCNTs or DWCNTS), the octasiloxane clusters exhibit a there are ten possible arrangements for fullerenes in
large degree of disorder. The-Gil stretching frequency is  CNTs?2%?4lranging from a linear array to a zigzag config-
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uration to a two-molecule layer structure, as the diameter of cally regulated growth of ionic crystals. Deviations from the
the nanotube increases. For examplg,@olecules form a  corresponding bulk structures were observed, including lower
linear array for (10,10)CNTs (diametdr= 1.36 nm) but a coordinations and lattice distortions. The first reported
zigzag chain for (11,11)CNTs&l& 1.49 nm). The threshold ~ example is a Z 2 Kl linear crystal formed within a SWCNT
diameter for the linear to zigzag phase transition seems toof 1.4 nm in diameter. As expected, the coordinations reduce
occur atd = 1.45 nm. Interestingly, the situation is different from the bulk values of 6:6 to 4:4. It is interesting that the
for the ellipsoidal-shaped & molecules. In (10,10)CNTs, (200) spacing along the tube axis-©0.35 nm is similar to
the Go molecules adopt a longitudinal orientation, with the that of the bulk, but expanded te0.4 nm across the
long molecular axis parallel to the nanotube axis, whereas capillary?*é Larger 3x 3 Kl crystals have also been formed
in (11,11)CNTs, they adopt a transverse orientation, with in SWCNTs with a larger diameter (1.6 ni#y.The 3 x 3
the long molecular axis parallel to the nanotube axis. Here Kl crystal shows three separate coordinations of 6:6, 5:5,
the molecular orientations are obviously dictated by fullerene and 4:4 for the center, face, and corner-KI—1—K... rows,
nanotube interactions rather than fullereifidlerene interac- respectively, along the SWCNT axis. Similar slight lattice
tions, in addition to the diameter of the nanotube. distortions were also observed.

Theoretical calculatioR® suggested that the ordering of Eutectic silver halide systerfand metal oxides such as
the fullerene molecules in CNTs depends not only on the Sk0s?** have also been incorporated into SWCNTSs.
filling factor and the diameters of the nanotubes (electronic  9.2.5.3. Clusterization Inside CNTs Electron-beanir-
and size effects) but also on the temperature. For exampleradiation of ZrCj (1-D chainlike structure with bridging
an ordered zigzag phase ofsn (15,15)CNT undergoes a  halides) inside a SWCNT causes elimination of &id the
phase transition (melting) to a disordered state at 75 K. ~ formation of clusters of different lenghts{2 nm)?252
do?{gd?j}i}g&?e%iﬁmggzgg@%ge f;évgefzm}ice 9.2.6. CNTs and cSiNTs as Nanotemplates/Nanomolds
also been inserted into SWCNTSs. Interesting molecular We have already discussed the use of CNT templates or
motions were observed under HRTEM imaging. molds in the fabrication of low-dimensional silicon composite

. nanomaterials in earlier sections. In a sense, these composite
925 CNT and CSINTS as NaHO-Test—TUbGS/NaHOI’eaC[OI’S nanomaterials may a|So be Considered as CNTs decorated

Carbon nanotubes (CNTs) and crystalline silicon nanotubes©n the outside with nanodots or nanshelis, giving rise to 0-D
(cSiNTs) can be used as nanosized test tubes or reactors2n 1-D heterostructures NECNT or NS=-CNT, or wrapped
The interior walls of CNTs are curved graphene sheets, With other nanotubes, CNINT, giving rise to 1-D on 1-D
whereas those of the cSiNTs are curved silicon or silicon heterostructures. The former heterostructures had been
oxide surfaces. These distinct surfaces should have differengiscussed in section 9.2.3. The latter will be discussed in
effects on chemical reactions inside the nanotubes. They maydetail in section 9.3.2. o
also catalyze different types of reactions. Here we discuss !N choosing a template or a mold, it is important to bear
two types of reactions inside CNTs: fullerene ogligomer- N mind that it can either be inert, reactive, or sacrificial.
ization/polymerizations and formation of ionic crystals. For example, silicon carbid€]°% »Jallium nitride nanow-

9.2.5.1. Fullerene Reactions Inside CNTdhe reactions  res:**Si-B—C—N nanocable$?®heterostructures of carbon
of fullerene and nonfullerene molecules encapsulated in Nanotubes and carbide nanorétfsand SiC-SiCx biaxial

. ; ra&69 i i
carbon nanotubes have been reviewed in ref 237. Instead of?@nowire$® have recently been synthesized using carbon
using high temperatures and common organic solvents in nanotubes as molds. These CNT-template-directed fabrication

filling CNTs, it was found that supercritical GOwith the methods are highly promising due to the morphological

critical point just above room temperature, acts as an efficient Nt€grity of carbon nanotubes which spatially confine the
medium for transporting molecules into the nanotube cavi- reactions to the contours of the nanotubes. The net result is

ties2% Once inside, the reactions can be induced by light the formation of one-dimensional products with diameters,
heat. or electrical [3otential etc. " lengths, and orientation similar to that of the carbon nanotube
It is important to note that the confinement effects disussed [EMPIates. However, sometimes reactions can occur between
in section 9.2.4 can affect chemical reactions within nano- 1€ template and the product, as in the case of the synthesis
tubes in two ways. In some cases, it may lower the activation of SICNTSs using CNTs as reactive templat®in this case,

energies of some reactions (kinetic effect), while, in others, 232?;2%?8\&"re?ogl]:l\?\ll“(\\ﬁgrecglr Sb(')dgls)'tl;r?g doi)ggﬁ:,agr?s?t{at
it may favor the formation of one isomer (which conforms 6 ' ’ 9

better to the nanotube cavity) over other isomers (thermo- the CNTs also function as sacrificial templates.
dynamic effect). For example, fullerene epoxide,@; can By the same token, cSiNTSs can also be used as templates
be inserted into SWCNTs and heated to produce a linear©" molds in the fabrication of other nano-heterostructures.
polymer (GoO).CSWCNT wherein the 60O molecules are
bonded in a head-to-tail fashiéff. In contrast, a randomly 93.1-Don 1-D
disordered polymeric structure was obtained when bghoC Generally speaking, 1-D on 1-D nanostructures can be
crystals were heated to 26Q. Yet another beautiful example  catagorized into three broad classes: axial, radial, and
is the formation of the thermodynamically disfavored linear multiaxial heterostructures. Heterostructures can be made
trimer GsoOCs0OCeoCSWCNT when SWCNTs are filled  during the growth process or by treatments after growth.
with an appropiate mixture ofgand GoO. The bentisomer  Postgrowth treatment can be accomplished either by physical
is preferentially formed in solution instead. processes (e.g., coating) or by chemical means (e.g., surface
9.2.5.2. Formation of Nano lonic Crystals Inside CNTs. reactions). The growth of axial heterostructures is usually
The formation of nanosized ionic crystalline rods within achieved by using a single growth mechanism that can be
SWCNTSs have been reviewed by Sloan et*alThe well- easily switched between different precursor materials during
defined nanotube channels of precise diameters allow atomi-the growth process. Radial heterostructures, on the other
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Figure 62. Axial heterostructural growth of nanowire superlattices.
(a) A nanocluster catalyst (shown gold) nucleates and directs one-
dimensional semiconductor nanowire (blue) growth with the catalyst
remaining at the terminus of the nanowire. (b) Upon completion
of the first growth step, a different material (red) can be grown
from the end of the nanowire. (c) Repetition of steps a and b leads
to a compositional superlattice within a single nanowire. (Reprinted
by permission from Macmillan Publishers Ltd. (ref 256, http://
www.nature.com), copyright 2002.)

hand, can be fabricated by coating the 1-D nanostructures

with a conformal layer of a second material. We shall discuss
each of these distinct types of composite nanostructures in
the following subsections.

9.3.1. Axial Heterostructures

9.3.1.1. Binary Axial Heterostructures. Binary axial
heterostructures are designated here aB8Awhere A and

B can be nanowires or nantubes of the same material but

with different dopants, as exemplified by p-SiNWi-SINW,

or of different materials, as exemplified by SINVENT. A

or B, or both, can be multicomponent composite materials
of insulators, semiconductors, metals, etc. A and B can also
be repeated in a single wire to fabricate infinite, periodic
axial heterostructures. For example, if A and B represent
nanowire and nanotube, respectively, then th&-B),—
heterostructure can be (NW—NW),—, —(NW—NT),—,
—(NT—NT),—, etc. In short, the possibilities are endless.
Finally, the arrangement can either be ordered, modulated,
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defined, modulated compositional profile along the wire axis.
Schematic illustration of the experimental setup and the
block-by-block nanowire growth process are shown in Figure
63. Single-crystalline nanowires with axial SINV&IGeNW
superlattice structure, depicted in Figure 64, have been
successfully synthesized. The SiNVBiGeNW superlattice
growth is based on the VLS mechanism with Au as catalyst,
and a gas mixture of Hand SiClf was continuously
introduced into the reaction tube for continuous growth of
SiNWSs. Ge vapor was generated in pulsed form through the
laser ablation of a pure Ge target. The reaction temperature
typically ranged from 850 to 95%C. By periodically turning

the laser on and off, SINWSIGeNW superlattice can be
formed in a block-by-block fashion. This particular growth
process may be likened to the living polymerization synthesis
of block copolymer.

9.3.1.1.3. SINWNISINW.Recently Lieber and co-work-
erg®® demonstrated that NiSi nanowires can be prepared from
single-crystal Si nanowires by deposition of nickel metal film
onto the surfaces of the SiINWs followed by a solid-state
reaction at 55C°C to form NiSi, and the removal of the
residual metal by wet etching. This approach can be modified
to transform selective segments of single-crystal silicon
nanowires to produce SINWNISINW heterostructures with
well-defined superlattices (Figure 65a). TEM images (Figure
65c) show a periodic variation in contrast that is consistent
with NiSi (dark) and Si (light) materials within the hetero-
structure. It is clear that this approach enables spatially
controlled transformation of silicon to metallic NiSi hetero-
structures. Interestingly, a detailed examination of the
SINW—NISINW heterostructure by high-resolution TEM
(Figure 65d) reveals that the transformation yields an
atomically abrupt interface (irrespective of any axial diffu-
sion).

9.3.1.1.4. SINWCNT »s CNT-SINW. A controlled,

or random. Some representative examples are discussedatalytic growth of metatsemiconductor junctions between

below.

9.3.1.1.1. p-SINWN-SINW.The p—n homojunctions are
the basis of planar silicon field effect transistor (FET)
technology and many semiconductor devices. Intrawira p
junction diodes can be fabricated within individual silicon
nanowires by direct addition of gas-phase dopants during
the growth process. This creates tnaal heterostructures
comprising p- and n-type semiconductors. Figure 62 shows
a scheme of growth process of88 semiconductor nanowire

carbon nanotubes and silicon nanowires was reported by
Lieber and co-worker®® Two approaches were used to
prepare the nanotubaanowire junctions, CNTs growing
from the SINW end (SiNW-CNT) and SiNW growing from

the CNT end (CNTFSINW) as shown schematically in
Figure 66. In the former, a common Fe-based (Fe/Au)
catalyst was used to grow CNTs from the ends of SINWSs.
The catalyst is naturally localized at the ends of the SINWs
after their growth and thus can be used to direct the growth

axial heterostructures. One example is the homojunction ©f CNTs using a hydrocarbon reactant such as ethylene at
p-SINW—n-SiNW 256 To switch dopants during the growth 600 °C. Electron_ dlffract|on_ and hlgh-resolunon imaging
of the SINWs, the dopant flow was turned off and the reactor réveal that the SINWs remain crystalline after CNT growth
evacuated and refilled with silane flow before switching on (Figure 67). Two types of junctions can be produced from
the alternate dopant. Typical growth conditions were a the SINW ends. As depicted in Figure 66a, the CNT may

temperature of 456C, a pressure of 10 Torr, and silane flow form a sharp junction with the SiINW, with the metal
rates of 3 sccm. nanocluster being excluded (top), or the metal catalyst may

Rectifying behavior was observed in two-terminal electri- "€main at the junction between the CNT and SiNW (bottom).
cal measurements, which can be attributed to the formation ' he former is the majority product. Because MWCNTSs are
of a nanoscale pn junction within a single nanowire. The  typically metallic, these sharp SINWCNT nanojunctions
abrupt transition in carrier type and the resulting built-in €xhibit behavior typical of metaisemiconductor (M-S)
potential barrier was revealed by simultaneous conductivity JUnctions.
and atomic force microscopy measurements. For the growth of CNFSINW junction, CNT was first

9.3.1.1.2. SINWSiGeNWRecently, Wu et al. reported a  attached to sharpened Pt/Ir scanned probe microscopy tips,
hybrid pulsed laser ablation/chemical vapor deposition (PLA- and then a gold nanoparticle was electrodeposited onto the
CVD) method for the synthesis of semiconductor nanowires CNT free ends. SINWs were grown from the CNT tip ends
with axial heterostructure®’ The laser ablation process by using silane as the silicon source (Figure 68). As portrayed
generates a programmable pulsed vapor source that enableschematically in Figure 66b, the SINW forms a sharp junction
the nanowire growth in a block-by-block fashion with a well- with the CNT, with the metal nanocluster attached to the
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Figure 63. Schematic illustration of the experimental setup (a) and valiguid—solid sequential nanowire growth mechanism (b). Panel

b shows different stages of the block-by-block nanowire growth process: (1) alloying process between Au thin film and Si species in
substrate/vapor; (2) growth of pure Si block when the laser is off (only Si species deposit into the alloy droplet); (3) growth of SiGe alloy
block when the laser is on (both Si and Ge species deposit into the liquid droplet); (4) growth of Si/SiGe superlattice structure by turning
on and off the laser beam periodically. (Reprinted with permission from ref 257. Copyright 2002 American Chemical Society.)
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Figure 64. Axial heterostructural growth of SiSiGeNWs: (a) SEM image of the heterostructured nanowire array on Si (111) substrate.
Bar= 1 um. The inset shows the tip of one nanowire. Bat00 nm. (b) STEM image of two nanowires in bright-field mode. The scale
bar is 500 nm. (c) EDS spectrum of the Ge-rich region onS$Ge superlattice nanowires. (d) Line profile of EDS signal from Si and Ge
components along the nanowire growth axis. (Reprinted with permission from ref 257. Copyright 2002 American Chemical Society.)

free end of the SINW. The preference for growth with Au independent junctions. This rectifying behavior is charac-
catalyst at the SINW free end, instead of at the GISINW teristic of an M—S Schottky diode device.

junction, reflects the more favorable energetics of-N6I 9.3.1.1.5. SICNRSWCNT, SICNBSWCNT.A method
versus NF-liquid Au—Si interfaces. A typical field emission  based on a controlled sotigsolid reaction was used by lijima
SEM (FESEM) image of a CNFSINW junction (Figure and co-workers to fabricate heterostructures between single-
68b) shows roughly equal 5 nm straight segments of CNT walled carbon nanotubes (SWCNTs) and nanorods or
and SINW. TEM and FESEM images showed that the particles of silicon carbid&® The SICNR-SWCNT junc-
nanotube and SINW can be either on-axis or off-axis. tions have crystalline interfaces with a nanometer-scale area
Current-voltage (—V) measurements on CNISINW junc- defined by the cross-section of a SWCNT bundle or of a
tions with only the SINW in contact with the Gdn liquid single nanotube. The method is based on a direct -solid
exhibit rectifying behavior typified by the results for two solid reaction: C (nanotubes) M (solid) — MC (solid),
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Figure 65. Fabrication and structural characterization of NiSi
nanowire heterostructures and superlattices. (a) Fabrication of NiSi
Si nanowire heterostructures and superlattices. (1) Si nanowires
(blue) dispersed on a substrate are (2) coated with photoresist (gray)
and lithographically patterned, (3) selectively coated with Ni metal
(green) to a total thickness comparable to the Si nanowire diameter,
and (4) reacted at 550C to form NiSi, resulting in NiSt+Si
nanowires. (b) Dark-field optical image of a single NiSi

nanowire heterostructure. The bright green segments correspond

to silicon and the dark segments to NiSi. Barl0 um. (c) TEM
image of a NiS+Si nanowire. The bright segments of the nanowire

correspond to silicon, and the dark segments correspond to NiSi.

Bar = 1 um. (d) High-resolution TEM image of the junction
between NiSi and Si showing an atomically abrupt interface.
Insets: two-dimensional Fourier transforms of the image depicting
the [110] and [111] zone axes of NiSi and Si, respectively. Bar

5 nm. (Reprinted by permission from Macmillan Publishers Ltd.
(ref 258, http://www.nature.com), copyright 2004.)

where M is either Si or a transition metal (shown schemati-
cally in Figure 69). The carbide initially forms at the C/M

Chemical Reviews, 2007, Vol. 107, No. 5 1497
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Figure 66. Fabrication of NF-NW junctions. (a) SiINWs (gray)
grown by a catalytic process terminate in nanocluster catalysts
(black). This catalyst is used to direct the growth of CNTs (black
lines) from ethylene. The catalyst can be excluded or remain at the
NT/SINW junction. (b) Catalyst nanoclusters (black) are deposited
on CNT ends and then used to direct the growth of SINWSs. In this
case, the catalyst is on the SiINW free end and the NT/SINW
junction is clean. The CNTs are multiwalled. (Reprinted by
permission from Macmillan Publishers Ltd. (ref 259, http://
www.nature.com), copyright 1999.)
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Figure 67. SINW—CNT junctions grown from SiNWs with a
common Fe-Au catalyst. (2) TEM image of SiNW produced with

a Fe oAug ; catalyst. The 15 nm diameter NW terminates in aFe

Au nanocluster that appears as a dark, solid sphere. (b) The large
black arrow highlights the junction position. The small arrow
indicates a metal catalyst cluster that was probably excluded from
the junction during growth. The inset is an electron diffraction
showing that the SINW maintains its crystalline structure after CNT

interface once a sufficient temperature is reached for the growth. (c) The larger arrow highlights the junction region that

reaction to occurf > 800°C). The continuous transforma-
tion of the SWCNTSs to carbide is controlled by the diffusion
of M to the C-MC interface. However, the self-diffusion
rate through bulk SiC or transition metal carbide is extremely
slow in the temperature range of interest (8@ < T <
1000 °C). A continuous supply of Si or metal atoms is
therefore transported primarily via surface diffusion. This is
consistent with the known formation of SiC films on the

contains a metal nanocluster. The contrast variation highlighted by
the smaller arrow corresponds to SINW. The scale bars-imare

20, 50 and 50 nm, respectively. (Reprinted by permission from
Macmillan Publishers Ltd. (ref 259, http://www.nature.com),
copyright 1999.)

9.3.1.1.6. MetalNWSINW: InNW-SINW.The end-to-
end In—Si nanowires have been synthesized by simultaneous
thermal evaporation of In and SiO powdé?$ Figure 71

surface of Si. Figure 70 shows SiC nanorods and SWCNT shows a typical TEM image of an +5i nanowire hetero-

bundles (or a single SWCNT) connected by the nanorods.

junction. INNW-SiNWs are uniformly sheathed with amor-
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Figure 68. CNT—SINW junctions grown from NT tips with a Au t 2

catalyst. (a) FESEM images of a CNT with an electrodeposited Figure 69. Schematic illustration of the method for fabricating
Au nanocluster at the free end. The CNT is attached to-drPt  nanotube-carbide axial heterostructures by means of a sciilid

STM tip with micromanipulators. Inset, high-magnification view  reaction. The top drawing shows a partial contact between the solid
of the Au nanocluster at the CNT end. The white and black scale yeactant (Si or transition metals) and carbon nanotubes. The middle
bars correspond to 5 mm and 500 nm, respectively. (b) FESEM grawing shows the formation of carbide (MC) near the point of
image of the CNF-SINW junction grown from a nanotube tip.  contact by diffusive reaction during heating. The bottom drawing
The large structure at the left is the-Rt tip. Bar = 2 um. Inset, shows the growth of a nanorod and the formation of a nanojunction.

TEM image of a CNF-SiNW junction. The junction, which is (From ref 170 (http:/Avww.sciencemag.org). Reprinted with permis-
indicated by the dashed white circle, is located at the back of the gjon from AAAS.)

MWNT bundle and seems clean. Bar50 nm. (c) TEM image of

the tip of the nanowire in b. The nanowire consists of a crystalline tions thereof. This review focuses on SiINWs enwrapped in
core and an amorphous Si/Si€pating with an Au nanocluster at :

the SINW free end. Ba= 50 nm. (Reprinted by permission from nanotgbes th"?lt are made of insulating, semiconducting, or
Macmillan Publishers Ltd. (ref 259, http:/www.nature.com), Metallic materials. The role, however, could also be reversed,
copyright 1999.) with nanowires or nanotubes of other insulating, semicon-
N o _ ) ) ducting, or metallic materials encased in nanocylinders or
phous silica. Within a junction, the In and Si segments are nanotubes of SiNWs. For example, nanodevices based on
crystallographicallly oric_enteq with respect to.ea.ch othe(._The p- or n-type SiNWs encased in nanotubes of dielectric
In branch of a given junction, confined within the silica materials such as SiTs, of semiconducting materials such
nanotube, displays a thermal expansion similar to that of bulk 35 CNTs, or of metals such as AuNTs can be envisioned. In
metallic In which opens prospects for the design of a unique 3 sense, these are the coaxial cables in the nanorealm. These
temperature-d”ven SWIFCh an_d/OI’ sensor W|th|n a metal Composite 1-D on 1-D radial heterostructures will p|ay a
semiconductor electronic device. . major role in building the materials base for future nano-
9.3.1.2. Ternary and Higher-Order Axial Heterostruc- technology. In the following subsections, we shall describe
tures. Ternary (designated here as-B—C) or higher order  some representative examples of radial heterostructures,
axial heterostructures can also be made. Here A, B, and Chamely, SINW-SIO,NT, SiINWCCNT, SiNWCHCNT,
can be nanowires or nanotubes of the same material but WithcNT-SICNT, SINWCAUNT, SIONWCCESINT, AuNWC-
different dopants, as exemplified by i-SiNY-SINW—p- SIONT, SINWCCdSeNT, and Zn8cSiNT etc.
SINW, or of different materials, as exemplified by SiNW It is apparent that the synthesis of radial nanowiranotube
CNT—ZnSNW. Furthermore, any or all of the components core-shell heterostructures relies on the control of radial
A, B, and C can be either a binary or a ternary, etc., yersus axial growth. Figure 72 shows a scheme of eore
composite ma_tenal of insulators, semiconductors, metals, orshe|l nanowires growth process by chemical vapor deposition
any combination thereof. method?®3 In the CVD technique, radial growth is achieved
. by altering conditions to favor homogeneous vapor-phase
9.3.2. Radial Heterostructures deposition on the nanowire surface, thereby driving confor-
Radial heterostructures are designated in this review asmal shell growth (Figure 72c). In a sense, the core serves as
ACB, where A and B can be nanowires or nanotubes of the the template for the shell growth (vide supra). Subsequent
same material but with different dopants or of different introduction of different reactants and/or dopants produces
materials. Each of the components A and B can be made ofmultiple shell structures of varying composition or dopant
a single material, or of binary or ternary, etc., composite concentrations, though epitaxial growth of these shells
materials, of insulators, semiconductors, metals, or combina-sometimes requires matching of lattice structures.
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Figure 70. Axial heterostructural growth of SICNW-SWCNTSs: o
(A) TEM image showing SiC nanorods and SWCNT bundles £ o Cu
connected by the nanorods. (B) TEM image showing SWCNTs C Emus 10

far from the Si substrate (top, left) and the reacted substrate (bottom,
right) after heating. The inset shows an electron diffraction pattern
taken from the reacted substrate. (C and D) High-resolution TEM
images showing heterostructures between SWCNT bundles and Si
nanorods. Interfaces (E) between SiC and a bundle consisting of : . o : :
five SWCNTs and (F) between SiC and a single SWCNT. Panels S/Rgl_ﬁ)r;nted with permission from ref 260. Copyright 2005 Wiley-
G and H are models of the heterostructures shown in E and F, )
respectively. (From ref 170 (http://www.sciencemag.org). Reprinted ,
with permission from AAAS.) \ rd Au
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Figure 71. (a) TEM image of a typical InSi hanowire hetero-
<ﬂi'unction; (b—d) respective EDS spectra taken from the regions
ndicated with the white circles on the nanowire image in part a.

9.3.2.1. Binary Radial Heterostructures: Core-Shell ’ haN » “

Nanowire/Nanocable Structures.We shall now discuss a

number of examples of radial corghell heterostructures. Cross
9.3.2.1.1. SiINWa-SIOQNT. As prepared SiNWs are Core \/ seclion

known to have a relatively thick amorphous oxide layer —= e

sheathing and hence may be considered as SilEV8i0- e 1

NT. As described earlier, SINWs prepared by the oxide Shell
assisted growth method are long (micrometers), freestanding — - @
wires with a diameter of several nanometers to tens of
nanometers. Each wire has a crystalline silicon core of d 1
approximately 15 nm in diameter and is coated with an Shell
amorphous oxide layer whose thickness is one-quarter to one-—-
third of the nominal diameter. . . .
- . Figure 72. Radial heterostructural growth of cershell nanowires

9.3.2.1.2. GeNWa-SIONT. GeNWCSIONT nanoqablgs bygchemical vapor deposition. (a) %aseous reactants (red) catalyti-
have been prepared by Lee and co-workers via simple cajly decompose on the surface of a gold nanocluster leading to
thermal evaporation of SiO and Ge powders in an alumina nucleation and directed nanowire growth. (b) One-dimensional
tube with Ar premixed with 5% klas the carrier gaség. growth is maintained as reactant decomposition on the gold catalyst
The nanocables have a diameter o0 nm and a length  is strongly preferred. (c) Synthetic conditions are altered to induce
of several tens of micrometers. The outer shell of the homogeneous reactant decomposition on the nanowire surface,

- - . . leading to a thin, uniform shell (blue). (d) Multiple shells can be
nanocable consists of amorphous giend the inner core is grown by repeated modulation of reactants. (Reprinted by permis-

single crystalline Ge (Figure 73). The spherical Ge particle sjon from Macmillan Publishers Ltd. (ref 263, http://www.nature-
at the tip, which acts as a catalyst, and the ;S3@ell and .com), copyright 2002.)

tail suggest the growth of the nanocables by a combination

of oxide assisted and VLS growth processes. The composi-HCNTSs, as exemplified by SINWCNT and SINWEHCNT,

tion and morphology of the resulting nanocables are deter-respectively, has been discussed in section 8.2. Here HCNTs

mined by the relative supplies of the Ge and Si@pors. refers to a new type of hydrocarbon nanotubes, and the radial
9.3.2.1.3. SINWCNT, SINWVEHCNT.An interesting class  heterostructures may be described as SiNWs sheathed by

of composite nanomaterials based on SiNWs and CNTs andmutiwalled CNTs or HCNTSs.




1500 Chemical Reviews, 2007, Vol. 107, No. 5

— .

~

Figure 73. (a) Bright-field image and (b) dark-field image of two
radial heterostructural GeN@SIONT nanocables; HRTEM image
and electron diffraction pattern of (c) straight (single crystalline)
and (d) curved (twin) nanocables in a and b, respectively. (Reprinted
with permission from ref 261. Copyright 2003 American Institute
of Physics.)

9.3.2.1.4. CNTSICNT.A composite radial heterostructure
of mutiwalled CNTCSICNT, involving a new SiC nanotube

strucuture, had been prepared using CNT as template, as

discussed in section 818’

9.3.2.1.5. SINWpcSICNTUsing an ion beam deposition
technique, Lee and co-workers produced a thin coating layer
of cubic silicon carbidef-SiC) via the reaction of silicon
nanowires with methane and hydrog@hHRTEM images
showed that silicon oxide shells originally cladding the as-
grown SiNW were removed and replaced by a thin layer of
nanosized polycrystals 8fSiC, giving rise to SINWEpcSICNT.
The PL of the SiC-coated SiNW, SiIN®PcSICNT, increases
by almost a factor of 3 after SiC coating.

9.3.2.1.6. SINWNINT. As discussed earlier, in the
preparation of NiSi nanowire8® Lieber and co-workers
deposited metallic nickel onto SiINWSs as the first step. The
resulting coaxial nanocable may be represented by SiNWMT.

9.3.2.1.7. SINWAUNT.A simple and effective technique
to fabricate a metal thin film on the surface of SiINWs, or
SiINWs wrapped with Au cable (SINWAUNT), was de-
scribed in section 8.45

9.3.2.1.8. AUNWSIONT. When the radial heterostruc-
tures SINWEAUNT (Au nanocable wrapped around SiNWS),
as described in the section 8.4, are furnace anneale8&
°C and 102 Torr, uniform crystalline AUNWSs were formed
with the SiINWSs being oxidized to SiGconcomitantly, as
described in section 8.411¢

9.3.2.1.9. SIGNWCCcSINT.As discussed in section 6.5.1,

Teo and Sun

Figure 74. Radial heterostructures: -S8i homoepitaxial core

shell nanowires. (a, b) Diffraction contrast and high-resolution TEM
images, respectively, of an unannealed intrinsic silicon core and
p-type silicon shell nanowire grown at 48Q. See text for details.
Scale bars are 50 and 5 nm, respectively. (c, d) TEM images of an
i-SINWCPp-SINT core-shell nanowire annealed at 60C. Inset,
two-dimensional Fourier transforms of the image depicting the [111]
zone axis of the single-crystal nanowire. (e, f), TEM images of an
i-SINWCSIONTCp-SINT nanowire. The oxide layer is too thin
(<1 nm) to be seen. Inset, TEM image of p-Si coating the nanowire
and the Au nanocluster tip. Bar 50 nm. (Reprinted by permission
from Macmillan Publishers Ltd. (ref 263, http://www.nature.com),
copyright 2002.)

9.3.2.1.10. NiONWCcSINT. NIONWCCcSINT was also
discussed earlier in section 6.5.3.

9.3.2.1.11. ZnSNWCSINT. ZnSNWCCSINT was dis-
cussed in section 6.5.4 and will be discussed again in section
9.3.2.1.17.

9.3.2.1.12. i-SiINW p-SiNT.Homoepitaxial St Si core-
shell nanowires, designated here as i-SiN@VSINT, have
been grown by CVD using silane as the silicon source (Figure

zeolite can be used as a reactive template to fabricate a74)262 Intrinsic silicon nanowire (i-SiNW) cores were first

crystalline silicon nanotube filled with amorphous silica (a
silica nanowire within a crystalline silicon nanotube, desig-
nated as SINWCCcSINT) via disproportionation reaction
of SiO by thermal evaporation.

prepared by gold nanocluster directed axial growth, and then
boron-doped (p-type) silicon (p-Si) shells were grown by
homogeneous CVD. The shell thickness was directly pro-
portional to the growth time. Radial shell growth can be



Silicon-Based Nanomaterials and Nanodevices Chemical Reviews, 2007, Vol. 107, No. 5 1501

a variety of fundamental phenomena and new device concepts.

To this end, Ge deposition on Si nanowire cores, or
p-SINWCcGeNT nanowires, had been fabricated by Lieber
and co-workers. TEM images and composition mapping
(Figure 75a) revealed a-SGe core-shell structure with a
o 50 00 150 sharp <1 nm) interface and a crystalline Ge shell (Figure
Distance (nm) 75b). The diffraction data are consistent with coherently
’ strained epitaxial overgrowth (inset of Figure 75b): that is,
a single diffraction peak is observed along the axial direction,
which indicates compressively strained Ge and tensile-
strained Si. Two peaks, which can be indexed to the Ge
(5.657 A) and Si (5.431 A) lattice constants, are also
observed in the radial direction and indicate relaxation normal
to the interfac&%

9.3.2.1.14. i-GeNWp-SiNT. The inverse of the nano-
structure described in the previous section, namely, GelW
SiNT, can also be fabricated. Single-crystal Ge nanowires
were grown by gold nanocluster directed VLS method,
followed by radial growth of the boron-doped p-Si shells
by CVD. Bright-field TEM images (Figure 76a) revealed a
core—shell structure that is consistent with Ge-core (dark)
and Si-shell (light) structure, as confirmed by elemental
mapping (Figure 76b,c). HRTEM images of i-GeNW-
SINT core-shell nanowires showed a crystalline Ge core
and predominantly amorphous Si shell; hence, they are best
designated as i-GeNWap-SINT (Figure 76d). The G€Si
interface width is believed to bel nm on the basis of cross-
sectional elemental mapping. The amorphous Si shell can
be crystallized following in-situ thermal annealing at 600
°C, giving rise to i-GeNW cp-SiNT (Figure 76f).
_ 9.3.2.1.15. SINWEr—SiNW. The synthesis of silicon
0 50 700 = 750 nanowires containing erbium in a di_screte layered structure

Distance (nm) has been reportéd® These nanowires are prepared by

Figure 75. Radial heterostructures of SINWGeNT and SiNW pyrolysis of silane and a vqlatlle_ erbium complex on a gold
CGeNTCSINT core-shell nanowires. (a) Elemental mapping cross- Catalyst surface. The relative size of the wire and sample
section indicating a 21 nm diameter Si core (blue circles), 10 nm crystallinity are affected by the timing in which erbium is
Ge shell (red circles), aha 1 nminterface. Inset: TEM image of  introduced into the reactant stream. Structural analyses by
the corresponding 8iGe core-shell nanowire. The white dashed  electron microscopies and X-ray dispersive measurements
line indicates the mapping cross-section. (b) HRTEM image of a rayegled that the Er is enriched on the surfaces of the

representative crystalline nanowire core and shell from the same : - .
synthesis as the wire in a. Ba 5 nm. Inset: Two-dimensional nanowires (Figure 77). After a high-temperature vacuum

Fourier transform of the real-space image showing the [111] zone @NNealing, the characteristic near-IR photoluminescence

axis. See text for details (c) Cross-sectional elemental mapping of associated with Er transitions was obtained.

a double-shell structure with an intrinsic Si core (diameter, 20 nm), 9.3.2.1.16. SINWCdSeNT. The coaxial coreshell

intrinsic Ge inner shell (thickness, 30 nm), and p-type silicon outer giN\WcCdSeNT nanocables have been fabricated via a

shell (4 nm), i-Sti-Gecp-Si. Si is in blue, and Ge is in red. ; R ;

(Reprinted by permission from Macmillan Publishers Ltd. (ref 263, S!lmple one ste% thhermélcljsevaphoratlhon proc?é%iﬁoth the”.

http:/Awww.nature.com), copyright 2002.) silicon core and the e sheath are single crystalline.
Oxygen is present at both the Si/CdSe interfaces and the

“turned-on” by the addition of diborane, which acts as a outer surfaces of the nanocables. Since both the Si and the

p-type dopant. TEM images of the product, designated as CdSe surfaces are oxidized, this constitutes a semiconductor-

i-SINWcCap-SiNT (the prefix “a” stands for amorphous), (s)/insulator multishell nanocable configuration.
shows a uniform coreshell structure consisting of a  9.3.2.1.17. ZnSNWESINT. The “inverse” of the nano-
crystalline Si core and an amorphous p-type Si shell (Figure structure described in the previous section can also be made.
74a). TEM images also show crystalline faceting at the-eore It is known that diamond-like cubic Si and zinc blende ZnS
shell interface (Figure 74b). have similar crystal structures and very close lattice constants
When the i-SiNW-ap-SiNT core-shell nanowires pre-  (ZnS, a = 0.5431 nm; Sia = 0.5420 nm). This lattice
pared as described above were annealed in situ a?6p0 matching allows the growth of ZnS thin films on Si
TEM images of the resulting annealed samples exhibited nosubstrates. In a recent report by Hu etainc blende ZnS
diffraction contrast between the core and shell (Figure 74c). Nanowires were used as one-dimensional templates for
Lattice-resolved images and electron diffraction data further epitaxial growth of thin monocrystalline Si shells, giving rise
showed that the amorphous p-type Si shell crystallized to t0 ZNSNWCCSINT core-shell nanocables with outer diam-
yield a single-crystal structure (Figure 74d), i.e., giving rise €ters of about 66180 nm, wall thicknesses of about-20
to i-SINWCcp-SiNT. 60 nm, and lengths of several micrometers (Figure 78).

9.3.2.1.13. p-SINWcGeNT.Controls of Si-Ge core- As described in section 6.5.4, this nano-heterostructure,
shell nanowire heterostructures could be used to explore aZnSNWCCcSINT, can be used to prepare crystalline SiNTs
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Figure 76. Radial heterostructures of GeNY&INT core-shell nanowires. (a) Bright-field image of an unannealed GeN8MNT core-

shell nanowire with an amorphous p-Si shell. Bab0 nm. (b, ¢) Scanning TEM elemental maps of Ge (red) and Si (blue) concentrations,

respectively, in the nanowire of a. (d) HRTEM image of a representative nanowire from the same synthesis as the~wir8an=a 5

nm. (e) Elemental mapping cross-section showing the Ge (red circles) and Si (blue circles) concentrations. (f) HRTEM image of annealed

GeNWCSINT core-shell nanowire exhibiting a crystalline p-Si shell. Bai5 nm. (g) Elemental mapping cross-section giae5 nmshell

thickness with a sharp interface consistent with the TEM image, suggesting that the Ge and Si do not interdiffuse substantially during the

annealing process. (Reprinted by permission from Macmillan Publishers Ltd. (ref 263, http://www.nature.com), copyright 2002.)

9.3.3. Biaxial, Triaxial, Tetraaxial, and Higher-Order
Heterostructures

Side-by-side growth of two, three, and four nanowires
produces bi-, tri-, and tetraaxial heterostructures, represented
by A|B, A|B|C, and AB|C|D, respectively. As in the case
of axial or radial heterostructures, the componentAcan
be nanowires (or nanotubes) of the same material but with
different dopants or of different materials. Furthermore, they
can be multicomponent composite materials of insulators,
semiconductors, or metals, or combinations thereof. Ex-
amples are given in the following subsections.

9.3.3.1. Biaxial Nanowires9.3.3.1.1. SiINVBIONW.As
discussed in section 6.4.1, one peculiar type of nanostructure
obtained using zeolite as quasi template is the biaxial
silicon—silica nanowire structure with theside-by-side
growth of silicon and silic&® which may be designated as
SINWI|SIO,NW. One such nanowire is portrayed in Figure
Figure 77. Typical TEM image of a surface Er enriched Si 79. This particular biaxial nanowire has an overall diameter
nanowire. Inset: SAED pattern from the center of the wire. EDX of 10 nm with half of the wire (5 nm) being crystalline silicon
analysis for the marked three areas: The center of the wire is Si 3nd the other half (5 nm) being amorphous silica. The biaxial

rich (96%) (area 2) with a dark rim which is Er rich. On the surface <; c; ; i ;
of the wire, however, there are two different regions; one relatively SilSIO, nanowires also come in different sizes and shapes.

smoother area with an appreciably larger erbium concentration  9-3.3.1.2. SICNVBIONW.As described earlier in section
(~12%) (area 3), along with nodules emanating from the “stalk” 8.3, biaxial nanowires of silicon carbigsilicon oxide,

that have a higher erbium concentration (53%) (area 1). (Reprinteddesignated as SICNW8IO,NW, can be obtained via the
with permission from ref 265. Copyright 2002 American Chemical reaction of silicon (produced by disproportionation reaction
Society.). of SiO) with multiwalled carbon nanotubes (as templates)
) ] ) at 935°C.1%7 A similar biaxial structure was observed by
by chemical removal of the ZnS nanowire cores with HCI. Wang et al. using a different meth&¥.The biaxial SiC-
9.3.2.2. Ternary or Higher-Order Radial Heterostruc- SiO nanowires consist of two side-by-side subnanowires of
tures: Core—Multishell Nanowire Structures. It is obvious B-SiC and silica, which can be simply referred to as a
that more complex coremultishell nanostructures can also composite nanowire.
be fabricated by the same strategy. Examples include the 9.3.3.1.3. SINYZnSNW, SiNVZnSeNWEpitaxial semi-
ternary radial heterostructures i-SINVSIO,NTCp-SINT conducting heterostructures, for example, side-by-side
(Figure 74e,f) and i-SiNW i-cGeNTCp-cSINT (Figure 75c) SINW|ZnSNW and SiNWZnSeNW biaxial nanowires, can
core—shell-shell structures made by Lieber and co-work- be grown via a simple two-stage thermal evaporation of
ers263 SINWCSIONTca-C by Lee and co-workef8] and mixed SiO and ZnS or SiO and ZnSe powders under a
SINWCSIONTCc-ERSiO;NT by Choi et al. recently®® precise temperature contr§P2’© Each nanowire had a
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a) 9.4. 0-D on 2-D

9.4.1. Solid Nanodots on Silicon Wafer

9.4.1.1. Quantum Dots on Si WaferA wide variety of
guantum dots such as Si, Ge, Au, Ni, CdSe, and CdS, etc.,
have been grown on 2-D Si wafers epitaxially or assembled
on Si substrates by taking advantage of surface features such
as surface reconstruction, atomic steps, and phase boundaries
of reconstructed domains, as well as via self-assembled
monolayer (SAMY7+274 Examples are as follows: SiND
Si, AUND-Si, AgND--Si, AUND--Si, GeND~-Si, GaAsND-

Si, CdSND=Si, CdSeNDB-Si, and NiSeNDB-S, etc. Most

of these quantum dots are solid nanoparticles, many are
faceted crystallites, some are round shaped, yet others are
faceted particles with rounded boundaries. Many excellent

reviews are available regarding the fabrication, properties,

and applications of these nanomaterials. We shall discuss a
few representative examples here.

The control of the heteroepitaxial growth of Ge on Si
surfaces is important in the fabrication of electronic and
optical devices in Si technology. The morphology of Ge

N grown on Si surface depends on the orientation of the Si
y |, surface and the Ge coverafé When the Ge coverage is
7 ' low, pyramidal islandg® are formed. As the coverage
I N\ increases, larger islands called “domes” with many facets
become predominadt’?78 On Si(111) surfaces, coherent
\ island growth is not a commonly observed mode. However,
{—— ———— surface structure control strategies have been developed in
0 100 200 300 400 order to achieve formation of island patterns. For example,
Ge quantum dot networks on Si(111) surfaces can be

Figure 78. (a) TEM image of a segment of a ZNSNYBINT fabricated by deposﬂ_lng an amorphous Ge layer, tzg?rggt)hlck,
core-shell nanocable. (b) TEM image showing the residual on step-controlled ,S'(lll) surfaces and then ann o
segments of the ZnS nanowire template in the open-ended SiDuring the annea]mg process, excess Qe beyond a P”UC@U
nanotube after treatment of the ZnSNA8INT nanocables with ~ coverage formed islands. The average size of the Ge islands
HCI solution. Scale bars in a and b: 100 nm. (¢) HRTEM image can be controlled by the coverage of deposited Ge and the
taken from the interfacial domain between the Si shell and ZnS annea"ng temperature’ but island uniformity remains un-
core of a ZnSNWSINT core/shell nanowire, revealing an epitaxial  ~qntrolled.

relationship between the Si shell and the ZnS core.B& nm. Th | . d icl Iso b
(d) Line-scanning (indicated by a white line in a) elemental mapping e metal or semiconductor nanoparticles can also be

displaying Si, Zn, and S spatial elemental distribution profiles across fa}_bricated on OrgaUOS”ane m0n0|ay(?r3 seIf-qssembIed on
the ZnSNWESINT core-shell interface. (Reprinted with permission  silicon surface®¥-282via an approach which combines surface

from ref 47. Copyright 2004 Wiley-VCH.) self-assembly with the so-called “constructive nanolithog-
raphy.” The latter is a nanoelectrochemical patterning process
uniform diameter of 46120 nm and length ranging from that utilizes electrical pulses delivered by a conductive AFM
several to several tens of micrometers. Sub-nanowires of Si,tip for the nondestructive nanometer-scale inscription of
ZnS, and ZnSe within them had diameters of-%0, 40— chemical information (in the form of local chemical modi-
60, and 26-50 nm, respectively (Figures 80 and 81). It was fication) on the top surfaces of certain highly ordered, long-
proposed that the Si nanowires formed via disproportionation tail organosilane monolayers self-assembled on silicon. Tip-
of SiO to Si in the first evaporation stage and then served asinduced oxidation of surface-exposed vinyl and methyl
one-dimensional nanoscale substrates (or templates) for ar§roups to hydroxyl-containing functions was achieved,
epitaxial growth of ZnS or ZnSe nanowires in subsequent followed by the reduction of Ag or CdS nanoparticles on
thermal evaporation of ZnS or ZnSe. This simple method the monolayers.
may be useful for the synthesis of other biaxial heterostruc-

d)

-

DInm  e—

9.4.2. Hollow Nanospheres on Silicon Warer

tures containing Si and HVI or Ill =V semiconducting
composite materials. Hollow nanospheres such ago@an be deposited on Si
The optical property (nanoscale cathodoluminescence) ofSurfaces as we shall discuss next. o

experimental studies have been carried out to determine the
nature of the bonding between thgy@olecules and the Si
surface. Some workers in this field have obtained results

9.3.3.2. Triaxial Heterostructures.9.3.3.2.1. ZnSNV&INW
ZnSNW Sandwichlike ZnSNWSINW|ZnNSNW triaxial nanow-
ires can also be grown from the two-stage thermal evapora-, 1,ich imply that the molecules are physisorB&d2%5 while
tion method detailed in the last paragraph (Figure 82). the results of others suggested chemisorpier®® Again,
9.3.3.3. Tetraaxial and Higher Order Heterostructures. the reader is referred to the literature for more information
Likewise tetraaxial or higher order multiparallel nanowires regarding this class of nanomaterials. Only a brief discussion
can in principle be fabricated. is given here.
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Figure 79. (a) TEM of a biaxial SiSiO, nanowire. (b) Corresponding HRTEM image. (Reprinted with permission from ref 48. Copyright
2003 American Chemical Society.)

showed the same spectral profile as those gfd0lids. It

was concluded that 75% ofs&molecules are physisorbed
and 25% are chemisorbed at 1.0 ML. At 0.25 ML, thg C
molecules are chemisorbed. The character of the chemisorp-
tion is covalent. Furthermore, the temperature-dependent
interaction between & molecules and Si(001)-(2 1)?%?

and Si(111)-(7x 7)?*® surfaces at 1.0 ML coverage have
been investigated using NEXAFS. At 300 K, the NEXAFS
spectrum revealed that the interactions betweendilth

and both Si surfaces are mainly van der Waals in nature.
Annealing at 500 K, however, induced a strong covalent
interaction between the ¢& molecules and the silicon
substrates.

95.1-D on 2-D

9.5.1. Nanowires Parallel to Silicon Wafer: NWsl|Si

9.5.1.1. MetalNWISi. The self-organized formation of
metal or semimetal atom chains (or nanowires) on 2-D Si
surface with different surface configurations have been well-
studied by STM. Ir7242%5Bi,2% Al,297 Ga2%8 and Ag?*°etc.,
wires have been self-assmebled on Si surfaces by taking
advantage of surface features such as surface reconstruction,
atomic steps, and phase boundaries of reconstructed domains.
Besides imaging, they can also be manipulated by STM as
well.

9.5.1.2. SINWISI. It is also possible to lay SiNWs and
other nanowires on pre-designed Si wafer to fabricate NW-
based nanoelectronics such as FETs. Several intergration
methods have been used to achieve these fabrications, as
we will discuss later (section 12).

Figure 80. (a) TEM image depicting a Si (light) and ZnS (dark) 9.5.2. Nanowires Perpendicular to Silicon Wafer: NWUSI

subnanowire sides within a SINBhWSNW biaxial nanowire. (b 9.5.2.1. SINWISI. The vapor-liquid—solid epitaxy tech-
d) Si, Zn, and S elemental mappings demonstrating a well-defined nique is particularly useful in the controlled synthesis of
compositional profile and an abrupt interface. All scale barsida — nanowire arrays on prefabricated 2-D Si wafer. In the VLS
are 50 nm. (Reprinted with permission from ref 269. Copyright rocess. it is known that large-diameter SiNWs prefer to
2003 American Chemical Society.) P ’ . 'arg . P
grow along thel11idirection. If a Si (111) wafer is used

The interaction betweensgmolecules and Si surfaces was as a substrate, SINWs will grow epitaxially and vertically
recently probed by near-edge X-ray absorption fine structure on the substrate to form a nanowire arfa$® Figure 83
(NEXAFS); the results indicated a coverage dependétice. shows SEM images of SiNWs grown vertically on Si(111)
The NEXAFS spectra of 1.0 monolayer (ML)s&films substrate from 50, 30, and 20 nm (nominally) Au colloids
adsorbed on Si(001)-(2 1) and Si(111)-(7x 7) surfaces (as catalysts).
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Figure 82. (a) High-magnification TEM image depicting two
separated ZnS (dark) subnanowries and one central Si (light)
subnanowire within a sandwichlike ZNnSNBINW|ZnSNW triaxial
nanowire. (b-d) Si, Zn, and S elemental mappings, respectively,
revealing a three-layer sandwichlike geometry with well-defined
compositional profiles. All scale bars in-a are 50 nm. (e) Line-
scanning (indicated by a line in a) elemental mapping of Si, Zn,
and S elemental profiles across the sandwichlike ZnEiMV|ZnSNW
triaxial nanowire. (Reprinted with permission from ref 269.
Copyright 2003 American Chemical Society.)

9.5.2.2. GeNWSi. Au-catalyzed Ge nanowires had been

\;‘ :\ NN RN

\ \\\ \\ AN :\ ‘ grown on Si(001) and Si(111) by chemical vapor deposition
\ \\ over the temperature range of 32880 °C by the VLS

: T process® At the optimum temperature near 32T,

Flgure 81. (a) High- magnlflcatlon TEM image of a straight side- scanning electron microscopy (Figure 84) showed that many

to-side SjZnSe biaxial nanowire. An ED pattern (inset) taken from . oo . -
the SiznSe interface area. Ba# 50 nm. (b) HRTEM image of of the nanowires grow epitaxially along th&l10direction

the ZnSe subnanowire growing along the [210] direction. (c) Of the Sisubstrate. Au-containing nanoparticles were found

HRTEM image of the Si subnanowire growing along [001] (d) at the tips of the nanowires.

HRTEM Image taken from a #nSe inierface domain, revealing  9.5.2.3. (11I—V)NWSi. Ill =V semiconductor nanowires

a tin intermediate layer petween the SI an nse supbnanowires.

All scale bars in b-d gre 2 nm. (Reprinted with permission from (GaP,_InP, GaAS’ GaAsP, ar_1d GaAsP) Cf”m ?"SO be gr_own

ref 269. Copyright 2003 American Chemical Society.) epitaxially on Si substrates with perfect epitaxial nucleation
of oriented I~V nanowiresi® The vertical GaP, GaAs, and
InP nanowires grown on Si (111) substrates are shown in

Recently a new assembly method of 1-D SiNWs perpen- Figure 85 and Figure 86. Efficient room-temperature genera-

dicular to a 2-D Si surface was report€l.Needlelike  tion of light (luminescence) on silicon is demonstrated by

structures of jagged SiNWs on the surface of Si wafer are the incorporation of double heterostructure segments in such

formed after deep reactive ion etching. nanowires.
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Figure 83. (a, c, e) Cross-sectional images of SINWs grown on Si(111), designated adSiiN#hom 50, 30, and 20 nm (nominally) Au
colloids, respectively. Bar 1 um. (Reprinted with permission from ref 88. Copyright 2005 American Chemical Society.)

Figure 84. Scanning electron micrograph of Au-catalyzed Ge
nanowires grown on nominal Si(111), GeNli8i, showing the near
vertical orientation of many of the nanowires. (Reprinted with
permission from ref 301. Copyright 2004 American Chemical
Society.)

9.5.3. Nanotubes Parallel to Silicon Wafer: NT||Si

9.5.3.1. CNTISi. CNTs had been laid on pre-designed Si
wafer to fabricate CNT-based nanoelectronics such as FETSs.
Several integration methods have been used to achieve thes
fabrications, as we shall discuss in a later section (section

Eigure 85. Perpendicular growth of GaP nanowires on Si(111),
GaHISi. (A) A 45° tilt SEM micrograph of GaP nanowires growing

12). vertically from the Si(111) surface. (B) Top view of the same
. - ) . sample showing the perfection in the vertical alignment. Bak
9.5.4. Nanotubes Perpendicular to Silicon Wafer: NTUS um. (C) HRTEM image of the Si substrat&aP nanowire interface.

Bar= 10 nm. (Reprinted with permission from ref 302. Copyright

9.5.4.1. CNTISi. CNTs can also be grown perpendicular 2004 American Chemical Society.)

to 2-D Si wafers, either by employing mesoporous silica as
templaté® or by orienting the silicon surface lattic&¥.In 9.5.5.1. SINWEAAO, CNT CAAO: (Il —V)NW CAAO,
addition, CNTs can be self-oriented on patterned porous NiNW cAAO. Silicon nanowires embedded in AAO mem-
silicon or plain silicon substrates by a Catalytic CVD grOWth brane7 represented by S”\NAAO, can be prepared by the
method®® VLS technique using metal catalysts predeposited within the
. . AAO channels. Nanowires or nanotubes of predetermined
9.5.5.1-D in 2-D: 1-DC2-D diameters of a wide variety of semiconducting, metallic, or
In this section, we shall describe some Si-containing insulating materials can also be deposited within the highly
composite nanomaterials based on 1-D nanowires or nano-ordered arrays of nanochannels of AAO membranes of
tubes embedded in 2-D nanochannels of membranes. Asvarious pore sizes. Examples are: GNAAO; (lll =V)-
discussed earlier, hexagonal nanochannel arrays of the SONWCAAO such as GaAsNWsAAO; metals such as
called anodic aluminum oxide membrane with uniform NiINWCAAO; etc.
nanosized pores can be prepared by a potentiostatic anod- 9.5.5.2. cSINT_CAAO, NINW CcCNT cAAO. Recently, a
ization process. AAO membranes are widely used as multistep “template replication” method has been developed
templates or molds in the fabrication of highly ordered arrays by Xu and co-workers in order to fabricate uniform metal
of 1-D nanowires or nanotubes. nanotube arrays using AAO as templat®d$zigure 87 shows
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Figure 86. SEM images of vertical (A) GaAs nanowires and (B)
InP nanowires grown on a Si(111) substrate, giving rise to Gi&As 1 Pt B
and InRJSi, respectively. Tilt, 45 bar= 1 um. (Reprinted with -

permission from ref 302. Copyright 2004 American Chemical 1
Society.)
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Figure 88. (A) TEM image of the as-prepared metal nanotubes.
Au substrate (B) EDS spectrum of the metal nanotubes shown in A. (Reprinted
with permission from ref 306. Copyright 2004 Wiley-VCH.)

nanocable structure of NINWCNTCAAO. These NiNW-

Hi l electrodeposition

"’:::’/NL CCNTCAAO membranes were heated in air at 480,
causing the oxidation of nickel to NiO, and at higher
Airlm—ﬁED 1Y temperatures (600C) the decomposition (incineration) of
= NiO the CNT shells, leaving NiO nanowires in the channels,

NIONWSscCAAO. Here, instead of electrodeposition of metals

1] as in the preparation of metal nanotubes, silane was
introduced (after evacuation) in a stream of argon gas and
the reaction temperature kept at 6@ to cause the growth
of crystalline silicon nanotubes, cSINT. The arrays of
multishell structures can be represented by NiIONWSs-
CCcSINTCAAO. Here the outer diameter of the resulting
cSINT is limited by the pore size of the AAO membrane,
and the inner diameter is determined by the diameter of the
NiONW template, with the wall thickness being the differ-

Nanotubs arraye ence of the two diameters. Finally, the NiO cores and the
Figure 87. Flow chart of the multistep “template replication” AAO membranes can be chemically removed with NaOH
technique for preparing uniform nanotube arrays. Though shown followed by HCI to yield highly ordered arrays of cSiNTSs.
here for metals, this method is also applicable to other materials |t is interesting to note that the composite nanostructures
(e.g., CSiNTSs, see section 6.5.3). (Reprinted with permission from NiNW cCNTCAAO, NiONWcmetaINTCAAO, and Ni-
ref 306. Copyright 2004 Wiley-VCH.) ONWCCSINTCAAO may be regarded as 1€D-Dc2-D.
a flow chart of the multistep template replication process
for preparing uniform metal nanotube arrays. Figure 88 9.6. 2-D on 2-D
shows a TEM image and EDX spectrum of a Pt nanotube 9.6.1. Quantum Wells
sample prepared by this process. One application of this” ™7~
particular technique is the fabrication of crystalline silicon  Two-dimensional on 2-D structures are commonly referred
nanotubes, cSiNTSs, as discussed in section %[ Be first to as quantum wells. Quantum wells have been well-studied.
step is the deposition of CNTs onto the interior walls of the The reader is referred to many excellent reviews in the
AAO templated by pyrolytic decomposition of ethyne in Ar literature3°”-312 Only a brief discussion is warranted here.
atmosphere. The nickel metal was electrodeposited into the Si/Si—Ge, heterostructuré® 319 have attracted much
pores of the CNTAAO membranes to form a coaxial interestin recent years because silicon-based heterostructures

=

Metal 1 electrodepasitian

metal

5

NdGH:’HCLl dizaolving A1,0;5/Ni0

=
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structures of precise dimensions and well-defined shapes and
to manipulate or assemble them in a controllable manner in
the nanorealm.

10.1. Nanomachining Crystalline Silicon
Nanowires into Nanodots and Nanorods

A simple and convenient methd#,using the well-
established microtome technique widely used in the prepara-
tion of biological microscope samples, was recently devel-
oped to precision-cut silicon nanowires into nanodots
(SiNDs) or nanorods (SiNRs) of well-defined sizes and
shapes. It is obvious that if nanodots or nanorods can be cut
reproducibly from an oriented nanowire, a wide range of
identical nanostructures of well-defined sizes and shapes can
be produced.

This nanomachining technique also allows TEM observa-
tion of the cross-sections of nanowires. Figure 15a shows
the HRTEM image of the vertical cross-section of a SINW.
The solid-wire nature, the elliptical shape, and the perfect
Figure 89. TEM image of horizontal cross-section of a necklacelike single crystalline structure of the cross-section can be
Sir|1i<20n n_?nowiée W_iéh silicon han?gal’tipht‘-‘sdimr?hersed inan a{nor- observed. The Si atomic-resolution image allows determi-
phous silicon dioxidé nanowire. (Reprinted with permission rom - nation of the growth direction of the SiINW to be the (110)
ref 79. Copyright 2003 American Chemical Society.) direction with the perpendicular (111) planesspacing=

can significantly enhance the performance level of contem- 3-15 A) meeting at the expected angle of 109 6ther
porary Si devices without sacrificing the essential compat- 9rowth orientations such as (112) and (111) have also been

ibility with standard Si technologies. Epitaxially smooth Si/ obtained. In fact, as discussed earlier, (110) and (112) growth
SiGe quantum wells and heterostructures were fabricated ancPrientations are quite common with SiNWs prepared from
extensively characterized in the past decade with the mainthe SiO thermal evaporation technique, while (111) growth
goal of producing highly conducting electronic channels for iS more common with the laser ablation method.

improved field effect transistor structur&s. Si/Si—Ge, From the HRTEM image, three parameters can be
heterostructures have been synthesized by self-assemblingieduced:R, the radius of the Si core (which is also the short
and self-ordering during heteroepitaxy growth of silieon  (minor) radius of the elliptical image of the cross-section);
germanium alloys on single-crystal silicon substrates. The r, the long (major) radius of the ellipse; apdthe distance
most important deposition techniques to fabricate $ikSi  between the centers of the two ellipses (see Figure 15b). On
Ge heterostructures are molecular beam epitaxy (MBE) and the basis of these parameters, the thicknesand the
CVD, though new powerful techniques such as atomic layer jnclination angled of the nanocylinder can be calculated.
deposition (ALD) have been develop&d. For this particular nanocylinder, the diameter measuifRd 2

The photoluminescence (PL) from Si quantum well — 10,6 nm with the other parameters being=212.4 nm,
structure is another attractive propetty®'>For example,  { = 9.4 nm, and = 32°.

PL has been observed from Si single quantum well struc-
tures$’S consisting of either an amorphous or a crystalline
Si layer of 3 nm in thickness, embedded between silicon
nitride layers. These structures were grown by plasma-
enhanced CVD on Si substrates. After crystallization of the
originally amorphous Si layers and passivation by hydrogen, Measure®, r, andp, t was calculated to be 9.4 nm afido
strongly polarized PL was observed in the entire visible be 20. The fact that this nanocylinder was composed of
region. In contrast, a reference structure without the 3 nm tWo half-cylinders of single crystalline silicon is rather
silicon layer, but otherwise identical, shows PL in the red amazing.

and infrared only. It was concluded that the PL in the blue  Other sizes and shapes of nanodots and nanorods can
and green part of the spectrum comes from recombinationlikewise be cut and measured from their HRTEM images.

via Si quantum well states, while the red and infrared PL |, aqdition to regular SINWSs, some necklacelike silicon
are due to states at the interface between crystalline Si ang,5nowires can also be sectioned. These latter SINWs were

This technique also reveals twinning of SINDs and SiNWSs,
as exemplified by the cross-section of a twinned SINW
shown in Figure 16. The diameter of this particular twinned
nanocylinder measured2= 8.2 nm. On the basis of the

silicon nitride. formed by silicon nanoparticles which are connected by a
o . . continuous outer layer of silicon dioxidé& One example is

10. Nanomachining, Nanomanipulating, and the horizontal cross-section of a chainlike SINW depicted

Nanoassembling Techniques in Figure 89. The silicon nanodots, measuring-26 nm in

Fabrication of nanomaterials of precise dimensions and diameter, were immersed in an amorphous silicon oxide
well-defined shapes poses a real challenge in nanotechnology@nowire of 48 nm in diameter, giving rise to the necklacelike
To construct a nanodevice, one must be able to control theStructure.
sizes and shapes of materials and to manipulate and assemble The same technigque can also be applied to other nanowires,
the components at the nanometer level. In this section, wenanotubes, nanoribbons, and multiaxial nanowires, as well
describe a number of strategies or ways to produce nano-as more complex low-dimensional composite nanomaterials.



Silicon-Based Nanomaterials and Nanodevices Chemical Reviews, 2007, Vol. 107, No. 5 1509

pm

30nm

(b) l Section Analysis

3 o-
0 250 500 nm ) 250 500
nm

Figure 90. (a) AFM image of an array of nanoindents fabricated on the top surface of a ZnS nanobelt. The indentations are created with
a diamond AFM tip at loads of 18.9, 15.2, and 14N, respectively, and imaged with the same tip in situ. (b) Cross-sectional zigval)

of indentation depths of successively deeper dents. (c) AFM image of a nanochannel fabricated by dragging the AFM diamond dip along
the nanobelt. (d) Cross-sectionalgcan) profile of the nanochannel. (Reprinted with permission from ref 323. Copyright 2005 American
Institute of Physics.)

10.2. Nanomanipulating Using Scanning Probe lation techniques are derived from single-beam optical traps
Microscopy and Lasers known as optical tweezef& An optical tweezer uses forces

, ] ] exerted by a strongly focused beam of light to trap small
10.2.1. Nanomanipulating Using SPMs and SEM objects26-328 Although the theory behind optical tweezers

Nanoscale objects can be manipulated by using scannings still being developed, small objects develop an electric
probe microscopes, including scanning tunneling microscope, dipole moment in response to light’s electric field. Optical
atomic force microscope, or variants thereof. Although SPMs tweezers can trap objects as small as 53f#*°and can
are normally used for imaging, they can also be used to exert forces exceeding 100 gf333with resolutions as fine
manipulate nanoscale objects as small as afdfalhile as 100 aN3+3% jdeal for manipulating. The reader is
STMs are limited to electrically conducting surfaces, AFMs referred to an excellent review on optical tweezers by
can image insulators under ambient conditions. Many excel- Grier3%
lent reviews are available regarding nanomanipulating by
STMs and AFMgt7-321 10.3. “Grown-in-Place” Approach

The drawback of SPMs technique is the lack of visual

feedback of the manipulation process in real time. Thet d SINW d/or Si ibb f trolled si
integration of AFMs into scanning electron microscopies can '© PFOAUCE SINVVS andjor Si nanoribbons of controlied size,
shape, and orientation. This technique was briefly discussed

overcome this drawback. Operating the AFM in the chamber : . .

of an SEM allows visual feedback from the SEM which can I S€ction 6.4.3.1. In ref 93, the VLS growth mechanism

be used for the manipulatich? and I|;hograph|cally fabrlcated nanochannel te_mplates were
Likewise other devices can be integrated into SEM or SPM combined to control the size, shape, orientation, and posi-

to perform functions such as for nanopositioning, nanoma- gon!ng of tn.? Stl nanO\I/:v]res ag‘i r_|bbt<r)]nsf;n prer(]jetterr?ntwﬁd
nipulation, and microgripping, ef> One example is the evice architectures. Figure IS the Tlow chart ot the

nanoindenter integrated with an atomic force micros&8pe fabrication technique. The growth nanochannels were ho_ri-
which has been shown to be a powerful machining tool for zontally arrayed and beca_me a permanent part of the dev_|ce
cutting precise-length nanowires or nanobelts and for ma- structurel. t_Contactsb argd_llr}t?rctc;]nntects,l "’t‘S well aﬁ g_ewce
nipulating the precut wires. Its utility in cutting grooves and Sgcaﬁsu a 'Otrr‘]’ can be lf' 'E'O tegéfmp ? esgs we ('I \gure
fabricating dents (or periodic arrays of dents) in ZnS ). As another example, He etalemployed a similar

nanobelts was also demonstrated (Figure 90). This approactéthod to grow Si nanowires laterally in microtrenches that
allows the direct mechanical machining of nanodevices that "ere Préfabricated on silicon-on-insulator (SOI) wafers via

are supported on a substrate without the inherent complica-"‘"‘po.r_"‘wid_sc.’Iid .epi'gaxial growth (Figurg 93).' After a
tions of e beam or photolithography. growing nanowire impinges on the opposite sidewall, an

Yet another example is the nanopatterning of nanosquareSEIeCtrical or thermal connection will be automatically made,
and nanodots of nickel using atomic force microscopy for with the bridging Si nanowire being the active device unit,

nanomachining in combination with a lift-off proce@éwith the Si pads confining the trench as the electrodes, and the
the use of nickel nanodots as catalysts, single silica nanowirediNderlying SiQ layer acting as the insulator/dielectric barrier.

The grown-in-place approat¥f*was recently developed

with a uniform diameter of 20 nm have been grown. _ Compared to the “pick and place” approach, the grown-
) ) ) in-place strategy has the distinct advantage of allowing
10.2.2. Nanomanipulating Using Lasers integration of nanomaterials growth into device fabrication,

The optical forces are ideally suited for manipulating i.e., growing nanowire/ribbon in place and fabricating devices
mesoscopic systems. Many of the powerful optical manipu- directly onto integrated circuits.
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(a) wires. Using this technique, NWs (or NTs) can be aligned
by passing a suspension of NW solution through microfluidic
channel structures. Figure 96 shows a schematic process of
microfluidic assembly method to assemble nanowires. In this
case, the microfluidic channel structure was formed between
a poly(dimethylsiloxane) (PDMS) mold and a flat substrate.

Thermal _—

Oxide = : -
1 Silicon substrate L~ Parallel and crossed NW arrays can be created using single
sacrificialicatalyst metal (Figure 96A) and sequential crossed (Figure 96B) flows,
(b) \m respectively, in the assembly process.
Capping layer
10.7. Other Techniques
Many new and powerful techniques for nanofabrication
Thermal = = have been developed in recent years. Examples are nanoim-

| siliconsubstrate | — print lithography (NIL)343-345 step-and-flash imprint lithog-
raphy (SFIL)3*6-348 scanning probe lithography (SP#;352

edge lithography?2 3% and atomic layer deposition (ALG)*

etc. These new approaches for nanofabrication are pushing
the boundaries of nanoscience and technology, some are even

(c)

— S

Thermal _— " Nanochannels with catalyst close to reaching the limits of the laws of physics. For
OXde = Siiiconsubstrate | 0 the middie example, NIL can mold a variety of polymeric materials and
pattern features as small & nnmP®1-362and aspect ratios of
(d) capping ayer | Steonpanorbhons up to ~20 (height-to-width}&

Compared to conventional techniques of photolithography
and scanning beam (or maskless) lithography (e.g., electron
. < beam and focused ion beam lithography), these new tech-

Thermal e ""moc':m':nm:mw niques have been classified “unconventional” nanofabrication

[ SWconsubstrate | techniques. These techniques create opportunities for fabrica-
Figure 91. “Grown-in-place” approach for the fabrication of self-  tion at the nanometer level and over large areas and thus
assembling/positioning Si nanowires/nanoribbons using nanochannebffer competition in nanofabrication where cost and materials
templates. (a) Sacrificial/catalyst metal (Au) lines defined by e beam make photolithography difficu* The reader is referred to

:ithogra(pr;ysn(il.IiTt-oIf.é.b) De?‘)tﬂtion anq}.p.atlternir;gloz thfe Capﬁih”g several excellent reviews in the literature (see, for example
ayer. (C artial etching o e sacfrincial metal to rorm e ! !
Gates et at®*3%5and Bratton et al%).

nanochannels with catalyst in the middle. (d) Si nanowire/ o ’ ) )
nanoribbon growth by the VLS mechanism. (Reprinted with ~ The combination of different techniques, conventional or

permission from ref 93. Copyright 2004 American Chemical unconventional, can create new methods for nanofabrication.

Society.) One example is the use of templates fabricated by top-down
methods to direct the bottom-up assembly of comporents
10.4. Langmuir —Blodgett Technique in essence, combining top-down and bottom-up strategies.

Langmuir-Blodgett (LB) techniqu#’-34 has been used We will discuss the latter in section 12. Here we shall

to assemble nanowires to form high-density arrays. As an illustrate such strategy with two examples. .
example, Figure 94 shows a schematic process for the use A simple technique to form a variety of three-dimensional
of LB technique to assemble nanowires. For nanotechnology Structures in silicon was reportédl. The process comprises
applications, how to address individual elements in a high- two steps: lithography and electrochemical etching (LEE).
density arrays and how to achieve precise layer-to-layer The LEE process is a promising nanomachining tool useful
registration for vertical integration are just two of the many for fabricating high-aspect-ratio structures such as walls,

challenges lying ahead. tubes, and pillars, etc.
. . . Choi et al. reported a new nanomachining strat&gpr
10.5. Electrical Field Directed Assembly the fabrication of arrayed colloidal particles with well-ordered

Applied electric fields (E-fields) can be used to attract and nanometric holes of 3- or 4-fold symmetry by anisotropic
align NWs due to their highly anisotropic structures and large reactive ion (plasma) etching (RIE) of self-organized layers
polarizabilities. One example is shown in Figure®¥5-ere of colloidal spheres.
an electric field was used to position individual NWs at
specific positions with controlled orientation. E-field directed 11, Quantum-Size Effects
assembly of NWs between an array of electrodes is illustrated ]
in Figure 95C which shows that, by applying an electric field, ~ Nanostructures such as nanodots (0-D), nanowires (1-D),
individual NWs can be positioned to bridge pairs of @and quantum wells (2-D), as well as composite nanostructures
diametrically opposite electrodes to form a parallel array. ("-D on m-D) described in this review, exhibit quantum
Furthermore, by changing the direction of the applied electric confinement effects when their dimensions are reduced to
field with sequential NW solutions, the alignment can be below 10 nm.
carried out in a layer-by-layer fashion to produce crossed Silicon is without doubt the most important electronic

NW junctions (Figure 95D). material, the basic building material for the semiconductor
: . industry, and the workhorse for micro- and nanotechnologies.
10.6. Microfluidics Assembly However, since silicon is not a direct band gap semiconduc-

Lieber and his co-workers have developed a fluidic flow tor, it is generally not considered a good photonic material,
directed assembly meth¥d to align and assemble nano- though this view is gradually changing, primarily due to
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(a) Remaining
SiINW/SINR

Auslug

(b)

SINW/SINR

5% SiHy in H;

Figure 92. Optical microscope images and corresponding schematics for SINW/Rs grown inside nanochannel templates by the grown-
in-place VLS approach. Growth patterns are shown for (a) the long Au slug case and (b) the short Au slug case. (Reprinted with permission
from ref 93. Copyright 2004 American Chemical Society.)
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Figure 94. NWs (blue lines) in a monolayer of surfactant at the

air—water interface are (a) compressed on a LangmBiodgett

trough to a specified pitch. (b) The aligned NWs are transferred to
) 3 3 L ) . the surface of a substrate to make a uniform parallel array. (c)

Figure 93. Growth of Si nanowire bridges in microfabricated  Crossed NW structures are formed by uniform transfer of a second

trenches. (A) Schematic illustration of the formation of the Si |ayer of aligned parallel NWs (red lines) perpendicular to the first

nanowire bridge between two vertica{$lL1} surfaces on (110)-  |ayer (blue lines). (Reprinted with permission from ref 337.

oriented SOl wafers. (B) SEM image of a group of parallel trenches copyright 2003 American Chemical Society.)

formed on an SOl wafer. (C) SEM image of nanowire bridges

grown in the microtrenches. (Reprinted with permission from ref

94. Copyright 2005 Wiley-VCH.) porous silicort®®27%single Si nanocrystalliteZ373 Si/Si0O,
many recent discoveries and advances in nanomaterials angluantum wells7* and SINWs}7>"8 exhibit enhanced pho-
nanotechnologies (especially nanophotonics) involving sili- toluminescence in the visible as well as band gap opening
con. For one, all the quantum-confined Si systems, such asin the nanorealm.
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A B

uldic channe

substrate

parallel array

first layer second layer crossed array

Figure 96. Fluid flow directed assembly of NWs. (A) A channel

is formed when a trench structure is brought in contact with a flat
Figure 95. Electric field directed assembly of NWs. (A) Schematic Substrate. Nanowire assembly is carried out by flowing a NW
view of E-field alignment. (B) Parallel array of NWs aligned Suspension through the channel at a controlled rate and for a set
between two para”el electrodes. (C) Spa“a”y positioned para”el duration. Parallel arrays of NWs are Observ_ed in the flow direction
array of NWs obtained following E-field assembly. The top inset ON the substrate when the trench structure is removed. (B) Crossed
shows 15 pairs of parallel electrodes with individual NWs bridging NW arrays can be obtained by changing the flow direction
each diametrically opposed electrode pair. (D) Crossed NW junction Sequentially in a layer-by-layer assembly process. (From ref 342
obtained using layer-by-layer alignment with the E-field applied (http://www.sciencemag.org). Reprinted with permission from
in orthogonal directions in the two assembly steps. (Reprinted by

ermission from Macmillan Publishers Ltd. (ref 341, http:/ . . .
vaw.nature_com), copyright 2001.) ( P depending upon the degree of etching. We shall discuss the

photoluminescence, as well as the electroluminescence
SiNWs in the quantum confinement regime, in particular, properties of porous silicon, SiNDs, and SiNWSs in section
may play a key role as interconnects and functional 12.5.2 (Nanophotonics)
components in future nanosized electronic and optical devices . ]
(see section 12.5). It has been suggested that semiconductotl.1.1. 0-D on 0-D: SiNDC SiO,ND

wires finer than 100 nm in diameter can be used for  There is a vast literature on the photoluminescence of

developing 1-D quantum-wire high-speed field effect transis- yorous sjlicon and silicon nanocrystallites. The reader is
tors and light-emitting devices with extremely low power yeferred to the many excellent revieWis196379-332 jn the

consumption. ' _ literature.
We will discuss photoluminescence and band opening of
SiNWs and SiNDs in this section. 11.1.2. 0-D in 1-D: Chainlike SINDC SiO,NW

. We shall discuss here the photoluminescence of necklace-
11.1. Photoluminescence or chainlike silicon nanowires (SINWS). SINTSIONW.
Photoluminescence is emission of light when a pair of which may be described as a chain of crystalline Si
electron and hole, created by absorption of a photon, nanoparticles immersed in an amorphous silicon oxide wire.
recombine in a material. Photoluminescence differs from  X-ray excited optical luminescence (XEOL) has been used
electroluminescence in that the electrdmole pair is excited by Sham and co-workers to study SiNW#4$37537The XEOL
by light absorption rather than by applying a voltage. In technique monitors the optical response of a light-emitting
general, the wavelength of the luminescence is longer thanmaterial by tuning the X-ray energy to a specific excitation
that of the light being absorbed because part of the energychannel (often at the X-ray absorption edge of an element
is lost to other nonradiative processes. of interest) and monitoring the luminescence with an optical
When silicon is irradiated with a visible light, it emits monochromator (typically in the range of 26000 nm). The
radiation only weakly in the infrared region. In other words, relative quantum yield of the luminescence depends strongly
silicon does not emit light efficiently. This is because the on the site and chemical environment of the absorbing atom.
radiative recombination of the electrohole pair is very The luminescence may be due to excitons (i.e., recombination
slow in silicon due to the fact that silicon is an “indirect of a hole in the valence band and an electron in the
band gap” semiconductor which means that momentum is conduction band) or defects. The photoluminescence yield
not conserved in the recombination process. Hence bulk (PLY) can in turn be used to record X-ray absorption fine
silicon has traditionally been considered not a good photonic structure (XAFS) that provides structural information for the
material. absorption site responsible for the luminescence. By com-
This view was changed when Leigh Canham, in 1990, bining the XEOL and PLY spectra, one can obtain the
discovered that silicon can be turned into an efficient light structural dependence of the luminescence. The XEOL of
emitter when etched by electrochemical or other means tothe necklacelike SINWSs is compared with that of the normal
form a spongelike material known as “porous silicon”, which SiNWs in Figure 97. The excitation photon energies were
comprises an array of nanosized filaments containing SiNDs at the Si K-edge (1841 eV) and Si@esonance position
and SiNWs. Porous silicon, when illuminated with an (1848 eV). Two emission bands in the blue and green
ultraviolet light, will emit red, yellow, green, and blue lights, regions, with maxima at 460 (2.7 eV) and 530 nm (2.34 eV),
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Figure 97. XEOL of the chainlike SiINWs (curves a, b) compared
to the normal SiINWSs (curves c, d) excited with photon energies at
Si K-edge (1841 eV) and SiOresonance position (1848 eV).
(Reprinted with permission from ref 224. Copyright 2004 American
Institute of Physics.)
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Figure 98. PLY at the Si K-edge XAFS of the chainlike SINW
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Figure 99. Photoluminescence spectra of chainlike and normal
SiNWs excited at 514 nm with an argon ion laser. (Reprinted with
permission from ref 224. Copyright 2004 American Institute of
Physics.)

decreases noticeably in the zero-order PLY and nearly
disappears at the 460 nm (2.7 eV) PLY. Since TEY is surface
sensitive while FLY and PLY are bulk sensitive, this
observation indicates that the total luminescence (zero-order
PLY) arises mainly from silicon oxide, as expected from
Figure 97. The disappearance of the elemental Si whiteline
and an enhanced oxide feature in the 460 nm PLY show
that the luminescence at 460 nm (2.7 eV) originates primarily
from silicon oxide. The weaker luminescence at 530 nm and
the difference in the intensities of the elemental Si K-edge
whiteline between the zero-order and 460 nm PLY are
consistent with the notion that the 530 nm peak originates
primarily from the quantum-confined Si crystallites. Another
evidence for the oxide dominant luminescence in chainlike
SiNWs comes from XEOL recorded after the complete
removal of silicon oxide by HF solution. After HF-etching,
no luminescence can be observed in either chainlike SINWs
or normal 1-D SiNWs (vide infra) under the same experi-

sample monitored with total (zero-order) and wavelength-selected mental conditions.

(460 nm) luminescence. TEY and FLY are also shown. (Reprinted
with permission from ref 224. Copyright 2004 American Institute
of Physics.)

Finally, the PL spectra of the chainlike and normal SINWs
excited at 514.5 nm with an argon ion laser are shown in
Figure 99. The PL spectral features for both samples are

respective|y' were observed. It can be seen that the neck_similar except for the much Stronger emission in.the chainlike
lacelike SINWs exhibited much stronger emission intensities SINW. A strong PL peak around 560 nm with a broad
than that of the normal SiNWs. The intensities of the two Shoulder at 620 nm was obtained for the chainlike SINW
peaks increased remarkably, especially in the chainlike Sample. These PL peaks can be attributed to defects in silicon
SiNWs when the K-edge channel of silicon oxide was turned 0X|de and/or Intel’face betWeen SI|ICOI’1 0X|de and SI|ICOI’I
on at 1847.5 eV. The peak at 460 nm (2.7 eV) is similar to Nanoparticles.
the results observed in the silica nanowifésnd can be . : . .
attributed to the neutral oxygen vacancy in the oxide, while 11.1.3. 1-D in 1-D: Ultrafine SINWC SIONT
the peak at 530 nm (2.34 eV) may arise (primarily) from It has been shown in ref 48 that ultrafine SINWs-@&
the small Si crystallites embedded in the SINW (due to the nm in diameter) exhibit very intense (at least 1 order of
quantum-size effects exhibited by small nanosized Si crys- magnitude higher) luminescence in the PL measurement
tallites’”2:384.385 or from defects surrounding the silicon (Figure 100, curve b¥ The PL peak centers around 720
nanoparticles’® nm. Very weak PL intensity was obtained from normal SINW
Figure 98 shows the PLY at the Si K-edge XAFS of the samples of 2650 nm in diameter (Figure 100, curve a).
chainlike SINW sample monitored with total (zero order) The PL peak centers at around 600 nm. The strong PL
and wavelength-selected (460 nm) luminescence. The totalintensity of 1-D SiNWs sheathed with an oxide layer,
electron yield (TEY) and fluorescence yield (FLY) are also designated as SINWSIO,NT, may be attributed to the
shown. Both PLY spectra show spectral features similar to quantum-size effect of ultrafine Si corecf nm in diam-
those observed in TEY and FLY spectra except for the eter}?3 and/or with impurities within the nanowires or the
intensity of the elemental Si whiteline~(841.eV) which silicon—(silicon oxide) interface stateg86
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Figure 100. Photoluminescence spectra from (a) normal SINWs
of 20—50 nm in diameter and (b) very fine and uniform SiNWs of
1-5 nm in diameters synthesized with zeolites. (Reprinted with
permission from ref 48. Copyright 2003 American Chemical
Society.)
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Figure 101. X-ray excited optical luminescence (XEOL) of a Si
nanowire specimen (26 nm in diameter), before and after HF
treatment, using an Al & X-ray source. It exhibits luminescence

in the UV and visible regions. The short-wavelength peak300
and~450 nm) diminish after HF treatment, while the 530 nm peak
and longer wavelength emission remain. (Reprinted with permission
from ref 375. Copyright 2001 American Institute of Physics.)

11.1.4. Silicon Nanowires

An XEOL spectrum of a single as-prepared nanowire of
26 nm in diameter, excited using an Al,KK-ray source,
clearly shows luminescence in both UV and visible regions
(Figure 10187 Upon HF etching, the luminescence at the

shorter wavelengths (295 and 460 nm) diminishes but those

at ~530 nm and longer wavelengths remain. This result
indicates that as-prepared SiNWs contain small unoxidized
Si nanocrystallites that contribute to the luminescence (a
quantum confinement effect). The short-wavelength lumi-
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Figure 102. Normalized XEOL of SiNW (nominal diameter
~13 nm and oxide layer4 nm) excited at photon energy across
the Si K edge. The TEY XANES and the difference curve between
the luminescence of the SiGand the Si white line excitation
channel are shown in insets (a) and (b), respectively. The baselines
have been shifted vertically for clarity. (Reprinted with permission
from ref 376. (http://link.aps.org/abstract/PRB/v70/p045313). Copy-
right 2004 by the American Physical Society.)

whiteline). These chemical- and morphology-dependent
luminescences had been attributed to factors such as the
emission from the oxide layer, the quantum-confined silicon
nanowires, and the silicef(silicon oxide) interface, respec-
tively.376

11.2. Band Gaps

Recently, Lee and co-workers reported band gap opening
of SINWs due to quatum confinement effect when the
diameter of SINW shrinks to below 7 nH® Scanning
tunneling spectroscopy measurements were performed on
individual oxide-removed SiNWs and were used to evaluate
the electronic energy gaps as a function of nanowire diameter
(Figure 103). The energy gap was found to increase with
decreasing SiNW diameter from 1.1 eV for 7 nm to 3.5 eV
for 1.3 nm in diameters, in agreement with previous
theoretical predictions.

In addition, EELS spectra of individual SiNWs with
different diameters at the Sizk-edge have been obtained
by Sun et af’® The results (Figure 104) revealed a threshold
blue shift (e.g., 1 eV blue shift foa 9 nm SINW) and a
parabolic behavior for selected nanowires, indicating the
widening of the band gap with decreasing nanowire diam-
eters.

11.3. Theoretical Calculations

nescence probably originates from the presence of the oxide Zhao et af’® studied from first principles the structures

layer. XEOL of SINW with excitations at the silicon K- and
Ls;edges by synchrotron radiation exhibits several lumi-
nescence bands at460, ~530, and~630 nm (Figure

of SINWs grown along the 110 and 111 directions and their
electronic and optical properties as a function of diameter.
These properties are strongly influenced by quantum con-

102)37® These luminescence bands are broad and arefinement and the electronic states can be described by those

sensitive to the Si 1s excitation channel (Si versus,SiO

associated with a cylindrical potential well. Direct funda-



Silicon-Based Nanomaterials and Nanodevices

Chemical Reviews, 2007, Vol. 107, No. 5 1515

A
B
(),44 //\L/\—\
AN oA
.2 r_/ . _ —AJ \‘_/_/ 5
g ’_/ F pLj\ C. "
z s : g ey A l + This work (Exp.)
% o ’_//: § 1 3 0 thiom
4 / Sl AN\ s o s
/_/ CAPS
1 N
/—/ ﬂ‘f\J\""‘ 1 1 o o+
01 ﬂ - -
-"'\.nj\\/k_/—’“l 0 +—r—r—r—r—r—1r—Tr—yr—rr—r
2 0 0 1 2 2 2 -0 1 2 3 0 1 2 3 4 5 6 7 8

Voltage (V)

Voltage (V)

d (hm)

Figure 103. Electronic properties of the SINW surfaces. (I)V curves obtained by STS on six individual SINWs. The diameters of
wires 1-6 are 7, 5, 3, 2.5, 2, and 1.3 nm, respectively. The inset shows the atomically resolved STM image of wire 6. (B) Corresponding
normalized tunneling conductancesl/@V)/(1/V). The curves are offset vertically for clarity. (C) Experimental band gap versus diameter
for SINWs of wires 6 and an additional two wires not shown in A and B. Also shown are the calculated diameter-dependent band gaps
(filled circles and triangles). (From ref 123 (http://www.sciencemag.org). Reprinted with permission from AAAS.)
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Figure 104. EELS of three single Si nanowires 60, ~30, and ' > HLeS ! :

9 nm from a HF-etched Si NW specimen. The XAFS of a Si(100) in the design and fabrication of nanodevices. Nanoelectronic

wafer recorded in TEY and FLY mode are also shown. The edge devices such as transistors, logic gates, tweezers, and sensors,

jump of the 50 nm wire was aligned to that of Si(lOO_). The preedge etc., have been built from CNTP& 3% However, the

background is also shown. A more detailed comparison of the edgee|ectronic properties of CNTs are highly dependent on the

375. Copyright 2001 American Institute of Physics.)

mental band gaps are foundlafor 110 and small 111 wires,

than Si [110] nanowires, as expected from the effective-mass
difference. In addition, anisotropy in the dielectric function
is found in the nanowires wittl < 2.2 nm, where extra peaks

in the absorption coefficient also begin to develop.

12. Fabrication of Nanodevices

The design and construction of nanoelectronic or nano-
photonic devices such as field effect transistors, light-emitting
diodes (LEDs), and quantum cascade lasers, etc., rely
critically on our ability to fabricate functional heterostructures
and interfaces with desirable characteristics. Needless to say
the operating principles and performance of the resulting
nanodevices depend on the chemical, physical, and biological
properties of the nanomaterials which constitute the devices
as well as the interfaces. For semiconductor nanodevices,
the interface may include semiconductor homo- or hetero-
junctions, dielectrie-semiconductor junctions, and metal
semiconductor junctions, etc. Precise control over the
composition and perfection of interfaces is required for the
successful fabrication of high-performance nanodevices.

In this review, we have focused our attention on low-
dimensional nanomaterials such as nanorods, nanowires,
nanotubes, and nanowhiskers, etc., since the anisotropic
properties and quantum-size effects are two of the many
highly desirable attributes of low-dimensional nanomaterials

tube diameters and their structures, both of which are difficult
to control. By contrast, the diameters, structures, and
compositions of nanowires are, relatively speaking, easier

which increase subquadratically as the diameter decreaseso control, making them good candidates for the fabrication
It was also found that Si [111] nanowires have a larger gap of nanodevices.
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Another focus of this review is silicon-based composite
nanomaterials. Silicon-based nanotechnology is particularly
promising since it is compatible with the conventional silicon
microtechnology. Interfacing and integrating with the existing left
silicon-based microtechnology will encounter the least gate
resistance among the many development paths of nanotech-
nology. To date, many prototype nanodevices such as
transistors, diodes, switches, light-emitting diodes, lasers, and

source -

chemical and biological sensors, etc., have been fabricated
from SiNWSs and SiNDs. For example, dopants such as B
and P can be introduced into SiNWs during growth, making
them p- or n-type semiconductors, respectiv@lyhis can

be done with different nanowires or within the same
nanowire (segmented). Wiring these prototypes together to
form logic gates, memories, and circuitries will build the
foundation for future nanocomputer and other devices. Since .

drain

some nanowires, including SINWSs, can also be made to emit
light or to lasel®it is conceivable that nanophotoniswill

soon be integrated with nanoelectronics in silicon-based - B

nanotechnology. Figure 105. SEM photograph of the Si nanowire and side gates
fabricated by using inorganic electron beam (EB) resist process.

12.1. Top-Down Approach The width, height, and length of the Si nanowire are 15, 20, and

) ) 438 nm, respectively. (Reprinted with permission from ref 394.
The top-down approach seeks to fabricate nanodevices top-Copyright 2000 Elsevier.)

down by etching silicon (or other semiconductors) chips
using lithography (either photolithography or electron li-  For definitions or features finer than 32 nm, it is necessary

thography). Indeed, the top-down approach has been theto use electron beams or X-rays in the so-called “nanoimprint
method of choice in the semiconductor industry for making lithography”343-345 High-energy electron beams or X-rays

microelectronic and other devices for decades. Conventional(such as the highly collimated synchrotron radiations) can
photolithography can routinely mass produce silicon chips in theory provide definitions of a few nanometers. The state-
with 0.3 um, or 300 nm, features. of-the-art definition in nanoimprint lithography (NIL) is about

The semiconductor industry entered thenotechnology 5 nm34-3%|t is obvious that “nanoimprint” lithography can
erain the year 2000, and by 2004, the industry was shipping achieve much better resolution than extreme ultraviolet
devices with physical gate dimension of less than 40 nm (EUV) lithography discussed earlier. However, it suffers
and insulator thickness of less than 1 nm. This is in line from, among other things, cost effectiveness, mass production
with the pace of Moore’s la#? The current development  capability, and defect tolerance problems. The main reason
of the state-of-the-art optical lithography at 193 nm wave- is that nanoimprint lithography is essentially & inultilayer
length is pushing the limit of 32 nm (half-pitch). Dimensions mold technology.
smaller than 32 nm are generally viewed as beyond the i is interesting to note that, at or below about 15 nm,
capabilities of optical lithography at 193 nm wavelength, quantum confinement sets in, making single-nanowire/
unless high-index fluids, high-index lens materials, and npanotube single-electron nanodevices a reality. We shall now
higher-index resist can be developed. One way to extendmention briefly one example single-electromanodevices
the lifetime of optical projection lithography with immersion  here, Depicted in Figure 105 are the single-electron memory
to 32 nm half-pitch and beyond is to divide the pattern into 54 single-electron transistor nanodevices fabricated by
two or more masks. However, this latter strategy will Tgutsumi et al. using an inorganic Si@lectron beam
undoubtedly increase the cost of manufacturing. resis? These single-electron nanodevité8%3%are pos-

Itis generally believed that extension of the roadmap for sjble due to the carrier confinement and Coulomb blockade
the semiconductor industry beyond 32 nm will probably effects exhibited by the very narrow SiNWs and/or very
require the development of “next-generation” lithography small SiNDs in thenanaegime. Indeed, 15 nm wide silicon
(NGL) technologies such as extreme ultraviolet lithography nanowire channel and-510 nm isolated silicon islands were
(EUV), maskless (ML2), and imprint lithography (to be ysed in the work of Tsutsumi, et # This is a fast-

discussed next). Because the “next-generation” lithographiesdeveloping technology; the reader is referred to many
will most likely require the development of substantially new excellent reviews and books in the literatgfe 363396

infrastructure, implementation of these new technologies as
viable manufacturing solutions will be a real challenge for .
the industn?® 12.2. Bottom-Up Approach

Recent development in extreme ultraviolet lithography  Generally speaking, nanodevices fabricated by bottom-
(EUVL) is expected to be used in manufacturing at 32 nm up approach will undergo the following processes: design
half pitch. The EUV lithography is a projection optical and synthesis of nanoscale building materials, elucidation
technology that uses 13.5-nm laser produced plasma. Theof the fundamental electronic, optical and other physical
laser wavelength is approaching the wavelengths of soft properties of these nanomaterials, fabrication of individual
X-rays. At this wavelength, all materials are highly absorb- nanodevice nanocomponents, and the organization of various
ing, so the imaging system must be composed of mirrors nanocomponents into increasingly complex integrated as-
coated with multilayer structures designed to have high semblies and eventually to functional nanodevices.. Many
reflectivity at 13.5 nm wavelength. efforts have been made on the first and second steps, in which
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a wide variety of nanomaterials with controllable morphol- of supramolecules into nanosized devices is still many years
ogy, size, structure, and composition have been synthesizechway. Ultimately the supramolecular and molecular tech-
and their physical and chemical properties investigated. nologies will yield to subnanometer “atomic” or “nuclear”
Single nanodevices such as field effect transistors, diodes,technologies at dimensions below 0.3 nm, whereby single-
light-emitting diodes, and sensors, etc., using serial litho- atom, single-electron, single-spin, single-photon devices are
graphic processing, such as electron-beam lithography, havepossible, revolutionizing various disciplines of science and
also been fabricated (the fourth step). The last step, namelytechnology, including, but not limited to, electronics, pho-
the controlled assembly and integration of the various tonics, and spintronics. The last technology, spintronics, may
building blocks into functional systems, is still a formidable involve electron or nuclear spins. Quantum computing will
challenge. Nonetheless, some progress has been made. F@oon become a realit§34°%* Sub-nanometer technologies,
example, electric field41397:3%and microfluidié*23%° and atomic and molecular technologies in particular, will be
LB technique®*’-34° have recently been used to assemble discussed in section 13.
silicon nanowires into high-density arrays, as discussed in  With the tremendous increase in capacity (order-of-
section 10. magnitude reduction in feature size and increase in speed)
Many issues such as mass production and reproducibility, at each stage of the development, it will be affordable to
however, remain to be addressed. Finally, organizing variousbuild in redundancy (error tolerance), self-check, and self-
elements into basic units and interconnecting them to form repair mechanisms in the so-called “smart” devices. Fur-
functional nanodevices are yet two more hurdles in the thermore, these nanosized or sub-nanosized molecular or
bottom-up approach. The ultimate challenge, however, seem&tomic building blocks will be able to self-assemble, self-
to be the interface of the nanodevices to the microworld, replicate, self-check, self-repair, and self-annihilate to form

and eventually to the macroworld. intelligent devices, just like genes, proteins, and enzymes
do in living cells. Molecular or atomic recognition, self-
12.3. Hybrid Approach scaling, precise positioning, and accurate manipulation of

connections (by forming and breaking chemical bonds at
Moore’s law in semiconductor technology has been the specific sites, e.g., at the interface) of the building blocks
guiding principle for the development of microelectronic are keys to a functional molecular or supramolecular device.
industry for the past few decad&3.As mentioned earlier,  Ultimately it may be possible, indeed both desirable and
the current state-of-the-art definition or feature size is about necessary, to fabricate nanodevices using nanomachines.
30 nm. Where will it end? It has been suggested that Nanomachines can be designed to mass produce nanodevices
nanotechnology is a “disruptive” technologf§,competing  from nanomaterials (as building blocks). By the same token,
with the conventional, sustaining silicon microtechnology. molecular machines can be designed to mass produce
In our view, nanotechnology is a “constructive” technol- molecular devices from molecules and atoms, based on self-
ogy;** though still in its infancy, trying to integrate into, assembly, self-replicating, and complementarity, etc., prin-
and merge with, the existing microtechnology. The comple- ciples and according to a set of engineering blueprints, in a
mentarity and synergism of the two will benefit, and way similar to living cells in producing proteins and enzymes
accelerate the developments of, both technologies. Hence thgrom amino acids according to the DNA and RNA instruc-
two are more appropriately termed “convergent” technolo- tions.
gies. Throughout the various stages of nano- or sub-nanotech-
It is our view that, at the scale of about 30 nm in feature nological developments, connection to the macroworld will
size, the top-down approach of the existing lithography probably rely to a large extent on the top-down approach, at
technologies will merge with the bottom-up strategy of the least in the foreseeable future.
nanotechnology to form a new “hybrid” technolotfy,
capitalizing on the strengths of both strategies and comple-12.5. Nanodevices
menting one another. This large-scale merger may happen

within the next decade or so. In this section, we shall discuss recent developments in

Indeed. this hvbrid approach has recently been demon-the fabrication of nanodevices based on silicon nanomaterials.
' y PP y Examples quoted here are meant to be representative rather

strated by the so-called grown-in-place apprda¢hde- NS i . s
scribed in section 10.3. These examples demonstrated th tilellg exhaustive since itis a fast-developing, multidisciplinary

growth of SINWs or CNTs (the bottom-up approach) on a

prefabricated Si wafer (the top-down approach). This in-situ 12 5 1. Nanoelectronics

growth of the active nanomaterials on a well-connected . , L
silicon chip alleviates the need to cut, assemble, and interface Nanoelectronics is the most appealing application of
(the last three steps in the bottom-up approach, as per sectiofanotechnology, especially in view of the fact that conven-
4.1) individual nanodevice units and take advantage of the tional microelectronics technique (top-down approach) has
desirable application-specific properties of the nanodevice 8lmost reached its limit. When the smallest features on the

elements. current state-of-the art, mass-produced FETSs, the basic
subunits in integrated electronic circuits, shrink to below 100
12.4. Beyond Nanotechnologies nm, the devices will become more difficult and costly to

fabricate and may no longer function effectively due to the

At the scale of about 3 nm in feature size, the hybrid laws of quantum mechanics. To continue the miniaturization
technology discussed in the previous subsection will be of circuit elements down to the nanometer scale, perhaps
challenged by “supramolecular” and “molecular” technolo- even to the molecular level, new nanometer-scale electronic
gies epitomized by large-scale integration of single-molecule devices would have to be fabricated. However, unlike today’s
devices. Supramolecular chemistry has been well-developedFET’s, which operate on the basis of the movement of masses

over the past few decad&&however, large-scale integration  of electrons in bulk matter, the new nanodevices take
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Figure 107. Diagram of NW~TFT fabrication process. In this
approach, single-crystal NW materials are dispersed in a solution
and aligned on the desired substrate to form a densely packed
oriented NW thin film that is further processed via standard methods
to form TFTs with the conducting channel parallel to the wire axis.
(Reprinted by permission from Macmillan Publishers Ltd. (ref 418,
http://www.nature.com), copyright 2003.)

Figure 106. (A) Schematic representation of a SINW FET showing . .

the metal source and the drain electrodes with the NW and contactssubstrate is F_)rocessed using standard methods to p'_’Oduce

on the surface of SigSi substrate. Inset: High-resolution transmis- NW—TFTs with conducting channels formed by multiple

sion electron micrographf@a 5 nmdiameter SiNW. The scale bar  parallel single-crystal NW paths. In such NWFTs, charges

is 5 nm. (B) SEM image of a SINW FET device. (Reprinted with - {rave| from source to drain within single crystals, thus

permission from ref 100. Copyright 2003 American Chemical gng) ring high carrier mobility. Thus high-performance TFTs

Society.) L7 : . .
can be produced on various substrates, including plastics,

. . . using a low-temperature assembly process.
advantage of quantum mechanical phenomena, including 9 P yp

quantum-size effect, discreteness of electrons, carrier con-
finement, Coulomb blockade, etc. Single-nanowire or nan-
odot, single-electron nanodevié#s**3%pecome possible. Nanophotonics is another important application in nano-
The reader is referred to the many papers and reviews dealingechnology. Unfortunately, though photonic devices can
with these nanoelectronic devices, including single-electron easily be coupled to silicon chips or fabricated from silicon-
devicesand molecularelectronicdevices, inthe lieteritig054%8 based materials, the light sources such as semiconductor
Single SWCNT field-effect transisto¥€4%° have been lasers and LEDs cannot be built from silicon itself since
fabricated by depositing SWCNT on Si/SiQvhich serve silicon does not emit light efficiently. This is because the
as a gate electrode, and connecting SWCNT by two metalradiative recombination of the electrehole pair is very
electrodes. Low-temperature single-electron transiStots slow in silicon and there are several other faster, alternative

12.5.2. Nanophotonics

intramolecular metatsemiconductor diode’?4'2 and in- nonradiative pathways of recombination available. The slow
termolecular-crossed NINT diodeg'® have been achieved radiative recombination in silicon is due to the fact that it is
with CNTSs. an “indirect band gap” semiconductor (as opposed to, say,

Recently, SiNWs have also been used to fabricate nano-GaAs, which is a “direct band gap” semiconductor and an
electronics including FET%,%96.100109¢ggic gates''* and efficient light emitter). This means that the net momentum
bistable nanoscale switch#§. A prototype SiINW FET of the recombined pair is different from that of the excited
device is shown in Figure 106. It was determined that the electror-hole pair, and hence the principle of conservation
silicon nanowire devices can behave as excellent FETs, andof momentum requires that the radiative recombination
moreover, the carrier mobilities in the silicon nanowire process must be coupled with certain lattice vibrations
devices are comparable to or exceed the best achievable iffphonons). As a result, bulk silicon has traditionally been
planar silicon. A good review on SiNW and other semicon- considered a poor photonic material.
ductor nanowire nanoelectronics has been given by Lie- This view, however, is gradually changing. In the nan-
ber#16.417 oregime, the law of conservation of momentum is relaxed

In addition, thin-film transistor (TFT) has also been as a result of the small sizes or the disordered state of the
fabricated using oriented Si nanowire films or CdS nanor- nanomaterial. As discussed in section 11.1, silicon nanodots,
ibbons as semiconducting chann@fsigure 107 illustrates  silicon nanowires, and certain disordered forms of silicon
the NW—TFT fabrication process. The NWs were assembled are known to exhibit efficient photoluminescence and elec-
into oriented NW thin films using a microfluidic technique troluminescence properties. While the exact origin of these
or LB film technique to yield an electronic substrate. This properties is still under investigation, it is generally believed
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Figure 108. NanoLEDs: (a) Electroluminescence (EL) spectra from crossed giodes of p-Si and n-CdS, CdSSe, CdSe, and InP,
respectively (top to bottom). Insets to the left are the corresponding EL images for CdS, CdSSe, CdSe (all color CCD) and InP (liquid-
nitrogen-cooled CCD) nanoLEDs. The top-right inset shows representativeand SEM data recorded for a p-Si/n-CdS crossed NW
junction (bar= 1 um); spectra and images were collected-&tV). (b) Schematic and the corresponding SEM image of a tricolor nanoLED
array. The array was obtained by fluidic assembly and photolithography~tlam separation between NW emitters. (c) Normalized EL
spectra and color images from the three elements. (Reprinted with permission from ref 422. Copyright 2005 Wiley-VCH.)

that they arise from quantum-size effect or the confinement and co-workers using a material described as “partially
of the electrons and holes to very small dimensions. As oxidized porous silicon” called “silicon-rich silicon oxide”.
described in section 11.2, the band gap of SINWSs increasesThese authors showed that individually addressable arrays
from the bulk value of 1.1 to 3.5 eV as the diameter of the of these LED devices could be constructed, thereby dem-
nanowire decreases from 7 to 1.3 nm, respectively. Thus,onstrating that an all-silicon optoelectronic technology is on
the color of the luminescence changes from red to yellow to the horizon.
green to blue as the nanowire gets thinner in this size range. 12.5.2.1. Flat Panel Display.It is well-known that
Similar trend applies to SINDs and porous silicon. For porous nanotubes and nanowires with sharp tips are promising
silicon, the particle size is inversely proportional to the extent materials for field emission devices. Indeed, carbon nano-
of etching. Porous silicon that emits red, orange, yellow, tubes have already been used in large flat panel displays.
green, and blue colors can now be prepared. Furthermore| jkewise, silicon nanowires and porous silicon (containing
when confined to very small dimensions, electrons and holesnanocrystals of silicon) can be used as large-area flat panel
attract each other more strongly, thereby enhancing thedisplays. The advantages of the silicon nanomaterials as field
radiative recombination process and thus the photolumines-emission display nanomaterials include the following: (a)
cence or electroluminescence. band gap opening from 1.1 to 3.8 eV for dimensions below
In recent years, silicon quantum dots and quantum wells 7 nm; (b) stable and uniform emission under low vacuum;
and porous silicon have been used to fabricate LEDs and(c) no need for back light; et
other optoelectronic devices (see revit\i& and references
therein.). Silicon nanowires can also be used to assemble al2.5.3. Nanosensors

p—n junction with other semiconductor nanowires in a » L )
crossed-nanowire device architecture which can be used to Another exciting application of nanotechnology is nanosen-
fabricate electroluminescence devices such as LEDs. ForSOrs in general and silicon-based nanosensors in particular.
example, nanoLEDs can be assembled from n-type direct- Porous silicon is a useful nanosensor material. By measur-
band gap nanowires, such as gallium nitride, cadmium ing the change of the optical properties of porous silicon
sulfide, and indium phosphide, in combination with the When a species is bound to its surface, the concentration of
p-type indirect-band gap silicon nanowires (Figure 108). the species to be detected can be determined. For example,
Indeed, such nanoLEDs, capable of simultaneously emitting@ biosensor based on induced wavelength shifts in the
ultraviolet, green, and red lights, have been fabricated by Fabry—Perot fringes of the visible-light reflection spectrum
Lieber and co-workefgl422 using mu|tip|e n-type ga|||um of derivatized thin films of porous silicon has been devel-
nitride, cadmium sulfide, and indium phosphide nanowires, oped** Binding of molecules induced changes in the
respectively, across single p-type silicon nanowires. refractive index of the porous silicd® The validity and
This concept can also be extended to include fabrication Sensitivity of the system were demonstrated for small organic
of nanowire LEDs on planar silicon chips. For example, molecules (biotin and digoxigenin), 16-nucleotide DNA
silicon nanowires can be lithographically patterned on planar oligomers, and proteins (streptavidin and antibodies) at pico-
silicon substrates and, subsequently, direct-band-gap materiafnd femtomolar concentrations. The sensor is also highly
nanowires assembled over these “wires” to create nanoLEDEffective for detecting single-layered and multilayered mo-
arrays, as has been demonstrated by Lieber and co-workeréecular assemblies.
using cadmium sulfide as the direct-band-gap material. Silicon nanowire based FETs have also been configured
It should be mentioned here that the first all-silicon as sensors for the detection of chemical and biological
integrated optoelectronic circuit was fabricated by Fauchet species. The conductance of nanowires will change in
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Figure 109. NW nanosensor for pH detection. (A) Schematic illustrating the conversion of a NWFET into NW nanosensors for pH sensing.
Also shown is the APTES-modified SINW surface illustrating changes in the surface charge state with pH. (B) Real-time detection of the
conductance for an APTES modified SiINW for pHs from 2 to 9. The pH values are indicated on the conductance plot. Inset: (top) Plot of
the time-dependent conductance of a SINW FET as a function of the back-gate voltage; (bottom) SEM image of a typical SINW device.
(C) Plot of the conductance versus pH. The red points are experimental data, and the dashed green line is linear fit of the data. (D) Conductance
of unmodified SINW (red) versus pH. The dashed green curve is a plot of the surface charge density for silica as a function of pH. (From
ref 426 (http://www.sciencemag.org). Reprinted with permission from AAAS.)

response to the binding of chemical and biological species Lee and co-workers also used boron- or magnesium-
on the nanowire surface; that is, molecular or macromolecular modified Si nanowire films as sensors to measure the
species “gate” the FET and thereby change the conduc-concentration of glucose or hydrogen peroxide in aqueous
tance!?® Amine- and oxide-functionalized SiNWs exhibit pH-  solution, respectivel§?® The B- or Mg-modified SiNW films
dependent conductance that is linear over a large dynamicwere used as electrodes whose electrical resistances in the
range and can be related to the change in surface chargeesting solutions are proportional to the logarithm of the
during protonation and deprotonation processors (Figure concentration of the testing solution. It was reported that
109). Biotin-modified SINWs were used to detect streptavidin these sensors have a wide linear range (i.e-1® mM
down to picomolar concentration range (Figure 110). Antigen- glucose for B-modified SiINW film sensor, shown in Figure
functionalized SiNWs showed reversible antibody binding 111), high sensitivity (172 nA mmot), good reproducibility,
and concentration-dependent detection in real time. Theand long-term stability?°
authors believe that the small size and capability of these a few cautionary notes are warranted here. First, for any
semiconductor nanowires for sensitive, label-free, real-time nanosensor to be viable, it must have high sensitivity and
detection of a wide range of chemical and biological species sg|ectivity, as well as good reliability in terms of stability
could be exploited in array-based screening and in Vivo gnd reproducibility. In particular, the sensing nanomaterial,
diagnostics?® which is the “brain” of the nanodevices, must have reproduc-
Recently, Lee and co-workers fabricated a series of sensorsbility, long-term stability and high sensitivity. In this regard,
for gas, chemical, and bioanalytical applications using a nanosensors or SINW-FETs based on HF-etched SiNWs are
bundle of silicon nanowires or nanowires filrff<:42° The problematic due to the instability of H-terminated SiINWs
sensor made by a bundle of HF-etched silicon nanowiresin water and some organic solvents, especially in the pH
exhibits a fast response and highly sensitive and reversiblerange of 4-10 (as discussed in sections 7.3, 7.4, and 8.2).
changes of the electrical resistance upon exposure to am-Oxide-passivated or surface-functionalized SiNWs are rela-
monia gas and water vap®t.Strands of aligned SiNWs with  tively more stable, though their long-term stability in water
lengths over 2 mm and diameters of 35 nm were used toor other solutions (especially under different pH and
fabricate a multiwire strand of SINWSs into an electrode for electrolyte conditions) also needs to be evaluated. Another
cyclic voltammetric detection of bovine serum alburtdf. aspect is the device principle and performance in the
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Figure 110. Real-time detection of protein binding. (A) Schematic
representation of a biotin-modified SINW (left) and the subsequent
binding of streptavidin to the SINW surface (right). (B) Plot of L T P
conductance versus time for a biotin-modified SINW, where region 0.1 1 10
1 corresponds to buffer solution, region 2 corresponds to the Concentration of glucose (mM)

addition of 250 nM streptavidin, and region 3 corresponds to pure Figure 111. (a)|—V curves of a B-modified SINW film at various
buffer solution. (C) Conductance versus time for an unmodified glucose concentrations. (b) Electrical resistance of a B-modified

SINW. Regions 1 and 2 are the same as in B. (D) Conductance SiNw film versus glucose concentration. (Reprinted with permis-
versus time for a biotin-modified SINW, where region 1 corresponds sjon from ref 429. Copyright 2005 Wiley-VCH.)

to buffer solution and region 2 to the addition of a 250 nM

?g)eFc’:tg:]’i(?&rétz?]'ggﬂ;‘é@f;‘{ﬁg%?g“&%ﬁ?ﬁ_r‘%"ggiﬁeeg‘g‘i’,\f’vf\?ﬂ\:‘v'here manipulated to perform certain functions. Initially, spintronics

region 1 corresponds to buffer solution, region 2 corresponds to evolved from the developm(_ant of advancg‘;j magnetlclmemory
the addition of 25 pM streptavidin, and region 3 corresponds to and sensors based on spin transptfts® It was quicky

pure buffer solution. Arrows mark the points when solutions were expanded to include spins in semiconductors (SPINS), in the
changed. (From ref 426 (http://www.sciencemag.org). Reprinted hope of developing new spin-based multifunctional devices
with permission from AAAS.) such as spin-FET, spin-LED, spin-RTD (resonant tunneling

] device), optical switches operating at terahertz frequency,
nanorealm. For example, for nanodevices based on electromodulators, encoders, decoders, and quantum bits for

chemical principles, it has been pointed out that the detectiongyantum computation and communicatiét43

of binding of molecules, charged or neutral, to the surface ~ The silicon-based spintronics attract special interests due
of Si0; by direct measurement of conductivity or electric  to compatibility with Si-based semiconductor applicatiéHs.
field effect is not possiblé®** The underlying reason,  sj-pased spintronics could be achieved through hybrid
according to these authors, is that “the Sélectrolyte isa  approaches that integrate the metallic magnetic elements on
nonpolarized interface which means that one or more chargedop of conventional Si circuits, or by injecting spin-polarized
species can cross this interface, effectively shorting out the glectrons from metals into semiconductt&The most direct
interfacial capacitor that contains the immobilized charge of method would be to induce ferromagnetism in a semicon-
interest.” In I’ef 430, the authors eXp_ressed_the Opinion thatductor at practical operating temperatures by introducing
“the hope for an immunoelectrode” is the discovery of “an appropriate magnetic dopants such as Mn at levels of a few
interface with infinitely high charge transfer resistance,” in percent, producing a dilute magnetic semicondutfor44
other words, “an ideal polarized (capacitive) interface.” However, most ferromagnetic semiconductors are magnetic
Whether the electrochemistry-based nanosensors quoted ifnetal diluted 1V or I —VI semiconductor (instead of Si).
this subsection (aS well as in section 1255) SatiSfy theseRecenﬂy’ DiTusa and co-workers have observed a clear
electrochemical criteria remains to be seen. Control experi- signature of ferromagnetism in a Si-based magnetic semi-
ments and long-term stability and reproducibility tests of the conductor, albeit at a low temperature (53%9The authors
nanodevices can resolve most, if not all, of these and othergemonstrated that E§Co,Si, an n-type narrow-gap magnetic
relevant iSSUeS. On the cher hand, in the uncharted territorysemiconductor, exhibits an unusua”y |arge anoma'ous Ha”
of the nanoworld, surprising “nanoeffects” or “nanophenom- effect that appears to derive from intrinsic band structure
ena” that defy or challenge experience deduced from the effects rather than impurity scattering as in conventional
macro- or microworld, as we know it, cannot be ruled out ferromagnets. This discovery of a Si-based magnetic semi-
completely. conductor suggests routes for the realization of spin field
1254 N, introni effect transistors compatible with the existing microprocessor

-4 Nanospintronics circuitry. It may be possible to utilize FeCoSi magnetic

Spintronic4®?43% is a new and fast-growing branch of semiconductor layers as injectors and collectors for spin-
electronics in which electron spin, instead of its charge, is polarized current in Si transistot¥.
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Figure 112. (A) Schematic of a sensor device consisting of a SINW @
(yellow) and a microfluidic channel (green), where the arrows g
indicate the direction of sample flow. (B) SiINW surface with PNA 2 I
receptor. (C) PNA-DNA duplex formation. (Reprinted with 3
permission from ref 457. Copyright 2004 American Chemical

Society.) Tme

Since spintronics relies on the manipulation of electron gig#re 1t'13' rl:lanowti‘llrve-based d_etegtion of Sil”gle dVirzuseSH (LefR}

. ! . . . . . . chemaltlic snows O nanowire dadevices, an , where e
spins, the first step in spintronics is the discovery of magnetic o wires are modified with different antibody receptors. Specific
materials with interesting spin properties. Studies of the pinding of a single virus to the receptors on nanowire 2 produces
magnetic properties (including spin relaxation, coherence, a conductance change. (Right) Characteristic of the surface charge
etc.) of a material and our ability to modify or control such of the virus only in nanowire 2. When the virus unbinds from the
properties are prerequisites in the design and fabrication Ofsgrface, the _conductance returns to_the baseline _value. (Reprinted
spin nanodevices. In recent years, spin relaxation in Si V‘;'tg Perm'ss'onsfrzm ref 458. Copyright 2004 National Academy
heterostructures had been investigated by electron spinO ciences, U.S.A)

resonance in modulation doped Si/SiGe quantum Wi peptide nucleic acid (PNA)-DNA hybridization and enabled
Unfortunately, until now no spin phenomena have been jdentification of fully complementary versus mismatched
observed in Si related nanowires or nanoparticles, althoughpna samples. Concentration-dependent measurements showed
a number of ferromagnetic HV and 1=V nanowires have  that detection is sensitive at tens of femtomolar level. The
been Synthesaeﬁwse ) authors believe that this nanowire-based approach represents
Spintronics can also be based on nuclear spins rather thary step forward for direct, label-free DNA detection with high
electron spins. However, this is beyond the scope of this sensitivity and good selectivity and could provide a pathway
review. to integrated, high-throughput, multiplexed DNA detection
. - for genetic screening and biothreat detection.
12.5.5. Nanobiology and Nanomedicine A direct, real-time electrical detection of single virus
Silicon nanowire FETs can be used for label free, direct particles with high selectivity using silicon nanowire field
real-time electrical detection of biomolecule bindittg.45° effect transistors has also been repoffédvieasurements
SiNW-based FETs have the potential of very high sensitivity made with SINW arrays modified with antibodies for
detection because of the depletion or accumulation of chargeinfluenza A showed discrete conductance changes charac-
carriers caused by binding of a charged biological macro- teristic of binding and unbinding in the presence of influenza
molecule at the surface of the SINWs. The development of A virus (but not paramyxovirus or adenovirus). Simultaneous
advanced biological sensors could impact significantly the electrical and optical measurements using fluorescent-labeled
areas of genomics, proteomics, biomedical diagnostics, andinfluenza A virus were used to demonstrate conclusively that
drug discovery. the conductance changes stemmed from the binding/unbind-
Silicon nanowire devices have been used to detect DNA, ing of single viruses at the surface of SINW devices (see
virus, and other biological macromolecules. Hahm and Lieber Figure 113 and Figure 114). pH-dependent studies further
reported two-terminal silicon nanowire electronic devices that showed that the detection mechanism is caused by a field
function as ultrasensitive and selective detectors of DNA.  effect and that the SINW devices can be used to determine
Here, the surfaces of the silicon nanowire devices were rapidly isoelectric points and variations in receptoirus
modified with peptide nucleic acid receptors designed to binding kinetics under different conditions. Finally, multiple
recognize wild type versus th®F508 mutation site in the  viruses can be selectively detected in parallel using FET
cystic fibrosis transmembrane receptor gene (Figure 112).devices fabricated with SINWs modified with antibodies
Conductance measurements made while sequentially intro-specific for various distinct viruses. The possibility of large-
ducing wild type or mutant DNA samples exhibit a time- scale integration of these SiNW-based nanodevices suggests
dependent increase in conductance, consistent with thethe potential for simultaneous detection of a large number
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of different viruses at the single-virus level.
1520 { I Most recently, Lieber and co-worké&reported a highly
W*WNW}J WMMIW sensitive, label-free, multiplexed electrical detection method
| for cancer markers using a silicon-nanowire field effect
| device in which distinct nanowires and surface receptors are
AT el incorporated into arrays. Protein markers can be routinely
RN |'w MW ¢ detected at femtomolar concentrations, including detection
. 7 of prostate specific antigen (PSA), PSA-alpha l-antichy-
“0 ' ' i motrypsin, carcinoembryonic antigen (CEA), and mucin-1
ol S down to 0.9 pg/mL in undiluted serum samples. In addition,
w o, SiINW nanodevices with nucleic acid receptors enabled real-
1440 Yo am e time assays of the binding, activity, and small-molecule
| Mnelisl . inhibition of telomerase using unamplified extracts from as
0 400 800 1200 few as ten tumor cells. The authors believe that the capability
Time (sec) for multiplexed real-time monitoring of protein markers and
telomerase activity with high sensitivity and selectivity in
clinically relevant samples opens up possibilities for diag-
nosis and treatment of cancer and other diseases.
. The cautionary notes at the end of section 12.5.3 also apply
0 here.
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. 13. Atomic- and Molecular-Scale Technologies

-20 . . .
Though not the focus of this review, we shall discuss

| briefly here two sub-nanometer-scale technologies, namely,
75 8 85 atomic- and molecular-scale technologies. We shall first
pH describe various atomic- and molecular-scale imprinting
[ 1 3 a 6 | techniques on surfaces in section 13.1, followed by single-
: atom or single-molecule chemistry, including reaction dy-
qu". A N#\W‘JQ}NWF Y namics and spectroscopy, on various surfaces, in section 13.2.
2080 - \ 4‘ These technolqgles, madg possible by Fhe scanning probe
microscopes, high-resolution electron microscopies, lasers,
and other spectroscopic tools, are important not only in the
further development of sub-nanotechnologies but also in
2070 w probing fundamental chemical reaction dynamics and mech-
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anisms at the atomic level, thereby revolutionizing how
2 g chemical research is done and how novel nanomaterials will
5 50 1(‘]0 150 260 : be discovered and fabricated.
- . Specifically, with the advent of SPMs, single-atom trenches
Time (sec) on the order of 0.£0.3 nm in width can now be produced.
' As discussed in section 10.2.1, SPMs are powerful atomic-
scale imaging tools. Not only surface structures, surface
modification, and surface reconstructions can be imaged,
adatoms, defects, stacking faults, and twinning, etc., on
surfaces can also be visualized. In this section, we shall show
further utilities of SPMs in manipulating individual atoms
and molecules, in fabricating atomic-scale patterns on
surfaces, and in studying fundamental chemical reactions on
: surfaces, one atom, one electron, or one bond at a time.
- : In a broader sense, atomic- and molecular-scale technolo-
Figure 114. Selective detection of single viruses. (A) Conductance gies at 0.3 and 3 nm, respectively, can also be viewed as
vs time data recorded simultaneously from two silicon nanowires hybrid sub-nanotechnologies in that sub-nanometer-scale
elements, red and blue plots, within a single device array after objects such as atoms or molecules are being assembled

introduction of an influenza A solution. Inset: Frequency of single bott h tati 2D fabricated
virus events as a function of virus solution concentration. (8) (POttom-up approach), one at a time, on 2-D prefabricate

Conductance changes associated with single influenza A virus Surfaces (top-down approach).

binding/unbinding as a function of solution pH. (C) Conductance

(upper) and optical (lower) data recorded simultaneously vs time 13.1. Atomic- and Molecular-Scale |mprinting on

for a single silicon nanowire device after introduction of influenza Surfaces

A solution. Combined bright-field and fluorescence images cor-

respond to time points-16 indicated in the conductance data; virus Using SPMs, various nano- or sub-nanoscaled imprinting,
appears as a red dot in the images. The solid white arrow in imagepatterning, and lithography techniques have been de-
1 highlights the position of the nanowire device, and the dashed veloped?#9.460-466 Atomic-scaled features, down to one atom

arrow indicates the position of a single virus. Images are 8 . idth be hanically” bed f fth
um. All measurements were performed with solutions containing N Width, can be "mechanically” scribed on surfaces. If the

100 viral particlegiL. (Reprinted with permission from ref 458. ~ surfaces were wet with a reactive compound, either before-
Copyright 2004 National Academy of Sciences, U.S.A.) hand or afterward, simultaneous functionalization and im-

Conductance (nS)
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printing or patterning of the surfaces can be achieved. For
example, scribing a silicon surface breaks through silicon’s
passivation layer (either hydrogen or oxide) to expose a
highly reactive surface that reacts with the reactive reagent,
inducing monolayer formation in the exposed region, thereby
producing monolayer-covered imprints on the surface. Mono-
layers of 1-alkenes, 1-alkynes, alcohols, and alkyl halides,
etc., have been produced on the reconstructed surfaces o
Si(100)-(2x 1) or Si(111)-(7x 7)287

It should be emphasized that the above-mentioned tech-
niques can be applied not only to pristine surfaces but also
to monolayers already on surfaces. In addition, not only
atoms can be extracted from, or deposited onto, surfaces (ol
adsorbed species on surfaces), dangling bthise Figure
116 in section 13.2) or lone pairs of electrtfison the
exposed atoms can also be seen after the passivating laye
had been stripped (i.e., protective atoms extracted with the
SPM tip).

a

C

imprinting can also be achieved by highly localized atomic
reactions (LAR) induced by photons, electrons, or heat. Here figyre 115. Sequence of STM images of the Ge(111)-6(B)

a loosely physisorbed self-assembled pattern can be imprintedsurface (from a to d) during which four Ge atoms were extracted
onto a surface to form an identical, covalently bound, (area, 53x 47 A% sample biasi1 V; tunnel current, 1 nA). The
chemisorbed pattern. A beautiful example is the imprinting ;g?]fl?itsgo?]to%smaffefingggt?ﬂug}’”;?#p;;gé sgggtiigé@% F\évl_it/t]/SOI
?(f ?)fy%i?t%%gg r(IB%/oi];r?cﬁ;tFi) QX S;?olrgg qunr; ilr(tll: gtr(Zn p3085). Copyright 1998 by the American Physical Society).
impact to form a 12-membered ring of chemisorbed Br atoms
at 50 K470

In any atomic- or molecular-scale imprinting, two mini-
mum requirements must be met. First, the final imprint
pattern must be identical or almost identical to the original
physisorbed or scribed pattern. This is possible only if the
“imprinting” process, which constitutes an induced chemical
reaction, is a fully localized reaction at the atomic level
(LAR).#"* Second, the nanopattern must have long-term
stability. In any device, there will always be recurrent
electron or photon flow which could cause substrate interac-
tions, desorption induced by electronic transitiéfigthe so-
called DIET), and local heating, etc., thereby altering the
nanopattern, or worse, the underlying nanostructure, and
hence compromising the integrity of the device.

Finally, we should mention that atomic- and molecular-
scale imprinting techniques discussed here are distinctly
different from the nanomachining, nanomanipulating, and
nanoassembling techniques discussed in section 10. The latte
techniques deal with the manipulation or shaping of nanoob-
jects, while the former are techniques for nanoscale (down
to single-atom scale) scribing on 2-D surfaces. Furthermore,
atomic- and molecular-scale imprinting techniques are also
different from nanofabrication techniques such as nanoim-
print lithographies discussed in sections 10.7 and 12.1.

utilities of SPMs in: (1) extracting atoms from, or depositing
atoms onto, molecules or surfaces; (2) electronically or
vibrationally exciting individual atoms and molecules; (3)
inducing chemical reactions on surfaces, on adsorbed species,
or between the adsorbates and the surface.

Direct SPM tip-surface interaction without any tunneling
electrons or electric field effect allows the extraction of atoms
from the surface in a controlled manner, as illustrated in
Figure 115a-d, which shows the succesive extractions of
four germanium atoms from a Ge(111)-c£28) surface at
room temperaturé® In Figure 116, two lines of silicon
dangling bonds on a H-passivated Si(100)2l) surface
were produced by extracting the hydrogen atoms with the
STM tip.#8?

STM tip can also be used as an atomic size source of
eletrons for local electronic excitation. In fact, both electron

nd hole injections are possible. Molecular dynamics induced

y electronic excitation with the STM tip include molecular
movement, desorption from the surface, dissociation (bond
breaking), and association (bond forming), etc. We shall give
one representative example for each of these processes.

One example of electron-induced molecular movement is
biphenyl adsorbed on Si(100)-(R 1) surface. At room
temperature, the molecule was observed to adsorb in one of

13.2. Single-Atom/Single-Molecule Chemistry: two configurations but fixed at one position at 35 K. This
Re'aétion Dynamics and Spectroscopy ' suggests that the molecule was pivoting about the two
configurations at room temperature. Further experiments

With the advent of SPMs and HRTEMs and sophisticated showed that it was possible to transform the bistable molecule
excitation sources (such as lasers and synchrotron radiationsinto the fixed position by injecting electrons using the STM
and detection techniques, investigations of single-atom or tip.*8248Though this particular example led to irreversible
single-molecule reactions, single-photon or single-electron molecular movement, it was soon realized that reversible
spectroscopies are now possible. Reactions can now bedynamic processes could be explored by lowering the
studied, or induced, one electron, one atom, or one moleculetemperature and by reducing the excitation energy. Here the
at a time, and spectroscopies can now be observed, onéistable movement of the molecule between two configura-
electron or one photon at a tiMi&:#73479 In this section, tions could be triggered by electron or hole attachment,
we shall discuss a few representative examples of atomicthereby making it a reversible bistable switch or logic
reactions on various surfaces. We shall demonstrate thedevice?®*
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Figure 117. Schematic illustration of the STM tip-induced
synthesis of a biphenyl molecule. (a, b) Electron-induced selective
abstraction of iodine from iodobenzene. (c) Removal of the iodine
atom to a terrace site by lateral manipulation. (d) Bringing together
two phenyls by lateral manipulation. (e) Electron-induced chemical
association of two phenyl groups to form the biphenyl. (f) Pulling
the synthesized biphenyl molecule with the STM tip to confirm
the association. (Reprinted with permission from ref 487. Copyright
2000 American Physical Society.)

to a terrace site by lateral movement. Bringing together two
phenyl groups by lateral manipulation in d, followed by
electron-induced coupling (by applying a 1.5 V pulse
simultaneously to both phenyl groups) in e gave rise to the
biphenyl molecule. The formation of the<C bond in the
resulting biphenyl molecule is confirmed by dragging later-

. ally the product with the STM tip in f.
Figure 116. STM topography (50< 25 nn¥) of a hydrogenated . .
Si-(100)-(2 x 1) surface showing two lines of silicon dangling We should add that one of the problems with any single-

bonds (DBs) produced by extracting the hydrogen atoms with the Molecule synthesis under STM is the positive identification
STM tip. Kinks in the DB lines are mainly due to misalignment of  Of the products. Fortunately this can be alleviated in part by
the tip trajectory with the dimer rows. The right-hand line shows the use of the so-called inelastic electron tunneling spec-
both a Peierls distortion and a section where the tip is inactive. troscopy (IETS) wherein the product(s) can be identified by
(Reprinted with permission from ref 481. Copyright 2006 American \;iprational spectroscop{#489The power of this technique
Chemical Society.) is that different isotopes can be distinguished.

Other single-molecule reactions on various semiconductor
and metal surfaces can be found in refs 471 and 481.

It is apparent that single-molecule synthesis, one atom or
one bond at a time, is made possible by the ingenious
sequence of the STM manipulations which allow bond
breaking and bond forming in a highly controlled and precise
manner. This opens up the new field of single-atom and
single-molecule chemistry which will help propel the atomic-
and molecular-scale technologies.

Electron-induced desorption and dissociation have been
observed, depending upon the tip bias voltage, for chlo-
robenzene molecules adsorbed on Si(111)(77) sur-
face?8>48 The desorption mechanism was believed to be
driven by the population of the anionic (or cationic)
resonance state associated with thsystem of the chemi-
sorbed molecule upon electron excitation. In the latter case
(dissociation), the dissociated chlorine atoms were found to
be attached to neighboring silicon sites. The dissociation

rocess was thus interpreted as a concerted mechanis . ;
irr)wolving electron attacrr)lment followed by —Cl bond nM' Interconnection and Integration
breaking and the formation of SCI bonds at neighboring Obviously large-scale interconnection and integration, and
sites. connection to the microworld and eventually to the macro-

One of the most beautiful single-molecule reactions is the world, are challenges that must be overcome before any of
pioneering work by Hla and co-workéféon the synthesis  these nanodevices could be put into use. Recently, Lieber's
of a biphenyl molecule from two iodobenzene molecules on group developed a solution-based approach for hierarchical
a copper surface under STM. The STM sequence is illustratedassembly of nanowires into integrated device arf&§%24%0
schematically in Figure 117. Here the iodobenzene moleculesNanowires were aligned with controlled nanometer- to
were shown to adsorb preferentially on the step edges of amicrometer-scale separation using the LangmBiodgett
Cu(111) surface at 20 K. In a and b, STM tip-induced technique, transferred to planar substrates in a layer-by-layer
dissociation was achieved by injecting 1.5 eV electrons into process to form parallel and crossed nanowire structures over
an iodobenzene molecule, resulting in the cleavage of thecentimeter length scales, and then patterned into repeating
C—I bond. In c, the dissociated iodine atom was removed arrays of controlled dimensions and pitch using photolithog-
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raphy. The centimeter-scale arrays containing thousands ofwords, at the scale of about 30 nm in feature size, the top-
single silicon nanowire field effect transistors with scalability down approach of the existing lithography technologies will
to the 100 nm level. This approach allows the parallel and probably merge with the bottom-up strategy of the nano-
scalable integration of nanowire devices over large areastechnology to form a new hybrid technology (cf. section
without the need to register individual nanowirelectrode 12.3). At the scale of about 3 nm in feature size, this hybrid
interconnects. The scalable device characteristics weretechnology will be challenged by the emerging supramo-
demonstrated by interconnecting a controlled number of lecular and molecular technologies epitomized by large-scale
nanowires per transistor in “pixellike” device arrays. integration of single-molecular devices. Ultimately the su-
pramolecular and molecular technologies will yield to atomic
15. Conclusions and Future Prospects or nuclear technologies at the dimension of below 0.3 nm,
whereby single-atom, single-electron, single-spin, and single-

In conclusion, nanotechnology is a revolution, not evolu- photon devices become realities (cf. section 12.4).
tion, in science and technology. The advent of nanotechnol-~ | .o context, atomic- and molecular-scale imprinting

?nggttsllot\g ﬁorrnr%glzg r%g?gﬁ];;r\ﬁt;uggg{:ﬁ%ﬂ&%ﬂigeznﬁ technologies as well as single-atom, single-molecule reaction
’ ' dynamics and mechanisms and single-photon or single-spin

fabncqte func_tmnal devices of any dimensions. T*.md' spectroscopies are now realities. They are discussed briefly
evolution will impact every aspect of human activities, not in section 13

just in science and technology. ) . . -
This review deals with all three aspects of the nanotech- Finally, as stated earlier, the nanorevolution will impact

nological revolution, with special emphasis on building the €Very aspect of human life. One area of nanotechnology
materials base (especially silicon-based low-dimensional &lréady having many major breakthroughs is nanomedi-

nanomaterials) for a wide variety of nanostructures poten- ¢ine-*“**The next decade will witness the explosive use
tially useful in future applications (the first aspect). The of nanomaterials and nanodevices in the detection, monitor-

various manipulating techniques (the second aspect) andnd, and treatment of diseases ranging from AIDS to diabetes

nanodevice fabrications (the third aspect) are also discussed!© cancer. As highlighted in section 12.5.5, direct, real-time

albeit briefly. single-cell or single-virus detection is already a reality, and
Silicon-based nanotechnology is highly promising since ON€ can imagine that single-cell genetic engineeritg

it is compatible with conventional silicon microtechnology. ultimate feat of nano-biotechnologyvill eventually be

Needless to say the operating principles and performance ofP0SSible.

nanodevices in general, and silicon-based nanodevices in

particular, depend on the chemical, physical, and biological

properties of the nanomaterial components (the building 16. Acronyms

blocks), especially at the interface, as well as on our ability 1_p
to fabricate functional heterostructures and interfaces with 2_p
desirable characteristics. 3-D
To build a nanodevice, one needs to control and manipu- a-Si
late the properties, sizes, and shapes of materials at theAAO
nanometer level. In this review, rational controls of the AFM
dimensions and orientation of SiINWs are discussed in section” -2
6, followed by discussions on the surface treatments (etching)éLE
and the resulting surface speciation of SiINWs and SiNDs
(section 7). The use of SINWs as “platforms”, “templates”, ~nos
or “molds” in the synthesis of other novel nanomaterials are cNTs
discussed in section 8. A simple scheme, with special termscnw
and symbols, is devised in section 5 to categorize various c-Si
nanostructural types. A systematic discussion on the con-cSiNTs
trolled syntheses of a wide variety of nanostructures is CVD
provided in section 9, followed by discussions on nanoma- PB
chining and nanomanipulating techniques in section 10 and2FT
on quantum-size effects and properties such as bandgaps an

on the fabrication of various nanodevice units, as well as gpy
the interconnection and integration of these nanodevices anteg| s
their interface with the microworld, and eventually the EL
macroworld, are topics of sections 12 and 14, respectively. EUVL
While many nanodevices based on silicon nanomaterials havefcc
been fabricated, the issues of dispersity of SINWs and relatedFET

nanostructures as well as the long-term stability, sensitivity, FESEM

and reproducibility of the nandevices remain to be addressed FLY
The pros and cons of the bottom-up and top-down FIIR

approaches to nanotechnology are also debated in section

12. While each approach has its advantages and disadvangcnt

FTB-MD
photoluminescence in section 11. Finally, brief discussions DWCNTS

GTBMD

one-dimensional

two-dimensional

three-dimensional

amorphous silicon

anodized aluminum oxide

atomic force microscope

atomic layer deposition

attenuated total reflection

buffered HF solution

carcinoembryonic antigen

carbon nanoonions

carbon nanotubes

carbon nanowire

crystalline silicon

crystalline silicon nanotubes

chemical vapor deposition

dangling bond

density functional theory

density-functional tight-binding molecular dynamics
desorption induced by electronic transitions
double-walled carbon nanotubes

energy dispersive X-ray spectroscopy
electron energy loss spectroscopy
electroluminescence

extreme UV lithography

face-centered cubic structure

field effect transistor

field emission scanning electron microscopy
fluorescence yield

Fourier-transform infrared spectroscopy
generalized tight-binding molecular dynamics
hydrocarbon nanoonion

hydrocarbon nanotube

tages, it is our view that future development of nanotech- 4 calc
nology will embrace both approaches with their relative HFCvVD
contributions depending upon specific applications. In other HOMO

Hartree-Fock calculations
hot filament chemical vapor deposition
highest occupied molecular orbital
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HOPG
HREELS
HRTEM
IETS
IRS

i-Si

LAR

LB

LEDs
LEE
LEED
LO
LUMO
MBE

ML

ML2
MWCNTs
NC

NCA

ND
NEXAFS
NGL

NIL

n-Si

NR

NS

NT

NW
OAG

pc
PDMS
PIM

PL
PLA-CVD
PLY
PNA
PSA
p-Si

QD

RCA

RIE
RTD
SAED
SAM
SCCM
SEM
SFIL
SIiCNTs
SiH
SiH,
SiH3
SiNRs
SiNDs
SiNTs
SiNWSs
SLS
SOG
SOl
SPINS
SPL
SPM
STM
SWCNTs
TEY
TEM
TFT
TO
VLS
VLSE
XAFS

highly oriented pyrolytic graphite

high-resolution electron energy loss spectroscopy XEOL
high-resolution transmission electron microscopy
inelastic electron tunneling spectroscopy

infrared spectroscopy
intrinsic silicon

localized atomic reaction
Langmuir—Blodgett
light-emitting diodes

lithography and electrochemical etching

low-energy electron diffraction
longitudinal-optic

lowest unoccupied molecular orbital
molecular beam epitaxy

monolayer

maskless lithography

multiwalled carbon nanotubes
nanocrystal

nanochannel alumina

nanodots

near-edge X-ray absorption fine structure

next-generation lithography
nanoimprint lithography
n-type silicon

nanorod

nanoshell

nanotube

nanowire

oxide assisted growth
polycrystalline
poly(dimethylsiloxane)
polyicosahedral metal
photoluminescence

pulsed laser ablation/chemical vapor deposition

photoluminescence vyield
peptide nucleic acid
prostate specific antigen
p-type silicon

quantum dot

Clean Radio Corp. of America cleaning procedure

for Si wafers
reactive ion (plasma) etching
resonant tunneling device
selected area electron diffraction
self-assembled monolayer

standard cubic centimeter per minute at STP

scanning electron microscopy
step-and-flash imprint lithography
silicon carbide nanotubes
monohydride

dihydride

trinydride

silicon nanorods

silicon nanodots

silicon nanotubes

silicon nanowires
solution-liquid—solid
spin-on-glass

silicon oxide insulator

spins in semiconductors
scanning probe lithography
scanning probe microscopy
scanning tunneling microscopy
single-walled carbon nanotubes
total electron yield

transmission electron microscopy
thin-film transistor
transverse-optic
vapor-liquid—solid
vapor-liquid—solid epitaxy
X-ray absorption fine structure
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XANES X-ray absorption near edge spectroscopy
X-ray excited optical luminescence
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