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One-Dimensional Nanoscale Heterojunctions

There are a variety of methods for synthesizing or fabricating one-
dimensional (1D) nanostructures containing heterojunctions between
different materials. Here we review recent developments in the synthesis and
fabrication of heterojunctions formed between different materials within the
same 1D nanostructure or between different 1D nanostructures composed of

Smu|| R

different materials. Structures containing 1D nanoscale heterojunctions
exhibit interesting chemistry as well as size, shape, and material-dependent
properties that are unique when compared to single-component materials.
This leads to new or enhanced properties or multifunctionality useful for a
variety of applications in electronics, photonics, catalysis, and sensing, for
example. This review separates the methods into vapor-phase synthesis,
solution-phase synthesis, template-based synthesis, and other approaches,
such as lithography, electrospinning, and assembly. These methods are used
to form a variety of heterojunctions, including segmented, core/shell,
branched, or crossed, from different combinations of semiconductor, metal,

carbon, and polymeric materials.

1. Introduction

The synthesis of one-dimensional (1D) nanostruc-
tures ! has gained a tremendous amount of attention in
recent years due to their fascinating chemistry and size-,
shape-, and material-dependent properties. Their interesting
electronic, optical, and magnetic properties, along with
small size and chemical reactivity, have led to a wide range
of applications in nanoelectronics, optoelectronics, plasmon-
ics, medical diagnostics, catalysis, drug delivery, therapeutics,
separations, and chemical sensing. There are many different
forms of 1D nanostructures, which are all characterized by a
high aspect ratio (length-to-width). Nanorods (NRs) and
nanowires (NWs) are the most common shape, differing
only by their aspect ratio (AR), which is commonly defined
as <20 for NRs and >20 for NWs, respectively. Other
common 1D shapes include tubes, ribbons, belts, whiskers,
and needles. The physical properties greatly depend upon
the material, which can be metals, alloys, semiconductors,
carbon, polymers, or molecular, but may also depend on
shape, morphology, and structure (i.e., crystalline or amor-
phous).

There have been two main types of studies on the prop-
erties of 1D structures. The first includes those that measure
the collective properties of a solution or solid-state assembly
of numerous 1D structures. This requires the ability to syn-
thesize large quantities of material with high uniformity and
low size dispersity in order to determine the structure and
size-dependent properties. For solid-state properties, it is
also necessary that the material be deposited as a film or as-
sembled into an ordered array, and depending on the prop-
erty, may also require control over alignment and orienta-
tion of the assembly. One example of collective properties is
the optical spectrum of a solution of metallic 1D NRs or
NWs of Ag and Au, which prominently display a transverse
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and AR-dependent longitudinal plasmon band.*'¢ Orient-
ed, assembled arrays of Ag NWs and NRs display high sur-
face-enhanced Raman scattering (SERS),""! fluorescence
enhancement,™ and plasmonic waveguiding properties,”-?!
for example. Semiconductor NWs and carbon-nanotube
arrays display properties useful for applications in nanoelec-
tronics,”! optoelectronics,? lasing,™! sensing,”*" and sepa-
rations.*

The second type of study includes those that isolate and
measure the properties of individual 1D nanostructures. Ex-
cellent examples include electronic studies of individual
carbon nanotubes and Si NWs, which behave as field-effect
transistors®*? and electronic-based chemical or biological
sensors.*>*! There are also studies on the photoconductive
properties of individual semiconductor NWsP** and the
effect of molecular adsorption on the conductivity of indi-
vidual metallic quantum wires.”™® These studies have had an
enormous impact on nanotechnology, demonstrating the
great potential of these materials for a variety of applica-
tions.

A natural progression from single-component materials
has been towards the synthesis and design of more complex,
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multicomponent 1D nanostructures. These multicomponent
materials contain heterojunctions between various combina-
tions of metals (M), semiconductors (SC), carbon (C), and
polymers (P) having a nanoscale 1D morphology. The for-
mation of 1D heterojunctions has led to materials with
unique properties and multiple functionalities not realized
in single-component structures that are useful for a wide
range of applications. For example, the synthesis of p-n
junctions formed from SC-SC 1D heterojunctions has re-
sulted in current rectification®®! useful for logic gates, the
fabrication of nanoscale photodetectors,[‘“’] and functional
light-emitting diodes (LEDs).*!! M—SC-M heterojunction
NWs are photoconductive and M-M segmented 1D hetero-
junctions have been used for biosensing,**! gene delivery,*’!
separations,™ and catalysis.”®! Other groups have synthe-
sized segmented M-M 1D heterojunctions, where the differ-
ent segments possess different functions and properties,
leading to the assembly of higher-order superstructures.[***”
Combining different materials into a 1D nanostructure ex-
ploits the combined benefits of the 1D morphology with the
unique function of the multicomponent heterojunction.

Aneta ). Mieszawska was born in Lublin,
Poland. She obtained her MS degree in
2002 in Environmental Protection from
the Technical University of Lublin, study-
ing “Effectiveness of Ozone on BTX-hy-
drocarbon Oxidation”. She entered the
graduate program at the University of
Louisville (Louisville, KY) in the fall of
2002, where she is currently pursuing
her PhD in chemistry under the guidance
of Prof. F. P. Zamborini. Her research in-
volves the synthesis, assembly, and
alignment of gold nanorods and 1D
nanoscale heterojunctions (Au/GaAs, Au/CNT and CNT/GaAs) directly
on surfaces and the study of their electronic and chemical-sensing
properties.

Romaneh Jalilian received her BSc in
physics from Shahid Beheshti University
(Tehran, Iran) in 2000 and MS in physics
at the University of Louisville (Louisville,
KY) in 2004. The focus of her MS re-
search was nanomaterials synthesis and
design of vacuum systems for nanostruc-
ture growth. She received the Manuel B.
Schwartz Award for outstanding graduate
student in May 2004. She is currently a
PhD candidate in the Department of
Electrical Engineering at the University of
Louisville under the supervision of Prof.
G. U. Sumanasekera. Her research interest is in the synthesis and
characterization of semiconducting nanowires and heterojunction
nanostructures. She recently extended her skills on nanodevice fabri-
cation for the electrical and optical characterization of nanostruc-
tures.
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One of the most promising applications of 1D nano-
structures in general, as shown in some of the examples
above, has been in the area of electronics and photonics.
Their small size potentially allows for higher-density elec-
tronics, which could lead to smaller, more portable devices
or those with improved speed and performance. In addition
to the size benefit, the small size of the structures often
leads to vastly different properties compared to their bulk
or 2D counterparts due to the higher surface-to-volume
ratio of the material and quantum confinement effects.
These properties are often tunable by the nanostructure size
and offer more desirable properties for certain applications.
Heterojunctions of 1D materials offer the same size and
property benefit as single-component materials, but with the
added benefit of multifunctionality or new properties arising
from combining different materials, such as p—n junctions or
Schottky diodes. Another highly desirable property of 1D
nanoscale heterojunctions, which may be the most impor-
tant (especially for electronics), is that lattice mismatches
are often avoided when forming junctions between two dif-
ferent materials having substantially different lattice con-
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One-Dimensional Nanoscale Heterojunctions

stants. With single-crystalline bulk materials, junctions
formed between materials with substantially different lattice
constants are subject to large misfit dislocations, which is
detrimental to the electronic performance of devices com-
posed of such heterojunctions. Nanowire 1D geometries,
however, offer the promise of creating junctions between
highly mismatched materials without suffering from these
dislocations. Matthews and Blakeslee™! recently described a
critical thickness model for misfit dislocations formed in
planar heterostructures, which predicts instability in a nano-
wire heterojunction above a critical radius. The model
shows that it is possible to create perfect, dislocation-free
heterojunctions from nanowires below the critical radius,
even from materials with a large lattice-mismatch. There-
fore, one of the greatest benefits of nanowire heterojunc-
tions is that misfit dislocations are nonexistent below the
critical radius of the nanowire (depending on the lattice mis-
match). Importantly, this allows the formation of defect-free
heterojunctions from materials not possible in a larger 2D
geometry, which may lead to novel properties, enhanced
functionality, and higher performance of electronic devices.

In Sections 2-5 of this Review, we discuss various meth-
ods for synthesizing or fabricating 1D heterojunctions. Vari-
ous approaches used to synthesize single-component 1D
nanostructures are commonly used to synthesize 1D hetero-
junctions, but with slight variations in the experimental pro-
cedure. We broadly define a 1D heterojunction in this
review as a 1D nanostructure comprising more than one
material with a well-defined interface between the different
materials, where both materials in the junction have a 1D
anisotropic structure. This does not include junctions be-
tween nanoparticles and 1D nanostructures, such as ZnS
nanoparticles deposited on carbon nanotubes*’ or quantum
dots deposited on semiconductor NWs.”" The main synthet-
ic categories fitting our definition include vapor-phase meth-
ods, solution-phase methods, template-based synthesis, and
other methods. Other methods include synthesis in super-
critical fluids, lithography, assembly, solid—solid reactions,
and electrospinning. Some of the methods involve a combi-
nation of two or more methods. These will be classified
under the method that dominates the formation of the het-
erojunction. The various approaches lead to: a) SC-SC,
b) SC-M, ¢) M-M, d) C-C, e) C-M, and f) C-SC hetero-
junctions, and junctions containing polymers. The C may be
in the form of carbon nanotubes, amorphous carbon, or dia-
mond. The different heterojunctions can also be classified
by the nature of the junction. Scheme 1 shows some of the
more common junctions, including segmented (also called
superlattices or end-to-end), core/shell (also called core/
sheath or coaxial), 90° or angled cross junctions (or T-junc-
tions), hyperbranched, or other multibranched (“nano-
brushes”) heterojunctions. The type of junction plays an im-
portant role in the measured property or application and is
sometimes limited by the synthetic method or the material.
For example, template-based methods are limited to form-
ing segmented or core/shell heterojunctions.

In Section 6 we summarize the field of 1D nanoscale
heterojunctions with general conclusions, limitations, future
outlook, and challenges. It is important to note that this
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a) Segmented d) Branched

b) Core/Shell

c¢) Cross Junctions e) Nanobrushes

Scheme 1. Different types of nanoscale 1D heterojunctions.

Review does not include 1D heterojunctions formed with
molecules. There have been some exciting developments in
the growing field of molecular electronics and molecular
wires with work published on 1D heterojunctions including
molecules. For example, M-molecule-M junctions were
formed by combining electrochemical deposition, self-as-
sembly, and electroless deposition in hard templates.”!
However, this Review will not cover these types of exam-
ples. We also do not cover all of the numerous examples of
polymers and, for the most part, do not include examples of
junctions defined by differences in structure or morphology
within the same material. For example, Zhou et al. synthe-
sized ZnO nanoplate—nanorod junctions® and Mather et al.
synthesized crystalline Ge/nanocrystalline Ge core/shell
structures that fit this description. We do cite some impor-
tant examples of heterojunctions in CNTs and inorganic
NWs formed by doping various segments®™ ! or assembling
cross junctions of metallic and semiconducting CNTs.[%!
This Review does not include detailed information about all
of the exciting properties and applications of 1D heterojunc-
tions because the focus is on the synthesis and fabrication.
Finally, we would like to state that we have truly done our
best to include all of the work in this fast-growing field and
apologize for any important examples of heterojunctions
that we may have overlooked.

2. Vapor-Phase Methods

2.1. Vapor-Liquid-Solid Growth and Catalyst-Supported
Techniques

2.1.1. Segmented and Branched Heterojunctions

2.1.1.1. Alternating Flow of Precursors

The vapor-liquid—solid (VLS) growth mechanism is
commonly used for forming 1D NWs of elemental, III-V,
and II-VI semiconductors as well as metal oxides. There are
several good reviews on the synthesis of 1D NWs by VLS
and other vapor-phase growth mechanisms.'>%%1% VLS
growth can occur during different types of deposition meth-
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ods, including pulsed-laser deposition (PLD), chemical
vapor deposition (CVD), metal-organic vapor-phase epitaxy
(MOVPE), and chemical beam epitaxy (CBE), for example.
For VLS growth to occur, the substrate must contain a
bound metal catalyst, which is typically a noble metal (i.e.,
gold or silver) or other type of transition metal (i.e., nickel
or iron). The growth process is held at elevated tempera-
ture, usually 500-1200°C, where the metal particle melts,
forms a liquid-phase droplet, and alloys with reactant
vapors. Reactant vapors concentrate preferentially on the
catalyst droplet and, with an increasing amount of reactants
in the system, the alloy becomes supersaturated, which
leads to nucleation and anisotropic crystallization of a NW
that retains the diameter of the catalyst/reactant droplet.
For single-component NWs, this process occurs with just
one type of precursor molecule or the appropriate combina-
tion of precursors to form single-crystalline III-V or II-VI
semiconductors. To form segmented or core/shell 1D SC/SC
heterojunction NWs, two (or more) different types of pre-
cursors are introduced to the chamber in sequential fashion
or all together at once as discussed in the following Sec-
tions.

Yang and co-workers recently synthesized Si/SiGe seg-
mented NW heterojunctions grown by the VLS mechanism
where precursors were introduced in an alternating fash-
ion.®!) The experimental setup and VLS growth process is
shown schematically in Figure 1 A and B, respectively. Ex-
perimentally, the reaction chamber contains a silicon sub-
strate with Au nanoparticles (catalyst) deposited on it. The
apparatus is set up to introduce reactant vapors into the
chamber by laser ablation of solid targets, as shown for Ge,
or by the supply of the vapor-phase precursors SiCl, and H,,
as shown for Si. The growth process of the segmented Si/
SiGe NW is depicted in Figure 1B, occurring via four main
steps: 1) formation of the metal/reactant alloy from the re-
actant vapor Si(Ge) and the surface-bound metallic Au cat-
alyst (i.e., Au reacting with Si(Ge) to form the AuSi(Ge)
alloy), 2) catalytic surface nucleation of the reactant Si(Ge),

Programmed

Ge Target
Laser Pulse

Furnace

E

SiCl+H, A

H Si
B SiGe

B Au
B Au-Si(Ge) alloy

(1 (2) (3) @
P P9 - -

Figure 1. VLS synthesis of Si/SiGe segmented (superlattice) NWs. A) Scheme of the growth chamber and
experimental setup. B) Steps of the VLS process: 1) formation of the metal/reactant alloy, 2) catalytic
surface nucleation of the reactant, 3) axial growth of the Si (laser off) and SiGe segments (laser on), and
4) continuation of the process to form the Si/SiGe superlattice. C) STEM image of the Si/SiGe segments
of the NW. D) HRTEM image of the same NW with a SAED pattern. Reprinted with permission from

Ref. [61]. Copyright 2002, American Chemical Society.
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3) axial growth of the Si or SiGe segment of the NW, and
4) continuation of the process to form a NW with alternat-
ing Si and SiGe segments. The SiCl, vapor is constantly
flowing through the chamber and laser ablation of Ge is
turned on and off to form SiGe at various segments (laser
on) of the wire with the other parts of the NW consisting of
Si only (laser off). The length of the individual Si/SiGe NW
segments corresponds to the duration of the laser pulses
and time between pulses.

Figure 1C shows a scanning transmission electron
microscopy (STEM) image that clearly reveals the different
Si and SiGe segments of two representative NWs.®!l The
~100-nm-diameter NWs grew from a substrate containg a
20-nm-thick Au catalyst layer at the temperature range of
850-950°C. The NW diameter depends on temperature and
the thickness of the catalyst layer, where a lower tempera-
ture and thinner Au layer favors smaller diameter NWs. The
high-resolution transmission electron microscopy (HRTEM)
image in Figure 1D shows that the NW is highly crystalline
and grows along the (111) direction, as confirmed by select-
ed-area electron diffraction (SAED) with the zone axis
along the [110] direction." Gosele and co-workers synthe-
sized Si/Ge NW superlattices by molecular beam epitaxy
(MBE) at lower temperatures (525 and 545°C) to grow the
NWs on a Au-coated Si(111) substrate, where Ge segments
grew during interuption of the Si source.*”

Lieber and co-workers also synthesized superlattice
nanostructures using laser-assisted growth. They formed
GaAs/GaP segments on the same NW by laser ablation of
GaAs and GaP solids, respectively.” The NWs were
~20 nm in diameter with a length of ~3 um. Au nanoparti-
cles on silicon served as a nucleation site, and segments
were formed by switching between targets. Figure 2 A shows
a TEM image (top left) of a crystalline GaAs/GaP NW,
showing that it is difficult to distinguish between the two
segments. The other three images in Figure 2 A show ele-
mental mapping of the NW. The boundary between the two
segments in the NW is clearly observed by the labeled P
and As segments. As expect-
ed, the Ga component of the
NW is evenly distributed
throughout the length since
it is present in both seg-
ments. These NW hetero-
structures exhibit interesting
photoluminescent  behavior
and may be useful for nano-
scale electronics. Lieber’s
group also employed local
heating of a substrate to fab-
ricate modulation-doped Si
NWs by controlling the flow
of silane in H, gas and
switching between different
vapor concentrations of the
phosphine dopant.”® They
produced n and n* regions
of segmented Si NWs. They
also synthesized p-type-Si/in-
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Figure 2. A) TEM image of a GaAs/GaP superlattice NW with elemental mapping of Ga, P, and As as
labeled. B) STEM image of an InAs/InP segmented NW. A) Reproduced with permission from Ref. [63].
B) Reprinted with permission from Ref. [65]. Copyright 2004, American Chemical Society.

trinsic-Si/n-type-Si segmented NWs by VLS growth on
20 nm Au catalyst particles.*! They formed p-Si in the pres-
ence of diborane, i-Si without any dopant, and n-Si in the
presence of phosphine. Individual NWs behaved as avalan-
che photodetectors. Tutuc et al. similarly fabricated p-n
junctions within a Ge nanowire, where a boron source was
used as a dopant to form p-type segments of the VLS grown
NWs.¥)

Samuelson and co-workers introduced precursors during
the synthesis of segmented or superlattice NWs as metal-or-
ganic species, either in CBE or MOVPE processes.® Typ-
ical precursors contain trimethylindium, ¢-butylarsine, and
t-butylphosphine as the In, As, and P source, respectively.
They demonstrated sequential growth from a Au catalyst
where a change in source material defines the segments
forming the heterojunctions in the NWs. Epitaxial growth
occurs on the surface of a (111)B InAs or (111) Si substrate.
Since crystallographic growth of the NWs follows the ar-
rangement of the substrate atoms, the NWs were predicted
to grow either in the [111] or [001] direction with hexagonal
or square cross sections, respectively. They also studied the
electron-transport characteristics and photoconductive prop-
erties of the heterojunctions. Figure 2B shows a TEM image
of the InP/InAs NW, where 100-nm-long InAs segments are
inserted between small InP segments.™ Samuelson and co-
workers also reported the synthesis of GaAsP/GaP!>"!
InAs/GaAs,™ and InAs/InAsP7+7l segmented NWs. Sim-
ilarly, Verheijen etal. synthesized GaP/GaAs segmented
NWs by MOVPE on a SiO, substrate.”)

Su et al. used an alternating flow of precursors, which in-
terestingly led to the fabrication of branched core/shell
GaN/AIN  heterojunctions instead of superlattices.”™
MCM-41 molecular sieves served as a template and In as a
catalyst. Alternating the introduction of trimethylaluminum
(TMAL) and the precursors for GaN NW growth led to the
formation of GaN/AIN core/shell structures with AIN
branches. The branched segments consisted mainly of AIN
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with In at the branch tips.
The use of molecular sieves
as a template gave a uniform
30-40-nm diameter for the
GaN core, preventing coales-
cence of the In catalyst.

2.1.1.2. VLS Combined with
VLS (Two-Stage VLS)

Various processes can be
combined with the VLS
growth method to form het-
erojunctions. These usually
lead to branched junctions,
but there are examples of
segmented or end-to-end
junctions as well. In the fol-
lowing examples, VLS has
been combined with VLS in
a two-stage VLS process.

Two-stage VLS usually
leads to the growth of branched heterojunctions, often
termed “nanotrees” or “nanobrushes”. The synthesis occurs
by three steps (or two stages). The first step is the standard
VLS growth of a NW (stage 1). The second step is attach-
ment of an appropriate catalyst to the NW. The third step
(stage 2) is the VLS growth of a second NW, which grows as
a branch from the catalyst particles attached to the first
NW. The number of branches of the second type of NW de-
pends on the number of catalyst particles attached to the
first NW. Figure 3 A shows GaN/InN nanobrushes grown by
a two-stage VLS procedure. Lan et al. synthesized the GaN
NW backbone first and then coated the GaN NWs with a
Au layer to serve as a catalyst for the VLS growth of InN
NWs in the second stage.”) InMe; and ammonia served as
precursors for the high-temperature InN NW synthesis. The
diameter of InN NWs ranged between 30-40nm with
lengths up to a few micrometers. Figure 3B shows a
HRTEM image of the nano-heterojunction, confirming epi-
taxial growth of InN NWs on GaN NWs at the interface.
The inset of Figure 3B is the SAED pattern showing the
[100] zone axis for both GaN NWs and InN NWs.["’]

Samuelson and co-workers described a similar procedure
for the two-stage growth of GaAsP branches on GaP, as
shown in Figure 3 C.*"! The first step involves the synthesis
of GaP NWs by MOVPE on a GaP (111)B substrate using
40-70 nm Au aerosol particles as a catalyst and GaMe; and
PH; as NW precursors. For branching, smaller Au aerosol
particles (10-40 nm) were deposited onto the GaP trunks
and GaAsP segments were formed from the GaP nanotrees,
adding AsH; as a precursor. The GaAsP branches were
~40 nm in diameter and up to several hundreds of nano-
meters long formed on several-micrometer-long GaP trunks.
The energy dispersive X-ray analysis (EDX) on various
parts of the “nanotrees” shows that the As component is
present only in the branches grown during the second stage.
This method produces heterojunctions with high control
over the density of branches either by controlling the
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Figure 3. A) FESEM image of GaN/InN nanobrushes. B) HRTEM image of the heterojunction between InN
and GaN in the nanobrushes. C) STEM image of branched GaP/GaAsP NWs with EDX elemental tracking
of As, Ga, and P along a branch. D) SEM image of ZnO NRs synthesized on a CNT support. A, B) Repro-
duced with permission from Ref. [79]. C) Reproduced with permission from Ref. [80]. D) Reprinted with

permission from Ref. [81]. Copyright 2004, American Chemical Society.

amount of catalyst particles deposited on the first NW or
the number of branching levels. This group also grew InP
branches on GaP trunks.®”

Bae et al. synthesized various branched heterojunctions
of ZnO NRs on different materials.®!! They used thermal
CVD to grow ZnO NRs onto presynthesized CNTs, GaN,
GaP, SiC, and core/shell SiC/C 1D nanostructures grown
also by CVD on a solid substrate with appropriate catalysts.
ZnO NRs grew by the VLS mechanism from powder mix-
tures containing Zn with Ga or In serving as the catalyst.
The substrate containing the presynthesized 1D nanostruc-
tures was placed into the same boat with Zn and Ga or In
precursors and growth of ZnO NRs occurred at 500°C.
They also introduced oxygen for ZnO formation. Figure 3D
shows branched heterojunctions of ZnO NRs grown on
CNTs.®Yl The CNT backbone is completely coated with the
ZnO NRs and difficult to observe in the image. The diame-
ter of the ZnO NRs was 80 nm and the length 300 nm.

2.1.1.3. VLS Combined with Other Methods

The VLS method has also been combined with carbon-
nanotube synthesis, chemical assembly, and thermal meth-
ods to form interesting heterojunctions. Carbon nanotubes
(CNTs) are promising 1D materials for future applications
in nanoelectronics and other nanoscale devices as they can
be metallic or semiconducting, depending on their chirality,
and they are mechanically very strong. For these reasons,
carbon has been commonly incorporated into 1D hetero-
junctions as shown in the example for ZnO/CNT hetero-
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junctions above. Similarily, in
the following examples, the
attachment of catalyst parti-
cles to presynthesized CNTs
and subsequent growth of
NWs on the catalyst by the
VLS mechanism leads to the
formation of CNT/SC heter-
ojunctions. For example,
Lieber and  co-workers
mounted MWCNTs synthe-
sized by arc-discharge at the
end of a Pt-Ir scanning tun-
neling microscopy (STM) tip,
and formed a heterojunction
with a Si NW, as shown in
Figure 4 A.®? The FESEM
image shows the STM tip on
the left side coated with mul-
tiple CNTs. Au electrochemi-
cally deposited onto the end
of the extended nanotube
served as a catalyst for the
VLS growth of the Si NW.
The inset in Figure 4A is a
TEM image of the junction
formed, confirming that the
Si NW originates from the
CNT. Lazareck et al. similar-
ly synthesized a MWCNT/ZnO heterojunction.®3! They
synthesized MWCNTs inside an aluminum oxide porous
template terminated with carboxylic acid groups through
H,SO,HNO; acid treatment. They attached amine-function-
alized oligonucleotides onto the carboxylic acid groups of
the CNTs through amide coupling. Next, they attached Au
nanoparticles coated with the complementary oligonucleo-
tides to the CNTs through DNA hybridization. The Au par-
ticles served as a catalyst for subsequent VLS growth of
ZnO NWs to form end-to-end CNT/ZnO heterojuctions as
shown in Figure 4 B.*

Our group recently synthesized SWCNT/GaAs NW het-
erojunctions directly on surfaces using a similar procedure.
We immobilized presynthesized SWCNTs onto amine-func-
tionalized Si/SiO, surfaces through strong chemical
SWCNT-amine interactions. Next, we attached hexanethio-
late-coated gold-monolayer-protected clusters (Au MPCs)
onto the CNTs by simply immersing the substrate contain-
ing CNTs into a toluene solution of the Au MPCs.*™ Au
MPCs are 1-2-nm-diameter clusters of Au containing a
monolayer shell of hexanethiolates around the Au core,
which renders the clusters stable and soluble in nonpolar
solvents. They selectively bind to the CNTs through hydro-
phobic interactions. The Au MPCs served as a catalyst for
subsequent VLS growth of GaAs NWs onto the SWCNTs
to produce a SWCNT/GaAs NW t-shaped heterojunction,
as shown in the SEM image of Figure 4 C, where the darker
features correspond to bundles of SWCNTs and the bright
features correspond to GaAs NWs. Most of the structures
were branched because the Au MPCs tended to stick to the
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SWCNT
bundle ="

Figure 4. A) FESEM image of a CNT/Si NW end-to-end heterojunction
formed on a Pt—Ir STM tip from a Au catalyst. B) SEM image of a
CNT/ZnO heterojunction. C) SEM image of SWCNT/GaAs 1D hetero-
junction. A) Reproduced with permission from Ref. [82], and B) repro-
duced with permission from Ref. [84].

sidewall of the SWCNTs as opposed to the ends, as was the
case in the studies of Lieber and co-workers® and Lazareck
and co-workers.[**#

A thermal vapor deposition method was employed by
Xie’s group to form In,Os-beaded SnO, NWs.*! With tem-
perature modulation, SnO, NWs formed first followed by
deposition of In droplets on the NWs. The substrate was a
Si wafer containing a thin Au layer. A mixed powder of
In,O; and graphite was placed in one boat while the SnO
powder was in the second boat. The temperature of the fur-
nace was kept at 600 °C for 30 min and then raised to 900°C
for 20 min.

Kohno and Takeda described the synthesis of a segment-
ed heterojunction by combining VLS growth with a thermal
process.’”l They fabricated silicon/silicide/oxide NWs from
Si nanochains grown by the VLS method, which served as a
substrate for subsequent incorporation of metal into the
structure. They simultaneously heated the Si nanochains
with copper metal at 700°C for 10 min. The Cu fused into
the center of the Si nanochains to form Cu-silicide struc-
tures along the length of the Si nanochains.
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2.1.1.4. All Precursors Introduced Together

The examples discussed up to this point include those
where heterojunctions formed by alternating the precursors
during VLS growth, using two-stage VLS growth, or by
combining VLS growth with another method, such as the
synthesis of CNTs. There are a few examples where seg-
mented or superlattice heterojunctions form when all pre-
cursor materials are mixed together in one step. The ther-
mal evaporation of solid powders containing all components
of the NW can generate heterojunctions in one step. For ex-
ample, Park and co-workers simultaneously heated ZnO, In,
and Sn powders in a mixture, which resulted in the synthesis
of Sn-doped In,0;/(Zn0), superlattice NWs on a Si surface
containing Au nanoparticles as a catalyst.*® In Figure 5, the

Figure 5. HV-TEM image of In,05/(Zn0), segmented NWs. Reprinted
with permission from Ref. [88]. Copyright 2005, American Chemical
Society.

high-voltage (HV) TEM clearly shows the ~2nm Zn-O
segments repeating periodically and separated by the short-
er (<1nm) In-O layers. These segments formed naturally
during synthesis without purposely switching between pre-
cursors as in previous examples. Similarly, Hou and co-
workers heated a solid powder mixture of ZnO, In,0;, and
Co,0; to produce ZnO/In NW superlattices by VLS growth
on a Au-coated Si/SiO, substrate.[®

2.1.2. Core/Shell Heterojunctions

1D core/shell heterojunctions have also been synthesized
by growing a core NW by VLS growth and then using other
methods to produce a shell composed of a different materi-
al. This can occur in the same reaction chamber as the VLS
process or by removing the VLS-grown NWs from the reac-
tion chamber and reacting them further under completely
different conditions and environments. Alternatively, the
core/shell structure can form by mixing all the reactant pre-
cursors together in a one-step reaction. We describe these
different approaches in the following sections.
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2.1.2.1. Alternating Precursors and Other Multistep
Processes

In order to create core/shell 1D heterojunctions within
the same reaction chamber, it is necessary to achieve con-
trol over axial and radial growth of the NW. The NW core
is synthesized from one material first by the VLS process,
where the reaction conditions are such that axial growth
occurs via reactant activation at the catalyst site and not on
the nanowire surface. Next, radial growth of a second mate-
rial is “turned on” by altering the growth kinetics through
variations in pressure, flow rate, temperature, reactant spe-
cies, or background gases. These conditions favor homoge-
neous vapor-phase deposition of the second material on the
nanowire surface of the first material, which leads to the
formation of a core/shell heterojunction. As switching of the
reactant gases during axial growth leads to the synthesis of
segmented or superlattice NWs (Section 2.1.1), switching
the reactant gas and changing the mode to radial growth
can be employed to grow core/shell and even core/multishell
1D nanostructures.

Lieber and co-workers synthesized core/shell NWs in
order to fabricate a novel nanoscale field-effect transistor
(FET) device.” In one example, an intrinsic silicon (i-Si)
core and p-type Si shell (p-Si) were fabricated by altering
the axial and radial growth modes during CVD. Following
the VLS i-Si core synthesis, a coaxial shell formed with di-
borane added as a p-type dopant, which also promotes shell
growth by lowering the decomposition temperature of the
silane precursor molecule. The core diameter was ~19 nm,
consistent with the size of the 20-nm Au catalyst used, and
the thickness of the shell strongly depended on the synthesis
time. Thermal treatment led to shell crystallinity. The same
procedure was used to fabricate Ge/Si core/shell NWs,
which are shown in the TEM images of Figure 6 A and B.”
The initially amorphous p-Si shell again becomes crystalline
after thermal annealing. Other examples of core/shell or
core/multishell structures fabricated by the Lieber group in-
clude  Ge/Si°¥  n-GaN/In,Ga,_,N/GaN/p-AlGaN/p-
GaN,®¥ n-GaN/InGaN/p-GaN,™ GaN/AIN/AIGaN,*! and
p- or n-Ge/i-Ge® NWs, where again modulation of the
temperature and reactants led to the formation of the outer
shells. These nanostructures are promising materials for
nanoscale electronics and photonics. Similarly, Samuelson
and co-workers synthesized GaAs/Ga,In;_P core/shell NWs
by formation of a GaAs core at 450°C followed by growth
of a GaJIn; P shell at 600°C.”"! They also synthesized
GaAs/AlInP core/shell NWs and studied phase segregation
and photoluminescence.”®! Lee and co-workers used a simi-
lar two-step CVD process to fabricate GaN/MnGaN"™! or
GaP/Ga,0,'"! heterojunctions and Wu and co-workers used
a two-stage MOCVD process to form Ga,04/TiO,!* or
Ga,05/Zn0" core/shell NWs. Zhang etal. synthesized
core/multishell NWs of Ge/Si/Al,O;/Al by several steps in-
volving VLS growth of single-crystal Ge NWs followed by
Si and nitride passivation by CVD, Al,O; deposition by
atomic layer deposition (ALD), and sputter deposition of
ALI'%! These NWs were utilized in the construction of Ge
NW surround-gate field-effect transistors.
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Figure 6. A) Bright-field image of a Ge/Si core/shell NW. B) HRTEM
image of the Ge/Si NW after annealing. C) TEM image of Ge NWs
encapsulated within a CNT. The inset is the HRTEM image of the NW
and nanotube junction. A, B) Reproduced with permission from

Ref. [90], and C) reproduced with permission from Ref. [106].

Lin et al. synthesized GaP/GaN and GaN/GaP core/shell
NWs using the VLS mechanism for the core synthesis and
the vapor—solid (VS) process for the shell formation.'* The
GaP core was prepared on the Si wafer using an Fe catalyst,
and subsequently placed in a furnace at 950°C under ammo-
nia gas flow to form the GaN shell. For GaN/GaP NWs, the
VLS-grown GaN cores were coated with a GaP shell after
heating at 1000°C in the presence of gallium, gallium oxide,
and red phosphor precursors.

Carbon materials are commonly used as a shell material
for core/shell heterojunctions as well. For example, Wu and
Yang reported the synthesis of 10-100-nm-diameter Ge
NWs by VLS growth, which were then coated with carbon
by pyrolysis of organic molecules."™'%! They studied Ge
NW melting/recrystallization, forming the Ge/CNT core/
shell structures shown in Figure 6 C. The TEM image shows
two Ge NWs inside the CNT separated by a 150-200-nm
gap as a result of the NW breaking during the thermal pro-
cessing. Chen etal. used a similar approach to fabricate
GaN/CNT core/shell NWs by CVD of methane for the CNT
coating,"™ and Yin et al. synthesized VLS-grown InP NWs
from an In catalyst that was coated with layers of carbon by
a VS process.['*]

Zhou and co-workers grew thin shells (~10nm) of
Fe;O, on the outside of MgO NWs formed by the VLS
mechanism.!'""% They used pulsed laser deposition (PLD)
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of Fe;O, powder with growth speeds close to 2-3 Amin".

The same group also synthesized MgO/LaCaMnO;, MgO/
LaSrMnO,,MY MgO/YBa,Cu;Oq¢, MgO/La,,Ca,3;MnO;,
and MgO/PbZr,ssTiy,0;1"? core/shell heterostructures by
combining VLS core growth and PLD shell deposition. Bell
and co-workers used the same VLS/PLD method to fabri-
cate p-Si/n-CdS core/shell heterojunctions."®! Boron doped
p-Si NW cores were grown on an oxidized silicon substrate
with the assistance of Au catalysts under the flow of SiH,
and B,H; precursors. As prepared p-Si NWs were coated
immediately with an n-CdS shell using a PLD system.

Gosele and co-workers employed ALD to produce uni-
form AlLO; shells surrounding VLS-grown ZnO cores."*!
The ZnO NWs were synthesized from zinc vapor after car-
bothermal reduction of ZnO powder precursor at 910°C.
The usual thickness of the NWs ranged between 10-30 nm,
and the length reached up to 20 pum. The shell was synthe-
sized in the ALD chamber from Al(CH;); and H,O precur-
sors as sources of aluminum and oxygen, respectively. In
this example the shell thickness is directly proportional to
the number of precursor/purge cycles, as opposed to growth
time. After a total number of 65 cycles, the Al,O; shell
thickness was 10.0+0.3 nm. The same group used thermal
oxidation of Si NWs under O, flow to form Si/SiO, core/
shell structures with an oscillating diameter of the oxide
shell.'"™! The first step involved growth of Si NWs on a Si-
(110) substrate (coated with an 8-nm Au layer) from a SiO
precursor at an evaporation temperature of 1050°C. Once
the NW growth was complete the oxide layer formed on the
Si NWs was removed by chemical etching in HF solution.
Subsequent high-temperature treatment at 1000°C with an
O, flow led to the formation of an oscillating SiO, shell on
the Si NW cores. The average NW diameter ranged from 60
to 90 nm and the length was on the order of micrometers.

2.1.2.2. All Precursors Introduced Together

Most methods for forming 1D core/shell heterojunctions
by VLS require a second step to produce a shell over the
VLS-grown core wire. However, there are VLS methods
where all the precursors for the core and the shell are intro-
duced to the growth chamber at the same time. This one-
step VLS process is used to produce the core and shell si-
multaneously, which occurs due to differences in the reactiv-
ity of the core and shell material. An excellent example is
the work of Hsu and Lu for the fabrication of CdS/ZnS
core/shell heterojunctions.''! They fed CdS (Cd(S,CN-
(GsH;),), denoted as Cd33) and ZnS ([Zn(S,CNBu,),], de-
noted as Zn44) precursors into the system simultaneously.
Cd33 decomposes at the catalyst first since it is of higher re-
activity than Zn44, leading to growth of the CdS core via
the VLS mechanism. The CdS core subsequently serves as a
catalyst for thermal decomposition of Zn44, resulting in the
core/shell heterojunctions. Hsu et al. used a similar proce-
dure, introducing all precursors in a single step, to synthe-
size CdS/ZnS and Cd,_ZnS/ZnS coaxial heterojunc-
tions."'"”! Heo et al. synthesized ZnO/(Mg,Zn)O radial NWs
spontaneously, where the core grows by the VLS mechanism
and the composition is determined by bulk solid solubili-
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ty.11811 The (Mg, Zn)O shell grows as a heteroepitaxial
layer. Jang et al. used a one-step thermal CVD reaction of
GaP, B,0;, and NH; to synthesize GaN/BN core/shell nano-
cables.™ Gwo and co-workers fabricated In/GaN core/shell
NWs on a substrate containing Au catalyst by a single evap-
oration step."?! Lee and co-workers synthesized Ge/SiO,
coaxial nanocables by an oxide-assisted self-catalyzed VLS
process.™ A reaction occurs within the droplet of GeO,/
SiO, to form the SiO, shell while the core consists of Ge.
Other examples of single-step syntheses include core/shell
heterojunctions of GaN/BN NRs,'?! linear or helical SiC/
SiO, NWs,[12#1261 715/SiO, NWs (ZnS wrapped in high-den-
sity Si0,),[”! and GaP/C and GaP/SiO,/C nanocables.'*!

Seo etal. synthesized GaN NWs coated with boron
carbonitride (BCN) layers when Ga, Ga,0;, CNTs, B,0;,
and NH; precursors were introduced into the reaction
chamber at the same time.'” The high-temperature proc-
essing led to the formation of the Ga core that grew by the
VLS mechanism on the Fe catalyst, coated with BCN layers.
Wang et al. fabricated Cu/SiO,_, NWs by encapsulating Cu
nanoparticles inside the SiO, , NW.'*¥l The procedure in-
volved simultaneous heating of the precursor powder mix-
ture of SiO and CuO. Under the presence of H, in the at-
mosphere the environment is suitable for reducing the CuO
to Cu particles and formation of SiO,_, NW/Cu NP hetero-
structures. Wu et al. reported a VLS process to form B NWs
on a substrate containing Au catalyst.'™!! The diameter
ranged from 30 to 500 nm and the length reached hundreds
of micrometers. Evaporation of SiO, during B NW growth
led to beadlike B/SiO, heterojunctions. The VLS growth
mechanism was also proposed for the core in SiC/BN or
Si;N,/BN core/shell NWs synthesized by Tang and co-work-
ers.®13] The heterostructures were synthesized on Ni-sup-
ported highly ordered pyrolytic graphite (HOPG) and Ni-
BN substrates from B and SiO, precursors either under the
flow of nitrogen and argon for HOPG or ammonia and
argon for the BN substrate. Zhou et al. synthesized B-SiC/
SiO, by a one-step procedure.'**13 A tablet of silicon and
graphite powders was reacted with atomic hydrogen activat-
ed at 2200°C, leading to the formation of SiH, and CH, pre-
cursors. The B-SiC NWs formed by the VLS process where
metallic particle impurities served as the catalyst. The SiC
NWs were coated with an amorphous ~ 1-2-nm-thick SiO,
shell.

2.2. Vapor-Solid (VS) and Catalyst-Free Growth
Mechanisms

There are a large number of reports of heterojunctions
synthesized without using any catalyst to promote the
growth of nanostructures. The growth mechanism is often
classified as a vapor-solid (VS) process, but usually is not
well understood. We will review heterojunctions formed by
the VS method and other growth procedures not requiring a
catalyst in the next sections. The sections are divided by the
structures formed, including segmented, core/shell, or
branched heterojunctions. We also divided the sections into
those using an alternating flow of precursors or reaction
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conditions, those using a combination of techniques, and
those where all of the reactants are combined together. It is
important to note that even in examples where all of the re-
actants are combined, multiple reaction steps may occur to
form the heterojunction.

2.2.1. Segmented Heterojunctions

2.2.1.1. Alternating Flow of Precursors

Chung and co-workers fabricated segmented GaN nano-
wire p—n junctions via hydride vapor-phase epitaxy (HVPE)
using an alternating flow of precursors to form the different
segments.”® A GaCl precursor was produced via the reac-
tion of HCl gas and Ga metal and mixed with NH; to grow
GaN at 478°C. The n-type segment of the NW forms during
the nitrogen flow while the p-doped region grows by intro-
ducing Cp,Mg to the growth chamber. The ~3-pm-long p—n
GaN NWs are promising for use as diodes in electronic and
photonic devices.

2.2.1.2. All Precursors Combined Together

Golberg and co-workers used thermal evaporation of a
mixture of precursor powders to fabricate Ga/ZnS segment-
ed nanowires encapsulated within a silica tube, as shown in
Figure 7.0 A mixture of ZnS, Ga,0;, and SiO powders

200 nm

Figure 7. TEM image of a Ga/ZnS segmented NW within a silica shell.
Reproduced with permission from Ref. [137].

was heated at 1400-1500°C. Even though all of the precur-
sors are mixed together, they proposed two stages of
growth, where silica tubes formed first by oxide-assisted
growth and served as templates for the following NW
heterojunction synthesis. An increase in temperature allows
for the deposition of Ga/ZnS solution inside the tube, and
after supersaturation, ZnS precipitates to form a separate
segment of the NW. The typical diameter of the Ga/ZnS
heterojunction ranges between 150-250 nm and the thick-
ness of the silica tube is 4-8 nm. Other heterojunctions syn-
thesized by the same group include ZnS-sheathed Zn/Cd
NWs formed in a one-step thermal process.'*®! Rapid heat-
ing of a ZnS and CdS powder mixture to 1200°C led to the
formation of 30-70-nm-diameter Zn/Cd segmented NWs en-
capsulated with a few-nanometers-thick ZnS shell on the
walls of the quartz tube. The same group also used thermal
evaporation of a solid mixture of In and SiO precursors to
prepare In/Si segemented NWs sheathed with amorphous
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silica.™® The Si NWs sheathed with silica grow by oxide-as-
sisted growth, while silica nanotubes grow in the opposite
direction at the junction between the Si NWs and In drop-
lets. Vapor-phase In is drawn into the silica nanotubes and
condenses to form the final In/Si segmented junctions
sheathed with amorphous silica. Wang et al. synthesized
bundles or brushlike arrays of Si/SiO, nanostructures
formed by pyrolysis of a Si and SiO, powder mixture.['*!

2.2.2. Core/Shell Heterojunctions

2.2.2.1. Alternating Reaction Precursors or Conditions

Fukui and co-workers synthesized various core/shell het-
erojunctions by selective-area (SA)-MOVPE, where the
precursors were introduced in an alternating fashion.['7144
For example, they synthesized GaAs/AlGaAs!'*1#! hexago-
nal pillars and InP/InAs!"? core/shell structures in this
manner. In the case of InP/InAs, they grew the InP core
first at 635°C from trimethylindium (TMI) and tertiary-
butylphosphine (TBP) precursors followed by growth of the
shell from TMI and AsHj; precursors at 400°C. They used a
similar method to prepare InP/InAs/InP core/multishell het-
erojunctions on a hexagonally patterned surface.'*!! In this
case they formed the InP/InAs core/shell structure as previ-
ously described and then added another InP shell by con-
trolling the growth temperature (600°C) as well as the parti-
al pressure of the TBP precursor. Figure 8 A shows an SEM
image of the highly aligned core/multishell NW arrays.['*!
The shape of the pattern from the substrate was transferred
to the grown nanostructures, which have a hexagonal cross
section as shown for the individual NW in Figure 8 B. Addi-
tionally, this image reveals the composition of the NW with
well-defined regions of the InP core and InAs/InP shells.
The length of this core/multishell heterostructure was
2.5 pm and the diameter of the InP core was 70 nm, while
the thickness of the InAs and InP shell was 5nm and
30 nm, respectively. Yi and co-workers also used MOVPE
and alternating reaction conditions to fabricate ZnO/
Mg,,Zn, 01414 and ZnO/GaNI" core/shell structures.

Zhan and co-workers heated a powder mixture of SiO
and ZnS or SiO and ZnSe to 1300°C for 1 h and then to
1600°C or 1500°C for 1.5 h to form 60-120-nm-diameter Si/
ZnS biaxial and ZnS/Si/ZnS triaxial NWs or 40-90-nm-di-
ameter Si/ZnSe biaxial NWs through a two-stage thermal-
evaporation process."*! The NWs were several micrometers
in length. Chen and co-workers used a two-step procedure
to form ZnO/ZnGa,O, core/shell heterojunctions.'*! The
ZnO NWs, formed by a thermal vapor deposition process,
served as templates for the shell deposition. The Ga,0O; and
graphite powders (shell precursors) were placed in a zone of
the furnace held at 1000°C, while the ZnO NWs were
placed downstream. The deposition temperature was 600—
900°C. Similarly, Hu et al. synthesized ZnS/Si core/shell
NWs.*l They synthesized ZnS NWs first by heating ZnS
powder at 1200°C and used these NWs as a template for
the growth of the Si shell, which formed after heating SiO
powder at 1450°C for 1h. Zhu et al. reported ZnS nano-
structures coated with a BN layer.®™ The ZnS twinned-
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Figure 8. A) SEM image of aligned InP/InAs/InP core/shell/shell NWs.
B) SEM image of the cross section of an InP/InAs/InP NW showing
hexagonal shape and composition. Reprinted with permission from
Ref. [141]. Copyright 2006, American Institute of Physics.

crystal whiskers were prepared first by heating the ZnS
powder at 1200°C under N,, and then reheated again with
B/N/O vapors under N,/NH; flow. Zheng and co-workers
synthesized tetrapod ZnO NRs coated with a SnO, sheath
by a two-step procedure involving the initial formation of
ZnO nanostructures through heating of a zinc powder at
800°C, and subsequent reheating to 770°C with the intro-
duction of a SnH,/N, mixture to form the final ZnO/SnO,
core/shell heterojunctions.!'™?!

Yin et al. reported the synthesis of several-micrometer-
long cubic aluminum nitride/boron nitride (c-AIN/BN) co-
axial nanotubes by the VS method."™ The AICl; and B/N/
O precursors were heated in the furnace under Ar flow.
When the temperature reached 950°C, they introduced a
flow of NH,/N, only and raised the temperature to 1200°C
for 1.2 h. The temperature was then increased further to
1600°C. AIN nanotubes grow first at the lower temperature
followed by the BN shell, which forms at higher tempera-
tures. The outer diameter of the heterojunctions was
~50nm with a wall thickness of about 15nm and a BN
coating of 2-3 nm. Golberg and co-workers synthesized ZnS
or Si/SiO, NWs sheathed with BN coatings."™ For the
latter, SiO precursors were placed above B/N/O precursors.
Heating at 1200°C led to the formation of Si/SiO, NWs and
changing to 1600°C and a flow of N,/NH; led to growth of
the BN coating. ZnS/BN core/shell NWs were prepared sim-
ilarly. Alternatively, the Si/SiO, or ZnS NWs were prepared
first and then subsequently coated with BN. More recently,
the same group synthesized BN nanosheets protruding form
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Si;N, NWs by placing a BN crucible containing Si powder
above a crucible containing the B/N/O precursor and B,0;
powder in a graphite susceptor, which was heated at 1500°C
in N, and 1750°C in No/NHj; to form the Si;N, NWs and BN
sheets, respectively.!'>

Golberg and co-workers used a VS route in a CVD
system to produce Mg,Zn,;/MgO beltlike nanocables by
heating Mg and ZnO powders."* The ZnO and Mg pow-
ders were heated to temperatures of 1300-1400°C and 800-
900°C, respectively. The Mg,Zn,;/MgO nanocables were col-
lected from the graphite surface inside the furnace. The
cables were typically 30-150 nm wide and tens of microme-
ters in length. Another example is the synthesis of Zn/ZnO
core/shell heterostructures by thermal reduction of ZnO
with H, to form the Zn core and thermal annealing to form
the ZnO shell.™”

2.2.2.2. All Precursors Mixed Together

Li and co-workers used thermal evaporation to fabricate
ZnSe nanopeas filled inside SiO, nanotubes by a one-step
thermochemical method."™ Two separate mixtures of pre-
cursor powders containing Se with Zn and Si with SiO,
were placed in the furnace and heated to 1300°C for 2 h
under Ar flow. The products were collected on a Si wafer.
The core/shell structure was ~80 nm in diameter and tens
of micrometers in length. The nanotube wall was about 20—
25 nm thick and ZnSe-formed nanodots or short rods were
observed inside the nanotube. Hsu et al. synthesized ZnO/
ZnGa,O, NWs by heating the precursor mixture of Zn
metal and Ga powder at 600°C for 1 h.l'*)

Peng and co-workers synthesized core/shell structures
from precursors placed in different temperature zones."*! In
this example, they synthesized CdSe-filled silica nanotubes
by loading Si and SiO, powders in the center of a furnace,
with Cd and Se precursors upstream and the collection sub-
strate downstream. The furnace was set to 1200°C, which
caused the Si and SiO, powders to be at 1200°C, the Cd and
Se to be at 900°C, and the substrate (where CdSe/silica het-
erostructrues were collected) at 1100°C. In another exam-
ple, Hu etal. synthesized partially Ga-filled Ga,05/ZnO
core/shell coaxial nanotubes by simultaneously heating
Ga,0; and ZnO precursors at 1350°C for 2 h.'*" The core/
shell nanostructures were tens of micrometers long and
150 nm in diameter with a shell-wall thickness of 40 nm and
an inner core of ~80 nm. Uemura and co-workers fabricat-
ed InS/SiO, core/shell NWs 30-200 nm in diameter and tens
of micrometers in length by a one-step physical vapor-depo-
sition process.'®” InS and silicon powders were heated to
900-1000°C for 1 h and the product collected from the wall
of the alumina crucible. Teo et al. prepared Si/SiO, core/
shell NWs on a zeolite template where the diameter of the
Si core varied between 1-5 nm and the SiO, shell was about
20-40-nm thick."*®! The SiO powder was used as a precursor
and heated gradually to 1250°C and held at this tempera-
ture for 1 h. The product was collected from the zeolite sub-
strate. During this procedure they also fabricated silicon
nanotubes filled with amorphous silica and biaxial silicon/
silica NWs. Wang et al. synthesized ZnSe/Si bi-coaxial NWs
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that were 80-100 nm in diameter and tens of micrometers
long by thermal evaporation of a ZnSe powder at 1250°C
for 2 h under Ar/H, flow (5% H,).'"*! Li and Wang report-
ed a single-step thermal evaporation to form single-crystal-
line Si/CdSe nanocables.'® The CdSe was heated to
1200°C for 2 h and the product collected at a silicon wafer
coated with a thin oxide layer.

Thermal evaporation of a MoSi, precursor led to the for-
mation of ~100-nm-diameter Si/SiO, core/shell NWs, which
were several micrometers long.'® Li and Jiao produced
Au/Si junctions in Si/SiO, core/shell NWs by filling Au into
the voids between the Si core and the SiO, shell.'*”! Smash-
ed Si wafers were used as precursors and alumina (0001)
with a thin Au film as a substrate. Subsequently, the furnace
was heated at 1300°C for 2-4 h under an Ar/H, flow (10%
H,).

Other examples include CaF,/a-C and MgF,/a-C core/
shell NWs (a-C=amorphous carbon) reported by Chiu and
co-workers."® The precursors, which include CaC, and
Mg,N;, were reacted with C4Fg at elevated temperatures to
produce CaC,/a-C and Mg,F,/a-C, respectively. Wang and
co-workers synthesized Zn/ZnO core/shell nanobelts and
nanotubes by evaporating ZnO powder at 1350 °C and intro-
ducing an Ar flow for 30 min."®!”! The products were col-
lected at a silicon substrate placed in the 200-400°C temper-
ature region. Kang and co-workers fabricated Zn/ZnSiO,
nanocables by vapor-phase oxidation of Zn powder.!'”!l The
Zn powder was heated up to 1100°C at a rate of 15°Cmin !
under N, flow and the product collected at a Si substrate.
The nanocables were ~100 nm in diameter with a ~25-nm-
thick shell.

2.2.2.3. Combined Techniques

Catalyst-free vapor methods can be combined with
other methods to grow various heterojunctions. Solution-
based systems are commonly used as the second technique.
Jiang et al. used this setup to prepare FeCoNi/SiO, core/
shell NWs.2! First, SiO, NWs were synthesized by heating
a mixture of Si and SiO, powder and collecting the product
on an AlO; substrate. Then, the Al,O; substrate containing
SiO, NWs was placed in a solution of FeCoNi vitriol. Con-
tinued growth of SiO, on the Al,O; substrate led to NWs
with a crystalline metallic FeCoNi alloy core (/20 nm in di-
ameter) surrounded by a double-layer amorphous SiO,
shell. The typical diameter of these heterojunctions was
about 20 nm for the FeCoNi core, 50 nm for the inner shell,
and 90 nm for the outer SiO, shell layer. Similarly, a combi-
nation of vapor and solution techniques was employed by
Fan and co-workers to fabricate ZnO/ZnS core/shell
NWs.'3) ZnO NWs were initially synthesized by a vapor-
phase transport process and then coated with ZnS by solu-
tion self-assembly. The first solution contained Na,S and the
second contained Zn(NOj;), where the NWs were soaked
for 2h at 60°C. The ZnO/ZnS heterojunctions were
~100 nm in diameter and ~3 pm long. Zheng and co-work-
ers fabricated Se/Ag,Se nanocables;'’! they modified Se
NRs, synthesized via laser ablation of a Se powder, by im-
mersing them in a AgNOj solution. The diameter of the Se/

www.small-journal.com

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

F. P. Zamborini et al.

Ag,Se nanocables was ~20 nm for the core and ~33 nm for
the shell. Zettl and co-workers formed KI/BN, KCI/BN, and
KB1/BN core/shell heterostructures by filling in BN nano-
tubes (formed by substitution of C atoms in a boron oxide/
nitrogen vapor-phase reaction) with potassium halide crys-
tals from solution by capillary action.'”” Yang et al. de-
scribed another example of combining noncatalyst vapor
methods with solution methods in the formation of Cu,S/X
core/shell NW heterojunctions (X=nanoparticles of CdS,
Au, or polypyrrole).'” Cu,S NW arrays were fabricated
first by subjecting a Cu foil to a flow of O, and H,S for
10 h. The Cu,S NWs were subsequently coated chemically
with nanoparticles of CdS, Au, or polypyrrole. The Cu,S
NWs were 60-100 nm thick and several micrometers long,
while the sheath was 20-50 nm thick.

2.2.3. Branched Heterojunctions

There are not many reports of branched heterojunctions
by noncatalyst methods. One example is the sawlike nano-
structures synthesized by Shen etal. in a two-step VS
growth process, where a ZnO nanobelt was synthesized first
and ZnS NWs were grown on the nanobelts."””’ Zn and SnS
powders were placed in two different zones of the furnace
and heated to 550°C in 20 min. Subsequently the tempera-
ture of the SnS precursor was ramped up to 1100°C while
the Zn powder was held at 550°C for 30 min. This resulted
in the formation of an interesting saw-shape morphology as
shown in Figure 9. The surface of the ZnO nanobelt remains
chemically active to facilitate the formation of ZnS NWs
during the second step of the synthesis. Typically the diame-
ter of the saw was about 100 nm and the length reached
hundreds of micrometers.

Zn0O belt

Figure 9. TEM image of a sawlike heterojunciton of ZnS NWs grown
on a ZnO belt. Reprinted with permission from Ref. [177]. Copyright
2006, American Chemical Society.

2.3. Carbon-Containing Heterojunctions

We have already described heterojunctions containing
carbon involving VLS growth where 1) a NW is synthesized
by VLS and then a carbon shell is deposited onto it to form
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a core/shell heterojunction or 2) a CNT is first synthesized
and a NW grown from a catalyst bound to the CNT by VLS
to form a segmented or branched heterojunction. In this
section, we describe other types of segmented or core/shell
heterojunctions containing carbon species such as CNTs,
SiC, CN,, amorphous carbon, or diamond synthesized
mostly by multi-step procedures.

2.3.1. Segmented Heterojunctions

Golberg and co-workers prepared segmented SiC/CNT
nanochains after thermal treatment of SiC/SiO,/CNT core/
shell nanocables.'™ Thermal evaporation of SiO and Fe
powders under a CH, atmosphere led to the formation of
SiC/SiO,/CNT nanocables with diameters between 20-
50 nm and lengths of several micrometers. High-tempera-
ture annealing in vacuum transformed the nanocables into
SiC/CNT end-to-end nanochains. Wu and co-workers report-
ed the synthesis of segmented CN,/CNT heterojunctions by
CVD through pyrolysis of a mixture of ferrocene and mela-
mine.'" ! Similarly, Hu et al. fabricated CN,/C nanotube
junctions by pyrolysis of iron phthalocyanine, where C seg-
ments were obtained with an H, flow only and CN, with an
NH, carrier gas.”®!! The diameter ranged between 30-60 nm
and the length reached tens of micrometers. Ma and Wang
synthesized segmented heterojunctions between CN, nano-
tubes and CNTs by a two-step microwave plasma-assisted
CVD process using an Fe catalyst, where N,/CH, and H,/
CH, gaseous mixtures formed the CN, and CNTs, respec-
tively.'™! Cassel et al. prepared end-to-end junctions consist-
ing of vertical connections between two MWCNTs by a
two-step process.'™ In the first step, they grew vertically
aligned CNTs and embedded them into an SiO, matrix. In
the second step, they electroplated Ni on the end of the first
CNTs and grew the second segment of CNTs by a plasma-
enhanced CVD process. Multiple segments could be formed
by repeating the procedure. The first generation of CNTs
was about 50 nm in diameter and the second was also
~50 nm at the junction point but became thinner towards
the end. The average length was about 1 um. Also, Liu et al.
synthesized CNT/ZnO heterojunction arrays by pyrolysis of
C,H, on a zinc foil at 850°C under combined Ar and H,
flow passed through a water bubbler."! Zn served as the
source of ZnO and catalyst for CNT growth by the tip-
growth mechanism while the water enhanced CNT growth
and promoted ZnO formation. Post-synthesis annealing of
the sample under Ar passed through the water bubbler led
to increased growth of the ZnO structures formed at the tip
of the CNTs.'"® The flow rate of Ar during synthesis con-
trolled the formation of ZnO nanoparticles or ZnO nano-
rods, with the latter occurring at higher flow rates.

2.3.2. Core/Shell Heterojunctions

The synthesis of core/shell heterojunctions with carbon
usually involves either 1) filling a carbon nanotube with
some material, 2) coating a carbon nanotube with some ma-
terial, or 3) coating a 1D material with a carbon shell. There
are also examples of carbon-containing materials in the core

small 2007, 3, No.5, 722 -756

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Smu|| R

or shell by various methods. In the first example, Chan et al.
fabricated multi-walled carbon nanotubes (MWCNTs) filled
with Pd using a microwave plasma-enhanced CVD system
in a two-step process.'™ A Pd film was activated by a H,
plasma and then methane and H, were introduced into the
reaction chamber, resulting in core/shell Pd-filled CNTs
with some void spaces between the Pd regions.

Examples of the second procedure include heterojunc-
tions of MWCNT/maghemite composites made by Zhang
and co-workers."® MWCNTSs, made by catalytic decomposi-
tion of methane, were coated with iron oxides using high-
temperature decomposition of ferrocene. Also, Strongin and
co-workers synthesized MWCNTs or BNTs by arc-discharge
and a CNT substitution reaction, respectively, and coated
them with amorphous Ge that crystallized at elevated tem-
perature to form MWCNT/Ge and BNT/Ge core/shell struc-
tures.'¥”) The thickness of the Ge coating was typically 4 nm
for CNTs and 2 nm for BNTs. Duan and co-workers report-
ed CNT/SiO, core/shell structures where CVD-grown
MWCNTSs on a silicon wafer were used as substrates.'*"
The sample was loaded into a PECVD chamber and heated
to 700°C in the presence of hydrogen. Zhang and Dai syn-
thesized SWCNT/M (where M= Au, Pd, Fe, Al, and Pb) by
using CVD to grow suspended SWCNTs over holes on a
TEM grid and depositing the appropriate metal on the
tubes by electron-beam evaporation.'"® The procedure re-
quires deposition of a 1-nm titanium layer on the SWCNT's
for forming continuous metal wires.

Carbon also serves as a coating material by various
methods. For example, Cao et al. formed Au NWs coated
with an amorphous carbon shell using a plasma-assisted
method."™ They coated template-synthesized Au NWs dis-
persed in a radio-frequency Ar plasma with a C shell using
isopropanol as a carbon source. Sun et al. used a hydrogen
plasma to transform CNTs into diamond NRs.'"!l The final
product consisted of diamond NRs coated with an amor-
phous carbon sheath. The typical diameter of the diamond
NRs ranged between 4-8 nm and their length reached sever-
al hundreds of nanometers. Golberg and co-workers fabri-
cated C/AIN/C coaxial nanotubes via substitution and car-
bonitridation processes where the C atoms of CNTs were
replaced by AIN components.'” The MWCNTs were
mixed with AlL,O; powder and heated at 1600°C for 1h
under Ar flow and another hour under NH; flow. The prod-
uct consisted of AIN nanotubes with inner and outer layers
coated with carbon. The thickness of the carbon coating was
2-2.5 nm, the tube-wall thickness was about 13 nm, and the
total diameter ranged between 50-55 nm. Chen et al. used a
CVD system to remove Si from SiC whiskers and fabricate
SiC/C core/shell heterojunctions.'” SiC whiskers were
heated to an appropriate temperature before introducing
the Cl,:H, extraction mixture.

There are a few other examples of heterojunctions in-
volving carbon-containing materials in the core, such as SiC/
BN and SiC/SiO," heterojunctions. In the former, SiC/
BN core/shell structures were synthesized by mixing Si and
In,O; in a BN crucible and heating to 1600°C in the pres-
ence of CH, gas. The 30-60-nm-thick SiC core was coated
with 8-15-nm-thick BN nanotubes in this single-step pro-
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cess. Interestingly, a 10-15-nm gap existed between the core
and the sheath. The decomposition of SiO onto MWCNT
templates resulted in the formation of biaxial SiC/SiO, NWs
as reported by Sun etal.' Wang et al. synthesized the
same SiC/SiO, biaxial NWs by reacting amorphous SiO with
carbon/graphite at 1500°C.["*!

3. Solution-Phase Methods
3.1. Chemical Methods

In this section we describe chemical methods in the solu-
tion phase or methods combining solution-phase synthesis
with some other technique, such as CNT synthesis or VLS
growth. The chemical methods may involve the crystalliza-
tion of solution-phase precursors through spontaneous oxi-
dation/reduction or other chemical reactions either at room
temperature or elevated temperatures. This usually occurs
in the presence of a stabilizing ligand, polymer, or surfac-
tant. Some of the examples in this section involve chemical
formation of a thin film from the solution phase onto a 1D
nanostructure synthesized in solution or by some other tech-
nique.

3.1.1. Branched and Segmented Heterojunctions

3.1.1.1. Alternating Solution Precursors

Alivisatos and co-workers chemically synthesized seg-
mented and branched heterojunctions containing CdSe,
CdS, or CdTe in the solution phase using Cd oxide com-
plexed with alkylphosphonic acids as a cation precursor and
Se, S, or Te dissolved in a tri(n-alkylphosphine) as anion
precursors.'”! They synthesized CdS/CdSe segmented rods,
CdS/CdTe branched rods, CdSe/CdTe branched rods, CdSe/
CdTe segmented tetrapods, or CdSe/CdTe branched tetra-
pods as illustrated in Scheme 2. The procedure involves
growth of a NR or tetrahedral particle of either CdS or
CdSe for the first generation. Growth of the second-genera-
tion material (CdSe or CdTe) onto the first-generation NR
or tetrahedral particle leads to four different possible heter-
ostructures. The NRs and arms of the tetrahedral particle

Segmented Rod Segmented Tetrapod

Lmear Rod Tetrapod
=, 4

Branched Rod Branched Tetrapod

Scheme 2. Solution method for forming nanoscale segmented or

branched NRs and tetrapods containing CdS, CdSe, and CdTe seg-
ments. Reprinted with permission from Ref. [197].
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may simply extend in length to form a second segment of
material when the precursor anion is switched during syn-
thesis. This corresponds to the synthesis of segmented rods
and segmented tetrapods as shown in Scheme 2. Alterna-
tively, if the second precursor anion is introduced at super-
saturation, branching of the first-generation structure occurs
to produce the branched rod and branched tetrapod struc-
tures in Scheme 2. These four possible heterojunctions can
be synthesized either by 1) using an excess of Cd in the first
generation and then just simply switching the precursor
anion from the first to the second generation of growth, or
2) by synthesizing the first-generation structure, isolating it,
and then growing the second generation in a separate reac-
tion solution. Using precursors with different surface ener-
gies promotes end growth to form segmented structures in-
stead of core/shell structures. At supersaturation, branching
occurs by nucleation in the zinc blende phase, whereas a
low concentration of precursor favors linear anisotropic
growth of the wurtzite stucture."””! Figure 10 shows a TEM

Figure 10. TEM image of CdSe tetrapods branched with CdTe seg-
ments. Reproduced with permission from Ref. [197].

image of a CdSe/CdTe branched tetrapod synthesized in this
manner by Alivisatos and co-workers."””! The diameter of
the CdSe tetrapods and CdTe extensions was ~3 nm and
the arms were tens of nanometers in length. Peng et al. also
fabricated CdSe/CdTe branched tetrapods, where CdSe rods
were used as a starting material and subsequently branched
with CdTe." The length of the CdSe rods was 49.76+
9.51 nm and the diameter 6.36+0.93 nm. After branching
with CdTe the diameter remains largely unchanged but the
length of the arms increased to 86.35+£9.22 nm.!*¥

Yang and Zeng chemically synthesized various hetero-
junctions, including TiO,/H,TisO,,-H,0, ZnO/H,Ti;O,;-H,0,
ZnO/TiO,/H,TisO;-H,0, and ZnO/TiO,.™ The step-by-
step reaction of TiO,/H,Ti;O,;-H,O nanobelts formed in the
first stage led to the formation of different flowerlike, fish-
bone-like, or multipode nanostructures on the surface of the
nanobelts.
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3.1.1.2. Combination of A SI/SIOX/APTES/SWCNT
Method
ethods —_
Our group recently re- f
ported the synthesis of /\/
branched heterojunctions by |
combining SWCNT synthesis ‘AUMPC

and assembly with the chemi-
cal synthesis of 1D Au NRs

Si/SiOX/APTES/SWCNT/AuMPC

by seed-mediated growth.
The seed-mediated growth of
Au and Ag NRs or NWs was

recently developed by

=7

Murphy and co-workers!™>!¢!

¢ Growth solution

Au NR

and also studied by the
groups of FEl-Sayed™ and
Mulvaney,® our-
selves,[85200-203] and

N —

SWCNTs |
A

200 nm

others.”™2*! In general, the !

synthesis of Au NRs occurs
by adding presynthesized 3—
5-nm gold-nanoparticle (Au
NP) seeds into a solution
containing cetyltrimethylam-
monium bromide (CTAB),
AuCl,~ ions, and ascorbic
acid. This leads to the aniso-
tropic growth of Au nanopar-
ticles into NRs or NWs by
electroless deposition of Au
onto the seed particles. The
seed/AuCl,” ratio controls
the aspect ratio of the NRs
and NWs. The yield of 1D
structures is usually about
10%, but this has been im-
proved synthetically or the
NRs/NWs are purified to prepare samples >90% pure. It is
believed that preferential blocking of certain crystal planes
of the Au NP seeds by CTAB promotes the anisotropic
growth of nanorods®®?*! and preferential growth on the
NR ends due to enhanced electric fields may also play a
role.®

We synthesized SWCNT/Au NR heterojunctions directly
on Si/SiO, surfaces by the seed-mediated growth of Au NRs
from Au nanoparticle seeds attached to surface-bound
SWCNTs.™! A scheme of the procedure along with the cor-
responding SEM images are displayed in Figure 11 A and B.
In the first step, SWCNTs were deposited onto an amine-
functionalized Si/SiO, substrate based on the well-known af-
finity of CNTs for NH, groups. The second step required
depositon of Au seed particles selectively onto the
SWCNTs. Immersion of the substrate into a solution of hex-
anthiolate-coated Au-monolayer-protected clusters (MPCs),
which are hydrophobic and soluble in toluene, led to selec-
tive deposition of Au MPCs onto the SWCNTs.®! SEM
imaging and UV/Vis spectroscopy confirmed the selective
deposition, which is presumably through hydrophobic inter-
actions. The seed-mediated growth of the Au MPCs bound

Ref. [85].
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«—Au NR

Figure 11. Seeded growth of Au NRs on SWCNTs: A) Schematic of the experimental procedure. B) AFM
image of SWCNTs on a Si/SiO, surface only, and SEM image after growth of Au NRs on SWCNTs.
C,D) SEM micrographs of GaAs NW/Au NR heterojunctions. A, B) Reprinted with permission from

to SWCNTs on the surface led to the formation of SWCNT/
Au NR heterojunctions assembled on surfaces. Figure 11B
shows an AFM image of SWCNT bundles immobilized on
the Si/SiO, substrate (top image), and an SEM image of a
heterojunction formed between two bundles of SWCNTs
and one Au NR (bottom image). The SWCNTs were typi-
cally several micrometers in length while the Au NRs were
600-900 nm in length.

Our group also synthesized GaAs/Au NR heterojunc-
tions by combining VLS growth of GaAs NWs and seed-
mediated growth of Au NRs on surfaces. In this case, cit-
rate-stabilized Au nanoparticles bound to the thiol groups
of a Si/fSiO, surface modified with mercaptopropyltrime-
thoxysilane served as catalysts for the CVD growth of
GaAs NWs by the VLS process directly on the surface. The
Au catalyst remains at the end of the synthesized GaAs
NWs, which we used as seeds for the subsequent growth of
Au NRs by seed-mediated growth. This procedure led to
the formation of GaAs/Au NR branched heterojunctions as-
sembled directly on the surface. Figure 11C and D show
SEM images of the heterojunctions.
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3.1.2. Core/Shell Heterojunctions

3.1.2.1. Solution Phase Only

Chemical solution-based methods are common for syn-
thesizing core/shell structures containing semiconductors,
metals, carbon, or polymers. The synthesis can occur by in-
troducing all precursors at once in one step, by alternating
the precursors in the solution, or by synthesizing the core
chemically and then transferring it to a new solution for the
shell. We will describe these different situations below.

There are only a few examples of one-step procedures.
Li et al. used a polymerization/carbonization process to pre-
pare C/ZnSe core/sheath heterojunctions.”!”! The products
were obtained in a one-step reaction from an aqueous solu-
tion containing ZnCl,, ammonia, glucose, and SeO,. Stirring
and heating up to 160°C led to the formation of C/ZnSe
heterostructures. In this example the glucose precursor
served as both the carbon source and the reducing agent,
while the ammonia sustained the alkaline environment and
acted as a soft template. Huang and co-workers synthesized
Ag/TiO, core/shell NWs from tetrabutyl titanate (TBT) and
AgNO; in ethylene glycol.?!!l In this one-step method the
samples were heated up to 240°C or 270°C for 14 h giving
products with a smooth or rough surface, respectively. The
diameter of the NWs was ~40 nm for the core and ~35 nm
for the shell. Leung and co-workers synthesized Fe/
Fe,O;FeO or Fe/FeOOHFeO core/shell NRs by a technique
involving electrodeposition on H-terminated Si, with the
composition controlled by precursor concentration.?"! This
technique is a one-step process where Fe is electrodeposited
from an FeCl; precursor in NaClO, electrolyte. As reported,
the nanorod-like shape was obtained at a 10 mm concentra-
tion of FeCl;.”? A closer examination of the sample re-
vealed a 130 nm x25 nm core/shell NR structure, with Fe
comprising the core and FeO/FeOOH the shell.

For semiconductor/semiconductor core/shell heterojunc-
tions, the synthesis usually occurs in strongly coordinating
solvents from metalorganic precursors using alternating pre-
cursors or by synthesizing the core first and then the shell in
another solution. For example, Weller and co-workers?'>2!4l
synthesized a CdSe/CdS core/shell NR by first synthesizing
the CdSe core in a mixture of hexadecylamine (HDA), tri-
n-octylphosphine oxide (TOPO), and tri-n-octylphosphine
(TOP) using dimethylcadmium and tri-n-phosphine selenide
as precursors and then growing a CdS shell from a TOP so-
lution containing dimethylcadmium and bis(trimethylsilyl-
sulfide) precursors. The diameter of the CdSe cores was typ-
ically between 3-6 nm and the length was controlled by the
concentration of the shell precursor. Other groups used sim-
ilar procedures that employ coordinating solvent mixtures
as well. Alivisatos and co-workers,?"! Lomascolo and co-
workers,”'*! and Rosenthal and co-workers®” reported the
synthesis of CdSe/(CdS/ZnS) core/shell NRs. A double shell
of CdS/ZnS formed on the surface of CdSe NRs, with the
CdS shell growing closer to the core due to a smaller lattice
mismatch between the two materials. As reported by Alivi-
satos and co-workers, the diameter of the NRs were 3.3 nm,
6.0 nm, and 7.3 nm for a thin, medium, and thick shell, re-
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spectively.?’®! The groups of Wang*®! and Banin®"! fabricat-
ed CdSe/ZnS core/shell NRs. The average length of the
core/shell NRs with the shell thickness of 1.7 monolayers
(ML) was 24.3 nm and diameter was 4.2 nm, for 3.5 ML the
length was 24.5nm and diameter 4.9 nm. Weiss and co-
workers synthesized the same nanostructure coated with a
phytochelatin-related peptide.” The TOPO-coated core/
shell NRs were redissolved in pyridine and mixed with the
peptide solution. Subsequent surfactant exchange was facili-
tated by addition of tetramethylammonium hydroxide,
which enabled binding of the peptides to the NR surface.
Zhang and co-workers synthesized CdS/CdSe core/shell
NRs, where the CdSe sheath formed around CdS by a sub-
stitution process with selenium.*!! For CdSe formation the
CdS NWs were suspended with selenium in TBP and react-
ed for 24 h at 100°C. The typical diameter was 7.7 nm for
the core and 0.75 nm for the shell.

Core/shell 1D metal/silica and metal/metal nanostruc-
tures have been synthesized using the seed-mediated growth
approach described previously. Hunyadi and Murphy syn-
thesized Ag/silica nanopeapods by synthesizing Ag NWs by
seed-mediated growth, coating the NWs chemically with
silica, and finally reacting them with aqueous ammonia,
which partially dissolves the Ag, creating a silica shell filled
with a “pea-like” Ag material.’?? The thickness of the silica
shell was controlled synthetically and varied between 9 and
150 nm. Similarly, the length of the Ag “peas” depended
strongly on the reaction parameters, ranging from 35-
240 nm. Chang and co-workers synthesized Au NRs first by
seed-mediated growth and then chemically deposited an Ag
shell to form bimetallic core/shell NRs or Ag and Hg to syn-
thesize trimetallic Au/Ag-Hg core/shell structures.?>*2>)
The pH of the solution, concentration of the metal ions, and
presence of the CTAB surfactant during the second stage of
growth determines the shape of the final core/shell struc-
tures. They observed dumbbell-shaped structures, as shown
in Figure 12, as well as boat-shaped structures.’” Depend-
ing on the pH of the solution, the fabricated NRs had differ-
ent ARs. For trimetallic NRs the AR was 3.39, 2.89, and

l\‘l"’q
iz

AN
|a \1_00 nm

Figure 12. TEM image of dumbbell-shaped Au/Ag core/shell NRs.
Reprinted with permission from Ref. [225]. Copyright 2004, American
Chemical Society.
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4.10 for a pH of 8.0, 9.5, and 10.5, respectively. The AR for
bimetallic NRs was 4.10, 2.72, and 1.90 for the same pH
values. A similar procedure was used by Liu and Guyot-
Sionnest to fabricate Au/Ag core/shell NRs.”?*! Yang and
co-workers electrochemically synthesized Au NRs and used
them as seeds to fabricate Au/Ag and Au/Pd core/shell NRs
by growing the shell from a solution containing surfactant,
mild reducing agent, and silver or palladium ionic precur-
sors.’”’) The resulting core/shell NRs were about 25 nm in
diameter and 50-60 nm in length.

Sun and Xia synthesized AuAg/PdAg core/shell hetero-
structures using Ag N'Ws synthesized by the polyol process
as sacrificial templates.”®! Galvanic replacement of Ag from
the NWs with Au by immersing the NWs into a solution of
HAuClI, led to the formation of AuAg nanotubes in the first
step. Next, after electrolessly plating more Ag onto the
AuAg nanotubes by suspending the nanotubes into a solu-
tion of L-ascorbic acid and adding AgNO; dropwise, the
nanotubes were immersed into Pd(NO;), solution to form
the outer Pd/Ag alloy shell. This led to the formation of
double-walled nanotubes containing AuAg on the inside,
and PdAg tubes on the outside. The average diameter of
the double-walled nanotubes was about 100 nm.

Tsuji et al.”®! and Ah et al.”®" reported the synthesis of
Au NRs coated with Ag shells by combining the polyol
method with microwave heating or by reaction of Au NRs
with AgCl,’~ ions in NH,OH solution, respectively. In the
latter report, the average diameter of the Au/Ag NRs was
22.5-25.0nm and the length varied between 56.5 and
58.0nm. Wen and Yang synthesized Cu,S NWs by surfac-
tant-assisted growth in solution and coated the NWs with an
Au shell.™! This occurred by depositing Au from HAuCl,
solution onto Cu,S NWs that were synthesized on a copper
substrate by a redox reaction, where the NWs served as the
cathode and the copper surface as the anode. The Cu,S core
was typically 60 nm in diameter and the Au shell was
~20 nm thick. Wang and co-workers prepared Bi,S; NRs by
a solution-based polyol method, and subsequently coated
the as-synthesized NRs with silica by dispersing the NRs in
a solution of the shell precursor, which was composed of tet-
raethoxysilane (TEOS) and ammonia catalyst.”*? The Bi,S;
NRs were 150-180 nm in diameter and hundreds of nano-
meters in length. The thickness of the silica coating was 30—
40 nm.

3.1.2.2. Combined Procedures

The above examples demonstrate chemical methods for
the chemical synthesis of both the core and shell. Other
methods utilize solution methods combined with another
technique for the synthesis of core/shell heterojunctions.
The solution-based system can be employed for the synthe-
sis of the shell or for synthesis of the core. As an example
of solution shell synthesis, Cao et al. first synthesized TiO,
NWs and CNTs by a hydrothermal method and direct-cur-
rent arc discharge, respectively. They synthesized TiO,/
Cds™! and CNT/CdS™* heterojunctions by suspending the
core wires in solution and coating the surfaces chemically
with CdS via KBH, reduction of S powder and CdCl, in
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dried THF. Typically the NWs were micrometers in length
with a TiO, core ~60nm in diameter and a CdS shell
~15 nm thick. Colorado and Barron deposited a ~25-nm
layer of silica onto vapor-phase-synthesized 3-6-nm-diame-
ter SWNTs using a basic sodium silicate solution.®! Han
and Zettl chemically coated SWCNTs made by laser abla-
tion with a 5-nm layer of SnO, by stirring in the Sn precur-
sor solution.”! Dai and co-workers deposited Pt and Au
onto presynthesized single-walled carbon nanotubes by
spontaneous reduction from aqueous solution.[*”!

As an example of solution-based core synthesis, Woggon
et al. synthesized CdSe NRs and CdSe/ZnS core/shell NRs
chemically in solution and then coated them with an epitax-
ial layer of ZnSe using vapor-phase MBE.[**?*! The NRs
were typically 6.7+£0.5nm in diameter and 34.7+0.5 nm
long. Gajbhiye and Bhattacharyya formed e-FesN/GaN
core/shell NWs by wet-chemical procedures combined with
a nitridation process.”” In this example, Fe/Ga citrate
fibers were formed first during the evaporation of citrate
gel and transformed to Fe/Ga oxide in air atmosphere.
Next, the nitridation of Fe/Ga oxide NWs in NH; gas pro-
duced e-Fe;N/GaN heterostructures that were typically
30 nm in diameter and ~1 um in length.

3.1.2.3. Polymer-Containing Structures

Various heterojunctions of chemically synthesized 1D
nanostructures containing polymer materials have been re-
ported. In most cases, the polymer material is used as a
shell to coat metals, semiconductors, or carbon 1D nano-
structures. The polymer coating may be deposited as a shell
after synthesis of the core structures or the entire core/shell
structure may form in a one-pot reaction. Huang et al. de-
scribed a one-pot self-assembly process, where chlorauric
acid reacted with aniline monomers in the presence of
D-camphor-10-sulfonic acid (CSA) as a dopant/surfactant
formed Au/polyaniline (PANI)-CSA nanocables.”*!! The di-
mensions depend on the synthetic conditions, and for a 7:1
molar ratio of aniline to chlorauric acid the diameter of the
nanocables was 50-60 nm and length was 1-2 pm. At higher
concentrations of CSA the diameter was 180 nm and the
length was 1-5 um. Li and co-workers described a one-step
process used to fabricate Ag/polypyrrole (PPY) coaxial
nanocables via reaction between AgNO; and pyrrole mono-
mer.” Qian etal. synthesized Te/poly(vinyl alcohol)
(PVA) nanocables using a different approach.’*! They
formed the core/shell structures via synergistic soft-hard
template effects between Te*" ions and PVA in a one-step
process. The concentration of PVA influenced the diameter
of the nanocables, ranging from 400 nm to 2 pm, with their
lengths reaching tens of micrometers.

In a two-step process, Yang and co-workers coated Si/
SiO, core/shell NWs with polymethylmethacrylate (PMMA)
using an atom-transfer radical polymerization (ATRP) pro-
cess.”™! The (Si/SiO,)/PMMA core/shell NWs are shown in
Figure 13. The average diameter of the Si/SiO, NWs in-
creased from ~ 65 nm to ~ 122 nm after the PMMA coating.
In another example, Kim and Song pregrew Au NRs as
seeds for the polymerization of PPY shells.”®! Caruso’s
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Figure 13. SEM image of PMMA-coated Si/SiO, NWs. Reprinted with
permission from Ref. [244]. Copyright 2005, American Chemical Soci-
ety.

group coated Ni NRs with alternating layers of poly(diallyl-
dimethylammonium chloride) (PDADMAC) and poly(sodi-
um-4-styrenesulfonate) (PSS) polymers using layer-by-layer
deposition and electrostatic attraction.”*! The Ni NRs had
diameters of 65+15nm, and lengths of 1.54+0.25 um. The
eight-layer polymer shell was ~8 nm thick. Kroto and co-
workers used an in situ atom-transfer radical polymerization
process to form poly(N-isopropylacrylamide) (PNIPAAm)
shells around MWCNTs.* Yu etal. formed MWCNT/
PANI core/shell heterojunctions by inverse microemulsion
polymerization.”?*! They controlled the polymer thickness
on the nanotube surface by reaction time and the diameter
of the heterojunction increased from 60 nm after 12 h to 80—
100 nm after 24 h reaction time. Liu et al. described the syn-
thesis of CNTs with polymer shells, where MWCNTs
formed by catalytic CVD were coated with a PMMA layer
by a radical grafting polymerization processing of methyl
methacrylate.*’!

3.2. Soft Templating

Soft templating involves the use of organic or biological
molecules that self-assemble into nanoarchitectures as soft
templates for the synthesis of inorganic materials. For exam-
ple, Stupp and co-workers utilized “dendron rodcoils”
(DRCs), which form helical nanoribbons in ethyl methacry-
late/2-ethylhexyl methacrylate (EMA/EHMA) gels.>" CdS/
DRC helical heterostructures formed from CdNO; and H,S
precursors, where the CdS helix grew onto the DRC back-
bone. The helical structures were 35-100 nm wide with
lengths reaching about 2 pm. Each coil of the periodical
structure repeated every 40-50 nm.

Gazit and co-workers formed metal-insulator-metal
(Ag-peptide-Au) coaxial nanocables from soft biological
templates.> A peptide that self-assembled into nanotubes
served as the template and insulator. They filled the inside
of the nanotubes with silver by incorporating Ag™* ions into
the tubes and then reducing them to silver metal. Attach-
ment of gold nanoparticles to the outer walls of the peptide
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backbone through a thiol-terminated peptide linker and
subsequent reduction of gold ions onto the peptide-bound
gold nanoparticles led to the formation of the Ag/peptide/
Au metal-insulator-metal trilayered heterojunctions. They
were able to obtain a 20-nm-thick continuous film of Au on
the surface of the peptide nanotubes.

3.3. Sonochemistry

Sonochemistry involves acoustic cavitation as a driving
force for reactions to occur in solution. During this process,
bubbles formed in the liquid phase grow and collapse implo-
sively, producing local heating of about 5000°C, pressures
close to 500 atm, and high cooling rates (~10’ Ks').?%
Many reactions may take place under these conditions (oxi-
dation, reduction, dissolution, etc.).

Gao and Wang used sonochemical methods to decorate
SnO, nanobelts with a sheath of CdS nanoparticles forming
core/shell nanobelts/nanoparticles®™! and to fabricate ZnO/
CdS core/shell NR/nanoparticle junctions.™ SnO, nano-
belts prepared previously by a thermal evaporation process
were mixed with cadmium chloride and thiourea in deion-
ized water. Subsequent sonication led to SnO,/CdS hetero-
structure formation. The SnO, nanobelts were 30-200 nm
wide, 10-50 nm thick, hundreds of micrometers long, and
coated with ~10-20 nm CdS nanoparticles. Similarly, ZnO
NRs synthesized by the oxidation of ZnO/Zn particles at
920°C were suspended in deionized water with the same
shell-forming precursors, producing ZnO/CdS heterostruc-
tures after sonication. Typically, the ZnO NRs were 20-
40 nm in diameter and a few micrometers long. The CdS
nanoparticles coating the ZnO NRs ranged from 8.5 nm up
to 20-50 nm in diameter after agglomeration. Qiu et al. fab-
ricated striped Bi,Se; NWs composed of orthorhombic and
hexagonal phases produced by pulsed ultrasound, where
ultrasonication accompanied the passing of current through
the cell.”! The average phase length was about 30 nm for
29.2-nm-thick NWs with an AR of ~13.2. Yan and co-work-
ers deposited SnO, nanorods on o-Fe,O; nanotubes by
ultrasonication of the nanotubes in a reverse micelle solu-
tion with the addition of Sn(OH)s>" ions.™ The nanorods
grew preferentially along the [101] direction, forming
angled architectures with the length controlled by the reac-
tion time. The NRs were about 70 nm long following a reac-
tion time of about 6 h. Zhang et al. used reverse micelles
and ultrasound to fabricate Ag/polystyrene (PS) core/shell
NRs.*") Metal particles formed in a reverse micelle solution
subsequently grew into Ag NRs when treated with ultra-
sound. Finally, a 0.5h ultrasound treatment of a solution
containing the polymer precursors and CO, led to 30 nm
average diameter Ag NRs coated with a 5-nm-thick PS
layer and a length of 200+40 nm. The diameter remained
constant with increasing sonication time while the length in-
creased to 390+30 nm.

Xia and co-workers combined sonochemistry with other
techniques to produce interesting heterojunctions. They ul-
trasonically synthesized trigonal Se NWs, which were subse-
quently heated in a solution containing appropriate precur-
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sors to grow RuSe, or Pd;;Se;s shells on the Se NW
cores.™® The Se NW templates were 10-100 nm in diameter
and the length could reach ~100 pum. The RuSe, shell thick-
ness was 2-4 nm. They also grew overlayers of CdSe onto
sonochemically prepared Se NWs by treatment of the as-
prepared NWs in a Cd**-containing solution.® Stirring at
100°C led to the formation of a 5-10-nm-thick CdSe wall on
the NW core.

3.4. Other Solution Systems

Zhu and co-workers demonstrated an interesting
method for fabricating p—n junctions in Si NWs.? Si p-n
wafers prepared in a UHV CVD system by n-type silicon
film deposition (9 pm thick) on p-type Si wafers were used
as precursors. Selective etching at 50°C in HF solution with
the addition of AgNO; formed p-n Si NW arrays arranged
parallel to each other with the length depending on etching
time. Typically, the Si NWs were single-crystalline with di-
ameters ranging from 30 to 200 nm and lengths of 10-
20 pm.

Fang et al. used the solution-liquid—solid—solid (SLSS)
method to fabricate Sn-filled In(OH), nanotubes.”®"! This is
a single-step procedure where the liquid part of an In-Sn
droplet serves as a catalyst and source of precursors to the
nanostructure at the same time. In foil, Sn foil, and NaOH
served as precursors, and were heated at 180°C for 30 h.
Slow dissolution of Sn in the In droplet forms an alloy that
during precipitation divides into a solid Sn core and solid
In(OH); shell under oxidizing conditions. Also, depending
on the In precursor concentration, the nanotubes may have
an open or closed end. The diameter of the Sn/In(OH);
NWs was ~70 nm for the core and ~10-20 nm for the shell.
NWs with nonuniform diameters were also present, where
the thicker part was about 220 nm with a 50-nm-thick shell,
which gradually decreased to 80 nm with a 20-nm-thick
shell.

4. Template-Directed Synthesis

In the early 1990s, Martin and co-workers pioneered the
use of hard templates in the synthesis of metal and polymer
tubules, rods, and wires by electrochemical or electroless
deposition in porous membranes followed by dissolution of
the membrane.’®>?3! The commercially available mem-
branes, usually polycarbonate or alumina, contain a con-
trolled density of well-defined, uniform pores with diame-
ters ranging from 15 nm to 1.2 um. The diameter of the re-
sulting nanostructures formed inside these templates is de-
termined by the pore diameter and the length is determined
by the membrane thickness, which are both variable. There-
fore, the final AR of the 1D structures is easily controlled
by these two parameters. Since these early studies on one-
component materials, many groups have utilized the same
approach to fabricate 1D nanostructures that comprise mul-
tiple components containing heterojunctions. NWs, NRs,
and NTs containing M-M, M-SC, M-C, or M-P junctions
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have been formed by sequential deposition of the metal,
semiconductor, carbon, or polymer in the pores of the mem-
branes. The 1D structures usually contain segmented hetero-
junctions, however, strategies exist for fabricating core/shell
or coaxial heterojunctions as well. It is important to note
that Hurst et al. recently published an excellent review on
the preparation of multisegmented 1D nanorods by hard-
template methods.”! We will review these template-based
methods for forming heterojunctions in the following sec-
tions, categorizing the examples into electrochemical, elec-
trochemical combined with other methods, methods involv-
ing electrophoretic deposition, and non-electrochemical
methods. The sections are further divided into segemented
and core/shell heterojunctions.

4.1. Electrochemical Deposition in Templates

4.1.1. Segmented Heterojunctions

The general procedure for electrochemical deposition of
segmented structures is outlined in Scheme 3. The first step
is to evaporate metal on the backside of a polycarbonate or
alumina membrane template. It is best to use a metal that is

Pore Membrane

|

E°(A™,A%) > E° (B™,B?)
[A™] << [B™]

STEP 3
Electrodeposit
Metal Segments

STEP 1
Ag Metal
Evaporation
On One Side

“Single Bath"

Bath 1 (Deposit A)

Art

STEP 2
Ag

1
1
1
Ag 1
1
1
VA A
1
Electrochemical 1
Deposition 1
l / : Bath 2 (Deposit B)
1
1
1 1
2 !
1
1
1
1

“Alternating
Bath”

Scheme 3. Schematic illustration of the procedure for forming seg-
mented metal NRs and NWs electrochemically in hard templates by
the single-bath or alternating-bath procedure.

easy to dissolve later, such as Cu or Ag, but Au has also
been used. Next, some Cu or Ag may be electrochemically
deposited to fill in the pores slightly before depositing the
materials of interest (Step 2). Step 3 is to electrochemically
deposit the different segments of the NW with the materials
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of interest. The segments are most commonly metals, how-
ever, semiconductors and polymers may also be electro-
chemically deposited into the pores. There are two main
ways to perform Step 3. The
first is by using a single plat-
ing bath containing the pre-
cursors of all of the materials
to be deposited. This strategy
has been utilized mainly for
depositing different segments
of metal from their corre-
sponding ions. As shown in
Scheme 3, in the case of two
metals with different reduc-
tion potentials, the more
noble metal (A) can be se-
lectively deposited at a po-
tential that is more positive
than the reduction potential
of the second metal (B). The
potential is then poised more
negative to deposit the
second metal. However, at a
more negative potential both
of the metals will codeposit.
The concentration of the
second metal in the plating
solution is made much higher
than the more noble first
metal ([B""]>[A""]) in
order to minimize the
amount of noble metal de-
posited during deposition of
the second metal. The
second strategy for Step 3 in
Scheme 3 is by simply depos-
iting material from one plat-
ing bath and then switching
to a new plating bath containing a different material of in-
terest to form different segments. This takes more time
since it involves switching plating solutions, but it avoids
having a small contamination of the more noble metal when
the second metal is deposited.

One of the earliest examples of multicomponent tem-
plate-synthesized NWs is the work of Piraux et al., who syn-
thesized Co/Cu segmented wires by electrochemical deposi-
tion in the pores of polycarbonate for studies of giant mag-
netoresistance (GMR) using a single plating bath.**! The
polycarbonate pores ranged from 10 to 50 nm in diameter.
The first step in the synthesis was the evaporation of a thin
film of copper on one side of the membrane, which served
as the working electrode. Then, Co/Cu multilayered nano-
wires were deposited by electrochemical deposition from a
single sulfate-plating bath containing both Cu?' ions
(107 M) and Co*" ions (0.5 m). The electrochemical poten-
tial was pulsed between —0.2 V and —0.9 V, where Cu and
Co were deposited, respectively. At —0.2'V, only Cu depos-
its because the potential is not sufficiently negative to
reduce Co. At —0.9V, Co and Cu both deposit, but only

200 nm
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trace amounts of Cu deposits due to the much lower con-
centration in the plating bath. Figure 14 A shows a TEM
image of a wire formed by this procedure. The Co (light

100 nm i 100 nm

Figure 14. TEM images of segmented NWs prepared electrochemically in a single bath. A) A Co/Cu seg-
mented NW made in a polycarbonate membrane. B) A Ni/Pt superlattice prepared in an AAO template.
C) A CoPt/Pt segmented NW from AAO. D) A Bi/Sb segmented NW made in AAO. A) reprinted with per-
mission from Ref. [264]. Copyright 1994, American Institute of Physics; B, D) reprinted with permission
from Refs. [279] and [285], respectively. Copyright 2005, American Chemical Society; C) reprinted from
Ref. [283]. Copyright 2004, with permission from Elsevier.

bands) and Cu (dark bands) segments are clearly observable
in the image. The NW is about 40 nm in diameter and each
segment of Co and Cu are about 10 nm thick, which is con-
trolled by the charge passed during the pulsed deposition at
the two different potentials. The same group reported other
work on the GMR of Co/Cu>* and NiFe/CuP” sege-
mented NWs using a similar approach. The single-bath ap-
proach is crucial for the synthesis of these superlattice NWs
with multiple small segments within one NW since switching
between plating baths would be a long and tedious ap-
proach.

Following this early work, other groups synthesized dif-
ferent types of segmented magnetic wires using a similar
single-bath, pulsed-deposition approach. For example, Sear-
son and co-workers synthesized Co/Cu®®! and Ni/CuP?*2"
for studies of GMR and other magnetic properties. They
also synthesized Pt/Ni/Pt wires for magnetic assembly, but it
was not clear if this was achieved using a single plating bath
or alternating solutions.””?! Schwarzacher and co-workers
synthesized Co-Ni-Cu/Cu???”! and NiCu/Cu®?’®! NWs and
studied GMR and remanant magnetization of the nano-
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structures. Bai and co-workers fabricated Ni/Cu particles®”!
from Ni/Cu segmented nanowires and prepared arrays of
Ni/Cu?”® and Ni/Pt?™! segmented wires with enhanced coer-
civity and high remanence ratio. A TEM image of a 50-nm-
diameter Ni/Pt nanowire is shown in Figure 14B. Other ex-
amples of single-plating-bath approaches include the fabri-
cation of Ni/Cu,” Au/Co,”"1 Co/Cu,? CoPt/Pt,*® and
Ni/CuSn/Ni®*! segmented NWs for studies of magnetic
properties, spin valves, and
magnetic manipulation. Fig-
ure 14C shows an example
of a bamboo-shaped CoPt/Pt
nanowire resulting from thin-
ner 300-nm-long segments of
CoPt compared to the thick-
er 20-nm-long Pt segments,
which is thought to occur by
partial etching of Co in the
acidic electrolyte solution.”**
Finally, Xue etal. synthe-
sized segmented Bi/Sb super-
lattice nanowires by electro-
deposition in anodic alumina
templates from a single etha-
nol plating bath.®™ Fig-
ure 14D shows a TEM image
of two of the four different
kinds of structures synthe-
sized.®™ Blondel etal. pre-
pared Co/Cu segmented
NWs by single-bath and al-
ternating-bath techniques
and compared the magneto-
resistance of the prepared
structures.**®!

Several groups have also
used alternating plating solu-
tions (Scheme 3) to synthe-
size NWs with various elec-
trochemically deposited
metal, semiconducting, or
polymer segments. One of the early examples is the work of
Natan, Mallouk, and co-workers, who synthesized striped
Au/Pt nanorods inside an alumina template by evaporating
Ag on the backside of the membrane, electrochemically de-
positing a small amount of Ag inside the pores, and finally
electrochemically depositing segments of Au and Pt sequen-
tially from separate commercially available plating solu-
tions.””) The Ag and alumina membrane were then dis-
solved to release the striped Au/Pt nanorods, which were
suspended in solution. The different chemistry of Au and Pt
allowed for selective assembly of different molecules on the
two segments. Following this work, Natan and co-workers
synthesized various striped nanorods in alumina templates,
which they refer to as metallic barcodes.">**! Au/Ag rods
are the most common, but they have also demonstrated
rods containing Pd, Pt, Ni, Cu, and Co by sequential deposi-
tion in alumina templates using alternating plating baths of
the individual metal. The rod diameters are generally 200—

Chemical Society.
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300 nm with lengths of 4-10 um. The different metal seg-
ments are distinguishable optically by their different reflec-
tivity. Changing the lengths of the segments and the metal
leads to a variety of different patterns (barcodes). The met-
allic barcodes can be used to detect biological molecules
based on bioassay chemistry and optical detection.*” Fig-
ure 15 A and B shows the optical image and SEM image of
a striped Au/Ag nanorod, respectively.”®! The segments are

Figure 15. A) Optical image of an Au—Ag striped nanorod with corresponding FE-SEM image of the same
heterostructure in (B). C) SEM image of Au/CdSe/Au nanowires synthesized in a polycarbonate mem-
brane. D) SEM image of a Au/Ni nanowire bundle with ferromagnetic attraction. A, B) are from Ref. [288],
reprinted with permission from AAAS. C) Reprinted with permission from Ref. [295]. Copyright 2002,
American Chemical Society. D) Reprinted with permission from Ref. [300]. Copyright 2003, American

observable in both images. The five Au segments are con-
stant at 550 nm in length and the variable Ag segments are
60, 110, 170, and 240 nm in length from bottom to top.”*"
The Ag segments appear brighter in the optical image due
to its higher reflectivity. Note that in these examples of al-
ternating plating baths, there are generally fewer and longer
segments compared to the single-bath NWs, partially due to
the inconvenience of switching baths and the fact that super-
lattices were not required for this application. Keating and
co-workers also synthesized Au/Ag metal barcodes and
those containing other metals such as Co, Cu, Ni, Pt, and
Pd.?>?¥ These studies were aimed at understanding their
reflectivity,*”” fluorescence,™ stability,” and issues relat-
ed to DNA-hybridization efficiency.”*

Mallouk and co-workers synthesized Au/CdSe/Au and
Ni/CdSe/Ni segmented NWs by alternating the electrochem-
ical deposition in polycarbonate membranes using commer-
cially available plating solutions for the Au and Ni segments
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and an acid solution of CdSO, + SeO, for deposition of the
semiconducting CdSe segment.”™ The SEM image in Fig-
ure 15C shows the Au/CdSe/Au wires, where the Au ends
appear brighter. These metal-semiconductor-metal junc-
tions exhibit interesting photoconductive behavior. They
also synthesized Au/Sn/Au NWsP* in polycarbonate for
studies of interdiffusion and both Pt/Au®” and Pt/Ni/Au/Ni/
AuP®! wires for studies on their motor properties driven by
the formation of oxygen at the Pt segments due to catalytic
decomposition of hydrogen peroxide. Fournier-Bidoz et al.
synthesized Au/Ni NRs from alumina templates and
attached the rods to a silicon surface through the Au
ends.”! The catalytic decomposition of hydrogen peroxide
to form oxygen at the unattached Ni ends led to a constant
circular movement of the rods, behaving as self-propelled
nanorotors.*

Whitesides and co-workers used the alternating deposi-
tion method to form Ni/AuP” and CoNi/Aul" segmented
rods that were 400 nm and 80 nm in diameter, respectively,
and a few micrometers in length. Ni/Au rods formed three-
dimensional assemblies, as shown in Figure 15D, based on
their magnetic interactions,”™ and CoNi/Au rods trapped
magnetic Fe,O; nanoparticles at the interface between seg-
ments due to the high magnetic-field gradients generated at
the ferromagnetic (CoNi)/diamagnetic (Au) heterojunc-
tions.”) Meyer and co-workers synthesized Au/Ni segment-
ed NWs in alumina templates that were typically 200-
350 nm in diameter and 10-20 um in length and studied se-
lective functionalization,?™ protein adsorption,”™ and mag-
netic trapping.”! Hangarter and Myung synthesized Ni/Au/
Ni and Ni/Bi/Ni segmented NWs and demonstrated align-
ment in magnetic fields."* They deposited Au segments
from a commercial plating solution and Ni and Bi from Ni-
(H,NSOs5), and Bi(NOs); or BiCl, solutions, accordingly, in
an alumina template to form wires that were 100-200 nm in
diameter and 10-20 pm in length. Xue et al. synthesized Ni/
Fe multisegmented nanowires by electrodeposition in alumi-
na from alternating solutions and studied their coercivity
mechanism.®®  Zhou and co-workers synthesized Pt/
Ni,[#37 pt/Ru,*3%! and Pt/RuNi*! NRs in alumina tem-
plates that were typically ~200 nm in diameter and 1-2 um
long. They studied the important electrocatalytic properties
of these materials in methanol electro-oxidation as a func-
tion of composition and different segment configura-
tiOnS.[45‘307’308]

Searson and co-workers synthesized two-component Au/
Ni NRs in alumina templates by alternating electrochemical
deposition for applications in gene delivery,*! self-assem-
bly,”! and vaccination.®'”! They also synthesized and assem-
bled three-component Au/Pt/Aul*” and Au/Ni/Au'32 NRs
in an end-to-end fashion by selectively functionalizing the
shorter Au segments with biotin and connecting the NRs
through biotin-avidin linkages. Mirkin and co-workers syn-
thesized Au/Ni/Au NRs in alumina templates for biomolec-
ular separations, utilizing the specific chemistry of the differ-
ent metal segments and ferromagnetic properties of Ni for
magnetic removal from solution.***" They also studied the
self-assembly properties of two-segment Au/polypyrrole
(Ppy) and three-segment Au/Ppy/Au NRs synthesized by
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electrochemical deposition in alumina templates.* Au is
deposited as usual and the Ppy segments are deposited by
electrochemical oxidative polymerization of pyrrole. These
rods self-assembled into interesting two- and three-dimen-
sional structures as shown in Figure 16 A.M! Similarily, this

Figure 16. A) SEM image of assembled Au—Ppy segmented NRs.

B) TEM image of a PANI shell around a CdS NW. C) SEM image of
AgNW/CNT segmented heterojunctions. A) Reprinted from Ref. [46]
with permission from AAAS. B) Reprinted from Ref. [316]. Copyright
2005, with permission from Elsevier. C) Reproduced with permission
from Ref. [317].

group synthesized Au/Ppy/Au and Au/Ppy/Cd/Au segment-
ed nanorods and studied their behavior as nanoresistors and
diodes.”™ Ag or Cd, CdSe, or polyaniline could alternative-
ly be used for the metal, semiconductor, or polymer seg-
ments, respectively. Whitesides and co-workers synthesized
Au/polyaniline (PANI) segmented 1D nanostructures by de-
positing Au and PANI sequentially in anodic aluminum
oxide (AAO), but also deposited a self-assembled mono-
layer (SAM) of p-mercaptoaniline on the Au before PANI
deposition to improve adhesion between layers.*"”!
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4.1.2. Core/Shell Heterojunctions

The work of Xi et al. represents an example of a core/
shell heterojunction prepared by an electrochemical deposi-
tion method from alternating solutions in hard templates.'®!
The group synthesized a CdS/PANI core/shell coaxial nano-
cable inside an AAO membrane. The diameters of the CdS
core and PANI tube were about 50 nm and 90 nm, respec-
tively. The procedure involved sputtering a conductive layer
of Au on the AAO membrane to serve as the working elec-
trode. Next, they electrochemically deposited the PANI
nanotube by cycling between —0.2 and +0.7 V versus a
standard calomel electrode (SCE) at 100 mVs™' for
400 cycles in a solution of 1M HCIO, + 0.5M aniline. Final-
ly, they filled in the hollow interior of the PANI nanotubes
by electrochemically depositing CdS from a solution of
0.055m CdCl, and 0.19M sulfur. They studied the photolumi-
nescent properties of the coaxial nanocables. Figure 16B
shows a TEM image of the CdS/PANI core/sheath structure
where the PANI shell and CdS core are easily distin-
guished.”'! Whitesides and co-workers synthesized PANT/
Au core/shell nanotubes by electrochemically polymerizing
PANI first in an AAO membrane and then electrochemical-
ly depositing Au under high-pH conditions, which leads to
deposition of Au on the outside of the PANI instead of
inside the PANI tube because PANI is insulating and the
membrane pore widens by dissolution at high pH. The Au-
shell coverage is controlled by deposition time.!

4.2. Combination of Electrochemical and Chemical
Processes in Templates

4.2.1. Segmented Heterojunctions.

There are several examples of segmented NRs and NWs
containing heterojunctions synthesized by combining elec-
trochemical deposition in hard templates with some other
chemical procedure, such as chemical vapor deposition
(CVD), layer-by-layer assembly, electroless deposition, ther-
mal heating, chemical anodization, and chemical assembly.
For example, Zhu and co-workers combined electrochemi-
cal deposition with CVD to form various M-SC and
M-CNT 1D end-to-end heterojunctions.®7*!1 Specifically,
they synthesized Ni/CNT,P"301 Ag/Sj B1*321 ptSj/Si 19321
Ag/amorphous-CNT,F'"73"1 and  Ni/MWCNT/amorphous-
CNTB!® heterojunctions by first depositing the Ni, Ag, or Pt
segments in AAO templates from common plating solutions
and then depositing CNT and Si segments on the tips of the
metal by CVD through the decomposition of ethylene or
the reaction of SiCl, with H,, respectively. Diameters
ranged between 30 and 100 nm and lengths between 7 and
90 um and importantly the authors used AFM and micro-
fabricated electrodes to study the interesting electron-trans-
port characteristics of the 1D heterojunctions. Figure 16C
shows an example of Ag/amorphous-CNT heterojunctions
prepared by this method.”'”! Mallouk and co-workers syn-
thesized films of ZnO-PANI, TiO,-PANI, or TiO,-polysty-
renesulfonate (PSS) sandwiched between Au, Ag, or Pt seg-
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ments.?>33] The films of semiconductor particles and PANIT
or PSS were deposited through electrostatic interactions
using layer-by-layer assembly while the metal segments
were deposited electrochemically in polycarbonate or alumi-
na membranes. The M/(ZnO-PANI)/M, M/(TiO,-PANI)/M,
and M/(TiO,-PSS)/M junctions exhibit interesting electronic
properties. Mock et al. synthesized Ag/Au, Au/Ag/Au, and
Ag/Au/Ni segmented NWs that were 30 nm in diameter and
~7 pm in length in polycarbonate membranes and studied
their light-scattering properties.®?"! The Au and Ni segments
were deposited electrochemically in a similar manner to
previous studies, but the Ag segments were deposited with
an electroless-plating bath since they found that the electro-
chemical Ag plating bath tended to dissolve the poly-
carbonate (PC membrane. Tresback et al. synthesized Au/
SnO,/Au and Au/NiO/Au segmented heterojunction NWs
by electrochemically depositing Au/Sn/Au and Au/Ni/Au
metal segments and then thermally oxidizing the Sn seg-
ment to SnO, and the Ni segment to NiO by a two-step and
one-step heat treatment, respectively.”” These metal-
oxide-metal heterojunction nanowires (~60 nm in diameter
and 2 um in length) have potential applications in nanoelec-
tronics and chemical sensing. Sokolov et al. described the
synthesis of Ni/NiO/Co NWs by electrochemical deposition
of Ni, chemical anodization of Ni in a pH 8.4 solution of
Na;BO; and H,B,0;, and finally electrochemical deposition
of Co from a nonaqueous plating bath to avoid dissolution
of the oxide.”® They formed the ~80-nm-diameter and
6-um-long segmented wires in polyester track-etch mem-
branes and performed magnetotransport studies. Li and
Wiley synthesized structured Au tips in alumina templates
from multicomponent NWs using combined chemical and
electrochemical methods.’” Filling of the templates in-
volved glue coating, Ni electrochemical deposition, Ni
chemical oxidation, and Au electrochemical deposition. Dis-
solution of the Ni, glue, and template resulted in single-
component structured Au tips that were formed from the
Au/NiO heterostructured materials.

Lee et al. demonstrated the synthesis of multisegmented
nanotubes, as opposed to all of the examples described up
to this point of segmented or core/shell NRs, through the
combination of chemical and electrochemical methods.?"
The chemical process involved the deposition of Ag nano-
particles onto the inner walls of the AAO membrane used
in the study by sequential immersion into aqueous solutions
of SnCl, followed by AgNO;. This cycle, usually repeated
about six times, results in the deposition of metallic Ag
nanoparticles on the AAO walls by chemical reduction of
Ag' with surface-bound Sn" ions. With Ag particles chemi-
cally attached to the inner walls of the template, metals sub-
sequently deposited electrochemically into the pores prefer-
entially grow along the membrane walls to form nanotubes
as opposed to the usual formation of NRs. Deposition of
continuous tubes depended greatly on the deposition rate;
slow rates (<0.4 mAcm™) led to solid NRs and fast rates
(>3.0mAcm™) led to highly porous, mechanically unstable
nanotubes. An intermediate rate of current density (2.2 to
2.5mAcm?) was optimal for smooth, continuous nano-
tubes.'” This method led to the formation of Au/Ni/Au/Ni/
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Au segmented nanotubes with some Ag nanoparticle impur-
ities. Ag, Pt, Pd, Fe, Co, and Ni could also be incorporated
into the segments to prepare various barcoded nanotubes.
SEM images of the Au/Ni segmented nanotubes are dis-

played in Figure 17 with the segments labeled appropriate-
[328]

\ rﬁﬂ.\lh—m A N —

Figure 17. SEM image of Au/Ni segmented nanotubes synthesized in
an AAO membrane. Reproduced with permission from Ref. [328].

4.2.2. Core/Shell Heterojunctions

Core/shell structures have also been synthesized in hard
templates by combining electrochemical and chemical pro-
cedures. This usually occurs by either 1) synthesizing NRs
or NWs in the pores of the membrane electrochemically
first and then chemically functionalizing the NR with a
shell, or 2) chemically functionalizing the inner walls of the
membrane to form a nanotube and then electrochemically
filling in the nanotube. We will describe examples of both
approaches below.

Using the first approach, Kolmakov et al. synthesized
Sn/SnO or Sn/Sn0O, core/shell NWs by electrochemically de-
positing Sn in the pores of an AAO membrane, releasing
the wires by dissolution of the template, and then thermally
oxidizing the Sn to form the oxide shell.’”! The Sn core was
formed by ac electrodeposition from a solution of SnCl, at
pH 1 and the formation of the oxide shell was controlled ki-
netically, revealing several different phases. The diameters
of the NWs ranged from 30 to 50 nm and the lengths were
~50 um and, importantly, the oxidation procedure resulted
in preservation of the NW structure. These wires have po-
tential sensing and optoelectronic applications. Chatterjee
et al. synthesized Au/Au,S core/shell NRs of ~100 nm in di-
ameter and 1 pm in length by a combined electrochemical
and chemical process in the pores of a polycarbonate mem-
brane.™ They first deposited Au electrochemically from a
tetrachloroauric acid solution, then dissolved the poly-
carbonate membrane in chloroform, and finally coated the
rods with Au,S by chemically treating them with thiourea
and a few drops of ammonia solution at 343 K. Wang et al.
electrochemically deposited Zn into polycarbonate or AAO
membranes from a ZnCl, solution at different potentials
and temperatures.’*!] The wires were 40 to 100 nm in diame-
ter and several micrometers in length. The structure could
be single-crystal, nanocrystalline, or polycrystalline com-
posed of Zn, ZnO, or Zn and ZnO composites, depending
on the preparation. Under one set of conditions (low tem-
perature and low reduction potential), pure Zn wires
formed but were oxidized after removal from the template
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to form core/shell Zn/ZnO structures.™ Under another set
of conditions (high temperature and high reduction poten-
tial), wires with alternating segments of Zn and ZnO
formed.

The next two examples are of segmented NWs that have
been chemically coated to form segmented and core/shell
wires. For example, Qin et al. synthesized ~360-nm-diame-
ter, 2-5-pm-long segmented Au/Ag and Au/Ni NWs electro-
chemically in alumina templates that were subsequently re-
moved from the template, dispersed onto a substrate, and
coated with Au/Ti or SiO, by thermal evaporation or
plasma-enhanced CVD, respectively.’* Sonication removed
the wires from the substrate, which had a structure of seg-
mented metal wires partially coated by a Au/Ti or SiO,
shell. The shell served as a backbone to stabilize the Au seg-
ments following a post-etching treatment of the Ag or Ni
segments to form nanometer gaps whose dimensions de-
pended upon the length of the sacrificial Ag and Ni seg-
ments.”* They deposited a mixture of polyethylene oxide
and polypyrrole into one of the gaps using dip-pen nanoli-
thography and characterized the electronic properties of the
Au/polymer/Au heterojunction. Similarily, Sioss et al. com-
bined electrochemical and chemical processes to form seg-
mented nanowires containing Au, Ag, and Ni coated with a
SiO, shell that was 60 to 100 nm in diameter and a few mi-
crometers in length.’® They electrochemically deposited
Au, Ag, and Ni into porous alumina templates with the Ni
between the more noble Au and Ag segments. After releas-
ing the wires from the template, treatment in a solution of
tetraethylorthosilane and NH,OH led to a SiO, shell that
coated the entire surface. The Ni segments were chemically
etched in H,SO, to form various chains of Au, Ag, and al-
ternating Au-Ag particles, whose optical properties depend
on the metal, size of segments, and spacing.”*”

Mallouk and co-workers demonstrated examples of both
of the above-described approaches to form core/shell
NWs.??! In the first approach, they synthesized metal NRs
in the pores of a membrane template and then functional-
ized the metal with a shell containing a film of semiconduc-
tor particles and polyelectrolyte. The film was prepared by
alternating layer-by-layer deposition of ZnO or TiO, col-
loids with polystyrene sulfonate (PSS) to form a ZnO-PSS
or TiO,—PSS shell held together electrostatically. The overall
structure is a metal/(ZnO-PSS),ZnO or metal/(TiO,—
PSS),TiO, core/shell material, where n represents the
number of shell layers.” Mallouk’s group also formed
core/shell NWs using the second approach, where the walls
of the membrane were coated first followed by electrochem-
ical deposition.*?3+3%¢ In one example, they synthesized
tubes of TiO,—PSS or ZnO-PSS by layer-by-layer deposition
on the membrane walls. Next, they electrochemically depos-
ited Au or Ag to form Au(Ag)/TiO,~PSS or Au(Ag)/ZnO-
PSS core/shell 1D structures."?! In another example, the
membrane walls were coated chemically with SiO, by sur-
face sol-gel deposition involving repetitive adsorption and
hydrolysis of SiCl,.****! In this case, they electrochemically
deposited Au, Au-CdS-Au, or Au-CdSe-Au, leading to the
formation of Au/SiO,**! or (Au-CdS(Se)-Au)/SiO,*4 core/
shell 1D structures. The wires usually had diameters of 40 to
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300 nm and lengths on the order of 10 um. Figure 18 shows
a TEM image of a Au/SiO, NW prepared by this
method.”*! The Mallouk group also fabricated on-wire p-n
heterojunction diodes using both methods on the same

/Au
" sio,

100 nm

Figure 18. TEM image of a Au nanowire sheathed by a SiO, nanotube.
Reproduced with permission from Ref. [336].

nanostructure.’! In this case, TiO,~W,,0,, films were de-
posited on the inner walls of the AAO membrane by alter-
nating immersion in aqueous (NH,),,W,0,; and TiO, solu-
tions. Subsequent electrochemical deposition of Au led to
the formation of Au/(TiO,~W;,0,) core/shell wires by
method 2. These wires were then further functionalized
chemically (method 1) using layer-by-layer assembly of
polyaniline (PANI) and oxidized single-walled carbon nano-
tubes (SWCNT,,) to form a final structure of Au/(TiO,—
W,,04)5/(PANI-SWCNT,,),PANI.P*! The various structures
studied by Mallouk and co-workers are important for the
fabrication of nanoscale transistors, diodes, and other elec-
tronic functions.

Cepak et al. synthesized conductor/insulator/conductor
and insulator/conductor/insulator composites in an alumina
membrane by method 2.%*"! In this case, they sequentially
deposited Au and poly(2,6-dimethylphenol) (PPO) chemi-
cally on the inner walls of the membrane to form the two
outer shells and then electrochemically polymerized Ppy
down the middle to form the final Ppy/PPO/Au core/shell/
shell structure. A similar approach with different chemistry
led to the formation of an Au/polyacrylonitrile/C core/shell/
shell nanostructure. Ku et al. used a similar method to syn-
thesize Te/Au core/shell nanocables.***! Au was deposited as
a tube along the walls of the membrane by electroless depo-
sition and Te was deposited electrochemically (slowly) to fill
in the core of the nanocable. Wu et al. combined a chemical
and electrochemical process to form very interesting meso-
structured arrays that have somewhat of a coaxial struc-
ture.’™™ They first filled the pores of an alumina template
with mesostructured silica using a sol-gel dip-coating proce-
dure involving triblock polymers containing poly(ethylene
oxide) and poly(propylene oxide) to direct the interesting
multilayer-stacked donuts and single- or double-helical
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structures observed. Subsequent electrochemical deposition
of Ag, Ni, or Cu,O into pores containing mesostructured
silica also led to 1D metals with these interesting structures.

4.3. Methods Involving Electrophoretic Deposition in Hard
Templates

Cao and co-workers developed a method for forming
Ni/V,05-nH,0 core/shell NRs by a two-step electrochemi-
cal/electrophoretic deposition method and studied their Li*
-intercalation properties.*****! In the first step, they formed
Ni NRs by electrochemical deposition into track-etch poly-
carbonate membranes with diameters of 200 nm and lengths
of 10 um. Attachment to a titanium plate before dissolution
of the polycarbonate in methylene chloride led to free-
standing Ni NRs. Subsequent electrophoretic deposition of
V,05-nH,0 from a sol solution prepared from V,05 powder
dissolved in 30% H,O, led to freestanding Ni/V,05nH,0O
core/shell NRs.

Limmer et al. synthesized SiO,/Au or TiO,/Au core/shell
NRs in polycarbonate templates by first forming SiO, or
TiO, NRs in the template by sol-gel electrophoresis, then
removing the membrane by heat treatment and attaching
Au particles to the NRs chemically by using aminopropytri-
methoxysilane (APTMS), and finally reducing HAuCl, onto
the attached Au particles to form the Au shell.*

4.4. Non-Electrochemical Deposition Methods in Hard
Templates

There are a few examples of non-electrochemical depo-
sition methods in templates to form 1D heterojunctions.
The first example combines a chemical method with CVD.
Cepak et al. deposited Au chemically by electroless deposi-
tion on the walls of a polyester template, released the Au
tubules, and then coated them with TiS, by CVD to form
Au/TiS, core/shell tubules.” The next two examples are
vapor-phase growth methods; Liu et al. synthesized ZnO
nanowires with intramolecular end-to-end p-n junctions in
AAO membranes.**! ZnO and graphite powders were used
as the source material and growth occurred in a tube fur-
nace at 4 Pa and 900 °C. In order to form the p-n junction, a
boron dopant was added to the source material during the
first part of the growth process and then removed for the
second step of the growth. Lu et al. used an all-CVD growth
process to form Si/CNT core/sheath 1D NWs in an alumina
template (Figure 19).°*! The template was placed in the
CVD reactor at 700°C under a flow of H, and Ar. They in-
troduced acetylene to the reaction chamber first for 1 h to
form the CNTs and then switched the flow to SiH, for 1h
to form the Si component. Open-ended CNTs form along
the walls of the membrane in the first step and Si NWs fill
in the hollow interior of the CNTs to form the core/sheath
structure shown in Figure 19.5%

Son et al. used an all-chemical process to form Fe;O,/
silica core/shell heterostructures with potential applications
in bioseparations and drug delivery.®*! First, they chemical-
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Figure 19. TEM images of a Si NW coated with a CNT (inset is a SAED
pattern of the Si NW). Reprinted with permission from Ref. [345] with
kind permission from Springer Science and Business Media.

ly formed silica nanotubes by
surface sol-gel deposition on A
the walls of porous alumina,

using the methods developed

by Martin and Mallouk’s
groups. Then, they filled in —
the silica nanotubes with g
Fe;O, nanoparticles by dip-
coating in a solution contain-

ing FeCl; and FeCl, and im-
mersing in a solution of
NH,OH.

GaN NW

F. P. Zamborini et al.

ness of the shell depended on the europium precursor con-
centration; for a 10 wt % soution the shell was 7.0-8.0 nm,
but when the concentration was halved the shell thickness
decreased to 4.0-5.0 nm.

5.2. Lithography

5.2.1. Electrochemical Dip-Pen Nanolithography (E-DPN)

Liu and co-workers fabricated GaN/Ga,O; NW hetero-
junctions by E-DPN, which involves performing local elec-
trochemical reactions on a GaN NW underneath an atomic
force microscopy (AFM) tip.**) The NWs were typically
~100 nm in diameter and several micrometers in length.
Figure 20 A illustrates the experimental setup where a
KOH-coated silicon AFM tip is placed over a surface-
bound n-type GaN NW. Under a humid atmosphere, a layer
of condensed water exists between the AFM tip and the sur-
face. Applying a voltage between the tip and surface creates
a localized electrochemical cell, leading to site-selective oxi-
dation of the GaN NW under the AFM tip to form seg-

g

KOH
ink —

Ga,0,

Figure 20. A) AFM-based E-DPN experimental procedure. B) GaN/Ga,0; NW heterojunction fabricated
using E-DPN. Reprinted with permission from Ref. [349]. Copyright 2004, American Chemical Society.

5. Other Methods
5.1. Growth in Supercritical Fluids

Superecritical fluids (SF) have characteristics of both lig-
uids and gases. For example, SFs are able to solubilize many
reagents (like liquids), but they also have the characteristics
of gases, such as low viscosity, high diffusivity, and no sur-
face tension. These qualities allow for high penetration of
SFs into hollow structures with very small diameters or diffi-
cult-to-reach regions, such as CNTs. Accordingly, Wai and
co-workers filled MWCNTSs with metals in a SF medium.*”
The presence of MWCNTs in supercritical CO, together
with the metal-chelate precursor M(hfa), H,O (hfa=hexa-
fluoroacetylacetonate; M =Pd, Ni, Cu) resulted in rapid fill-
ing of the hollow cores of the nanotubes. The NWs sheathed
with the MWCNTs were 7-9 nm in diameter and as long as
200 nm. Fu etal. also used a SF environment for coating
Ga,0; nanoribbons with a Eu,0; sheath.*™ The Ga,O,
nanoribbons reacted with a europium(III) nitrate hexahy-
drate ethanol solution in supercritical CO,, resulting in a
Ga,0; core with crystalline Eu,O; multisheaths. The thick-
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ments of Ga,0;. Figure 20B shows an AFM image of the
fabricated GaN/Ga,0; heterojunctions created by applying
a voltage of 5, 7, and 10 V to the surface. The applied volt-
age and the amount of current passed controls the amount
of GaN oxidized.

5.2.2. Electron-Beam Lithography

Dai and co-workers fabricated p—n—p junctions in an ini-
tially p-type SWCNT by selectively doping the middle part
of the nanotube.”™ To fabricate the heterojunction, they
coated the entire nanotube with a 340-nm-thick layer of
polymethylmethacrylate (PMMA) resist and opened a
window in the center part by e-beam lithography. Subse-
quent doping of the exposed part of the nanotube with po-
tassium formed an n-type section of the SWCNT between
two p-type PMMA-coated sections. This group similarly
used modulated chemical doping to fabricate intramolecular
p-n junctions within a SWCNT.F>* In this case, they
coated one half of the nanotube with a PMMA layer to
retain the p-type character and then exposed the other half
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to potassium for n-doping.
Avouris and co-workers used
a similar approach to fabri-
cate an intramolecular p-n
SWCNT 1D  heterojunc-
tion.’” Similar to Dai and co-
workers, they used e-beam
lithography to expose one
half of a PMMA-coated p-
type SWCNT followed by po-
tassium doping of the unpro-
tected area to the form the n-
type part of the nanotube.
Lieber’s group used e-beam
lithography to fabricate CdS
NWs with segments of
PMMA.®Y The NWs were
placed on a 200-nm-thick
PMMA layer on the Si sub-
strate, then coated again with
a 200-nm-thick PMMA layer,
and openings in the coating
were defined lithographically.

C

small

Figure 21. A) Schematic representation of the microfluidic flow system used for assembling NWs. B) SEM
image of the Si/CdS NW crossed junction formed using microfluidic flow in a PDMS mold. C) Illustration
of the possible SiC/CNT junctions formed using a solid—solid reaction. D) TEM image of a SiC/CNT

heterojunction formed by a solid—solid reaction. A) originates from Ref. [352] and C, D) are from

5.2.3. Photolithography

Wu et al. fabricated strip-
ed metal-semiconductor
nanowire heterostructures containing NiSi and Si seg-
ments.!! They synthesized the Si NWs first by the VLS
method and then used photolithography to form the NiSi
segments. The method involved deposition of a photoresist
on the surface of the Si NWs and exposure of the as-pre-
pared substrate to UV light through a striped mask. Poly-
mer development, evaporation of Ni, and lift-off of the po-
lymer led to the segmented Si/NiSi heterojunctions. The het-
erojunctions were 22.8+3.4 nm in diameter and tens of mi-
crometers long, with &~ 1-um-long segments.

5.3. Assembly of Heterojunctions on Surfaces

Most of the junctions discussed up to this point were
created directly by synthesis or after lithography. Lieber and
co-workers synthesized two different types of NWs and then
used post-synthesis assembly to form heterojunctions be-
tween the two different NWs.% Specifically, they synthe-
sized semiconducting NWs by vapor methods, suspended
the NWs in organic solvents, and subsequently transferred
the NWs to a surface by fluid-directed assembly. The two
different wires were assembled sequentially in a crossed
junction. The fluidic assembly involves the formation of
channels for microfluidic flow by placing an appropriately
patterned PDMS mold onto a flat surface. The procedure is
illustrated in Figure 21 A.”*? Typical microfluidic channels
were 50-500 pm wide and 6-20 mm long. A solution con-
taining a suspension of the first NW flows through the chan-
nel and deposits with its alignment in the direction of the
channel. The second NW deposits in the same manner, but

small 2007, 3, No.5, 722 -756

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Ref. [358]; reprinted with permission from AAAS. B) Reproduced with permission from Ref. [40].

after rotating the flow direction by ~90°. They formed vari-
ous crossed heterojunctions, including n-CdS/p-Si,*"! p-Si/n-
Si,*33%4 and n-GaN/p-Si NWs.P#4:3553¢ Fioure 21 B shows
an SEM image of a crossed Si/CdS heterojunction with elec-
trical contacts to the wires.") These junctions have interest-
ing electronic and electrooptical properties. Payne and co-
workers also fabricated crossed n-CdS/p-Si nanowires simi-
larily.®>”) McEuen and co-workers synthesized SWCNTSs by
laser ablation, dispersed the nanotubes in solution, and as-
sembled them on a substrate from solution.®”) After rinsing,
they observed random locations on the substrate where
metal/semiconductor SWCNTs were arranged in crossed
heterojunctions.

5.4. Solid-Solid Reactions

Zhang et al. reported the formation of heterojunctions
between single-walled carbon nanotubes (SWCNTs) and
carbide materials using a controlled solid-solid reaction:

C (nanotubes) + M (solid) — MC (solid)

where M can be either Si or a transition metal.®>® First, the
nanotube is deposited on the solid substrate and the sample
is heated in ultrahigh vacuum or an inert atmosphere. Once
a sufficient temperature of 800°C is reached, the formation
of carbide occurs initially at the C/M interface. Continuous
diffusion of M to the C/M interface supplies the material for
conversion of SWCNTs to the carbide at a later stage of the
reaction. Figure 21 C illustrates SWCNTs linked to crystal-
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line SiC rods. Figure 21D clearly shows the interface be-
tween the SiC and the SWCNTs. The first example shows a
scheme of five nanotubes in a bundle connected to the car-
bide, along with a corresponding TEM image, and the
second example shows only one SWCNT of 1.3 nm diameter
forming the heterojunction with SiC. Controlling the inter-
face area is extremely important since the number of inter-
facial atoms at the junction can drastically change the be-
havior of the heterojunction. This fabrication method is
highly controlled and can be applied to single-walled as well
as multi-walled carbon nanotubes.

Ag nanowires were also coated with an amorphous silica
shell in another example of a solid—solid reaction.’™ A
single-step reaction between the mixture of the two solids
(AgNO; and (Me;Si),Si under low pressure) led to the for-
mation of Ag/Si core/shell NWs. The Ag NWs were about
10-20 nm in diameter and surrounded by a 1-3-nm-thick
shell.

Yong and co-workers used the solid-liquid-solid (SLS)
process to synthesize SiC/SiO, core/shell NWs.**! NiO par-
ticles on a Si surface served as a catalyst where carbo-
thermal reduction of WOj; by C produced the CO/CO, nec-
essary for NW growth. Under these conditions, Si supplied
from bulk Si forms a Si-Ni-O alloy with the NiO catalyst
particles, which results in the 1D growth of Si/SiO, or SiC/
SiO, core/shell NWs in the absence and presence of WO,/C,
respectively. They classified the growth as SLS instead of a
VLS mechanism since there were no vapor precursors.
Figure 22 shows a TEM image of the SiC/SiO, core/shell
heterojunction.’®! The SAED pattern shows that an amor-
phous SiO, shell surrounds a crystalline SiC core. The diam-
eter of the core was typically between 20-50 nm, the shell
was 40-60 nm thick, and lengths were in the micrometer
range.

SiC core

Figure 22. TEM image of a SiC/SiO, core/shell nanowire with the cor-
responding SAED patterns for the crystalline core and amorphous
shell. Reproduced from Ref. [360].

5.5. Electrospinning

Xia and co-workers used an electrospinning technique
combined with a calcination process to fabricate V,05 nano-
rods on TiO, nanofibers.*® Electrospinning of a precursor
mixture of Ti(OiPr),, VO(OiPr); with acetic acid, poly(vi-
nylpyrrolidone) (PVP), hexadecyltrimethylammonuim bro-
mide (HTAB), and 2-propanol produced smooth nanofibers
of V,0,/TiO, or V,04TiO,/Ta,05s when TaO(OiPr); was
added to the solution. Subsequent calcinations of the fibers
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at 475°C over various durations led to branched heterojunc-
tions with NR-shaped structures protruding from the surface
of the nanofibers. They identified these as V,05 NRs, which
were single-crystalline with lengths ranging from 100-
150 nm after 1h of calcination. Figure 23 shows a SEM
image of the heterojunctions of V,05; NRs on electrospun
V,04/TiO,/Ta,0; nanofibers calcinated for 6 h. The size of
the NRs depended on the nanofiber composition and calci-
nation temperature. The NRs formed in 475°C over a 1h
reaction time were 15 nm by 25 nm in rectangular cross sec-
tion and about 100-150 nm in length.

Figure 23. SEM image of V,0, NRs grown on V,0,/TiO,/Ta,0s electro-
spun nanofibers. Reprinted with permission from Ref. [361]. Copy-
right 2006, American Chemical Society.

6. Summary and Future Directions

In summary, we have described a wide range of methods
for producing different types of one-dimensional nanoscale
heterojunctions, including vapor, solution, template, litho-
graphic, solid-solid, electrospinning, and assembly methods.
The 1D heterojunctions are formed from combinations of
various materials (metals, semiconductors, carbon, and poly-
mers), where the properties depend on the composition,
size, and structure of the nanomaterial. The type of material
and type of junction is often dictated by the synthetic
method. As discussed, though, most methods can be used to
form a variety of segmented, core/shell, branched, or cross
junctions with a variety of materials.

The study of 1D nanoscale heterojunctions is rapidly
growing because of the numerous potential applications for
these multicomponent stuctures. It has already been demon-
strated that many of the 1D heterojunctions synthesized/fab-
ricated to date are useful for applications in nanoelectronics,
photonics, sensing, catalysis, and separations. For example,
sophisticated light-emitting diodes (LEDs),” and diode
logic devices™ have been realized by crossing p- and n-
type nanowires or using lithography-assisted selection of dis-
tinct p- and n-type regions within a nanotube.”*! However,
compared to the progress in the synthesis of homogeneous
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1D nanowire and nanotube systems, the synthesis of 1D het-
erojunctions with well-defined interfaces has lingered far
behind. Many applications require nanowires that possess
built-in interfaces. For example, radial interfaces can func-
tion as p-n junctions, while longitudinal interfaces are
useful as dielectric mirrors or for scattering phonons in ther-
moelectric nanowires. Another type of basic nanowire heter-
ostructure envisioned in the future is the bilayer nanowire,
in which two nanowires can be joined in a side-by-side con-
figuration.

Future developments will rely on improved synthetic
methods and novel fabrication processes to better control
the dimensions, composition, structure, and interface of 1D
heterojunctions as well as the yield and uniformity. It will
also be crucial to develop better characterization methods
to fully understand the nature of the junction at the atomic
level. Equally important is the development of tools for
studying the fundamental properties of individual or collec-
tive ensembles of heterojunction materials in order to relate
these properties to their detailed structure and compare ex-
perimentally measured properties to theoretical models. It is
critical for researchers to devise simple and reproducible
strategies for assembling, orienting, and integrating 1D het-
erojunctions into functional devices. Reliable control of the
interfaces in nano-heterostructures are critical in the assem-
bly of electronic and optoelectronic devices. For example,
the performance of organic photovoltaics is severely limited
by poor exciton dissociation and charge transport due in
part to high rates of exciton recombination and low charge
mobilities in polymers. This challenge can be partially over-
come through the use of blended and layered heterojunc-
tions composed of polymer/SWNT heterostructures. Such
morphologies offer multiple-exciton dissociation sites and
separate charge pathways, thus limiting exciton recombina-
tion. Low-resistance ohmic contacts in nanostructures are
crucial for the optimum performance of optoelectronic de-
vices and can significantly impact the performance limita-
tions of a device. Heterojunctions consisting of metallic
single-walled carbon nanotubes have the potential to func-
tion as interconnects in hierarchical nanoscale networks
with reduced specific contact resistance. Research in these
areas will continue to grow in the coming years at a fast
rate as researchers pursue the important goal of utilizing
these fascinating building blocks for technological applica-
tions.
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