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Preface

Nanotechnology is the study of the control of matter on an atomic and molecular
scale. Nanotechnology has promised to be one of the important growth areas in the
twenty first century: it has the potential to create many new materials and devices
with wide-ranging applications in medicine, electronics, energy production and so
on. Since the invention of the scanning tunnelling microscope and the discovery
of fullerenes in the 1980s, researchers worldwide have devoted much resources and
effort to harness the potential of technology at the nanoscale.

This book is a collection of twelve review articles written by experts in their
respective fields, and is classified under the sub-headings:

Scanning Probe Techniques
Nanofabrication

Molecular Engineering

[ ]

[ ]

e Functional Nanomaterials

[ ]

e Bionanotechnology and Nanomedicine

Although the coverage is not exhaustive, these reviews are representative of the
current research areas in nanoscience and nanotechnology. This book is suitable as
a resource volume for a senior undergraduate or introductory graduate course in
nanoscience and nanotechnology, as well as for general scientific readership. The
articles were originally written for the review journal COSMOS (Volume 3 Issue 1
and Volume 4 Issue 2).

We believe you will find this book useful and informative.

Andrew T S Wee (Editor)
National University of Singapore
2009
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SCANNING PROBE MICROSCOPY BASED
NANOSCALE PATTERNING AND FABRICATION

XIAN NING XIE*, HONG JING CHUNG
and ANDREW THYE SHEN WEE

NUS Nanoscience and Nanotechnology Initiative and
Department of Physics
National University of Singapore
2 Science Drive 8, 117542, Singapore

*nnizen@nus. edu.sg

Nanotechnology is vital to the fabrication of integrated circuits, memory devices, display
units, biochips and biosensors. Scanning probe microscope (SPM) has emerged to be a
unique tool for materials structuring and patterning with atomic and molecular resolu-
tion. SPM includes scanning tunneling microscopy (STM) and atomic force microscopy
(AFM). In this chapter, we selectively discuss the atomic and molecular manipulation
capabilities of STM nanolithography. As for AFM nanolithography, we focus on those
nanopatterning techniques involving water and/or air when operated in ambient. The
typical methods, mechanisms and applications of selected SPM nanolithographic tech-
niques in nanoscale structuring and fabrication are reviewed.

Keywords: Nanolithography; nanofabrication; scanning probe microscopy; AFM
nanolithography.

1. Introduction

Nanotechnology is vital to the fabrication of integrated circuits, memory devices,
display units, biochips and biosensors. One of the key processes in nanofabrication
is the creation and construction of functional units in the size regime of less than
100nm. A number of commercial techniques have been developed for nanofabrica-
tion, and some typical examples include photolithography, electron beam lithog-
raphy and focused ion beam lithography. Although these techniques are widely
implemented in the manufacturing industry, their high capital and operating cost
and multiple-step processes largely restrict their applicability in many important
areas. A few new methods appear to be flexible alternatives for nanoscale pat-
terning and fabrication. Some demonstrated novel techniques are molding, emboss-
ing, printing, self-assembly and scanning probe microscopy (SPM) nanolithography.
These methods have the potential to be low-cost techniques for nanoscale pattern
formation and replication.
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Among the new techniques, SPM has emerged to be a unique tool for materials
structuring and patterning with atomic and molecular resolution.! SPM includes
scanning tunneling microscopy (STM)? and atomic force microscopy (AFM)3 which
were invented in the 1980’s for surface characterization. The SPM-based nano-
lithography has extreme site-specificity and locality, and can be operated in a
variety of media such as vacuum, air and fluids. Large families of materials rang-
ing from inorganic, organic, polymer and biological species can be patterned by
SPM nanolithography. Table 1 compares the operational characteristics and appli-
cations of SPM nanolithography with other lithographic techniques.* 7 In SPM
nanolithography, the pattern formation is based on interactions in the nanometer-
sized tip—sample junction. Such interactions may be of a physical nature involving
mechanical/electrical forces, and/or of chemical nature involving the break and for-
mation of chemical bonds. The limitations of SPM nanolithography are related to
its serial patterning processes, its poor reproducibility and difficulty in the mass
production of patterns.

Most STM-based nanofabrication experiments are operated in ultrahigh vacuum
(UHV, < 1079 torr) conditions, and the pattern formation is often related to carrier
(electron or hole) injections and field applications.® The majority of reported AFM
nanolithographic experiments are conducted in ambient conditions.! The presence of
air and the formation of condensed water meniscus in the tip—surface nanojunction
allow more mechanisms and routes to nanostructure formation. This is due to the
rich physical processes and chemical reactions mediated by air and water during
the nanolithographic operations. For example, the water meniscus can facilitate ink
transport from the tip to the substrate in dip-pen nanolithography (DPN).? The
ionic dissociation of water supplies OH™ oxidants in AFM nanooxidation,'? and
the water—bridge-assisted ionic conduction facilitates the local heating and melting
of polymer films.'' Table 2 compares the operational and mechanistic features and
applications of STM and AFM nanolithography.*8

In general, STM nanolithography is mostly performed in UHV for high resolu-
tion manipulation of single atoms and molecules, although it can also be operated in
air and liquids. AFM nanolithography, in addition to its applications in single atom
manipulation, is well suited for operations in air or liquids to fabricate relatively
larger nanostructures. To avoid overlap in the description of their applications, the
atomic and molecular manipulation capabilities of STM nanolithography will be
selectively discussed. As for AFM nanolithography, the focus is on those nanopat-
terning techniques involving water and/or air when operated in ambient. In the
following sections, we summarize the typical methods, mechanisms and applications
of some SPM nanolithographic techniques in nanoscale structuring and fabrication.

2. STM Nanolithographic Techniques

In STM nanolithography, there are basically three methods of pattern fabrica-
tion: (i) direct tip-surface interaction, (ii) field effect and (iii) electron effect.®



Table 1.

Comparison of SPM nanolithography with other lithographic techniques.

Lithographic Patterning methods Operation conditions Resolution Advantages Limitations
techniques
SPM Based on tip-sample Ambient vacuum or Single atom, A few A — Easy to operate Serial patterning
interaction liquid phase — Low cost Controllability and
— Applicable to accessibility ff)r large
. scale production
wide range of
materials
— High sensitivity
and site-specific
Photolithography Selectively exposing Vacuum Usually sub 100 nm* o Patrtallel. High operation cost
parts of substrate to patterning Multiple process
light (often — Good steps
Ultraviolet) controllability Poor accessibility
Electron-beam Interaction between Vacuum < 50nm° o ;Nell devel;)lped High operation cost
lithography e-beam and Or researc Multiple process
substrate — Good steps
controllability Poor accessibility
Focus ion beam (FIB) Interaction between Vacuum ~ 50 nm® — High sensitivity High operation cost
lithography ion-beam and — Good Multiple process
substrate controllability steps
— Well developed Poor accessibility
for research
Nanoimprint Mechanical Vacuum or ambient ~ 100 nm? — Low cost Precision issue

lithography (NIL)

deformation of
imprint resist

High throughput

Parallel writing

Multiple steps for
large scale
production

G UOYDILGD PUD BUIULIND 2]DISOUDN Pasvg fidoosoudtpy 9qod buruunog
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Table 2. Operational and mechanistic features and applications of STM and AFM
nanolithography.!-8

STM nanolithography AFM nanolithography
Tip control Feedback based on tunneling Feedback based on force
current
Operation medium Commonly operated in UHV Commonly operated in vacuum,
conditions air and liquids

Operations in air and liquids are

possible
Nanolithography Physical processes and chemical Force-assisted and bias-assisted
mechanism reactions in the tip—sample physical processes and chemical
nanojunction. reactions in the tip—sample
nanojunction
Pattern resolution Single atom resolution readily Single atom resolution achievable
and mass achievable Mass production demonstrated
production by millipede technique
Mass production not
demonstrated
Availability of tips Commercially available Commercially available
Home-making of tips is easy Home-making of tips is difficult

Tip radius: typically 20-50 nm
Tip radius: atomically sharp, a

few A

Substrates used Conducting and semiconducting Insulating, semiconducting and
materials such as metals and conducting materials such as
semiconductors inorganic, organic, polymeric

and biological materials

The tip—surface distance is determined by the tunneling current in an exponential
relation. So by varying the tunneling current in different regimes, one may push or
pull atoms and molecules through direct tip—surface interactions. The field effect
is important in STM nanolithography because the typical field applied to the tip—
surface nanojunction is in the order of 1091V /m. Such an extremely high field
may induce processes such as field evaporation of materials and the repositioning
of dipolar molecules on a surface. In addition, the tunneling current can provide
Joule heating of materials, and this may lead to the excitation of adsorbate vibra-
tional states. These operational modes can facilitate the removal, addition, diffu-
sion, desoprtion and chemical reaction of atoms and molecules in the tip—surface
nanojunction.

2.1. Pattern formation by direct tip—surface interactions

Lateral and vertical manipulations are commonly used for atomic and molecular
manipulation by direct tip—surface interactions. In STM lateral manipulation, three
modes are demonstrated to displace the adsorbates laterally on the substrate. The
pull mode makes use of the weak attractive tip—surface interaction, such that an
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adatom jumps to a neighboring surface site following the tip’s trajectory. In the push
mode, the repulsive tip—surface interaction is so strong that the surface atom jumps
to a neighboring site to escape from the tip. The slide mode involves the direct
interaction of adsorbates with the tip in which the adsorbates’ lateral movement
follows exactly the trajectory of the tip. The three modes can be distinguished
by recording the tunneling current as a function of lateral position of the tip in
the constant-height scanning mode.® The selection of the modes for manipulation
depends on the tunneling parameters and the chemical nature between the tip and
substrate surface.

There are two approaches in vertical manipulation. The first is fully based on
a voltage pulse to transfer an adsorbate from the surface to the tip, or vice versa,
depending on the polarity of the voltage pulse. In this case, the tip is first positioned
above the adsorbate at certain tip—adsorbate distance. The application of voltage
pulse enables the attachment of the adsorbate to the tip. When the adsorbate has
been carried by the tip to the desired site, it is released from the tip by the applica-
tion of an opposite pulse. In the second approach, the adsorbate is first attached to
the tip apex wvia tip—adsorbate chemical binding. The tip is then repositioned to the
desired surface site, and the adsorbate is delivered to the site by applying a voltage
pulse to the tip.

Bartels et al. performed detailed tip height measurements during STM manipu-
lations of single atoms, molecules, and dimers on a Cu(211) surface.!? They iden-
tified both attractive manipulation of Cu, Pb atoms and Pb dimers and repulsive
manipulation of CO molecules. Using the pull mode, discontinuous hopping of Cu
and Pb atoms from one adsorption site to the next can be induced. Pb dimers were
pulled by STM with repeated single, double, and triple hops. They also found that
Pb atoms can be slid continuously by the tip. In the push mode, they observed that
the CO adsorbate is repelled by the approaching tip and perform single adsorption
hops away from the tip. Moreover, the authors demonstrated that controlled initia-
tion of hops over multiple adsorption site distances is possible and that the different
hopping width can be used in turn to probe effects of adjacent surface defects on
the local hopping barrier.

Recently, Hla et al. described a complete picture of how single Ag atoms
move on the various potential energy landscapes of a Ag(111) surface during a
quantum corral construction using STM manipulation at 6 K.!2 The threshold tun-
neling resistance and tip-height to move the Ag atom across the surface were exper-
imentally measured to be ~210kQ and ~1.3 A, respectively. Through the STM
atomic manipulation signals, they derived detailed surface-orientation-dependent
atom movement behaviors that contain atomic-level tribological information of the
surface. Figure 1 illustrates the processes of constructing the quantum corral con-
sisting of 36 Ag atoms on the Ag(111) surface using STM manipulation. Initially,
each Ag atom was positioned at the center of the corral (see Figs. 1(a) and 1(c))
and then relocated to a final position. The manipulation path of the first atom
was chosen along a surface atomic close-packed (CP) row (see Fig. 1(c)), i.e., along
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Fig. 1. Quantum corral construction. 3D STM images show (a) during construction and (b) after
completion of the corral. 36 Ag atoms (white protrusions) are used (diameter = 31.2nm). A STM
image (c) and a sphere model (d) demonstrate the tip—paths and the surface geometry encountered
during manipulations. Reprinted with permission from Ref. 13, (© 2003, The American Physical
Society.

[110]. The subsequent atoms were moved along a direction 10° rotated from the
previous paths (see Figs. 1(c) and 1(d)). Thus a total of 36 atoms were required for
360° to complete a circle. In the manipulation, the Ag atoms were moved in the pull
mode along CP rows by attractive tip-atom interactions. The CP rows are the most
favored atom-traveling paths due to their lower diffusion barrier. The hop length
was determined to be 2.89 A, and complex manipulation signals were observed when
the paths deviated from the CP rows.

In another work, Bartels et al. demonstrated a reliable procedure for controlled
vertical transfer of single CO molecules between a Cu(111) surface and STM tip
and vice versa. Figure 2 shows the idealized sketch of the picking up and putting
down procedures of CO molecules on Cu(111).}* The CO molecule is adsorbed
in on-top sites and stands upright on the Cu surface with the C bonding to the
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1T

Co ¢ - CO ¢
Surface Surface

Fig. 2. Sketch of the picking up and putting down procedures of CO molecules on Cu(111).
Notice that the CO stands upright on the surface and has to switch its orientation when being
transferred to the tip. Reprinted with permission from Ref. 14, © 1997, American Institute of
Physics.

metal atoms. As the CO molecules have similar adsorption geometries on isolated
Cu atoms adsorbed on Cu substrates, the CO molecules have to flip around when
being transferred vertically. This extended number of degrees of freedom associ-
ated with a diatomic molecule makes the manipulation more complicated than
in the case of single atoms. At first, a tip voltage bias of +3 V was used to transfer
the CO molecule from the surface to the tip. When the tip was repositioned at
the target sites, the CO molecule was released to the surface by positioning the tip
at —2.5V bias and then ramping the voltage from —4.5 to —0.5V. Such a procedure
could be repeated several times without breaking the tip or changing the substrate,
thus enabling the transfer of more than one molecule to different destinations. The
authors observed that during vertical transfer, the CO molecules do not dissociate;
and the picking up and putting down of the molecules do not disturb neighbor-
ing CO molecules or change the initial tip structure. In addition to CO transfer,
the authors also showed that with a tip having a single CO molecule at its apex,
chemical contrast can be achieved allowing discrimination between adsorbed CO
molecules and oxygen atoms, which look very similar to the bare metallic tip.

2.2. Pattern formation by field effect

The effect whereby an electric field drives the diffusion of atoms on a surface was
first observed in field ion microscopy. This effect was applied in STM nanolithog-
raphy by Whitman et al. to manipulate adsorbed atoms and create new structures
on room-temperature surfaces.'® Diffusion of single atoms over a surface is usu-
ally seen as a random walk process through small potential barriers. At the typical
STM tip voltage of a few mV, the driving force is so small that the random distri-
bution of adatoms is not modified. However, when a high tip voltage of a few V is
used, the localized high field would significantly modify the surface potential energy
distribution, thus leading to the directed-diffusion of adatoms on the surface.
Whitman et al. demonstrated that by applying an appropriate voltage pulse
between the sample and tip, adsorbed atoms can be induced to diffuse into the region
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beneath the tip.'® The field-induced diffusion occurs preferentially towards the tip
during the voltage pulse because of the local potential energy gradient arising from
the interaction of the adsorbate dipole moment with the electric field gradient at the
surface. Using different surface conditions and pulse parameters, the authors cre-
ated Cs structures from one nanometer to a few tens of nanometers on GaAs(110)
and InSb(110) surfaces. The patterns fabricated by field-induced diffusion include
novel structures that do not form naturally following room-temperature adsorption.
The authors also pointed out that the field-induced diffusion may be a generic tech-
nique suitable for moving atoms and molecules on both semiconductor and metal
surfaces.

In the above work, Cs atoms are field-induced to move due to their high static
dipole moment. Méndez et al. later showed that the field effect is more general and
can be used even in systems that have a small dipole moment, such as the surface
Au adatoms of Au(111).'® By applying a voltage and maintaining a constant tun-
neling current, the authors were able to produce protrusions under the tip of several
atom-heights and small clusters occupying large areas. They studied the influence
of the time duration of the pulse and the voltage amplitude. Surface modifications
were produced at a low field strength of 0.2 V/A. It was suggested that clusters
are produced by an increase of the density of free adatoms in the high electric field
region. Figure 3(a) shows a STM image (63 x 63 nm?) recorded for the Au(111) sur-
face before surface modification. After applying a 2.5V pulse of 30 s duration, bright
clusters were fabricated on the surface by field-induced diffusion (see Fig. 3(b)).

2.3. Pattern formation by electron effect

Shen et al. used the STM tip as an atomic-sized electron source to desorb hydrogen
atoms from a Si(100) surface.!” By controlling the dose of incident electrons, a

(a)

Fig. 3. Modifications produced by a 2.5V pulse of 30s duration. (a) STM image (63 x 63nm?2) of
the region before the pulse. (b) Image taken immediately after the pulse. Reprinted with permission
from Ref. 16, © 1996, American Vacuum Society.
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countable number of desoption sites were created and the field and cross section of
these sites were thereby obtained. The authors observed two distinct mechanisms:
(i) direct electron excitation of the Si—H bond by field-emission electrons and (ii) an
atomic resolution mechanism that involves multiple-vibrational excitation by tun-
neling electrons at low applied tip voltage. In the second case, H desorption arises
from the accumulation of a large number (~10) of inelastic electron interactions.
This vibrational heating effect by electrons is potentially useful for controlling sur-
face reactions involving adsorbed individual atoms and molecules.

Soukiassian et al. investigated in detail the influence of various parameters (i.e.,
tunneling current, mode of excitation, tip structure and doping of substrate) on
the extraction yield.'® They used both p- and n-type silicon substrates, chose to
keep the surface voltage constant and explored the detailed current dependence of
the extraction yield. They obtained experimental results which cannot be explained
by the vibrational heating model involving a large number of inelastic electron
collisions. Their observations suggest a model involving coherent multiple excitation
of electrons. In this model, the tunneling electrons are resonantly scattered by the
adsorbates producing single electron multiple vibrational adsorbate excitations. The
large number of excited vibrational quanta is associated with dramatic changes of
the Si—H bonds and of the scattered electron wave functions.

Recently, Nouchi et al. reported that carrier injection into Cgg close-packed lay-
ers leads to a ring-shaped distribution of Cgy polymers.'® In their experiments, a
closed-packed structure of Cgp was first formed on a Si(111)-7 x 7 surface. To induce
polymerization of Cgg molecules, the authors performed carrier injection by appli-
cation of a certain bias voltage for durations of 30s. It was observed that continued
carrier injections enlarge the ring, and both electrons and holes can induce polymer-
ization and depolymerization of Cgg. Figure 4 shows the evolution of a Cgy polymer
ring by sequential injection of carriers from an STM tip. The outer diameter of the
ring shown in Fig. 4(a) is 23nm. After further hole injections (see Figs. 4(b) and
4(c)) and electron injection (see Fig. 4(d)), the ring diameter is finally enlarged
to 38nm (see Fig. 4(d)). The authors proposed that injected carriers interact with
inter- and/or intra-molecular phonons through electron—phonon coupling, and dis-
sipate their energy gradually as they spread from the injection point. Carriers with
energies above a certain threshold can induce the polymerization and depolymer-
ization of Cgg. Therefore, carrier injection at higher bias voltage results in Cgg rings
with larger diameters.

3. AFM Nanolithographic Techniques

Numerous AFM lithographic techniques have been developed in the last two
decades. Generally, these techniques can be classified into two groups based on their
operational principles: force-assisted and bias-assisted AFM nanolithography (see
Table 3).! In force-assisted AFM nanolithography, a large force is applied to the
tip for pattern fabrication, and the tip—surface interaction is mainly mechanical.
Typical methods in this category include mechanical indentation and plowing,
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Fig. 4. Evolution of a ring of Cgp polymers by sequential carrier injection. STM images acquired
sequentially after carrier injections into the same point with different bias values. The injection
point is at the center of the rings. Attached insets display areas in which polymerization (yellow)
and depolymerization (blue) events occurred by the carrier injection. (a) Ring formed by hole
injection at —3 V sample bias. (b) Ring enlarged by hole injection at —3.3 V bias. (c) Sequential hole
injection at the same bias induces polymerization around the center of the ring. (d) Ring enlarged
by electron injection at +3V sample bias. Reprinted with permission from Ref. 19, (© 2006,

(c)

The American Physical Society.

(d)

Table 3. Comparison of force-assisted and bias-assisted AFM nanolithographic techniques.

Force-assisted AFM nanolithography

Bias-assisted AFM nanolithography

Operational
principle

Tip—surface
interaction

Pattern
formation
modes

Typical
examples

Large force applied to tip

Mainly mechanical

Patterns are formed by mechanically
scratching, pulling or pushing the
surface atoms and molecules with
the probe

Indentation, plowing, manipulation,
thermomechanical writing and
dip-pen nanolithography (DPN)

Bias applied to tip

Tip acts as nanoscale electrode and
induce physical and/or chemical
processes

Under high field, electrostatic,
electrochemical, field emission,
dielectric breakdown and
explosive gas discharge processes
can be initiated to facilitate
pattern formation

Nanooxidation, field evaporation,
electrochemical deposition and
reactions, electrical cutting and
nicking, electrostatic deformation,
nanoexplosion and charge
deposition
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thermomechanical writing, nanomanipulation and dip-pen nanolithography (DPN).
As for bias-assisted AFM nanolithography, the AFM tip is biased to create a local-
ized electric field in the regime of 103-10'° V/m, and the tip acts as a nanoscale
electrode for current injection or collection. Depending on the magnitude of tip bias
and substrate materials, the application of tip voltage can lead to nanooxidation,
electrochemical deposition, electrostatic attraction, nanoscale explosion and shock
wave propagation.! In the following sections, we discuss some selected techniques
in force- and bias-assisted AFM nanolithography.

3.1. Dip-pen nanolithography (DPN)

DPN was developed by Mirkin et al. to deliver collections of molecules in a positive
printing mode.” It is an AFM-based direct-write lithographic technique in which
the AFM probe is used as a pen to directly deliver materials (inks) to a nanoscopic
region on a target substrate. In most cases, the transport of ink molecules from
the tip to the substrate is mediated by a water meniscus which is formed through
capillary condensation (see Fig. 5). Depending on the selection of ink molecules,
DPN is capable of creating structures made of various materials such as metal,
inorganic compounds, organic molecules and biological species (see Table 4).2° The
fabrication of a wide range of functional structures by DPN has been demonstrated,
and some typical structures include high resolution organic features, metallic and
magnetic patterns, polymer brush arrays and biological devices. A comprehensive
and dedicated description on the evolution of DPN can be found in a recent review
article by Mirkin et al.?! While significant progress has been achieved in DPN-
based nanofabrication, there is an on-going debate on the detailed mechanism for
ink transport and diffusion. Theoretical and experimental results showed that the
transport and deposition of ink depends on several factors such as the formation of
water meniscus, the properties of the tip and the substrate, the ink deposition time
and temperature.’

AFM tip

(J 2. Scan direction
LJ(\/’

Water
meniscus

Ink molecule
transfer

Substrate

Fig. 5. Schematic showing the transport of ink from the AFM tip to the substrate through the
water meniscus. Adapted from Ref. 1.
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Table 4. Types of inks used in DPN and their applications (adapted from Ref. 20).

Types of ink Applications

Organics — Study of diffusion dynamics of ODT on Au
— Effects of temperature and humidity on patterning of ODT and
MHA molecules
— Redox-active ferrocenyl alkylthiol inks on Au
— Rhodamine 6G(R6G) dye deposition
— Patterning of poly-EDOT nanowires
— Patterning of conducting polymer

Biological materials — Collagen nanoarrays
— Direct-write of proteins on SiO2

— Patterning of oligonucleotides on Au and SiOg
— DNA coupled to MHA pattern

Inorganics — Au nanoclusters and nanoparticles
— Magnetic nanopatterns
— Deposition of Pt nanofeatures by E-DPN
— Hard magnetic barium hexaferrite pattern
— Composite nanostructures consisting of AloO3, SiO2 and SnO2

3.2. Thermomechanical writing and maillipede technique

In thermomechanical writing, a resistively heated AFM probe writes a data bit by
scanning over a polymer surface. The combined heat and mechanical force of the tip
causes the polymer to soften and flow, thus facilitating the writing of data bits in a
storage medium. This technique was pioneered by the IBM Zurich research group,
and systematic descriptions on its working principles and applications can be found
in their publications.??23 In this technique, an electrical current is passed through
the cantilever, and a large force is loaded on the hot tip to indent the polymer
medium. Thermomechanical writing is a reversible nanofabrication technique in
which data bits can be written, erased and rewritten. Data erasing is simply achieved
by thermal reflow of the storage field as a whole. No alteration of the polymer
film takes place after repeated writing and erasing. With this approach, storage
fields of a few hundred microns can be erased en bloc. Subsequently, a data-storage
concept called the “millipede” that combines ultrahigh density, terabit capacity,
small form factor and high data rate was developed. A 32x32 array chip can generate
1024 storage fields on an area of less than 3 mm x 3mm. The corresponding data
capacity of the 1024 storage fields is 0.9 Gb assuming an areal density of 500 Gb/in?.
In general, the storage capacity of the system scales with the areal density, the
cantilever pitch and the number of cantilevers in the array.

3.3. AFM nanooxidation

AFM nanooxidation is one of the earliest and most extensively studied techniques in
bias-assisted AFM nanolithography.'''? In this method, the water meniscus formed
in the tip—sample nanojunction is dissociated by the applied tip bias voltage, and



Scanning Probe Microscopy Based Nanoscale Patterning and Fabrication 15

the O~ and OH™ oxidative ions react with the substrate to form localized oxide
nanostructures. Because the molecular volume of the oxides is usually larger than
that of the substrate materials, raised nanopatterns are formed after the oxidation
reaction. AFM nanooxidation has been used to fabricate nanoscale devices such as
metal-oxide-semiconductor (MOS) transistors through the precise control of local
oxide growth by the AFM probe. In addition, the anodic oxide features can act as
reactive sites for the further assembly of molecules and nanoparticles through chem-
ical linkages and affinities. Alternatively, the anodic oxides can also be etched to pro-
duce negative structures on the substrates for pattern transfer. Table 5 summarizes
the applications of AFM nanooxidation of metals, semiconductors and molecularly
passivated substrates.!?4 33 The semiconductor substrates used in AFM nanoox-
idation include Si, SiC and Ga[AlJAs.?4 2" The nanooxidation of a wide range of
metal substrates, such as Ti, Al, Cr and Nb, has also been reported.?® 3% Various
approaches to use self-assembled monolayers (SAM) or Langmuir-Blodgett (LB)
films as a resist for local oxidation were proposed.3! 33

It is suggested that the nanooxidation mechanism and kinetics are closely related
to electrical field, surface stress, water meniscus formation, and OH~ diffusion.
Specifically, various models such as the Cabrera-Mott model,?* power-law model,3>
log kinetic model,3¢ and space-charge model®” have been proposed to account for

Table 5. Applications of AFM nanooxidation on different substrates.1,24733
Type of substrate Nanostructures fabricated
Semiconductors — Fabrication of nanometer-scale side-gated silicon

field-effect transistors
— High speed and large area writing, e.g. fabrication of
0.1 mm metal oxide semiconductor field effect
transistors on amorphous silicon (a:Si) films
— Fabrication of high quality antidot lattices, e.g.
20 x 20 antidot array with a lattice period of 300 nm
— Electrical conduction on hydrogenated diamond

Metals — Fabrication of metal-oxide devices on thin Ti films
~Tnm)
— Probe-grown nickel oxide as a catalytic template for
selective growth of CNT's
— Oxidation of molybdenum (Mo) film to form MoOg

patterns
Molecularly functionalized/passivated — Oxidation of Si covered by organosilane TMS
surfaces monolayer.

— Poly(benzylether) dendrimers terminated with both
benzyl and tert-butyldiphenylsilyl ether groups as
resists for AFM oxidation lithography

— Oxidation of surfaces passivated by mixed SAM
layer comprising 1,12-diaminododecane
dihydrochloride (DAD - 2HCI) and
n-tridecylamineahydrochloride (TDA - HCI)
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the oxidation behavior. There is an on-going debate on the limiting-factors of oxide
growth due to the complexity of such nanoscale oxidation processes. Several studies
focused on oxidation in non-contact AFM mode, and in particular the formation of
a water bridge between the tip and surface.3%3?

Recently, Xie et al. reported a new OH™ spreading mechanism in AFM nanoox-
idation which is based on the generation and propagation of transient shock wave
events.?® As shown in Fig. 6(a), nanoexplosion is initiated due to bias application
to the tip—surface nanojunction. The stochastic nanoexplosion generates single or
double shock wave events which significantly facilitate the spreading of OH™ ions
a few micrometers out of the explosion zone. The OH™ ions then react with the Si
substrate to form distinct single-disk, double-disk and central-dot/outer-disk oxide
patterns. The authors performed numerical hydrodynamic calculations to simulate
the microscopic shock wave propagation (see Fig. 6(b)). Their results confirm that
transient shock events can be initiated by the nanoexplosion, and the shock front

Disk-
oxides_

0 1.0 2.0

(©)

Fig. 6. (a) Proposed model of OH™ spreading by shock wave propagation. (b) Simulated double-
disk oxide formation due to two shock wave events. AFM images of (¢) single-disk, (d) double-disk,
and (e) central-dot/outer-disk oxide structures fabricated by shock wave-assisted OH™ spreading.
Adapted from Ref. 40.
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can travel a few micrometers to spread the OH™ oxidants. Figures 6(c)-6(e) display
the experimental observations of the single-disk, double-disk and central-dot/outer-
disk oxide patterns created by the initiation of shock events. The authors also
investigated the fundamental differences between the conventional ionic diffusion
model and their shock wave propagation model. Their results showed that shock
propagation may be a general phenomenon in AFM nanolithography involving bias
application, and the transient event could critically affect the modes of pattern
formation.

3.4. Electrostatic deformation and electrohydrodynamic
nanofluidic motion

The ability to directly pattern and write polymers at the nanometer scale is cru-
cial to applications in data storage and molecular electronics. Lyuksyutov et al.
introduced AFM electrostatic nanolithography (AFMEN) to generate nanoscale
polymeric features by Joule heating and mass transport on initially featureless
polymer films.*' In this technique, current flow generated by tip biasing produces
effective Joule heating which locally softens the polymer film. The extremely non-
uniform electric field gradient polarizes the viscoelastic polymer and attracts it
towards the tip apex, leading to the formation of protruding structures on the
film. The attractive force arises from the imbalance between the Laplace, viscous
and electrostatic pressures. When the electrostatic pressure overcomes the combi-
nation of Laplace and viscous pressures, electrostatic deformation of the polymer
melt takes place. The optimal polymer film for patterning relies on the materi-
als selection and processing that provides gradual dielectric breakdown under the
electric field.

Further to electrostatic nanolithography, Chung and Xie et al. demonstrated
the creation of Taylor cones on PMMA using higher tip voltages of 30-60 V.'1:42
Under such conditions, the strong electric field initiates electrohydrodynamic (EHD)
instability and nanofluidic motion of the polymer melt. In the probe-induced local
EHD, unstable surface waves are generated by electrostatic pressure, and the verti-
cal transport of the fluid is decoupled from the lateral propagation of surface waves,
thus enabling the formation of localized conical structures at selected sites. Fig. 7(a)
displays a Taylor cone consisting of a central cone and a surrounding circular groove.
When an AFM tip with a larger radius was used, the formation of triple cones was
observed (see Fig. 7(b)). The formation of multiple cones uncovers the correlation
between the number of unstable waves and the tip end diameter: a larger tip elec-
trode can enable more periods of unstable maximum in the perturbed polymer fluid.
Therefore, three periods of waves were initiated when a blunt tip was used as elec-
trode as shown in Fig. 7(b). Xie et al. investigated the conduction mechanism by
monitoring the current—voltage (I-V') and current—time (I—t) curves in situ dur-
ing Taylor cone formation under different humidity conditions.!! It was revealed
that the charge transport is dominated by water bridge-assisted ionic conduction.
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(a) (b)

Fig. 7. (a) AFM image of a single Taylor cone generated on PMMA. (b) AFM image of a triple-
cone generated using larger tips. Adapted from Ref. 42.

The ionic conductivity was observed to be very sensitive to humidity conditions
which directly affect the formation of the water bridge between the tip and sub-
strate. High humidity conditions enhance water condensation and subsequent water
dissociation, leading to higher HT and OH™ concentrations, which would promote
the overall conductivity. High humidity conditions also help improve carrier mobil-
ity in polymer melts, as the polymer viscosity would be lower if it was heated by
an initial high ionic current.

3.5. Polymer patterning by nanoexplosion

Xie and co-workers demonstrated the application of nanoexplosion for the creation
of localized conductive structures on an insulating poly(N-vinylcarbazole) (PVK)
matrix.*? In this case, the native PVK reacts with the discharged oxygen-containing
particles generated in the nanoexplosion to form cross-linked carbazole groups. The
cross-linking and oxygenation leads to the formation of extended m-conjugation
in the patterned PVK, which narrows the HOMO-LUMO energy gap of the PVK
molecular orbitals. Therefore, the PVK pattern exhibits higher electric conductivity
due to the lowering of energy barrier for electron injection. Figure 8(a) shows a PVK
pattern composed of a central and outer parts fabricated by the nanoexplosion
technique. The height of the central structure is about 15nm, while the radius of
the outer ring is ~ 2.1 ym. Fig. 8(b) shows the current map collected for such a PVK
pattern using conductive AFM. Higher current was detected for the central structure
and outer ring, indicating the electric conductive nature of the PVK pattern as
opposed to the insulating native PVK matrix.

To elucidate the physico-chemical characteristics of the patterned structure, the
PVK samples were exposed to large-scale discharges generated by a Van de Graaff
generator. The discharge conditions were comparable to those in the nanoexplo-
sion, except that the reacted area of PVK was large enough for Fourier Trans-
form Infrared (FTIR) and photoelectron spectroscopy (PES) characterizations.
Xie et al. also investigated the impact of cross-linking and oxygenation on the
electric functionality of PVK patterns by calculating the HOMO-LUMO gap of
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Fig. 8. (a) AFM image of a PVK pattern. (b) current map of the PVK pattern showing its higher
electric conductivity. Adapted from Ref. 43.

various configurations. They found that the cross-linking of carbazole groups by
oxygen can lower the HOMO-LUMO gap of PVK patterns. As the number of cross-
linked carbazole groups increases, a higher degree of cross-linkage and oxygenation
occurs, leading to a narrower energy gap. Current-voltage curves measured by con-
ductive AFM revealed that the electric conduction in PVK patterns is governed by
Fowler—Nordheim electron injection. The narrowing of HOMO-LUMO gap helps
reduce the energy barrier for current injection from the tip, therefore significantly
facilitating electrical conduction in the patterned PVK structures.

3.6. Charge deposition and manipulation

AFM nanolithography has also been employed to deposit charges onto the sub-
strates to form charge patterns, and assemble nanostructures on the basis of the
charge patterns.’#4 20 Crook et al. introduced an erasable electrostatic lithography
technique for charge deposition and manipulation.** In this technique, patterns of
charge are deposited on a device surface with a negatively biased scanning probe
in a low-temperature and high-vacuum environment. The charge patterns locally
deplete electrons from a subsurface two-dimensional electron system (2DES) to
define working quantum components and can be erased with opposite bias or glob-
ally by illuminating the device with red light. The defined charge spot area is an
order of magnitude larger than the tip—surface contact area. Smaller charge spots,
and therefore higher resolution, would be attained using a less negative probe bias
with a shallower 2DES. This technique may be particularly useful in the construction
of a solid-state scaleable quantum computer, where the required level of uniformity
between quantum components is hard to achieve using other schemes.

In the work of Pioda et al., a metallic AFM tip was coupled capacitively to
electrons confined in a lithographically defined gate-tunable quantum dot.*® Single
electrons were made to hop on or off the dot by moving the tip or by changing the
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tip bias voltage due to the Coulomb-blockade effect. Spatial images of conductance
resonances were recorded to obtain quantitative spatial maps of the interaction
potential between the tip and individual electrons. Their scanning-gate measure-
ments on a quantum dot demonstrated that single electrons can be manipulated
one by one with a scanning probe. Barrett et al. investigated charge storage in a
nitride-oxide-silicon (NOS) medium using a biased AFM probe.*® The stored charge
can act as a digital memory. Bit sizes as small as 75 nm have been stored, and they
are stable over a period of seven days. The stored charge can also be removed by
applying a reverse bias to the region, and the bit can be subsequently rewritten.
By simultaneously measuring capacitance and topography images, the authors con-
firmed that the stored information is not a result of any topographic change to the
surface. Instead, the observed writing and erasing effect is due to electronic changes
inside the insulator and semiconductor.

4. Concluding Remarks

In this article, the development of SPM nanolithographic techniques for nanoscale
patterning and fabrication has been reviewed. The technical characteristics and
applications of SPM nanolithography were discussed in comparison with conven-
tional lithographic techniques. The features of STM- and AFM-based nanofabrica-
tion methods were compared in terms of their resolution and operational conditions.
In STM nanolithography, we highlighted the three general approaches to atomic and
molecular structure formation: (i) direct tip—surface interaction, (ii) field effect and
(iii) electron effect. As for AFM nanolithography, we selectively reviewed a few tech-
niques such as dip-pen nanolithography, thermomechanical writing and millipede
technique, nanooxidation, electrostatic deformation and EHD motion, nanoexplo-
sion and charge deposition. Although this chapter emphasized the diverse techniques
in SPM nanolithography, it should be noted that the fundamental understanding
of the many pattern formation mechanisms remains incomplete. This is mainly
due to the difficulty in directly monitoring and characterizing the pattern forma-
tion processes in the nanoscopic tip—surface junctions. Another challenge in SPM
nanolithography is its reproducibility and pattern mass production. Further work
is needed to fully understand the fabrication mechanism, to control and optimize
nanofabrication processes.
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Nanoscale characterization is a key field in nanoscience and technology as it provides
fundamental understanding of the properties and functionalities of materials down to the
atomic and molecular scale. In this article, we review the development and application of
scanning tunneling microscope (STM) techniques in nanoscale characterization. We will
discuss the working principle, experimental setup, operational modes, and tip preparation
methods of scanning tunneling microscope. Selected examples are provided to illustrate
the application of STM in the nanocharacterization of semiconductors. In addition, new
developments in STM techniques including spin-polarized STM (SP-STM) and multi-
probe STM (MP-STM) are discussed in comparison with conventional non-magnetic and
single tip STM methods.

Keywords: Scanning probe microscopy; scanning tunneling microscopy; LEED-energy
electron diffraction; photoemission spectroscopy; surface relaxation and reconstruction;
semiconductor surface structure; spin-polarization; self-assembly; adatoms; molecular
beam epitaxy; ferromagnetic surface; electrical transport.

1. Introduction

Nanoscale characterization is a key field in nanoscience and technology as it pro-
vides fundamental understanding of the properties and functionalities of materials
down to the atomic and molecular scale. The direct study of atoms and nanos-
tructures became possible with the invention of scanning probe microscopy (SPM).
The SPM family consists of scanning tunneling microscopy (STM)! and scanning
force microscopy (SFM) or atomic force microscopy.? SPM provides new opportu-
nities for investigating locally the geometric and electronic properties of nanostruc-
tures on surfaces, and the recent advances in scanning tunneling microscopy and
spectroscopy of nanostructures have been reviewed by Schneider et al.> STM, cou-
pled with theoretical studies, has contributed significantly to the understanding of
atomic structures and their electronic properties. In particular, the realization of
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spin-polarized scanning tunneling microscopy (SP-STM)*® offers a rather straight-
forward approach to imaging the magnetization with ultimate resolution down to
the atomic scale. In addition, the multi-probe STM technique® has also been recently
developed, and is a combination of scanning electron microscope (SEM) and STM
with double-, triple-, or quadruple-probes. This multi-technique tool can be imple-
mented to both characterize and fabricate nanoscale devices. The full STM capa-
bility is used not only for obtaining atomic resolution morphologies, but also for
enabling fine tip positioning with ultimate accuracy to make nanoscale electrical
contacts for electrical conductivity measurements of various nanostructures. For
example, for electrical characterization of nanodevices, the quadruple-probe STM
allows measurement and application of both voltage and current. Moreover, the
combination with high resolution SEM enables tip navigation on complex struc-
tures for fast location and even chemical analysis by combination with scanning
Auger microscopy (SAM).

Another probe-related characterization technique is scanning force microscopy
(SFM)? which was developed slightly later than STM. The concept of force
microscopy is a general one and is not limited to atomic forces. Over the last two
decades, techniques such as magnetic force microscopy (MFM),” electrostatic force
microscopy (EFM),® scanning capacitance microscopy (SCM),? and scanning near-
field optical microscopy (SNOM)!%:! have been demonstrated to detect a variety of
forces, including magnetic, electrostatic and van der Waals forces. While both STM
and SFM have been widely used as surface characterization methods, this chap-
ter specifically describes the development and applications of STM in nanoscale
characterization.

2. Scanning Tunneling Microscopy (STM)
2.1. STM and scanning tunneling spectroscopy

The scanning tunneling microscope (STM), invented by Nobel laureates Binnig and
Rohrer,! makes use of the quantum mechanical tunneling current between a small
metal tip and a conductive or semiconductive surface to electrically and topograph-
ically characterize a given sample surface. Figure 1 shows a schematic drawing of
a typical STM setup. In STM, a bias voltage is applied between a sharp metal tip
and a conducting sample. After bringing the tip and sample surface to a separa-
tion of below 1 nanometer (10 Angstrom), a tunneling current can be observed to
flow due to the quantum tunneling effect. The tunneling current is very sensitive to
small changes in separation between tip and sample surface. The voltage-dependent
magnitude of such a tunneling current, I(V'), can be approximated as

(V) m—m/ ps(Ep — eV + E)dE (1)
0

where V is the bias applied to the sample surface relative to the tip, z the distance
between tip and surface, ps the surface local density of states (LDOS), and k a
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Fig. 1. STM system setup and working principle.

positive decay constant. The strong exponential dependence of I on the tip-sample
spacing z allows the STM to trace the surface topography with atomic-scale sub-
angstrom-level lateral and vertical resolution, as well as to control the separation
between tip and sample exactly. In general, STM is used in three primary modes
of operation: (i) constant-current mode; (ii) scanning tunneling spectroscopy (STS)
mode; and (iii) current image tunneling spectroscopy mode. In constant-current
mode, one defines a set-point tunneling current, which is then maintained by varying
the STM tip height via a digitally controlled feedback loop while the tip is laterally
raster-scanned across the surface. When this constant-current approach is applied
to an electrically uniform sample, the height of the tip tracks the surface topogra-
phy, providing a spatial mapping of the sample’s physical features. Images obtained
from this tip height information are referred to as “STM topography”. In STS mode,
spatially selective tunneling current-voltage (I-V) characteristics are recorded by
pausing the STM tip at predetermined positions within the imaging window, holding
the tip height constant by switching off the feedback loop, and sweeping the applied
sample bias over a specified range. STS measures the differential conductivity dI/dV
of the tunneling gap between a metallic tip and the sample, which can be calculated
from the recorded tunneling -V data. Parameters set are the applied voltage V' and
the position of the tip with respect to the samples. At low voltage (V' < 200mV)
and a spatially homogeneous electron decay into vacuum, dI/dV (s, V) is directly
proportional to the local density of states (LDOS). In some cases, varying the tip
height during -V acquisition is necessary to obtain an accurate measure of the
surface electronic character. When such a variable-spacing spectroscopic approach
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is taken, a normalized dI/dV, (dI/dV/(I/V)), can be calculated and used as an
estimate of the surface LDOS. The current image tunneling spectroscopy (CITS)!?
mode is a hybrid of the above two approaches in which a full -V spectrum is
acquired at each pixel in the imaging mesh. The result is a dense array of sub-
nanometer spatially resolved electronic data, which can then be correlated with the
associated topograph.

Figure 2 shows a typical tunneling spectrum of Si(111)-(2 x 1) surface reported
by Stroscio et al.!> who obtained tunneling spectra at various fixed tip sample
separations from 7.8 to 19.5A. The bottom portion of Fig. 2 displays a plot of
the tip sample separation versus voltage at constant tunneling current. The aver-
age work function and initial tip-sample separation can be determined from this
s-V data.

Zilani et al.'* studied the electronic structure of cobalt-induced magic clusters
grown on a Si(111)-7 x 7 surface using STM and STS. Figure 3 exhibits a series of
empty- and filled-state STM images and the corresponding line profiles of the same
Si(111)-7x7 unit cell containing a magic Co cluster taken at various bias voltages. It
can be seen that even at low bias voltages of +0.4V, the adatoms in the unfaulted
half unit cell (UFHUC) (i.e., with no cluster) are very clear due to appreciable
tunneling current, indicating that the Si(1 1 1) adatoms are characterized by metallic
surface states.
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Fig. 2. Tunneling current vs. voltage (I-V) for a tungsten probe tip and Si(111)-(2 x 1)
sample, at tip-sample separations of 7.8,8.7,9.3,9.9,10.3,10.8,11.3,12.3,14.1,15.1,16.0,17.7, and
19.5 A for the curves labeled a—m, respectively. Reprinted with permission from Ref. 13, © 1986,
The American Physical Society.
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Fig. 3. Empty (a) and filled (b) state STM images of a Si(111)-7 x 7 unit cell comprising a Co
induced magic cluster obtained at bias voltages £0.4, £0.6, 0.8, £1.4, and +2.0V, respectively.
Adapted from Ref. 14.

2.2. STM tip preparation
2.2.1. Conventional STM tip

The formation of a useful tip is the key to a productive tunneling microscope.
The operating characteristics of the entire microscope are dependent upon the single
atom at the very end of the probe tip. In general, a relatively hard material is used
in tip fabrication because contact between tip and sample surface can occur during
scanning. Tungsten (W) tips are widely used in STM studies, particularly under
UHV (ultrahigh vacuum) conditions. However, the electrochemical etching of W
tips involves the formation of an unwanted oxide layer, hence other noble metals
including platinum and gold are also viable candidate materials for tip-making due
to their inert properties. The problem with these materials is that they are relatively
soft and can easily be damaged during accidental contacts with the sample surfaces.
Therefore, Pt-Ir alloys which are oxide-free and of increased hardness, have been
most commonly used as tip materials. In addition, carbon nanotube (CNT) tips
and diamond coated tips have also been employed in STM studies due to their high
aspect ratio and hardness respectively.'® 17
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Table 1.

Tip polishing procedures for various tip materials.

Tip material

Polishing solution

Procedure

GaAs

Iridium

Molybdenum

Platinum/alloys

Tantalum

Tungsten/alloys

4H2S04 + H202 + H2O

20% KCN (aq. sol.)

HCI + HNO3 + H3POy4
Molten NaC1l

Molten NaNO2

Molten 3NaNO3 + TKOH

KOH (conc. ag. sol.)
8NH4OH (ag. sol.) + (conc.) 2KOH
20% KCN (aq. sol.)
20% KCN (aq. sol.)

Molten 4NaNO3 + NaC1l
Molten NaC1l

Molten NaNO2 or KOH
2HF (48% sol.) + 0.5CH3COOH
+ conc. H3PO4 4+ H2S04 (36N)

Same as molybdenum

Dip into hot solution

2—-15 VAC; start at higher voltage
5-15 VAC

2-3 VAC

0.5-1 VAC

2-3 VAC

5-10 VAC or DC
3-6 VAC
1-5 VAC; start at higher voltage

3-15 VAC; start at higher voltage
I-5VDC
6 VDC

8 VAC
5-15VDC

AC or DC depending on tip shape

Tips for STM scanning are usually fabricated by etching a wire in an appro-

priate electrochemical solution. The different etchants suitable for etching different
tip materials are summarized in Table 1.1819 In the preparation of STM tips using
the drop-off technique,?0:2!
metal (Au/Pt) ring supporting the electrolytic lamellar suspension. Application of a

a tungsten wire is positioned vertically through a noble

positive voltage to the tungsten wire (relative to the grounded gold ring counterelec-
trode) results in the etching of the wire portion within the lamella. Generally, the
bottom, or “drop-off,” portion of the tungsten wire is saved and used for scanning
in our UHV systems. Tips are often characterized after fabrication by transmis-
sion electron microscope (TEM) imaging. Figure 4 displays a typical TEM image

10 nm
Lo Ll

Fig. 4. TEM image of a 2.0M NaOH etched tungsten tip of end radius of curvature < 2nm.
Reprinted with permission from Ref. 22, (© 2002, University of Illinois at Urbana-Champaign.
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recorded for an etched tungsten tip. The end radii of curvature of tips created in
this manner are often in the order of tens of nanometers, as estimated by TEM
measurements, though they may occasionally reach the single nanometer regime.??
As-etched tips frequently possess a significant oxide coating, additional processing
is sometimes required to remove this insulating layer and improve the tip shape.
Various techniques, such as post-fabrication HF and KOH dips and electroless gold
deposition, have been attempted, but no consistent significant improvements in
tip characteristics have been achieved. A more reproducible tip-sharpening method
based on field-directed sputter sharpening has been recently reported.??

2.2.2. Atomically precise tip development

Single-atom tips (SATS) are metal tips ending with only one atom, which are ideal
probes for STM as they can achieve the highest spatial resolution and allow for
manipulation of single atoms. There is an urgent need to develop reproducible STM
tips for atomic resolution patterning with STM. SATS is one of the excellent candi-
dates with an invariant geometry and a single atom tunneling point. Recently, Kuo
et al.2>2* developed a simple and reliable method for preparing single-atom tips.
They applied electrochemical techniques to deposit a noble metal film on a W(111)
tip. With the protection of the metal film, the tip can be stored and transferred in
ambient conditions. After a gentle annealing of the plated tip in vacuum, a thermally
and chemically stable nano-pyramid with single atom sharpness can be generated at
the tip apex. The authors subsequently electrochemically deposited approximately
1 monolayer of a noble metal such as Pt, Pd, Rh, or Ir on the W(111) tip. Their
procedures for the preparation of SATS are depicted in the left column of Fig. 5.

The experimental evidence for the formation of SATS is shown in the right
column of Fig. 5. The authors??24 used field ion microscopy (FIM) to monitor the
evolution of the tip shape during the preparation process. Image (a) corresponds
to the shape after degassing the Pd-plated tip in UHV at 700K for 5min. The
scattered image spots indicate that Pd atoms are deposited randomly on the tip
surface. After annealing at 1000 K for 20 min, an ordered atomic structure starts to
appear as shown in image (b). When the tip is annealed for an additional 5 min, a
perfect bee (body centered cubic) atomic structure is clearly identified (see image
(¢)). The tip is further annealed to 1000K for 5min, and the single-atom tip is
observed (see image (d)).

2.3. STM nanocharacterization of semiconductors
2.3.1. Silicon (Si)

The real-space atomic resolution imaging capability of STM has exerted a significant
impact in the field of surface science. In recent decades, with the development of the
nanoelectronics industry and the STM technique, interest in studying semiconductor
surfaces has been largely driven by the importance of understanding the structural
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Fig. 5. Left column: schematic diagram for the preparation of SATS. (a) Etch a single crystal
W wire to a tip shape. (b) Cover the tip with nail polish except for the apex. (c) Reduce native
oxide by cathodic polarization. (d) Electroplate a noble-metal film on the tip. (¢) Remove the
nail polish and transfer the tip into vacuum. (f) Anneal the tip to diffuse noble metal atoms to
other parts of the tip. (g) When the tip is covered by only one physical layer of a noble metal, a
pyramidal single-atom tip builds up spontaneously. Right column: FIM images showing structure
of Pd-plated W(111) tip: (a) As-deposited tip. (b) Tip after annealing at 1000 K for 20 min. (c) Tip
after annealing at 1000 K for 25 min. (d) Tip after annealing at 1000 K for 30 min. The top layer
ends with only 1 atom. (e) The second layer consists of 3 atoms. (f) The third layer consists of
10 atoms. (g) The fourth layer consists of 15 atoms. (h) The pyramidal structure is destroyed by
continuous field evaporation. (i) 3D hardball model of nano pyramid. (i) Regenerated single atom
tip after annealing at 1000 K for 5min. (k) The second layer consists of 3 atoms. (1) The third
layer consists of 9 atoms. Reprinted with permission from Ref. 23, © 2006, Institute of Pure and
Applied Physics.

and electronic properties of surfaces for a variety of technologies, particularly in the
area of semiconductor devices and the processing steps used to fabricate them. The
most fundamental properties that characterize a clean surface are the positions of
its atoms and the changes in the electronic properties of the bonds associated with
these atoms that result from their reduced coordination at a surface.

The Si(100) surface is a widely studied surface due to its importance both
in the semiconductor industry and scientific community. Cutting a silicon crystal
to expose a (100) surface leaves each surface atom with two dangling bonds per
surface atom, with the appearance of ‘rabbit ears’. Si(100) exhibits a variety of
surface reconstructions based on the surface annealing processes. Among them, the
(2 x 1) and (2 x n) reconstructions are two stable structures commonly observed
on clean Si(100) surfaces.?> 2" For the formation of a surface structure, surface
dimerization, surface defects and impurities, and surface preparation procedures
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play a vital role. The Si(100) dimer row structure has been very extensively studied,
and here we show an example of the (2 x n) reconstruction. The (2xn) (6 <n < 11)
surface is formed by missing dimer channels along the Si dimerization direction.??
It is widely accepted that trace amounts of metal impurity, particularly Ni, on the
surface is responsible for this reconstruction.??3° By using STM and LEED (low
energy electron diffraction) techniques, Xu et al.3! observed a metastable higher-
order Si(100)-c(8 x 8) superstructure on Si(100). The formation of the ¢(8 x 8)
reconstruction was found to be very sensitive to the surface annealing history, and
was observed when the Si(100) sample was quickly cooled from 1200°C to 700°C
and kept at this temperature for 5 minutes, and then slowly cooled down to room
temperature (RT) at a cooling rate of 1.2°C/sec. It can be seen in Fig. 6 that the
¢(8x 8) reconstruction exhibits long range order over a wide surface area. Figure 6(a)
shows a high resolution STM image of the ¢(8 x 8) superlattice structure, and a
unit cell is marked by the white box. Each rectangular-cell consists of three pairs
of protrusions. The electronic height of the middle-pair, which appears as a pair of
bright dots in the STM image and indicated by the white arrow in Fig. 6(a), is higher
than the two end-pairs labeled by the black arrows. The end-pair of protrusions in
the longer side of the rectangular-cell is separated from the nearest end-pair of
the next rectangular-cell by rectangular gaps of 15.6 + 0.2 A. The gap corresponds
to the length of one rectangular cell, and its replication leads to the formation of
a rectangular checkerboard repeat pattern. Based on the STM results, Xu et al.3!
suggested a new dimer model for the Si(100)-c(8 x 8) superstructure (see Fig. 6(c)).
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Fig. 6. (a) Empty-state STM image (scan size = 108 A x 62 A, V = 2.0V) of a small portion of
the Si(100)-c(8 x 8) reconstructed surface. Here the [110] direction is along the longer direction
of the rectangular-cells. A single Si(100)-c(8 x 8) unit cell identified by a dotted square. (b) The
same surface in inverted representation. The deepest portion of surface topography appears here as
brightest (highest). Three layers ground, middle and top are marked by G, M and T respectively.
(c) Proposed model to explain the Si(100)-c(8 x 8) reconstruction. The first, second and third layer
atoms are denoted by solid, hollow and dotted circles respectively. For simplicity dimerization of
third layer Si-atoms (within the rectangular holes) have not shown here.
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2.3.2. Gallium arsenide (GaAs)

GaAs is a technologically important substrate for optoelectronic and photonic
32734 depending on the
method of sample preparation. For example, the surface prepared by molecular beam
epitaxial growth gives the As-rich (2x4) reconstruction, while the GaAs(001)-(1x6)
phase is a surface reconstruction commonly observed after the GaAs substrate is
cleaned by a combination of sputtering and annealing.?> 37 Jona first observed the
GaAs(001)-(1 x 6) surface structure using the LEED technique.” Apart from the
(1 x 6) phase, other transitional phases such as (2 X 6), (3 x 6), (6 x 6), and (4 x 6)
surface reconstructions have also been reported.?® 4! Unlike surfaces prepared by
MBE growth, the formation of these phases with 6x periodicity is very sensitive
to the conditions used such as the sputtering rates and annealing temperatures. In
general, it is difficult to identify the (n x 6) phase and resolve its atomic structure
by LEED alone. Xu et al.*>43 used STM to systemically study the detailed atomic
configurations of GaAs(001)-6 x 6 and Ga-rich GaAs(001)-c(8 x 2) surface recon-
structions, as well as phase transition between two structures. They found a new
GaAs(001)-6 x 6 phase consisting of one alternating single As-dimer row on the top
layer and two Ga-dimer rows between the As chains. These As-dimer chains show
an average 2X local periodicity along the As dimerization direction. The Ga-dimer
rows, on the other hand, possess a 3x periodicity, which well explains why (6 x 6)-
like patterns have been observed in LEED/RHEED (reflection high energy electron
diffraction) experiments.

Figure 7 shows STM images of a n-type GaAs(001) surface annealed at about
570°C after Ar ion-bombardment.*® Figure 7(a) displays a filled state image (scan
size = 50 x 50 nm?; sample bias = —1.8 V) in which the cross-sectional profile indi-
cates a well ordered 6 x periodicity (24 A) along the [110] direction. The profile does
not show a regular zigzagged As-dimer structure as reported in Ref. 44. Figure 7(b)
displays the corresponding empty state image (sample bias = +1.8 V) of the same
region. The As-dimer rows observed in the empty state image look broader than
those in the filled state image. This arises from additional electronic contributions
from the second-layer Ga atoms. Between the As-dimer chains, a series of the peri-
odic oblong shaped dots are observed along the [—110] direction. The dots are not
well defined in the filled state image shown in Fig. 7(a). These dots are thought to
arise from Ga-dimers that are more prominent in the empty-state images. Strong

devices. It displays a variety of surface reconstructions

tunneling into the empty state Ga-dimer rows increases the contrast of Ga-dimers,
as can be seen in the missing As-dimer regions in Fig. 7(b). The line profile along the
[—110] direction displayed in Fig. 7(b) indicates that these Ga-dimers are separated
by 12.3 A, which is about three times the bulk lattice period, i.e. 3x periodicity.
Figures 7(c) and 7(d) show high-resolution dual bias STM images (with scan sizes
of 100 x 100 A, and 90 x 90 A, respectively) taken sequentially on the GaAs(001)
surface. The alternating single As-dimer chain and double Ga-dimer chains in the
trough between the As chains are highlighted in Figs. 7(c) and 7(d) respectively. The
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Fig. 7. (a) Filled and (b) empty state images captured on the same area of a GaAs(00 1) surface.
(c) Filled and (d) empty state high resolution STM images showing the (6 x 6) structure at the
atomic scale. Adapted from Ref. 43.

bright As-dimer rows at the top layer separated by 8 A (2x periodicity) along the
[—110] direction is clearly observed in Fig. 7(c). It is obvious that the periodicity is
localized with the rows appearing straight in some sections and zigzagged in others.
The 3x periodicity in the [—110] direction is clearly seen in Fig. 7(d). The STM
results show that (6 x 6) structure represents a transitional phase and the proposed
models are idealized in that they only represent local periodicity observed in the
images. In fact, no perfect (6 x 6) image has been observed over a reasonable length
scale, and this explains why no sharp (6 x 6) LEED or RHEED patterns have been
reported.
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Fig. 8. Atomically resolved STM images of GaAs(001)-c(8 x 2) surface obtained at Vs = +1.9V
(a) and Vs = +1.6 V (b). The scan size is 150 x 150 A. Simulated STM images at +1.8V (c) and
+1.5V (d) bias voltages, which are given with respect to the valence-band maximum. Adapted
from Ref. 42.

The ¢(8 x 2) phase is known to be the most prominent high-temperature phase
and often coexists with one of several proposed As-rich (n x 6) phases in the tem-
perature range 500-650°C.#> On GaAs(001), the ¢(8 x 2) domains are usually
surrounded by (n x 6) domains which are one atomic layer higher. Figures 8(a) and
8(b) displays the high-resolution empty-state STM images obtained at +1.9V and
+1.6 V sample bias, respectively.*?> Triple-protrusion rows can be clearly seen in
both images, where the bright rows are separated by dark trenches and the distance
between the centers of two adjacent trenches. Figures 8(c) and 8(d) shows the simu-
lated STM images at +1.8 and +1.5 V sample bias respectively, and the theoretical
STM images in good agreement with the experimentally observed images shown in
Figs. 8(a) and (b).

2.3.3. Silicon carbide (SiC)

Silicon carbide (SiC) is a wide-band-gap compound semiconductor which is a
promising candidate for high power, high frequency and high temperature appli-
cations. The hexagonal polytype of SiC, e.g., 4H-SiC and 6H-SiC, is of particu-
lar interest due to its high thermal conductivity, high breakdown field, and large
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electronic band gap of 3.0eV.%6 It is known that SiC crystals take a variety of sur-
face reconstructions depending on the annealing temperatures. For the C-terminated
SiC(0001) surface, Johansson et al.*” reported that heating the as-introduced sam-
ple at 1050°C in ultra-high vacuum (UHV) led to the formation of a 3 x 3 structure.
Such a 3 x 3 surface reconstruction was also observed by annealing a SiC-,/3 x /3
silicate surface at 1050°C for 15 min in UHV. In particular, an interesting nanotem-
plate due to the formation of a 61/3 x 64/3 R30° reconstruction on 6H-SiC(0001)
surface has been observed. The reconstructed 6,/3 x 6,/3 R30° phase resembles a
honeycomb structure composed of unit cells with diameter of about 2nm.*8 %0 It
was demonstrated that the honeycomb structure can be used as a nanotemplate
for the growth of size-controlled metal clusters.?84% The 6,/3 x 6,/3 R30° recon-
struction on 6H-SiC(0001) or on the closely-related 3C-SiC(11 1) surface displays
a 64/3 X 64/3 R30° LEED diffraction pattern, whereas it manifests as an incom-
mensurate 6 x 6 honeycomb superstructure in STM studies.’’ >4 Recently, Chen
et al. investigated the detailed atomic structure of the complicated 64/3 x 6+/3
R30° phase by combining STM, LEED, photoemission spectroscopy (PES) and
density-functional theory (DFT) methods.’® They revealed that the formation of
the 64/3 x 64/3 R30° reconstruction (the so-called carbon nanomesh) is a result
of the self-organization of carbon atoms during the evaporation of silicon atoms
from the SiC(0001) surface and subsurface at ~1100°C. Figure 9 shows a series
of filled state STM images recorded for the 6,/3 x 6/3 R30° phase with differ-
ent tip biases from 1.5V to 2.5V and a fixed tunneling current of 0.2nA. It can
be seen that the nanomesh template comprises incommensurate honeycombs. Most
honeycombs exhibit diameters of 20.0 & 2.0 A, which is very close to the 6x6 peri-
odicity (~19A) of pristine SiC(0001). The apparent height of the honeycombs is
1.54 0.1 A as determined from the line profiles of the STM images. Figure 9(e)
shows an empty state STM image (scan size: 50 x 50nm?) of the carbon nanomesh
surface (Vo = —2.0V), which again clearly displays the honeycomb structures. A
comparison of STM images recorded for the same region with reverse bias polarity
is made in Figs. 9(f) and (g). The result indicates that the carbon nanomesh is
a real physical structure, and not of electronic origin as opposed to the electronic
Moire’ patterns on lead (Pb) quantum islands.?®

Figure 10 shows the LEED patterns (left panel) and corresponding STM filled
state images (right panel) of SiC(000 1) after annealing at different temperatures.®
After annealing at 1050°C for 5min (see Fig. 10(a)), the STM image clearly
shows the coexistence of two structures: the upper region corresponds to the
disordered 64/3 x 64/3 R30° reconstruction and the lower region corresponds to
the carbon nanomesh structures. Such a surface is referred to as a “64/3 x 64/3
R30° + carbon nanomesh mixed surface”. The corresponding LEED pattern of this
surface displayed in the left panel of Fig. 10(a) was previously referred to as the
64/3 x 64/3 R30° LEED pattern.*6:5957 The white circles in the LEED pattern
shown in Fig. 10(a) highlight the 64/3 x 6+/3 R30° LEED diffraction spots. This
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Fig. 9. Filled state STM images (scan size: 20 x 20nm?) obtained for the carbon nanomesh
at different tip bias of (a) 2.5V, (b) 2.0V, (c) 1.8V, (d) 1.5V. (e) Empty state STM image
(50 x 50nm?) obtained at tip bias of —2.0V. STM images (17 x 17 nm?) with reverse tip bias
polarity at the same region: (f) 2.0V and (g) —2.0 V. Adapted from Ref. 55.

surface was further annealed at 1100°C for 5min. At this stage, the 64/3 x 6+/3
R30° reconstructions vanished from the STM image (see Fig. 10(b)), and the sur-
face was fully covered by the incommensurate honeycomb-like nanomesh structure
with approximately 6 x 6 periodicity. The LEED pattern displayed in Fig. 10(b)
clearly shows the disappearance of the 6+/3 x 6,/3 R30° diffraction spots, indicating
that this surface is now the pure carbon nanomesh.

Figure 11 shows the evolution of C 1s core-level spectra recorded by Chen et al.
during annealing of the SiC(000 1) surface.>® First, the 3 x 3 surface was prepared
by annealing the SiC substrate at 850°C under silicon flux for 2min. The 3 x 3
reconstruction was confirmed by LEED and STM. The surface was then annealed
at 950°C for 5 min in the absence of Si flux and a sharp /3 x /3 LEED diffraction
pattern was formed. The C 1s core-level spectrum (see Fig. 11(a)) is dominated by
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Fig. 10. LEED patterns (left) and corresponding filled state STM images of 30 x 30nm? scan
size (right) of (a) v/3 x v/3 R30° + carbon nanomesh mixed surface and (b) well-developed carbon
nanomesh surface on 6H-SiC(0001). The white circles highlight the /3 x 4/3 R30° LEED spots.
Adapted from Ref. 55.

the bulk SiC peak at a binding energy of 282.9eV. The /3 x /3 R30°C surface was
free of oxygen and other contamination, as determined by wide scan PES spectrum
using a photon energy of 700eV. Further annealing at 1050°C for 5 min led to the
formation of the “64/3 x 64/3 R30°C + carbon nanomesh mixed surface”. A new
component peak at 285.1eV appears in the C 1s spectrum as shown in Fig. 11(b).
The “pure carbon nanomesh surface” was formed after annealing the SiC substrate
at 1100°C for 5min. At this stage, the 285.1eV peak dominates the C 1s spec-
trum (see Fig. 11(c)) accompanied by a shoulder at 238.8eV; the bulk-related SiC
component at 282.9 eV almost vanishes. After further annealing at 1200°C for 5 min,
the C 1s spectrum (see Fig. 11(d)) broadens to the lower binding energy side, and a
new component peak at 284.4eV is just resolvable. A freshly cleaved highly ordered
pyrolytic graphite (HOPG) sample was used as the reference sample, with a C 1s
binding energy of 284.5eV. This new component peak at 284.4¢eV is attributed to
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Fig. 11. C 1s core-level spectra recorded from the /3 x /3 R30°C surface and after different
heat treatments, measured at a photon energy of 350 eV and an emission angle of 40°. (a) /3 X /3
R30°C surface, (b)y/3 x /3 R30°C + carbon nanomesh mixed surface, (c) pure carbon nanomesh
surface, (d) carbon nanomesh + graphite mixed surface and (e) graphite surface. Adapted from
Ref. 55.

the crystalline graphite layers formed at 1200°C. Annealing at 1300°C for 5min
gives a C 1s spectrum dominated by the signal from the graphite or ‘graphene’
layer, which is currently of much research interest (see Fig. 11(e)). Hence, graphiti-
zation of the SiC surface only occurs at temperatures higher than that required for
the formation of the “pure carbon nanomesh surface”.

In order to understand the atomic structure of the carbon nanomesh surface,
Chen et al. carried out first-principles total energy calculations using the Vienna ab
initio simulation package (VASP).?® They proposed a 6 x 6 supercell model that best
fits both their STM and PES results. Figures 12(c¢) and (d) shows the top and side
views respectively of the 6 x 6 supercell model. In the 6 x 6 model, there are two kinds
of surface-related carbon atoms that make up the carbon nanomesh structures. The
first type is carbon atom (A) that bonds to one underlying Si atom. The binding
energy of these C atoms is expected to be higher than that of the bulk SiC-related
C atoms (282.9¢eV, bonded to four Si atoms), but lower than that of the C atoms
from graphite (284.4eV). The second type is carbon atom (B) that lies above the
SiC surface without formation of Si—C bonds. These B atoms form the 6 C-rings or
graphene-like structures with delocalized p-electrons to minimize the total energy.
In the model, the B atoms are located above Si atoms that possess one unsaturated
bond or dangling bond as highlighted by the white spheres in Fig. 12(c). To lower
the total energy of the system, the B atoms may partially share their delocalized
p-electrons with the unsaturated bond on the Si atoms, hence causing the B atoms



Nanoscale Characterization by Scanning Tunneling Microscopy 41

(b)

.,

Fig. 12. (a) Experimental filled state STM image of the carbon nanomesh surface. (b) Calculated
fill state STM image. (c) top and (d) side views of the 6 x 6 model, the small dark spheres represent
C atoms, big grey spheres for Si atoms, big white spheres for the Si atoms with dangling bonds,
and small white spheres for H atoms. The white hexagon highlights the honeycomb unit cell in the
experimental and calculated STM images, and in the 6 x 6 supercell model. Adapted from Ref. 55.

to be slightly positively charged compared to graphite. Calculation of STM images
was performed by Chen et al. on the basis of the proposed model. The calculated
STM image (see Fig. 12(b)) is in qualitative agreement with the experimentally
observed image shown in Fig. 12(a).

3. Spin-Polarized Scanning Tunneling Microscopy (SP-STM)

As one of important SPM techniques, spin-polarized scanning tunneling microscopy
(SP-STM)*® not only images the electron density near the sample surface as in
conventional STM, but also maps the spin polarization signal on the sample surface.
Thus, local magnetic information of the surface can be simultaneously captured
while acquiring its topography. In conventional STM, the spin of the electron is
neglected in the scanning process. For most materials, this simplification is well
justified as the electron density does not depend on the spin of the electron. But for
ferromagnetic or antiferromagnetic samples, the density of states is spin-split into
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majority and minority states. A net spin polarization is present in individual atoms.
In SP-STM, the tip is made of magnetic material which has spin-polarized electrons.
Therefore, the spin polarization signal of the sample surface may be obtained via
the spin—dependent tunneling process between tip and sample.

3.1. Basics of SP-STM

The principle of SP-STM is based on the relative magnetization orientation of both
electrodes (tip and sample) as schematically represented in a simplified Stoner model
as shown in Fig. 13.5% Due to the spin-sensitive exchange interaction, the density
of states splits up into minority and majority densities. The imbalance causes spin
polarization. For paramagnetic samples where the distributions of spin-up and spin-
down electrons are identical, no spin polarization is present. However, STM gener-
ally only measures the tunneling current instead of the spin polarization. Julliere>®
discovered the so-called tunneling magneto resistance (TMR) effect. He found that
the tunneling conductance G depends on the relative orientation of the magnetiza-
tion. For parallel orientation, the majority/minority electrons of the first electrode
tunnel into the majority/minority states in the second electrode respectively, hence
G is higher than for anti-parallel orientation. The conductance G for parallel and
anti-parallel oriented magnetizations is given by

Gy o< NiNT + N{N{ (2)
Gy o NiN{ + NN/ (3)

G is proportional to the density N of initial (¢) and final ( f) states at the Fermi edge.
It can be seen from Eqgs. (2) and (3) that the two conductivities, Gy; and Gy, are

Fig. 13. Principle of spin-polarized tunneling between magnetic electrodes that exhibit (a) parallel
and (b) antiparallel magnetization, respectively. The conductivities for tunneling from the left to
the right electrode are indicated by arrows. Reprinted with permission from Ref. 58, © 2003,
Institute of Physics.
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in general not identical. This leads to a variation of the tunneling current with the
magnetic configuration of the electrodes, which can be easily distinguished by STM.

3.2. Surface topography and local magnetism

Figure 14 shows an example of surface topography and magnetism study by SP-STM
on single crystal Cr(001).°® Figure 14(a) displays the topography image which
shows a regular step-structure with terrace widths of 100-200nm. The line-section
at the bottom of Fig. 14(a) reveals that all step edges in the field of view are of single
atomic height, i.e. 1.4 A. According to the theoretically predicted model of Blugel
et al.%® (‘topological antiferromagnetism’) this topography should lead to a surface
magnetization that periodically alternates between adjacent terraces. Indeed, this
has been observed experimentally (see Fig. 14(b)). The line-section of the dI/dU
signal drawn along the same path as in Fig. 14(a) indicates two discrete levels with
sharp transitions at the step edges.

Another typical example is on single crystal FesO4 surface. FesOy is a natural
magnetite that exhibits a cubic inverse spinal structure containing pure Fe?* (001)
planes as well as two types of Fe-O (00 1) planes, namely C, and Cy, planes.’® The
structure model for both types of Fe—O planes is shown in Fig. 15(a). It is character-
ized by Fe rows which change their orientation by 90° from one atomic plane to the
next with a separation between these rows of 6 A. In particular, these Fe-O planes
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Fig. 14. (a) Constant-current mode STM image of the Cr(001) surface. Nine terraces separated
by monatomic steps are visible. (b) Simultaneously acquired spin-resolved dI/dU map at U =
—290mV sample bias. The signal changes at every step between low and high due to antiparallel
magnetization of adjacent terraces. Reprinted with permission from Ref. 58, (© 2003, Institute of
Physics.
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Fig. 15. (a) Structure model of Ca and Cb Fe-O(001) planes of magnetite (Fe3O4). Fe-rows with
alternating Fe?t and Fe3t can be found. A periodic corrugation was found which was interpreted
in terms of atomic scale spin-polarized tunneling into Fe ions of different spin configurations.
(c¢) Constant-current STM image. Reprinted with permission from Ref. 58, (© 2003, Institute of
Physics.

contain different ionic species of Fe, i.e. Fe?t and Fe?t, which are due to different
spin configurations — 3d573d| for Fe?* and 3d57 for Fe3*. Wiesendanger and co—
workers®1:62 investigated FezO, single crystal (00 1) surface using SP-STM. Atomic
resolution images obtained on FeO planes exhibited a qualitative dependence on
whether magnetic or non-magnetic tips were used. The authors reported that line-
sections measured along the Fe row with a non-magnetic W tip appear featureless,
i.e. the surface corrugation is lower than the noise level of 0.1 A. In contrast, the
line-section (see Fig. 15(b)) obtained with a bulk Fe tip along the Fe rows exhibits
an oscillation with an amplitude of 0.2-0.4 A. The most frequently observed period-
icity was 12 A, which is inconsistent with the structural periodicity of 3 A but fits
the repeat period of Fe?T and Fe3T ions of magnetite below the Verwey transition
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temperature. These observations were interpreted in terms of atomic-scale spin-
polarized tunneling from a ferromagnetic tip into a ferrimagnetic sample allowing
one to distinguish atomic sites of different magnetic moments. Recently, Koltun
et al.* confirmed the results of Wiesendanger et al.51:62
of an artificially manufactured Fe3Oy4 single crystal: their constant-current image
displayed in Fig. 15(c) shows a modulation of the corrugation along the Fe rows
too, with the same periodicity of 12 A.

Recently, Yang et al.® observed an atomic magnetic structure on MnzNy (010)
using SP-STM. Mn3N, (010) is a magnetic transition metal nitride surface. The
authors prepared the MngNs (010) surface using a solid source effusion cell for Mn
and a RF (radio frequency) plasma source for N. All STM imaging was performed at
300K in constant current mode. For normal STM measurements, Yang et al.” used
W tips cleaned in UHV by electron bombardment. For SP-STM measurements, they
coated the cleaned W tips in situ at 300 K with either 5-10 ML of Mn or 5-10 ML of
Fe. Figure 16(a) displays a STM image of MngNs (010) acquired using a very sharp
W tip. Individual Mn atoms are clearly resolved in the high-resolution image shown
in Fig. 16(b). The image provides a perfect match with the Mn atom sublattice
shown in Fig. 16(c) in which the higher and lower maxima correspond to the Mn(1)
and Mn(2) atoms, respectively. The measured height difference between Mn(1) and
Mn(2) atoms is 0.07 A, which is attributable to surface relaxation. Almost no bias
dependence of the atomic resolution image was observed, indicating that this surface
has metallic character in agreement with the calculated results. The surface unit cell,
containing six Mn atoms and four N atoms (3:2 ratio), can be denoted as C'(1 x 1)
whereas the surface magnetic unit cell is just 1 x 1 (since pym(1) 7 ,uMn(Q)).

by investigating the surface

Fig. 16. (a) STM image of Mn3Ny (010) surface acquired at Vs = —0.4V and Is = —0.4nA.
The inset shows the average line profile (data points) over the indicated region. The solid line
is a sinusoid fitted to the data. (b) Atomic resolution STM image acquired at Vs = —0.3V and
It = 0.3nA. (c) Bulk terminated surface model. The ¢(1 x 1) geometrical unit cell and 1 x 1
magnetic unit cell are indicated by the black rhombus and black rectangle, respectively. Reprinted
with permission from Ref. 5, © 2002, The American Physical Society.
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3.3. Multi-probe scanning tunneling microscopy (MP-STM)
3.3.1. Four probe STM

The great interest in nanoscale science and technology is focused on manipulating
nanoscale material and measuring the electrical transport, optical and mechanical
properties. The multi-tip tunneling microscopy technology has been shown to be
a versatile tool for electrical transport measurements at the nanometer scale. For
general purpose resistance and -V curve measurements, 2-point electrical mea-
surements are normally used. To determine the resistance, Ohm’s law R = V/I is
used; a known current flows through the unknown resistance,, and the voltage that
develops across the resistance is measured; the resistance is determined by dividing
the measured voltage by the source current. A problem that occurs using the 2-point
setup is that the voltage is measured not only across the resistance in question, but
also includes the resistance of the leads and contacts as well (see Fig. 17(a)). When
using an ohmmeter to measure resistances above a few ohms, this added resistance
is usually not a problem. However, when measuring low resistances or when the
contact resistance is high, obtaining accurate results with a two-point measurement
may be a problem. The multi-probe STM provides a solution to this problem, since
it can be operated in double-, triple-, or quadruple-probe modes, and is operated
in combination with scanning electron microscope (SEM). The MP-STM technique
has been applied to investigate nanodevices and implement nanofabrication.® For
example, for electrical characterization of nanodevices, the STM-based 4-point mea-
surement allows determination of both voltage and current (see Fig. 17(b)). Since
a second set of probes is used for sensing and since negligible current flows in these
probes, only the voltage drop across the device under test is measured. As a result,
resistance measurement or -V curve generation is more accurate. The improved
accuracy (current-measuring capability < 1pA) is very important for the character-
ization of the electrical properties of nanostructures and devices. Another important
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Fig. 17. Electrical circuits for (a) 2-point and (b) 4-point measurements.



Nanoscale Characterization by Scanning Tunneling Microscopy 47

advantage of MP-STM is that each tip can be operated independently with fine posi-
tioning down to atomic scale. With the application of voltage on tips, measurements
can be performed in situ on nanodevices such as single electron tunneling transis-
tors. Moreover, the combination with high resolution SEM not only enables tip
navigation on complex structures for fast and precise location of the desired testing
points, but also adds functions such as chemical analysis and focused electron-beam
(FEB) irradiation.

3.3.2. Electrical transport measurement

Lin et al.5% manipulated and measured the electrical transport and optical properties

of a perylene nanostick using their four-probe STM system in UHV conditions. To
manipulate a nanostick, they first made some differently-shaped hooks (type A and
C hooks) at the top of STM tips using special tip crashing skills. They then used
type A hook to stop the nanostick moving and used type C hook to contact the
nanostick firmly. The I-V characteristic measured by their MP-STM method is
shown in Fig. 18. It can be seen that the leakage current is about 30fA when the
voltage is 1 V. The very low leak current and noise arises from the good shielding
of the system and the cable. Their vacuum chamber made of stainless steel 15
provided shielding of the nanostructure and probes from electrostatic or magnetic
interference. The Triax cable and connector used in their experiments provided very
high leak resistance and very low cable—capacitance.

To measure the local electrical conductivity of well defined crystal surfaces in situ
in ultrahigh vacuum, Hasegawa et al.% developed microscopic four-point probes
with a probe spacing of several micrometers. They installed their four probes in a
scanning electron-microscope/electron-diffraction chamber. The probe was precisely
positioned at targeted areas of the sample surface using piezo actuators. This appa-
ratus enabled conductivity measurements with extremely high surface sensitivity.
By directly measuring the surface-state conductivity of superstructures, they were
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Fig. 18. I-V curve (e) of the perylene nanostick measured by two probes. I-V curve (H) of the
leak current. Reprinted with permission from Ref. 63, (© 2003, Chinese Physical Society.
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Fig. 19. Resistance measurements across a step bunch on the clean Si(111)-7 x 7 and Si(111)-
v/3 X 4/3-Ag surface with a monolithic y-4PP (a) SEM image of the p-4PP chip. (b), (c) SEM
images of the u-4PP contacting the sample surface in UHV. The resistance is measured across a
step bunch in (b) while the resistance on a terrace is measured in (c). (d) SEM image of the step-
bunched surface. (e), (f) Line profile of resistance measured by making the p-4PP move along line
across step bunches on the Si(111)-7 x 7 and Si(111)-1/3 X 1/3-Ag surface respectively. Reprinted
with permission from Ref. 64, (© 2002, Institute of Physics.

able to clarify the influence of atomic steps in surface conductivity. Figure 19(a)
shows a scanning electron micrograph (SEM) of a chip using the micro-four-point
probe, which was produced by silicon micro-fabrication technology. Figures 19(b)
and 19(c) shows SEM images of their sample (i.e., a Si(111)-7x 7 clean surface) and
the micro-four-point probe with 8 um spacing contacting the sample surface. The
probe is shifted laterally by about 5um in Fig. 19(c) from the position shown in
Fig. 19(b). In this way, the local conductance of the targeted areas can be measured
by fine positioning the probe with the aid of in situ SEM. Hasegawa et al.5* found
that the resistance increases by two orders of magnitude at step-bunch regions on
the 7 x 7 surface (see Fig. 19(e)), whereas it increases by only a factor of four on
the /3 x v/3-Ag surface (see Fig. 19(f)).

4. Concluding Remarks

In this chapter, we have reviewed the development and application STM techniques
in nanoscale characterization. The STM working principle, experimental setup,
operation modes, and tip preparation are described. Selected results pertaining to
the STM nanocharacterization of semiconductors Si, GaAs, and SiC were presented
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as illustrator examples. The capability of STM in real space visualization and its
application in conjunction with other methods in resolving atomic arrangements
and structures are demonstrated. New developments in STM techniques including
SP-STM and MP-STM are discussed in comparison with conventional non-magnetic
and single tip STM methods. SP-STM is able to detect the local magnetization of
the surface below the apex of the STM tip by making it sensitive to the spin of the
tunneling electron. It can image the magnetic domain structure of the sample with
ultimate resolution down to the atomic scale. MP-STM offers a versatile tool for
electrical transport measurements at the nanometer scale. The STM probes act as
current sources, voltage pick up probes, and field-gate electrodes. It is useful not
only for fundamental nanoscience research, but also for testing the electrical char-
acteristics of nanodevices. At present, the most difficulty of SPM nanofabrication is
on its reproducibility and pattern mass production in atomic precise scale. Further
work is needed to control and minimize SPM’s environmental drafts, e.g., scanner
thermal and piezo non-linear draft etc., as well as develop an invariant STM tip,
to qualify for durable and reproducible nanofabrication processes in atomic precise
scale.
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EUV lithography is the exposure technology in which even 15nm node which is the
limit of Si device can be achieved. Unlike the conventional optical lithography, this
technology serves as a reflection type optical system, and a multilayer coated mirror is
used. Development of manufacturing equipment is accelerated to aim at the utilization
starting from 2011. The critical issues of development are the EUV light source which
has the power over 115 W and resist with high sensitivity and low line edge roughness
(LER).

Keywords: Nanofabrication; EUV lithography; semiconductor; mirror system.

1. Introduction

According to the latest semiconductor road-map, extreme ultraviolet lithography
(EUVL) will be introduced for the fabrication of large-scale integrated circuits
(LSIs) at the 32-nm node in 2011. Research institutions, equipment makers, and
infrastructure makers throughout the world are now accelerating development with
the goal of fabricating devices by EUVL. Although the optical system is reflective,
employing mirrors covered with a multilayer film, rather than refractive, as in a con-
ventional system, this technology can be considered an extension of conventional
ultraviolet lithography. That is, advances in lithography for device fabrication have
so far come about by improving the numerical aperture (NA) of the optical system
and shortening the exposure wavelength. Recently, the required minimum feature
size has reached one-half the wavelength or less, and the influence of diffraction has
become appreciable. Even so, a conventional refractive system can still be used due
to the development of resolution enhancement technologies, such as a phase-shift
mask and a ring illumination system, which result from the engineering of opti-
cal components. Furthermore, a new technique called ArF immersion technology is
making rapid progress.
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Ultraviolet lithography employs reduction exposure and a bulk mask, and covers
several generations. Any technology worthy of being called a “lithography standard”
for device fabrication must satisfy these three conditions. EUVL does satisfy them,
and can be considered an extension of ultraviolet lithography. Moreover, a fine pat-
tern less than 30 nm can be replicated without the resolution enhancement or optical
proximity correction (OPC) techniques developed for KrF excimer lithography.

In contrast to conventional ultraviolet lithography, which employs refractive
optics, EUVL employs a reflective optical system consisting of multilayer-coated
mirrors.! ™ Each aspect of this technology (coating, polishing, metrology, vacuum
mechanism, etc.) requires an extremely high precision of less than 1nm, although
nanotechnology seems to have grabbed the world’s attention lately. On the road to
the establishment of a workable technology, solutions to critical problems in each
field must be found, and their impact will spread widely into other fields. For exam-
ple, consider the light source, which is based for instance, on laser-produced plasma.
If a high-intensity light source is realizable, it will lead to improvements in the per-
formance of X-ray microscopes and analytical tools. Progress in optical polishing
and figuring will have an impact on the quality of many products. Research on
multilayer films promotes the study of the process by which a single atomic layer
is formed and also research on the surface and interface of materials. Furthermore,
the advances in metrology required to make EUVL a practical production tool will
revolutionize evaluation methods based on the conventional point diffraction inter-
ferometer.

Thus, although difficult problems must be solved in each technology related to
EUVL, this research is part of the process by which we are progressing into the
nano-scale regime; and this same process will eventually carry us into the pico-scale
regime. In this sense, the development of EUVL will have a large ripple effect on
all fields. This article discusses the principle of EUVL, the current status of the
individual technologies, and future prospects.

2. Principle of Extreme Ultraviolet Lithography

Figure 1 illustrates the principle of extreme ultraviolet lithography. The system
consists of a source, illumination optics, a mask, an objective lens and a wafer.
The mask, the objective optics and parts of the illumination optics are coated with
a reflective multilayer film. Since the aberration-free area in a reflective system is
limited, the exposure area is expanded by synchronously moving the mask and wafer
in the optical system.

The diffraction-limited resolution is determined by Fraunhofer diffraction when
aberration in the optical system is completely eliminated:

d=K;\/(NA). (1)
And the depth of focus, Dg, is given by the Rayleigh equation:
Df = A/(NA?), (2)
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Fig. 1. Principle of extreme ultraviolet lithography.

Table 1. Estimated resolution and depth of focus.

NA 0.25 0.3 0.4
d (nm) 27 22.5 17
D¢ (nm) 216 150 84

where A is the wavelength of the X-ray source and NA is the numerical aperture
of the objective lens. Table 1 gives estimates of the resolution and depth of focus,
assuming a K; factor of 0.5 and a wavelength of 13.5 nm.

If a Ky factor of 0.4 is allowable, optics with an NA of 0.25 can be used for the
22-nm node without any narrowing of the depth of focus. Furthermore, assuming
a Ky factor of 0.3, it can extend to the 15-nm node. This is one of the biggest
advantages of EUVL.

At the start of system design, the choice of X-ray wavelength is the most
important consideration because many other things (optical characteristics, mul-
tilayer reflectivity, resist materials, etc.) depend on it. Figure 2 shows the numer-
ical aperture and X-ray wavelength for the target resolution and depth of focus
both in the early stages (1980’s) and now. In the early stages, the target reso-
lution was less than 0.2 pm, but it has now become less than 45nm. In this fig-
ure, a larger numerical aperture provides a better resolution and a smaller depth
of focus. However, it is extremely difficult to design optics with a high numer-
ical aperture, such as 0.4. Another way to improve the resolution is to shorten
the wavelength, but this reduces the reflectivity of the multilayer and narrows the
bandwidth.

Generally, the peak reflectivity is obtained at the wavelength of minimum
absorption of the low-index material, such as carbon, boron, beryllium or silicon
for the wavelength range of 4.0-40nm. It occurs at a wavelength of 4.47nm for
carbon, 6.7nm for boron, 11.4nm for beryllium and 12.4nm for silicon. The peak
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Fig. 2. Numerical aperture and X-ray wavelength for the target resolution and depth of focus.

reflectivity and the bandwidth are easily calculated from Fresnel’s equations. For
instance, assuming that the wavelength is beyond the absorption edge of each mate-
rial and also assuming normal incidence, the calculated peak reflectivity is 17% for
Cr/C, 33% for Ru/B4C, 73% for Mo/Be and 72% for Mo/Si. The experimental
reflectivity must be over 656%, from the standpoint of a practical throughput. The
values for Mo/Si and Mo/Be satisfy the requirement. Furthermore, since demagni-
fying optics usually consist of two or more mirrors, a bandwidth of 0.3-0.4nm is
required to adjust the multilayer mirrors to the wavelength of the peak reflectivity.
The bandwidths of multilayer mirrors made of Mo/Si (for A = 13nm) and Mo/Be
(for A = 11.4nm) satisfy the requirements.

The sensitivity and exposure depth of the resist depend on its X-ray absorption
coefficient. Since the characteristics of organic resists depend primarily on the X-ray
absorption of carbon, the exposure depth is easily calculated. At a wavelength of
4.47nm or a little longer, the X-ray absorption of an organic resist is small, which
allows a thick resist (thickness > 0.5 um) to be used. For wavelengths longer than
4.47 nm, the X-ray absorption becomes appreciable; and only a thin top layer at the
surface is exposed.

Figure 3 shows the relationship between the exposure depth of polymethyl-
methacrylate (PMMA) resist and the incident dose of synchrotron radiation (SR).
Two pairs of Schwarzschild-type multilayer mirrors were used to monochromatize
the SR source, which was adapted for wavelengths of 5nm and 11.8nm. For a
wavelength of 11.8nm, the exposure depth reaches a limit at 0.08 um; while for
5nm, it is more than 0.3 um. So, the use of wavelengths greater than about 10 nm
requires the development of either a bilayer resist process or a new resist that
permits exposure depths of at least 0.3 ym.

As mentioned above, considering all the factors (required numerical aperture,
multilayer reflectivity, resist characteristics, etc.), only one wavelength region from
11.4 to 13.0nm appears to be suitable. The final selection of the wavelength will
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Fig. 3. Relationship between the exposure depth of PMMA resist and the incident dose of syn-
chrotron radiation (SR).

be decided on the basis of further studies on optical design for a high numerical
aperture, the resist process and the ability to deposit highly reflective multilayers.

Until the target feature size reached 45 nm, a single-layer resist was adequate,
since penetration depth did not need to be considered. The exposure wavelength
was set to around 13.5nm. Table 2 shows the critical issues for EUVL components.

3. Critical Issues of EUV Lithography
3.1. Optics design and fabrication

To design EUVL optics with a large exposure field, the following factors need to be
considered: (i) the construction of optics with the fewest mirrors; (ii) telecentricity
on a wafer for easier alignment and a large depth of focus; (iii) a demagnification

Table 2. Critical issues in individual EUVL technologies.

Component Issue Goal
Optics Design 6 mirrors
Aspherical-mirror fabrication 0.3nm
Alignment accuracy of optics 0.5nm
Source High power 115-180 W
Low debris >5st
Large collection angle >10Mt
Long life
Mask High reflectivity >67%
Low defect density 0.001/cm?
Resist High sensitivity 2-5mJ/cm?
Low LER 1.5nm @ 32nm

Exposure system  Contamination & temperature control
Mask & wafer handling
Scan stage
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of 1/4 to 1/5 to make mask fabrication easier; (iv) an modulation transfer function
(MTF) of over 70% (the MTF needs to be high enough to provide the required
resolution) and (v) a minimum blur of an exposure pattern of less than 0.01% in
the scanning mode.

Figure 4 illustrates a two-aspherical-mirror system for the replication of 0.06 pm
patterns in a large exposure area demonstrated by NTT.3° The incident angle to
the optics is nearly normal (~ 2°). The focused beam strikes the wafer perpendic-
ularly; that is, the optics is telecentric with respect to the plane of a wafer. The
demagnification is 1/5. The numerical aperture is 0.1 and the exposure area has
a ring field image 20mm x 0.4mm in size, in which the aberration is less than
0.01 pm. The square-wave modulation transfer function for these optics is 75% at
5000 cycles/mm, which yields a resolution of less than 0.1 um for incoherent 13-nm
wavelength radiation. This design satisfies requirements (i) to (iv) above.

This optics design employs two mirrors with the same radius of curvature to
compensate for the curvature of the image plane. However, the difference in distor-
tion in the ring field is not negligible. In this case, assuming a distortion of 0.25%,
the blur of a pattern is 0.2 ym in a ring field with a size of 20mm x 0.4 mm on a
wafer. A two-mirror system is not good enough to eliminate various types of aberra-
tion, especially the distortion in a wide field. However, this design can be considered
the illustration of “the principle of an EUVL optical system.”

Figure 5 shows the characteristics of replicated patterns simulated using SPLAT
program, assuming a wavelength of 13.5 nm. Increasing the NA makes finer hole and
elbow patterns. In resolving a 30-nm hole and elbow pattern, the NA of over around
0.3 is required. On the other hand, influence of the value of figure accuracy (o) does
not make a significant change.

Figure 6 shows the six-aspherical-mirror optics devised by Williamson in 1998.6
This system provides even more degrees of freedom to correct residual aberration,
enabling a 4x reduction with an NA in excess of 0.25 and a ring field over 2.0 mm

Reflecting mask Toroidal Mirror

Synchroton
radiation

Telecentric objective

lens
Wafer

100 mm

Fig. 4. A two-aspherical-mirror system.
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Fig. 5. Characteristics of replicated patterns simulated using SPLAT.
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NA =0.25

Fig. 6. A six-aspherical-mirror optics devised by Williamson in 1998.

wide on a wafer. For a 2.0-mm-wide ring field, the residual distortion can be reduced
to less than 0.25 nm. This camera enables 20-nm patterns to be replicated.” ASML,
Nikon, and Canon have developed a practical EUVL system employing this type of
optics.

Aspherical mirrors are key optical elements of the imaging optics and require
high-precision fabrication. In general, the figure accuracy of one mirror can be
obtained from Rayleigh’s equation (3) and Marechal’s equation (4):

o=\4n (P-V), (3)
G =A/28v (RMS), (4)

where n is the number of mirrors. For example, the figure error for each mirror of
imaging optics with six aspherical mirrors (Fig. 7) must be less than 0.56 nm P-V
and 0.2nm RMS.

Improvement in the precision of mirror fabrication is due to progress in the
technology for measuring figure error. Utilizing computer-controlled polishing and

irror under  istance measuring
interfarometer ::.e i :::;m intarferometer
base s\ diverger
lens
beamsplitier / .

r beam expander
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Fig. 7. Fabrication process for aspherical mirrors.
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Fig. 8. Aspherical mirror measurement using CGH.

a laser interferometer, to which phase analyzing equipment was added, Tinsley
achieved a figure error of 0.3nm (RMS).

Figure 8 illustrates the fabrication process for aspherical mirrors.® First, preci-
sion machining with a diamond grinding wheel produces the initial spherical surface
to an accuracy of 1-2 um, as measured with a contact-type profilometer. Second, an
aspherical surface meeting the required specifications is fabricated by CCOS (Com-
puter Controlled Optical Surfacing), which employs iterative polishing with sub-
strate polishing tools and a phase-measuring interferometer to measure the shape.
The final shape is acquired by repeated polishing and measurement. In 1993, the
two aspherical mirrors for the system in Fig. 4 were delivered; but the accuracy was
only 1.5nm for the concave mirror and 1.8 nm for the convex one.”

A new metrological method was needed to fabricate a mirror with an accuracy
of better than 1nm. Figure 8 shows a Twyman-Green interferometer based on a
computer generated hologram (CGH), which applies a Fourier transform to the
aspherical surface. Computer generated hologram calculates interference fringes for
actual and ideal wave fronts, and it enables the precision to reach the required value.
That is, this technique of processing the Fourier transform rather than the actual
wave front provides an accuracy of 0.5 nm. Further advances in the technology have
reduced the roughness in the mid-frequency range, allowing an accuracy of 0.3 nm
to be achieved in 2000.

An interferometer is used to measure the surface figure, and the measurement
accuracy depends on the accuracy of the optics of the instrument itself. The need to
overcome this limitation engendered the concept of a new type of interferometer for
which the accuracy of the instrument optics is not a factor determining measurement
accuracy.

Gary E. Sommargren of LLNL considered the spherical wave emitted from a
glass fiber and came up with the idea of determining shape from the interference
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fringes formed by the wave front reflected from the measurement optics and an
ideal spherical wave, taking the uniformity of the diameter of the fiber core into
account (Fig. 9).1%1! Up to that time, a processed pinhole had been used, which
produced a spherical wave that was far from ideal. The new system was a technologi-
cal breakthrough that eliminated spatial restrictions on measurements and provided
an accuracy in the sub-nanometer region. This method can measure the figure error
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Fig. 9. PDI system devised by Gary E. Sommargren of LLNL: (a) principle of point diffraction
interferometer, (b) configuration of spherical mirror test stand.
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of single-element optics and the wave-front error of optics with a couple of elements.
Above mentioned technologies of aspherical mirror fabrication and measurement are
introduced to the practical fabrication system.

3.2. Source

Early research on EUVL employed synchrotron radiation (SR),'2 but it soon became
apparent that SR could not provide the required throughput. Thereafter, hopes have
been centered on laser-produced plasma (LPP) because it has a smaller footprint
than SR, and an exposure system with LPP is compatible with conventional equip-
ment on a semiconductor production line.

To build a practical system with 6 aspherical mirrors and a reflective mask,
stepper companies (ASML, Nikon, Canon, etc.) carried out simulations to determine
the requirements of the source. They found that a source power of 115W at the
intermediate focus point is needed to obtain a throughput of 100 8-inch wafers/hour,
assuming a resist sensitivity of 5 mJ/cm?.

Currently, two types of EUV sources, LPP (Fig. 10) and discharge-produced
plasma (DPP:Fig. 11), are being investigated. In general, LPP has the advantages
of collection over a large solid angle, little debris and a high repetition rate. On the
other hand, DPP has the advantages of high power and high efficiency, although
ablation of the electrode and the amount of debris are serious problems. Discharge-
produced plasma directly changes electrical energy into EUV light, while LPP first
changes electrical energy into laser energy, which is then converted into EUV light.

Cymer Co. has been developing an LPP source for a practical system.'® They are
carrying out fundamental studies on the emission spectrum and conversion efficiency
of a Sn droplet target and the condensing efficiency of a normal-incidence mirror
using a XeF (Deep UV) driving laser with an output of 800 W and a repetition
frequency of 4kHz. The typical conversion efficiency (CE) of this system is 0.5%
into 2% BW and 27 sr. However, the efficient conversion of laser energy into EUV
energy is critical to obtaining the required power. Several combinations of laser
wavelength and source element CE have been examined. Plans call for the use of a Li

EUV Collection optics
P / EUV Light
iquid jet
Or droplet g
T
3

Nozzle

Pumped Laser

Fig. 10. Gas-jet typed laser produced source.
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Fig. 11. Discharge-produced plasma (DPP).
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Fig. 12. Measured lithium CE as a function of intensity.

rather than a Sn target and a COxq laser in a system for high-volume manufacturing
(HVM).

Figure 12 shows the measured lithium CE as a function of intensity for five differ-
ent driving laser wavelengths. Even under non-optimized conditions, the lithium CE
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Fig. 13. (a) The estimated Sn CE as a function of intensity for different driving laser wavelengths;
and (b) the CE of a CO3 laser as a function of lens position.

is quite high, approaching 3%. Beside it is relatively insensitive to laser wavelength
in the wavelength range from 266 nm to 1064 nm.

Figure 13(a) shows the estimated Sn CE as a function of intensity for different
driving laser wavelengths, and Fig. 13(b) the CE of a CO5 laser as a function of
lens position. A longer laser wavelength yields a higher CE, and a CE of 4% can
be obtained for a CO5 laser at a wavelength of 10.6 ym. A CE as high as 5% has
been reported for a wavelength of 1064 nm. Based on these experimental results, a
Sn LPP source appears to be a viable option for an HVM source.

A DPP source for EUVL is potentially much simpler and less expensive than an
LPP source. It employs high-voltage, high-current discharge pulses to form a 15eV
to 50eV plasma in a gaseous medium, such as Xe, Sn or Li vapor. Angle-integrated
EUV outputs of 7mJ/eV pulses and repetition rates of up to 1000 Hz have recently
been achieved for a Xe capillary discharge source, suggesting that it may be possible
to scale the average power of this source to meet commercial requirements.

Xtreme Co. developed the first commercial Xenon GDPP source in 2003. It is
based on the Z-pinch, which generates a power of 35 W within a solid angle of 27 sr.
This source has been integrated into micro-exposure tools from Exitech Co., UK.
The first tool has produced more than 100 million pulses without visible degradation
of the source collection optics. Xtreme Co. has a GDPP source under development
with a power of 115W at the intermediate focus point for an HVM system.'* It
utilizes a Sn source and a rotating disk electrode.

The Philips Co. Nova Sn GDPP source uses an electrical input power of over
10kW and continuously delivers a power of 200 W in the EUV band over a solid
angle of 27 sr.!> 500 million shots have been generated, and the electrode lifetime
is estimated to be at least 2 billion shots. The debris mitigation system is based
on a two-step method that employs a foil-trap-based stage and a chemical cleaning
stage. The total collector lifetime should be over 10 billion shots.
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Although both systems have great potential, the best type of system will become
clear after a suitable resist has been developed. Moreover, the lifetimes of the
condensing efficiency and the condensing mirror are important factors determining
conversion efficiency. Further studies will be carried out in the future.

3.3. Reflection mask

The EUV mask is one of the key technologies for establishing EUV lithography, with
the production of defect-free substrates and phase defect measurements being criti-
cal issues. An EUV mask (Fig. 14) consists of a low thermal expansion (LTE) glass
substrate, a multilayer, a capping layer, a buffer layer, and an absorber pattern.'6 18
Table 3 shows the specifications of EUVL mask.

A multilayer consisting of Si and Mo has been found to be the most suitable for
obtaining a high reflectivity at EUV wavelengths of 13-14nm. One with 40 bilayers
has a peak reflectivity of 69%, which meets the minimum reflectivity requirement of
67%. The reflectivity spectrum (Fig. 15) of typical multilayer blanks was measured
with the reflectometer at the NewSUBARU SR facility. The deviation from the the-
oretical value of around 73% is thought to be due to the formation of interdiffusion
layers between the Si and the Mo layers. Improvement of the deposition process
should yield a reflectivity of 67% or more.

TaN and Cr films have been reported to be the best candidates for the EUV
absorber material.!? 22 SiO,, SiON, C and Ru films are commonly used as repair
buffers for a TaN or Cr absorber.?> 2> A buffer layer is required to protect the

Absorber pattern

buffer layer
capping layer

multilayer

LTE glass — |

Fig. 14. Configuration of EUVL mask.

Table 3. Specifications of EUVL mask.

Ttem Specification

Substrate size & properties 6025, LTE

Surface roughness of substrate  <0.15nm (RMS)

Flatness of substrate <50 nm (P-V)

Defect density of substrate Zero (for defect size>50 nm)
Defect density of blank <0.003/cm? (for 30-nm defects)

Reflectivity of blank <67% (13.4nm < A < 13.5nm)
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Fig. 15. Reflectivity spectrum of typical multilayer blanks measured with the reflectometer at
the NewSUBARU SR facility.
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Fig. 16. Typical mask fabrication process.
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multilayer from damage during the repair of absorber defects with a focused ion
beam (FIB). It needs to be patterned along with the EUV absorber layer as a stack
to prevent any degradation in the EUV reflectivity of the multilayer.?6729

In a typical mask fabrication process (Fig. 16), a Mo/Si multilayer (ML) com-
posed of 40 bilayers and an 11-nm-thick Si capping layer are deposited on a ULE®
glass substrate.?1:24:25:30 The RMS surface roughness of an as-deposited multilayer
is 0.16nm in a 5um? area on a polished ULE substrate, as measured with an
atomic force microscope (AFM). A CrN buffer layer and a TaBN absorber are then
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deposited on the Si capping layer by direct current (DC) magnetron sputtering.
After the lithography process, the TaBN absorber is etched in an inductively cou-
pled plasma (ICP) etching system using Cly gas; the etching selectivity of TaBN
with respect to the CrN buffer layer is around 20:1. Finally, the TaBN absorber
pattern acts as a hard mask for the removal of the CrN buffer layer. The CrN buffer
layer is etched with Cly/O9 plasma; it has a high etching selectivity of 20:1 with
respect to the Si capping layer. The surface roughness shows no change after this
processing due to the high etching selectivity between CrN and Si. The Si layer was
slightly thicker after the etching process, as measured with low-angle X-ray diffracto
meter (XRD). This is thought to be due to the oxidization of the Si layer by oxygen
plasma. EUV masks can be produced without a significant drop in EUV reflectivity
by optimizing the mask process and by using newly developed mask blanks.

4. Exposure Tools and Experiments

In Japan, the (NTT), Nikon, SORTEC and Hitachi groups are carrying out exposure
experiments using Schwarzschild optics. Patterns with sizes of 0.05-0.1 um have
been replicated (Fig. 17).31:32 In USA, the AT&T, (SNL) and LLNL-groups have
replicated patterns with a size of 0.05um (Fig. 18).3373% Since spherical mirrors,
which can easily be fabricated to a high accuracy, are employed for the optics, the
resolution obtained (0.05 pum) is close to the diffraction limit. But a practical field
size on a wafer is required. Thus, optics with a high resolution and a large field are
being investigated.

The NTT group is investigating large-field exposure in an area 20 mm x 0.4 mm
in size using a two-aspherical-mirror system. Patterns with a size of 0.15 um have
been replicated at a wavelength of 13 nm. In addition, a large field 10 mm x 12.5 mm
in size has been achieved using illumination optics and synchronized mask and wafer
stages (Fig. 19).40

The SNL, LLNL, (LBL), and AT&T groups have developed exposure tools
(Fig. 20) for laboratory use.*! They employ a laser-produced plasma X-ray source

Arc-shaped
SR ring slit

Filter

Reflecting Mask

Demagnifying Wafer
Objective

Fig. 17. Exposure system developed by NTT in 1989.
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0.05 um

Fig. 18. The replicated patterns with a size of 0.05 pum replicated by AT&T.

Storage ring

Reflection mask Focusing mirrors

Ring shaped beam Front focal plane

Fig. 19. A two aspherical mirror system developed by NTT in 1991.

with a Cu wire target. The amount of debris is reduced to a practical level by
using a rapidly rotating slit and a helium atmosphere. The optics, mask and wafer
stage are installed in the exposure chamber. The Schwarzschild optics consist of two
aspherical mirrors with a wave-front aberration of less than 1 nm. They have the
potential to replicate patterns with a size of 0.1 um in an exposure area 0.4 mm?.
The wafer stage consists of a fine-positioning stage (stroke length: 300 um) and a
coarse-positioning stage (stroke area: 100 mm x 74 mm). The fine-positioning stage
has 16 magnetic suspensions and 6 shafts for repositioning. The alignment between
mask and wafer is carried out by matching Moiré interference fringes from Moiré
patterns on the mask and wafer through observation of an image from a CCD camera
on a display. The measured resolution is 10-15nm (3¢) for the X- and Y-directions.
A wafer held by an electrostatic chuck and wafer distortion is measurable to an
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Fig. 20. Exposure system developed by SNL, LLNL, LBL and AT&T groups in 1995.
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Fig. 21. Configuration of a three-aspherical-mirror system developed by HIT, Nikon and Hitachi.

accuracy of +0.15 um by detecting the focus position on a wafer. The mask stage,
the wafer stage, and the imaging optics are mounted on a vibration isolation table.
The whole system is mounted in a vacuum chamber. Utilizing this exposure tool,
0.1-pm NMOS transistors have been fabricated with an i-line hybrid exposure tool.*?
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Figure 21 shows the configuration of a three-aspherical-mirror system.*3 45 It
consists of illumination optics, mask and wafer scanning stages, mask and wafer
alignment optics, a reduction camera, and a load-lock chamber for loading wafers.
The reduction camera consists of three aspherical mirrors. The magnification of the
optics is 1/5. There is a distortion-free area less than 0.01 um wide in a 1.0-mm-wide
ring image field with a chord length of 30 mm on a wafer. So, by moving the mask
stage in synchronization with the wafer stage, an exposure area of 30 mm x 38 mm
can be achieved. The mask stage has five degrees of freedom. The Y-axis is used for
scanning the mask, and the Z-axis is for focus and magnification alignment. The
wafer stage consists of coarse- and fine-positioning stages. The coarse-positioning
stage is driven by a pulse motor and a mechanical bearing guide. The Z-axis of
the wafer coarse-positioning stage has a measurement system with a resolution of
0.1 pm. The fine-positioning stage for mask and wafer alignment and focus align-
ment employs a piezoelectric transducer, which provides a resolution of 1 nm in the
X- and Y-directions and 10 nm in the Z-direction. The photograph in Fig. 22 shows
an overview of the system. The system is in a thermal clean chamber, in which the
temperature is controlled to +0.1°C. The dimensions of the chamber are approxi-
mately 1 mx1.2mx1m. In 2000, this system was used to clearly observe 60-nm-wide
L&S patterns and 40-nm-wide isolated lines in an exposure area 10 mm X 10 mm
in size.
Figure 23 shows the ETS-1 developed by EUV-LLC.%¢ It is a step-and-scan
system with an operating wavelength of 13.4nm. The projection optics box (POB)

Fig. 22. Photograph of overview of the system of a 3-aspherical-mirror system.
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Fig. 23. ETS-1 developed by EUV-LLC.

is a multilayer-coated, four-mirror, ring-field system with a NA of 0.1 and an image
reduction of 4:1. The field is a 30° sector of a ring field with a radius of 211 mm
(chord length of 96 mm x width of 6 mm at the reticle). The reticle is a reflective
multilayer-coated ULE substrate with a patterned absorber. The EUV radiation
comes from laser-produced plasma generated by focusing a pulsed Nd:YAG beam
onto a Xe cluster target. The source has a diameter of approximately 300 um. It
employs a 40-W laser, which delivers an EUV power of 0.11 mW /cm? on a wafer.

An experimental projection optics box was assembled and characterized by both
visible-light and EUV interferometry. The wave-front error was measured by both
techniques at 45 field points throughout the ring field. The mean RMS wave-front
error across the field is 1.20nm (A/1 1) in a 36-term Zernike polynomial decompo-
sition, and varies between 0.90nm and 1.4nm. On average, the difference between
the EUV and visible-light measurements was 0.25 nm RMS.

Scanned images are formed by scanning the reticle at a constant velocity through
the illuminated field of the projection optics. The wafer is synchronously scanned
at a quarter of the mask velocity so that the scanned image appears stationary on
the wafer. Any deviation from true synchronization, either in speed or direction,
will blur the printed image. A feedback control system synchronizes the stages
and dynamically references their positions to the POB structure. Several full-field
scanned images, each measuring 24 mm x 32.5mm, have been printed. The reticle
scan speed was approximately 40 um/s (limited by the EUV intensity). At velocities
of zero and 40 pum/s the RMS jitter of the reticle stage is below 5nm, and the jitter
of the wafer stage is below 10nm. The stages have also been tested at speeds of
20mm/s, and were found to have the same jitter performance.
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Static resist images of dense 1:1 elbow patterns, ranging in size from 100 to
300nm, show as-expected image quality across the entire ring field of the projec-
tion optics. The 100-nm patterns, including both dense and isolated features, are
well resolved throughout the entire field, and 80-nm patterns are well resolved at
the center of the field, where aberrations are lowest. Full-field (24 mm x 32.5 mm)
scanned images have been acquired. The scanned images of dense 100-nm elbow
patterns are almost indistinguishable from the static images, proving that neither
stage motion nor the POB static distortion field impacts image quality. Figure 24
shows isolated 3:1 elbow patterns with sizes of 45nm and 39 nm. Although the sys-
tem has an NA of 0.1, it has been proven that the NA can be increased to 0.25,
which would enable patterns with a size of 32nm or less to be replicated.

The Micro Exposure Tool (MET) (NA = 0.3) was built to clarify the minimum
feature size of replicable patterns and to promote the development infrastructure
in EUV-LLC (Fig. 25).*” This technology was subsequently transferred to ASML
and a European company. Four systems are now available.*® ®0 This system has a
2-aspherical-mirror system with a numerical aperture of 0.3, and a demagnification
of 1/5. The exposure area is 100 um x 200 gm. This system was used to replicate the
25-nm L&S pattern. Regarding the performance of the optical system, the diffrac-
tion limit is 20nm. Moreover, Exitech developed a commercial system with a DPP
source in 2004. The two systems have been delivered and are being used for process
studies.

On the other hand, an EUVL a-demo tool developed®:52 by ASML was used
to replicate the pattern in Fig. 26. It has been used to replicate a 40-nm L&S
pattern. One feature of the system is that it employs newly developed wafer handling
technology. This system will be tested at ISEMATECH this year (2006). Table 4
below shows the specifications.

45-nm 3:1 ‘

39-nm 3:1 |

39 nm at 0.1 NA

+
16 nm at 0.25 NA

Fig. 24. Exposure pattern using ETS-1.
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Fig. 25. Micro Exposure Tool (MET) By SAMATECH.

Fig. 26. EUVL a-demo tool developed by ASML.
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Table 4. Specification of EUVL a-demo tool.

Ttem Specification
A 13.5nm

NA range 0.15-0.25
Field size 26 mm X 33 mm
Wafer size 300 mm
Magnification 4

Flare 16%

Dense L/S 40 nm

Isolated lines 30 nm
Iso/dense contact 55 nm

Overlay 12nm
Throughput ~10wph

5. Conclusions

To achieve that goal, the trial production of 32-nm LSIs using a beta version of
the apparatus must be accomplished by 2009. Experimental equipment with an
NA of 0.3 and an exposure area with a diameter of less than 1 mm is already on
the market; and exposure tests in cooperation with ISEMATEC, etc. have already
begun. This apparatus provides a resolution of 30nm or less on a resist, and less
than 20 nm is possible, considering the performance of the optics. The critical issue
right now is the development of a light source that can provide a throughput of 100
8-inch-wafers/hour. Since the specifications of the optical system have already been
decided on the development side, the problem is how to boost the intensity of the
light source to 115 W from the present 30 W or so. Another issue is the development
of a resist with a line-edge roughness (LER) of 3nm or less, because LER influences
the width of an exposed pattern. For resists, there seems to be a trade-off between
LER and sensitivity; and it is important to find a material with a small LER that
requires a small exposure dose. If a resist that provides the requisite LER and
a sensitivity of 1.0mJ/cm? is developed, the intensity of the light source can be
reduced to something like 30 W, which dramatically increases the possibility of the
realization of practical EUVL. Unlike a conventional optical system, we have to
remember that EUVL is a reflection system, and increasing the number of mirrors
is fatal. All the possibilities for the apparatus, light source, and resist must be
investigated with the goal of mitigating the severity of the specifications so that a
practical EUVL system can be realized as quickly as possible.

In conclusion, research and development on EUVL over the past 20 years has
led to significant breakthroughs in processing and measurement technology. Many
lithographic technologies have been developed and screened during the last 20 years.
Although several critical problems still remain with regard to such things as the light
source, masks and resist, it appears now that solutions can be found because the
two biggest problems — the fabrication of aspherical mirrors and multilayers, have
been resolved.
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The first international conference with “EUVL” in the title was held near

Mt. Fuji in 1993. In the opening address, I said, “As long as we do not lose the
desire that has sprung from within us, technology will steadily advance from the

micro to the nano to the pico.” And now is the time when “pico” can easily be used
when talking about optical technology.
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X-ray lithography with synchrotron radiation is an important nanolithographic tool
which has unique advantages in the production of high aspect ratio nanostructures.
The optimum synchrotron radiation spectrum for nanometer scale X-ray lithography is
normally in the range of 500eV to 2 keV. In this paper, we present the main meth-
ods, equipment, process parameters and preliminary results of nanofabrication by prox-
imity X-ray lithography within the nanomanufacturing program pursued by Singapore
Synchrotron Light Source (SSLS). Nanostructures with feature sizes down to 200 nm and
an aspect ratio up to 10 have been successfully achieved by this approach.

Keywords: Nanofabrication; X-ray lithography; synchrotron radiation.

1. Introduction

In recent years, the development in nanolithography has contributed greatly to
the progress in nanoscience and nanotechnology. The continuous improvement of
lithographic resolution has enabled the density increment of electronic integrated
circuits, as well as the development of novel nanodevices. The main nanolithographic
techniques fall in two classes, namely,

(i) full wafer exposure lithographies that are intrinsically parallel and fast, but
need a mask,

(ii) writing lithographies that are serial and slow, but suitable for primary pattern
generation.

The former includes

(a) projection lithographies that employ either the deep ultraviolet spectral range
provided by excimer laser sources or the extreme ultraviolet (EUV), in

*Also at: National Synchrotron Radiation Laboratory, University of Science and Technology
China, Hefei, China 230029.
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particular, at 13.5nm wavelength, produced by either plasma sources driven
by lasers or electric discharges, or synchrotron light sources,

(b) proximity X-ray lithography with synchrotron radiation,

(¢) nanoimprint lithography.

The writing lithographies include electron-beam lithography (EBL) and ion-
beam lithography.

Singapore Synchrotron Light Source (SSLS) is pursuing all three mentioned full
wafer exposure lithographies as well as EBL. Proximity X-ray lithography is the
workhorse for deep X-ray lithography at SSLS whereas projection EUV lithography
(EUVL) is being pursued on a planning level. Nanoimprint lithography is used as
required by demand.

The synchrotron radiation spectrum delivered by SSLS Helios 2 compact elec-
tron storage ring caters for both spectral ranges, X-rays and EUV (Fig. 1). Origi-
nally, Helios 2 and its sister machine Helios 1 that had been developed by Oxford
Instruments, as well as storage rings AURORA (Sumitomo Heavy Industries),?
NIJI-3 (Sumitomo Electric Industries in co-operation with the Electrotechnical
Laboratory at Tsukuba),> MELCO (Mitsubishi Electric Corporation),* SuperALIS
(NTT),> and others were built for X-ray proximity lithography for semiconductor
manufacturing towards the 45-nm node with an intended aspect ratio of around 1.6
Subsequent development using such machines has been attempted for even smaller
critical feature sizes of 35 nm, and possibly, 20 nm.”

EUVL X-ray lithography
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Fig. 1. Spectrum of synchrotron radiation from the dipoles of the Helios 2 superconducting
storage ring running at 500 mA electron current. Spectral ranges used for X-ray proximity and
EUV lithography are indicated. At the moment, SSLS X-ray proximity range starts at about
2keV.
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Beyond this original application, X-ray proximity lithography was proved to be
most advantageous for its capability of high aspect ratio and parallel processing
to fabricate tall microstructures as demonstrated by the LIGA process® that led
to unique applications such as the separation nozzle,” optical spectrometers'® and
microgears.® Building upon these developments, the full LIGA process equipment,
including a beamline and scanner for proximity X-ray lithography, was set up in
the LIMINT facility at SSLS spawning a wealth of micro/nanofabrication work!!
including pioneering work on electromagnetic metamaterials for the THz spectral
range extending from far-infrared to the visible.!2-!3

Comparably less advanced, work on EUVL at SSLS still proceeds on a project
planning at proposal level only.'* Therefore, it will not be further discussed in this
article. Instead, the interested reader is referred to the article by H. Kinoshita in
this issue.

Nanoimprint lithography, finally, based on Ni mold inserts fabricated by EBL has
been used in certain cases including the fabrication of 2-dimensional (2D) photonic
crystal structures designed for photonic crystal light-emitting diodes.'®

The X-ray lithography system that is being operated in the SSLS LiMiNT facility
is the basis for synchrotron-radiation-supported nanofabrication at SSLS. Moreover,
access is also possible in co-operation with China National Synchrotron Radiation
Laboratory (NSRL) to its soft X-ray lithography beamline.

In the following, a short description of the method will be given with special
attention to the limiting effects in nanoscale X-ray proximity lithography. The
lithography equipments in SSLS and NSRL will be shortly introduced and com-
pared. Desirable upgrades will be discussed. First, results will be presented and
discussed, followed by the conclusion.

2. Method

The optics of X-ray proximity nanolithography is shown in Fig. 2. The lateral dose
intensity distribution on the substrate surface depends on the distance between the
substrate and the absorber, the minimum lateral width of the clear mask feature
and the source wavelength. It is usually described by means of the dimensionless
Fresnel number
w?

= m7 (1)
where w is the minimum width of the clear mask feature, G, the distance from the
mask downstream which is called proximity distance, and A the wavelength of the
radiation source.!®'7 At Np > 10, i.e., comparably close to the mask absorber,
the shape of the clear mask feature is pretty faithfully reproduced by the inten-
sity distribution pattern. This is called the Fresnel diffraction regime. However, at
Np < 1, the lateral intensity distribution becomes more and more like the Fraun-
hofer diffraction pattern of a small aperture, i.e., characterised by a central maxi-
mum and several side maxima and minima. For a good reproduction of the mask

Np
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Fig. 2. (a) Schematic setup for proximity X-ray lithography. (b) Dose intensity profiles down-
stream the mask at different proximity gaps/Fresnel numbers!6 (with kind permission by Wiley-
Interscience). The shaded area in (b) indicates the geometrical shadow of the clear feature on the
mask. For 1:1 pattern replication, the gap must be small enough to ensure a large Fresnel number
(Ng = 10), and thus a faithful feature reproduction. In the case of a large proximity gap and a
small Fresnel number (Ngp = 0.5), the dose profile is characteristic of a sharp central maximum
with shoulders, which can be used to print a feature smaller than the clear mask feature. This is
called “super-resolution.”

feature, one needs to be sufficiently deep in the Fresnel regime. It is noted that the
smaller the clear mask features, the smaller the proximity distance must be for a
given wavelength of radiation posing more and more stringent requirements on the
proximity gap, as well as the absorber and resist surfaces.

Atoda et al.'® have analysed the pattern transfer quantitatively recasting the
Fresnel number Eq. (1) into

w = Up(GpA/2)Y2. (2)
Comparing Eqs. (1) and (2) leads to
Uy = 2+/2Nrp.

They claim that the value of Uy should be larger than 3 to reproduce the clear
mask feature adequately. This corresponds to a Fresnel number of 1.125. Assuming
a source wavelength of 1 nm, the proximity gap required for the precise transfer of
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sub-100nm patterns is less than 3 ym. However, the lithographic printing of sub-
100nm patterns was achieved at larger gaps (10 um) by using low contrast masks
and a chemically amplified resist.'® Simulation studies indicated that narrowband
source exposure in conjunction with a resist containing special absorbing elements
may also lead to sub-100 nm pattern printing at a 10 um gap.2°

Although a small mask—substrate gap is desired for 1:1 pattern transfer, a dose
profile with a sharp peak and shoulders is available at a relatively large gap distance
(Np = 0.5), as shown in Fig. 2. By selecting a proper development level in this
case, a local “demagnification” of clear features from the mask to the substrate can
be achieved. This is the so-called “super-resolution” process, which has potential
applications for sub-10nm nanolithography.2! 2® At present, 25-nm line features
have been obtained at 15-30 ym proximity gaps.?3

3. Existing Facilities and Development Program

The SSLS LiMiNT beamline layout is schematically shown in Fig. 3. This beamline
was originally designed for deep hard X-ray lithography. The useful spectral flux at
the sample covers a bandwidth from 2keV to > 10keV delivering a power of 1.5 W
to a 4-inch wafer at an electron current of 500 mA. Development work is underway
to remove one of the two Be windows to increase power in the soft X-ray range,
and to introduce a mirror-based spectral low pass to cut off harder X-rays above a
tunable wavelength.

Besides the LiMiNT beamline, the LiIMiNT class 1000 cleanroom is equipped
with the tools for micro- and nanoscale primary pattern generation, including the
EBL system, direct laser writer, electroplating baths, and hot embossing press.
Fig. 4 shows an interior view of the cleanroom with the e-beam writer.

The NSRL Ul beamline has been designed for soft X-ray lithography. Its layout
is schematically shown in Fig. 5. A mirror reflector is employed to cut off the harder
part of the source spectrum, selecting a spectral range from 500eV to 3keV. The
mirror coating consists of gold, and the grazing incidence angle is 20 mrad.
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Fig. 3. Schematic layout of the LIMiNT beamline for micro/nanofabrication at SSLS. The beam-
line height is 1.2 m above floor. The photon beam enters the beamline from the left and is led into
the X-ray scanner that is located in a clean room of class 1000.
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Fig. 4. Photo of the class 1000 cleanroom of SSLS showing the e-beam writer, laser writer, plasma
cleaner and hot embosser. The X-ray scanner is in the background, hidden by the laser writer.

FRONT END
b N DOW
EXPOSURE CHAMBER
POSURE _SHUTTER
ASER JGNMENT DIFFERENTIAL PUMP SYSTEM
MIRROR _BOX SLIT.
TANIUM PUMP
A . VATDNGY
g VALVE VAT D rgg
-0 2= VALVE .
g i 1

A Al

L
F] K] 4 [3

Fig. 5. Schematic layout of the NSRL U1l beamline for soft X-ray lithography. The cross-section
of the beam is kept at 30 x 30 mm?2, low enough to set up a differential pumping system that
enables windowless operation while the pressure in the exposure chamber is 4 x 10~% Pa.

The absorber thickness on the X-ray mask has to be selected such that the
residual dose below the absorber is lower than the development threshold of the
resist. Considering a bottom dose of 3000 J/cm? and a residual dose of < 100J/cm?
for a resist such as polymethylmethacrylate (PMMA), the absorber thickness needs
to be larger than 2 ym for the SSLS LiMiNT beamline source. The fabrication of
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such thick absorbers is challenging, especially for a feature size down to sub100 nm.
Therefore, we chose the NSRL U1l beamline for X-ray lithography at this moment,
which has a much softer source spectrum. The required gold absorber thickness is
about 250 nm.

4. Results and Forthcoming Work

The X-ray masks were fabricated on 1 pum-thick silicon nitride membranes using
SSLS LiMiNT facilities. The fabrication process followed the additive scheme. First,
a thin Au/Cr seeding layer was deposited on the membrane, followed by the spin-
coating of PMMA 950kDa with a thickness of 400 nm. Various nanopatterns with
critical dimensions down to 70 nm were defined in PMMA by EBL at 30keV. Gold
electroplating was then performed up to a thickness of 250 nm. As the total area pat-
terned by EBL is small, shunt areas were introduced to increase the overall current
of electroplating. Finally, the mask was soaked in acetone to remove the PMMA.
Typical gold patterns fabricated on the mask are shown in Fig. 6. Both positive

(c)

Fig. 6. Scanning electron microscopy (SEM) images of gold patterns on the X-ray mask:
(a) isolated line array; (b) isolated pillar array; (c) line space array and (d) hexagonal air hole
array. The scale bars are 1 ym for (a) and (b), and 2 pm for (¢) and (d).
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and negative nanopatterns were obtained with good quality. As the electroplating
rate varies with the pattern size and geometry, especially when the pattern size
is reduced to sub-100nm regimes, it would be advisable to have the patterns of
similar type and dimensions on the same piece of mask. Moreover, pulsed plating
may further improve the thickness uniformity of different-sized patterns across the
whole mask,?* and will be investigated in our future work.

Soft X-ray exposure was performed at NSRL. The resist used is PMMA 950kDa
with a thickness of 2-3 um. The proximity gap was kept at about 13 um by sepa-
rating the mask and substrate with a Kapton foil. The mask contrast is estimated
to be 15:1, considering a gold seeding layer thickness of 20 nm. After exposure, the
development was carried out in an MIBK:IPA (1:3) solution for 30s. As indicated
by Eq. (2), patterns with critical dimensions smaller than 350 nm are subject to
prominent diffraction effects and may fail to transfer at a gap distance of 13 pm.
However, pattern transfer with a substantially smaller feature size might be achieved
by a suitable choice of resist, exposure dose and development level.'®

The first results of deep X-ray exposure are shown in Fig. 7. Various PMMA
nanostructures, including isolated lines/pillars, line gaps and periodic air hole arrays

(c)

Fig. 7. SEM images of PMMA nanostructures obtained by X-ray lithography: (a) isolated line
array; (b) isolated pillar array; (c) hexagonal air hole array (plane-view); (d) hexagonal air hole
array (angled-view). The scale bars are 2 um.
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were obtained with straight and smooth sidewalls. The smallest feature size that
has been replicated is 200 nm, with an aspect ratio of 10. The discrepancy between
the pattern sizes on the substrate and those on the mask is less than 10%.

Although successful pattern replication was attained, it is observed that there
are diffraction effects and distortion of original patterns on some samples, especially
when the exposure dose is large. Further work is required to optimize the exposure
dose and development time for accurate pattern replication.

Moreover, as the Fresnel number is of the order of 1 for the nanolithography
cases of interest, the 3-dimensional (3D) distribution of the wavefield and the cor-
responding dose must be carefully taken into consideration.

Collapse of isolated nanostructures was observed in some areas of the substrate
for an aspect ratio of 10. It is speculated that the height and aspect ratio of the
PMMA nanostructures may be severely limited by stiction due to unbalances in
the distribution of the surface tension during the drying of rinsing water. Thus, the
issue of minimising mechanical forces on the nanostructures during processing is of
high priority.

5. Conclusion

We have demonstrated the fabrication of high aspect ratio nanostructures by X-ray
proximity lithography. Silicon nitride masks with various gold absorber patterns
down to 70nm have been produced. PMMA patterns with a feature size down to
200nm and an aspect ratio of 10 have been achieved at a proximity gap of 13 um.
The future work is towards replication of patterns with a smaller feature size and a
higher aspect ratio by optimizing the proximity gap, exposure dose and development
process. Applications of such high aspect ratio nanostructures including nanofilters
and nanosensors will be pursued.
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In this paper, a summary of some of the recent research efforts in our laboratory on chem-
ical interactions at noble metal nanoparticle surfaces is presented. The article is divided
into five sections, detailing with (i) interactions of simple halocarbons with gold and sil-
ver nanoparticle surfaces at room temperature by a new chemistry and the exploitation
of this chemistry in the extraction of pesticides from drinking water, (ii) interaction of
biologically important proteins such as Cyt ¢, hemoglobin and myoglobin as well as a
model system, hemin with gold and silver nanoparticles and nanorods forming nano—bio
conjugates and their surface binding chemistry, (iii) formation of polymer-nano com-
posites with tunable optical properties and temperature sensing characteristics by single
and multi-step methodologies, (iv) nanomaterials-based flow sensors and (v) composites
of noble metal nanoparticles and metallic carbon nanotubes showing visible fluorescence
induced by metal-semiconductor transition.

Keywords: Nanomaterials; halocarbons; nano—bio conjugates; microgels; flow sensors;
carbon nanotubes.

1. Introduction

Research on nanomaterials has evinced keen interest in recent years because of the
new opportunities they present in nanocomposites, catalysis, environmental reme-
diation and sensing.!® Metal nanoparticles have potential applications in catalysis
because of their large surface to volume ratio and unusual chemical reactivity.®
Metal nanoparticles of different shapes could catalyze the reactions with differ-
ent efficiencies because nanocrystals of different shapes represent various facets.

*Corresponding author.
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Nanoparticles of silver, gold, copper, iron and its oxides, palladium and platinum
have found applications in catalyzing reactions,” ! which offer immense scope for
green chemistry. Iron and its oxide nanoparticles are excellent materials for environ-
mental remediation.* Nanoscale materials are used as sorbents for contaminants, in
nanofiltration and in reactive membranes.'? The use of metal nanoparticles in sens-
ing could bring about a revolution in biology, healthcare, military and day-to-day
life.!3

In this paper, we present various aspects of our studies on the chemical inter-
actions at noble metal nanoparticle surfaces, touching upon (i) the investigation of
the chemical reactivity of Au and Ag nanoparticles towards simple halocarbons by a

14-16

new chemistry and its extension in achieving the removal of common pesticides

from drinking water,'”® (ii) the immobilization of biologically important proteins

19:20 (jij) fabrication of polymer

on nanosurfaces and their surface binding chemistry,
polymer—-nano composites by single-step methodologies such as polymerization of
molecules on nanosurfaces?! and multi-step strategies,?> 24 (iv) fabrication of flow
sensors from metal nanoparticles?>2¢ and (v) formation of composites from single-
walled carbon nanotubes (SWNT) and noble metal nanoparticles.?” Simple halo-
carbons, which pose severe environmental hazards could be degraded by Au and
Ag nanoparticles to metal halides and carbon at room temperature.!* The same
chemistry was used as a methodology for making oxide nanobubbles!® from core—
shell nanoparticles and also to investigate the porosity'® of core—shell nanosystems.
The interaction of biologically important proteins such as cytochrome ¢ (Cyt c),
myoglobin (Mb) and hemoglobin (Hb) with Au and Ag nanostructures leads to
the formation of bio—nano conjugates.!?2® We have succeeded in bringing about
the polymerization of certain molecules such as benzylthiocyanate on nanoparticle
surfaces?! resulting in polymer—nano composites. Temperature sensitive poly (N-
isopropylacrylamide)-capped smart Au nanogels were recently synthesized.?? Gold
nanorods were grown in microgels, which respond to temperature and pH changes in
the environment.?® Poly (o-toluidine) capped Au nanoparticles were synthesized by
a one-pot methodology and the utility of the material in pH sensing was explored.?*
An array of Au nanoparticles on conducting glass surfaces was fabricated, which
showed excellent flow sensing characteristics.2%:26 Also, composites of Au and Ag
nanostructures with carbon nanotubes showed new and exciting phenomena.?” We
will illustrate more detail in the following section.

2. Experimental

Syntheses of citrate-capped Au and Ag nanoparticles and Au nanorods; methodolo-
gies for getting nano—bio composites of Cyt ¢, myoglobin, hemoglobin and hemin
with Au and Ag nanoparticles and Au nanorods, polymer—nano composites by sin-
gle and multi-step processes, fabrication of nanoparticles on conducting glass sur-
faces for flow sensors, the formation of nanoparticles-nanotubes composites; and the
experimental methodology associated with each one of these studies are described
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in detail in the cited references. Characterization of the above nanomaterials
involved UV-visible spectroscopy (Perkin—-Elmer Lambda 25), infrared spectroscopy
(Perkin-Elmer Spectrum One), fluorescence spectroscopy (Hitachi F-4500 spec-
trofluorimeter and Jobin—Vyon fluorolog instrument), Raman spectroscopy (Con-
focal Raman spectrometer CRM 200 of Witec), matrix assisted laser desorption
ionization (MALDI) mass spectrometry (Voyager DE PRO Biospectrometry Work-
station of Applied Biosystems), transmission electron microscopy (JEOL 3010 UHR,
operating at 300kV), and AFM (CRM 200 of Witec with Alpha SNOM). Samples
of extracted metallic SWNT (mSWNT), Au-mSWNT composite and Au-SWNT
composites were investigated through point-contact current imaging-atomic force
microscopy (PCI-AFM). As-received SWNT samples were thoroughly cleaned to
remove impurities. PCI-AFM measurements were done at several places on each
of these samples and also across several samples to confirm the authenticity and
reliability of the data reported. In case of pure extracted mSWNTs, the sample
was drop casted on a freshly cleaved mica surface and allowed to dry in a vacuum
desiccator. For composite samples, the material was lifted from the aqueous—air
interface (after evaporation of the organic layer) and drop cast on the mica surface.
This was also subsequently dried in a vacuum desiccator. Half of the dried samples
were masked using a clean cover glass slip and placed inside the thermal evaporation
chamber. This chamber consists of a resistive heating wire on which a piece of pure
gold metal was placed. The entire chamber was pumped using a turbo—molecular
pump to a vacuum of 107° torr. A quartz crystal plate interfaced to a microbalance
unit was held at the same level as the sample, to allow monitoring of the amount
and thickness of the gold layer deposited. After pumping the system to vacuum,
the evaporation of the gold was carried out by increasing the current through the
resistive wire. This causes the gold to evaporate and deposit all around the evap-
oration chamber, including the unmasked portion of the sample. The evaporation
was carried out till a gold pad thickness of 30-40nm was achieved on the sample,
which was monitored using the quartz crystal. The evaporation was then stopped
and the chamber was brought slowly to room temperature with constant pumping.
Finally, the samples were removed from the chamber, the mask was lifted carefully
and the samples were preserved until further use.

PCI-AFM measurements were carried out on a JEOL JSPM-4210 instrument
equipped with two function generators (WF 1946, NF Corporation). The I-V char-
acteristics along the long axis of the nanotube composite were measured using
Pt-coated conductive cantilevers. From the large area topographic image, it was
ensured that the tubes selected for I-V measurements were indeed in contact with
the gold electrode. The bias voltage was applied on the gold electrode and the can-
tilever was grounded. The entire experiment was carried out in a housing purged
with Ng gas to minimize the effects of humidity. The I-V data corresponds to the
point of contact which reflects the local symmetry. The PCI-AFM image was con-
structed for 128 x 128 pixels with topographic and I-V characteristics acquired
simultaneously.
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3. Results and Discussion

3.1. Interaction of halocarbons with metal nanoparticle
surfaces — a novel chemistry for environmental remediation

We have invented new reactions between the nanoparticles of Au and Ag (details
are described in Ref. 14) and simple halocarbons such as CCly, CHBr3, CCI3F and
benzylchloride, whereby the halocarbons are degraded by the nanoparticles to metal
halides and amorphous carbon at room temperature.'* We have systematically
investigated the reactions in detail by spectroscopy, microscopy, pH and conductiv-
ity measurements to gain an understanding of the mechanistic aspects of the degra-
dation. We have noted that the Au and Ag nanoparticles degrade the halocarbons by
different reaction pathways.'* While the halocarbons directly react at the nanopar-
ticle surfaces in the case of Ag, they adsorb onto the surfaces of Au nanoparticles
and degrade completely over a period of time, bringing about interesting features in
the surface plasmon characteristics. The chemical reactivity of Au and Ag towards
the halocarbons and the corresponding changes to the surface plasmon feature of the
nanoparticles were monitored by UV-visible spectroscopy in a time-dependent man-
ner. These are illustrated in Fig. 1. Figure 1(a) is the UV—visible spectra showing the
interaction of Ag nanoparticles (70-nm diameter) with CCly. The progressive reduc-
tion in the intensity of the surface plasmon peak is attributed to the time dependent
conversion of Ag into AgCl by CCly. Complete conversion of Ag into AgCl occurs
in 12h of interaction. The interaction of halocarbons with Au (~15nm diameter)
follows a different pathway, as is evident from Fig. 1(b). The binding of the halocar-
bon (benzylchloride) on Au results in time-dependent changes in the surface plas-
mon feature due to the adsorbate-induced aggregation of the nanoparticles.!* The
adsorbate-induced aggregation of Au nanoparticles was confirmed by TEM studies.
The adsorbed halocarbons then react with the Au nanoparticles over a period of
48 h, resulting in their complete degradation to AuCls and amorphous carbon. The
formation of metal halides (AgCl and AuCls) was confirmed by X-ray diffraction and
absorption spectroscopy respectively, and amorphous carbon by infrared (IR) and
Raman spectroscopy.'* The insets of Figs. 1(a) and 1(b) are the photographs depict-
ing the color changes before (left) and after (right) the reaction with the respective
nanoparticles. The pH and conductivity during the course of the reaction were
monitored in a time-dependent manner. The pH of the reaction showed a decrease
from 9.7 (that of the starting reaction mixture) to 1.2 (after complete degradation)
during the course of the reaction and the conductivity of the solution showed a
marked increase from 3.32 x 10% uS em~! to 3.51 x 10* uS cm~!. The conversion
of 2-propanol (in the reaction mixture) to acetone (CH3—~CHOH-CH3 — CHjs-
CO-CH;3+2H"+2e, the formation was confirmed by gas chromatographic measure-
ments) via ketyl radical formation during the reaction is supposed to be the main
source of protons. Hence the reason for the drastic reduction in pH. The chemi-
cal reactivity was also investigated with other halocarbons such as benzylchloride,
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Fig. 1. (a) Variation in the UV-visible spectrum of silver nanoparticles upon the interaction
with CClys. Spectrum of the pure nanoparticles, (A) shows the plasmon excitation at 438 nm,
characteristic of silver nanoparticles of 60-80 nm diameter. Trace (B) was recorded just after
the addition of 50 uL. of CCly to 2.5 mL of the solution. Subsequent traces were taken at 20 mins
intervals (C to R) and trace (S) was recorded after 12 h showing the complete disappearance of the
plasmon excitation. (b) Changes in the absorption spectra during the reaction between AuQcitrate
and benzylchloride. Trace (A) is the absorption spectrum of pure Au@citrate. Trace (B) was taken
immediately after the addition of benzylchloride. Subsequent traces, (C—S) were taken at 20 mins
intervals. The absorption spectrum U was taken after 48 h. (c¢) UV-visible spectra of the reaction
between AgQcitrate and CHBr3 in a time-dependent manner. The traces were taken at intervals
of 3mins. Note the rapid decrease in the intensity of the plasmon excitation of Ag@citrate (A)
by the addition of 50 L of bromoform to 2.5 mL of AgQcitrate (B-G). (d) A comparison of the
infrared spectra of CCI3F (trace A) and its reaction product with Ag@citrate (trace B). Note that
the C—Cl and C-F features disappeared in the reaction product and a sharp peak corresponding
to amorphous carbon emerged (indicated by an arrow) at 1384 cm—1!.
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CH,Cly, CHBr3 and CCI3F. The kinetics of binding and degradation of benzylchlo-
ride with Ag and Au were found to be faster compared to the CCly case. The
fastest reaction observed was with CHBrs. Figure 1(c) shows the time-dependent
UV-visible spectra of the reaction between CHBr3 and Ag. The surface plasmon
peak of Ag disappears just after 10 mins of their interaction. In the degradation
of CCI3F, analysis of the reaction product (Fig. 1(d), trace B) by infrared spec-
troscopy revealed the complete disappearance of the C-F and C-Cl bonds (seen
in CCI3F, Fig. 1(d), trace A) and the appearance of the carbonaceous peak (indi-
cated by arrow). Similarly, no C-H frequency was seen in the reaction products of
CH;Cl; and CHClj3 indicating their complete degradation. In view of the mechanis-
tic details of the reaction investigated, the degradation reaction in the case of Ag
may be represented as (4Ag(s) + CClyqy — 4AgCly) + Cgraphite), AH = —379.8KJ
mol !, considering AH?cQgg of CCly; and AgCl as —128.2 and —127.0kJ mol~?,
respectively). The large negative AH value accounts for the fast reaction of halocar-
bons with the Ag nanoparticles. Thermochemistry suggests a less exothermic reac-
tion (4Au(g)+3 CClyqy — 4AuCly)+Clarapnite), AH = ~85.8kJ mol~1) for gold,
(AHf59g for AuCly = —117.6kJ mol~!) which could be the reason for the slow
reaction between Au nanoparticles and the halocarbons. The chemistry of halo-
carbons with metal nanoparticles was used to selectively leach metal cores from
core—shell nanoparticles, namely Ag@QZrO,, Au@ZrOs and Au@SiO, (metal cores
protected with oxide shell of ZrOy and SiOq, respectively).

The selective removal of Au and Ag nanoparticles resulted in ZrOs and SiO»
nanobubbles/nanoshells.!>?8 The reaction of CCly with Au@SiO, nanoparticles
resulted in the growth of carbon onions inside the SiOs shell.2® The halocarbon
chemistry was also used to investigate the porosity of the shells.'® This novel chem-
istry opens up a feasible means to incorporate molecules in nanoshells and investi-
gate their spectroscopy in a confined atmosphere.?? The methodology also enables
us to incorporate drugs in nanoshells and study their controlled delivery.3°

While searching for a feasible field of application for this new chemistry, the pes-
ticide contamination in drinking water in India and some parts of the world came
to our attention. Incidentally, most of the pesticides of interest (those detected in
water) are either halocarbons or molecules with sulfur. These pesticides are endo-
sulfan, chlorpyrifos and malathion, their presence in drinking water and soft drinks
has become a huge environmental issue in India. Our initial experiments were using
bare nanoparticles for their detection and extraction from water. Figure 2(a) shows
changes to the absorption spectrum when endosulfan of different concentrations was
exposed to Au nanoparticles.!” The resultant color change is shown in the inset.
The decrease in the intensity of the surface plasmon feature at 532nm and the
concomitant emergence of absorption peaks at longer wavelengths is characteris-
tic of adsorbate-induced aggregation of the nanoparticles (and the resultant inter-
plasmon coupling). This is clearer in Fig. 2(b), which shows the time-dependent
UV-visible spectral changes of the interaction of endosulfan with Au nanoparti-
cles. Note the reduction in the intensity of the 532nm peak and the emergence of
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Fig. 2. (a) UV-visible spectrum of (A) citrate stabilized gold nanoparticles and the effect of
exposure of endosulfan at various concentrations: (B) 2ppm, (C) 10 ppm, (D) 100 ppm, and (E)
250 ppm. The spectra were recorded 9h after exposure to endosulfan. The solutions have the
same composition, except for endosulfan. A photograph of the solutions is shown in the inset,
(A) pure citrate stabilized nanoparticles; (B), (C) and (D) correspond to 2, 10 and 100 ppm,
respectively. (b) Time-dependence of the UV-visible absorption spectrum of citrate stabilized
gold nanoparticles upon exposure of 10 ppm endosulfan. (A) Original nanoparticle solution, (B)
3 mins after adding endosulfan solution, (C) to (T), at 20 mins intervals thereafter. (c) shows the
time-dependent UV—visible spectra showing the adsorption of 1 ppm chlorpyrifos on AloO3@Ag.
Trace A is the absorption spectrum of 1 ppm chlorpyrifos and traces (B-R) were taken at 20 mins
intervals after the interaction with the nanoparticles. Trace s was taken after 10 h showing the
complete disappearance of chlorpyrifos from water. The inset shows decrease in absorbance vs.
time from the absorption spectroscopy data for the traces (A—S). The dotted line in the inset
shows a fit of the exponential decrease in absorbance with time. (d) Photograph of a pesticide
filter devise using supported nanoparticles.
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another absorption peak at longer wavelength in a time-dependent manner. The
binding of endosulfan on Au and Ag was also confirmed by spectroscopic means.
Similarly, we have found that chlorpyrifos and malathion also bind to the nano sur-
faces effectively.!® Having established the binding of pesticides on nano surfaces, we
thought of making a pesticide filter by the incorporation of nanoparticles on suitable
supports for water purification purposes. Activated alumina is a good adsorbent and
a known player in water purification area. The activated alumina-supported Ag and
Au nanomaterials were used for pesticide removal studies and device fabrication.
Figure 2(c) shows the time-dependent UV—visible spectra of the interaction of chlor-
pyrifos with the supported nanoparticles of Ag.!® Complete uptake of the pesticide
by the supported nanoparticles occurs after 10 h of their interaction. This kind of an
approach was used for column studies in which the nanoparticle loaded alumina was
loaded in a column. Pesticide-spiked water was passed through at 50 ppb concentra-
tion and complete removal was detected using gas chromatography using electron
capture detection. Taking data from such studies, we devised a filter (Fig. 2(d)),
which is now in the market as part of a domestic water purifier.

3.2. Interaction of biomolecules with nanoparticles-formation of
nano—bio conjugates

Nano—bio conjugates represent a class of interesting materials having widespread
applications in gene and drug delivery. A study of chemical interactions of
biomolecules with nanosurfaces is important as the conformations and hence the
biological activity of the biomolecules could be modified by the interactions. We
have investigated the chemical interactions of biologically important molecules such
as Cyt ¢, hemoglobin (Hb) and myoglobin (Mb) on Au and Ag nanostructures
resulting in the formation of nano-bio conjugates.'?2? In order to study the inter-
action of the protein and the effect of such interactions on the functions of the
active site, a model system, namely hemin was used. In the case of Au, experiments
were conducted with ~15nm particles, whereas for Ag, ~4nm (hereafter Ag(I))
and ~70nm (hereafter Ag(IT)) particles, synthesized by standard methodologies,
were employed. Figure 3 shows UV-visible traces of the nano—bio conjugates of
hemin with Au (Fig. 3(a)) and Ag (Fig. 3(b) and Fig. 3(c)). Both the Ag nanopar-
ticles showed more aggregation tendency after hemin binding compared to the Au
nanoparticles owing to the presence of carboxyl groups in hemin (Ag has more affin-
ity towards ~COOH groups), which make particle interlinking feasible. On the other
hand, the surface plasmon feature of Au is well defined even after hemin binding, the
corresponding feature of Ag is broadened, indicative of aggregation due to greater
interaction between particles. The peak maxima of Ag(I) and Ag(Il) particles are
shifted to higher and lower values as a result of the interaction. Figure 3(d) shows
time-dependent UV—visible traces of the interaction of Ag(I) with hemin, the traces
being taken at an interval of 10 mins. Shape changes in the surface plasmon band
indicate the formation of aggregates of the nano—bio conjugates.
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Fig. 3. (a—c). UV-visible spectra of Au, Ag (II), and Ag (I) particles, respectively taken in 20%
aqueous ethanol. Traces (I), (II), and (III) represent the Hem capped nanoparticles, M@QHem,
citrate capped nanoparticles, MQCit and 0.004 mg/mL hemin chloride, respectively. (d) Time
dependent binding of Hem on Ag (4nm) particle monitored at a time interval of 10 mins for the
initial 6 h. Thick curve in (d) corresponds to the parent nanoparticle solution. Traces has been
offset for clarity.

Figure 4 illustrates the absorption and emission spectra of Cyt ¢ bound Au
(Au@Cyt ¢, Figs. 4(a) and 4(b), respectively) and Ag (AgQCyt ¢, Figs. 4(c) and
4(d), respectively) nanoparticles. Traces I, IT and III in Figs. 4(a) and 4(c) denote
the absorption spectra of Cyt ¢ bound nanoparticles, citrate capped nanoparticles
(showing the surface plasmon resonance) and, pure Cyt ¢ (showing a strong Soret
band at 408 nm and a weak Q-band at 540 nm), respectively. The binding of Cyt ¢
to the nanoparticles results in changes in the dielectric constant of the neighboring
environment and hence the red-shift in the surface plasmon band. Figure 4(c) details
the broadening and shift in the surface plasmon band of Ag as a result of Cyt ¢
binding. Figure 4(d) shows an enlarged view of Fig. 4(c) in the region 350480 nm,
showing the shift in the peak maximum clearly. Figure 4(b) shows the fluorescence
spectra of Cyt ¢ and Au@Cyt ¢ conjugates, respectively. The emission maxima for



104 A. S. Nair et al.

3 I
804 i 800k f
g = v I
£ @ [ S
3 5 AR
<02 Sq00] N SN
A G
00f __qime—emee] . i
400 600 800 1000 200 300 400 500
(a) (b)
3 3
= =
8 3
3 2
S 2
0‘01‘ ' ".IJ:-;\-"-"'._"_'." 0.0L : . .
400 600 800 1000 360 400 440 480
Wavelength (nm) Wavelength (nm)

(c) (d)

Fig. 4. (a) and (b) Absorption and emission spectra, respectively of the Au@Cyc system. Traces
(1), (II), and (III) correspond to 0.2 mg/mL Au@Cyt ¢, 0.1 mg/mL Au@Cit and 0.1 mg/mL Cyt c,
respectively. (B) Excitation and emission spectra of [(I) and (III)] free Cyt ¢ (0.01 mg/mL) and
[(II) and (IV)] Au@Cyt ¢ (0.05mg/mL) taken in water. (c) is the absorption data of the Ag(I)
nanoparticle system. The traces (I), (II), and (III) correspond to similar systems as in A. (d) An
enlarged view of panel C in the region, 350-480 nm.

both Cyt ¢ (trace III) and Au@Cyt ¢ (trace IV) are at 532nm, and the absence
of shifts in the excitation and emission features of free Cyt ¢ and the conjugate
indicates that the fluorophore is away from the surface of the nanoparticles. The
decreased fluorescence is because of quenching of the excited flourophore by the
nanoparticles. The nano—bio conjugates were characterized by TEM, IR, Raman
spectroscopy and matrix assisted laser desorption ionization (MALDI) mass spec-
troscopy. TEM images indicated well-separated nanoparticles in the case of Au,
whereas aggregated structures in the case of Ag. Infrared and Raman spectra gave
spectroscopic signatures of the binding of the biomolecules on Au and Ag. Sim-
ilarly, we have investigated the formation of bioconjugates from myoglobin (Mb)
and hemoglobin (Hb) with Au (Au@Mb) and Ag (Ag@Mb) nanostructures. The
conjugates were characterized by absorption spectroscopy. The UV-visible spectra
of the bioconjugates showed the Soret band of Mb and Hb at 408 and 407 nm,
respectively. The surface plasmon band of Au red-shifted from 520 nm to 543 nm
and 527nm, respectively after the binding with Mb and Hb. UV—-visible spectra
of Ag@Mb and Ag@Hb showed broad peaks due to aggregation of the conjugates.
The nano—bio conjugates formed were further characterized by TEM, IR, Raman,
and MALDI techniques. TEM images showed well-separated particles in the case



Chemical Interactions at Noble Metal Nanoparticle Surfaces 105

Absorbance

600 800 1000
Wavelength (nm)
(a)

400

(d) (e)

Fig. 5. (a) UV-visible spectra of AuNR@Mb (I), pure AuNR (II), and Mb(III) 0.1 mg/mL in
PBS. HRTEM images of neat AuNR (b, ¢) and AuNR@Mb (d, e). Images (c) and (e) are lattice
resolved.

of Au and aggregated structures in the case of Ag. Infrared and Raman spectra
showed the spectral features of the biomolecules on the nanosurfaces. The spec-
tral features of the biomolecules in the nano—bio conjugates were broadened and
red-shifted compared to the pure biomolecules, indicative of their surface binding.

We have also studied the conjugate formation of Mb with Au nanorods
(AuNR@MbDb). This is shown in Fig. 5. Traces I and II correspond to the absorp-
tion spectra of AuNR@Mb and pure AuNR solution, respectively (Fig. 5(a)). The
AuNRs show two absorption bands at 510 and 736 nm, respectively, corresponding
to the transverse and longitudinal plasmons (trace II). After binding to Au, the
surface plasmon bands are shifted to 534 and 740 nm, respectively. The dampening
and broadening of the longitudinal plasmon is due to aggregation of the nanorods
as a result of biomolecule binding. This is further illustrated in the HRTEM images
(Figs. 5(b)-5(e)). Figures (5(b), 5(c)) and (5(d), 5(e)) show the TEM images of
pure Au nanorods and AuNR@Mb bioconjugates, respectively. As can be seen, the
conjugate showed aggregate structures, further confirming the observations in the
UV-visible spectra. The protein binding did not cause any change in the morphol-
ogy of the nanorods, as can be seen from the high-resolution images in Figs. 5(c)
(before binding) and 5(e) (after binding).

3.3. Formation of nanomaterials-polymer composites

Nanomaterials—polymer composites provide enormous flexibility in devising smart
materials with advantageous optical, electrical and mechanical properties. We have
explored the possibility of making nanoparticle-polymer composites by single and
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multi-step methodologies. Our investigations revealed that benzylthiocyanate poly-
merizes on Ag nanoparticle surfaces to give a nanoparticle-polymer composite (here-
after Ag@QPBT) at room temperature.?! The Lewis acidity of the Ag* ion was used
to initiate the polymerization reaction. The composite formed was characterized by
spectroscopy and microscopy. We also tried to tune the optical properties of the
core-shell material by increasing the shell thickness. This was achieved by start-
ing the reaction with a larger concentration of benzylthiocyanate. As expected, the
plasmon position showed a red-shift with increasing the thickness of the shell. The
surface plasmon is very sensitive to the core radius and shell thickness. Since the core
size remains invariant, the growth of the shell around the silver core is the main
reason for the red-shift observed in the UV-Vis spectrum. The robustness of the
polymeric shell for ion permeability was checked by treating the core-shell material
with cyanide ions. The shell did not allow the ions to permeate and react with the
metal core. This is shown in Fig. 6(a). Up to 2mM CN~, the core was stable. How-
ever, at larger ionic concentration, the core is completely destroyed within several
minutes. The gradual build up of a thick polymeric shell around the nanoparticles’
surfaces caused a red-shift in the surface plasmon peak to higher values. The new
position of the surface plasmon peak coincides with the wavelength of the laser line
used to measure the Raman spectrum leading to a resonance enhancement in the
Raman signal. The Raman spectrum of the composite measured using the resonance
enhancement is shown in Fig. 6(b). The intense Raman line at 1600cm~! due to
—C=N- was used to image the material. The Raman image generated using the
1600cm~! line is shown in the inset of Fig. 6(b). Since the Raman imaging is a

0.6
A B
o 0.4
o
c
3 -
2 Low High
0.2
\ D
L
0.0 T T T T : . 3 ; : i :
300 400 500 600 700 800 1200 1300 1400 1500 1600 1700 1800
Wavelength (nm) Raman shift / cm-1

(a) (b)

Fig. 6. (a) UV-vis spectrum of Ag@PBT treated with cyanide in water- isopropyl alcohol mixture.
The silver core remained stable even for a day in 2mM NaCN. Curve A indicates the UV-vis
spectrum of AgQPBT in water-isopropyl alcohol mixture. Curve B is the UV—vis spectrum of
Ag@QPBT measured 1 h after the addition of 2mM CN and curve C is after 24 h. Curve D is after
adding 10mM NaCN~. (b) shows the Raman spectrum of Ag@QPBT. Inset shows Raman image

of the material generated by summing up the intensity at 1600 cm—!.
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low-resolution technique, it was not possible to image the core—shell geometry of a
single particle. However, the image showed aggregates of core—shell structures. The
intensity was maximum at the center of the aggregate and fading away as we move
to the periphery of the aggregate, which is expected for a collection of particles.
Protons generated from the conversion of isopropyl alcohol to acetone via the for-
mation of ketyl radicals are supposed to bring about the polymerization of benzyl
thiocaynate.

Functional polymers such as poly(N-isopropyl)acrylamide (PNIPAm) can be
used to incorporate metal nanoparticles inside them. Such polymers can form large
particles of well defined shape. We have succeeded in making gold nanorod pat-
terns using PNIPAm microgels by a template assisted method.??> CTAB-capped
Au nanoparticles were used as seed particles to grow nanorods over the microgel
particles. 2mL of the purified microgel dispersion was mixed with the same vol-
ume of the nanoparticle seed solution and left undisturbed for adsorption for suffi-
cient time. The nanoparticle-adsorbed microgel, removed by centrifugation, was
analyzed by absorption spectroscopy and TEM. The seed loaded microgel was
kept in a growth solution containing 40 mL of 100mM CTAB, 1.7mL of 10 mM
HAuCly-3H-0, 250 L of 10mM AgNOQOg3 and 270 uL of 100mM ascorbic acid. This
results in the growth of nanorods on the surface of the microgels. The nanorod-
coated microgel was separated by centrifugation and analyzed by spectroscopy and
microscopy. The microgel structures showed a larger population of nanorods at the
periphery as the TEM image is a two-dimensional projection. A large area image
of the nanorod-loaded microgel is shown in image (I) of Fig. 7(a). Image (II) shows
a single microgel decorated with nanorods. A high-resolution image of an adsorbed
nanorod is shown in (IIT). We allowed the microgel to self assemble by keeping the
same in water for two days. The UV—visible spectrum of the material showed trans-
verse and longitudinal plasmon bands of nanorods, which are red-shifted compared
to the nanorod-coated microgel due to greater interaction between the nanorods in
the self-assembled structure. A large area image of the hexagonal pattern is shown
in the image (I) in Fig. 7(b). In the self-assembled pattern, each microgel particle
was surrounded by six others. A large area image of the hexagonal pattern with
the defect sites marked with white circles is shown in the image (iii) in Fig. 7(b). A
schematic of the self-assembly is shown in Fig. 7(c). The spherical microgel particles
change to hexagonal in shape during self-assembly to fill the voids. The material
showed regions with the absence of nanorod marking. The polydispersity of the
prepared microgel contributed to defects.

We have found that redispersible nanocomposites of gold nanoparticles and
nanorods could be made by using PNIPAm.?? Trace a in Fig. 8(a) shows the UV~
Vis spectrum of gold nanoparticle-PNIPAm hydrogel in water below the transition
temperature and trace B corresponds to that of the dispersion above the phase
transition temperature. Trace C is after bringing the solution back to the initial
temperature. The UV—Vis spectrum of the material showed surface plasmon reso-
nance peak around 520 nm, characteristic of gold nanoparticles. The sample above
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Fig. 7. (a) Image (I) shows the large area image of the nanorod-coated microgels. The decoration
of microgels by nanorods at the periphery is clear in image (II). A high resolution TEM image
of nanorod part of microgel is given in image (III). (b) Image (I) shows the large area image of
a hexagonal pattern. The rectangle in (II) shows the largely parallel arrangement of nanorods at
the junction. A large area image of the hexagonal pattern with defects is given in (III). The defect
sites are shown by dashed circles. Schematic showing the formation of a hexagonal pattern by the
fusion of nanorod-coated microgels is shown in (c).

the transition temperature (32°C) showed increased absorption. This is attributed
to scattering due to the precipitation of the polymer from the solution. The solution
after switching (25°C) came back to the initial condition, indicating the reversible
nature of the switching. Photograph in the inset of Fig. 8(a) shows the color change
of the solution during switching. The color of the solution changed from wine red to
opaque red during the phase transition. Interestingly, the solution does not show any
drastic color change, which is expected when nanoparticles aggregate. This indicates
that shrinking of the gel does not reduce the inter-particle distance below the limit
necessary for plasmon coupling. The switching can be repeated any number of times.
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Fig. 8. (a) The UV—Vis spectrum of gold nanoparticle-PNIPAm composite. Trace A is before
switching. Trace B is above the phase transition temperature, showing significant scattering. Trace
C is after cooling the solution to room temperature, showing complete reversibility. The inset shows
the photograph of the material below (L) and above (U) the phase transition temperature. Inset
in (a) at the bottom left shows the photograph of the dried composite after one time loading of
the nanoparticles. (b) shows the UV-Vis spectrum of the gold nanoparticle-PNIPAm composite
showing the effect of loading. Traces (A—I) correspond to repeated loading of the same amount of
nanoparticle with the same gel. Inset shows the intensity of the surface plasmon peak as a function
of nanoparticle loading, (c) shows the TEM image of the gold nanoparticle-PNIPAm composite
after first loading and (d) after saturation loading.

The bottom inset in Fig. 8(a) shows a photograph of the vacuum dried sample. To
get an idea about the empty space inside the gel and to see whether the material
shows any change in the electronic properties with the nanoparticle concentration,
the material was loaded repeatedly with gold nanoparticles. Figure 8(b) shows the
UV—Vis spectrum of the material during each loading. 2mL of the gel was found
to take up 14mL of gold citrate solution. This material will have approximately
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17.734 x 10° gold nanoparticles inside the voids. The uptake of nanoparticles into
the gel (Fig. 8(c) is the TEM image of the gel after first loading of the nanoparti-
cles) was linear and the gel showed a saturation loading as seen from the leveling of
the absorbance at the plasmon peak position. As we can see from the TEM image
of the gel after saturation loading (Fig. 8(d)), particles do not interact with each
other. As a result, the absorption spectrum shows no shifts upon repeated loading.
The same experiment was repeated with the gold nanorods. The position of both
longitudinal as well as transverse peak remained the same throughout the switching
even though the intensity increased, which indicates that the inter-particle interac-
tion is very weak in the case of gold nanorod—PNIPAm composite. The switching
was reversible as concluded from the position as well as the intensity of both the
longitudinal and the transverse peaks. For the composite made from CTAB capped
gold nanorods, saturation-loading experiments were performed. 250 uL. of the as
prepared gel was found to absorb 25 uLL of the gold nanorod solution. This amounts
to a loading of 3.07 x 10'° gold nanorods into 250 uL of the gel.

3.4. Nanoparticle-based flow sensors-transverse
electrokinetic effect

We report the generation of a potential difference due to flow of a liquid across
a metal nanoparticle multilayer assembly. The nanoparticles are self-assembled on
an indium doped tin oxide conducting glass plate (ITO) by covalent interactions
and characterized by UV-visible absorption spectrophotometry. A device is fabri-
cated by arranging two ITO plates, one containing the nanoparticle assembly and
the other without it, with their conducting surface facing each other. The edges
are separated by a thin inert spacer so that the two conducting surfaces are not in
direct contact. Electrical leads taken from the conducting surfaces are connected to
the terminals of a Keithley 2700 digital multimeter for online data acquisition and
storage. The schematic of the experimental setup is shown in inset (I) of Fig. 9. We
find that a potential difference is generated when a liquid flows across the nanopar-
ticle assembly. This potential difference is generated in a direction transverse to the
direction of the flow. The magnitude of the potential difference is found to depend
on various factors such as the flow rate, dipole moment, viscosity and ionic con-
centration of the flowing analyte liquid. It is also found to be dependent on the
surface coverage of the nanoparticles on the ITO plate. A plot of potential differ-
ence generated for various flow rates, with water as the analyte liquid, is shown
in Fig. 9. Similar calibration plots could be generated for other parameters like
dipole moment, viscosity, ionic concentration and surface coverage. Interestingly,
the phenomenon could be observed with other metal nanoparticle assemblies like
that of silver (mean diameter 60nm) and gold nanorods (diameter 11 nm, aspect
ratio 2.8). However, nonmetallic systems such as SiO4 assemblies failed to show this
effect. Control experiments done with two ITO plates neither of them containing the
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Fig. 9. Variation of potential difference as a function of flow rate for triply distilled water. Inset
(I): A schematic of the experimental setup. The device is suspended inside a cylindrical glass
column through which the analyte liquid is circulated from the bottom using a peristaltic pump.
Inset (IT): A plot of flux generated at the surface as a function of flow velocity. The arrows represent

the experimentally relevant flow regime. The calculations are done in a numerical manner with
dimensionless quantities.

nanoparticles, failed to produce potential difference. Efforts to measure the poten-
tial difference in a longitudinal direction (to the flow) also yielded negligible values.
Potential difference could not be observed for the device suspended in still water.
Through all these control experiments, we attribute this effect solely to the liquid
flow across the metal nanoparticle assembly. Based on an elaborate set of experi-
ments, a semi-classical qualitative theoretical understanding of the phenomenon is
achieved.

The model considers a single isolated nanoparticle grafted on the ITO surface.
The dipole of the flowing liquid interacts with the surface charges of the nanoparticle
resulting in a momentum impulse and the subsequent transfer of energy from the
flowing dipole to the surface charge on the nanoparticle.! Several such Columbic
collisions cause the charge to be ejected from the nanoparticle surface with a definite
kinetic energy. The ejected charges experience the effect of (a) the viscous drag of the
flowing liquid, (b) the electrostatic attraction by the charged nanoparticles and (c) a
steeply repulsive interaction preventing the charge from reaching the nanoparticle
surface. The combined effect of all these would lead to the charge (which is solvated
by the analyte liquid) reaching the surface of the ITO plate with a velocity. This



112 A. S. Nair et al.

velocity is used to calculate the flux of charges at the surfaces, which is proportional
to the potential difference observed. The validity of this theoretical model is seen
when the flux of the charges at the ITO surface is plotted as a function of the flow
rate of the analyte liquid, as shown in inset (II) of Fig. 9. Excellent agreement with
the experimental observation is seen, for the region marked within the arrows in
inset (IT) of Fig. 9. Similar agreement is observed with dipole moment and viscosity,
thereby validating the theoretical model.

3.5. Visible fluorescence from metal nanoparticle-single walled
carbon nanotube composites

We have reported that as a result of interaction between nanoparticles and SWNT to
form a composite, the latter emits in the visible region of the electromagnetic spec-
trum. The composites, prepared by the interaction of purified SWNTs and metal
nanoparticles at the liquid—liquid interface, were probed using micro Raman spec-
troscopy. The usual Raman modes of SWNTs like the RBM, D, G and G* bands
were observed along with a sharp visible emission, as shown in Fig. 10. Further
studies, using varying excitation sources, established the emission to be fluores-
cent in nature. The strong fluorescent signal allowed the spectroscopic mapping of
the SWNTs present in the composite through microRaman microscopy. Transmis-
sion SNOM at sub-diffraction limits was also achieved on the composite, using the
strong fluorescence signal. The fluorescence was observed for all metal nanoparticle
composites such as gold nanoparticle (mean diameter 12nm), silver nanoparticles
(mean diameter 60 nm) and gold nanorods (mean diameter 11 nm, aspect ratio 2.8).
However, it was not observed in pristine nanoparticles, nanorods or SWNTs. Thus,
the fluorescence is attributed to the inherent states of modified SWNTs present in
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Fig. 10. Raman spectra of Ag-SWNT composite (trace A), AuNR-SWNT (trace B) and Au-
SWNT (trace C) composites. Trace D and E pertain to control experiments with pristine SWNTs
and SWNTs heated with tridsodium citrate, respectively. The corresponding emission wavelengths
are marked. The emission maxima occur at 606 and 652 nm. The RBM, D and G bands are marked.



Chemical Interactions at Noble Metal Nanoparticle Surfaces 113

the composite. The discovery poses important questions about the metallic states
of SWNTs, which are bound to be present in the composite.

The presence of metallic states offer nano-radiative decay channels®? and thus
the near-infrared fluorescence, normally observed in isolated SWNTs is not usually
observed in SWNT bundles.3? Therefore, a thorough investigation of the elec-
trical properties of the SWNTs in the composite was carried out using point-
contact current-imaging atomic force microscopy (PCI-AFM) and microRaman
spectroscopy. Metallic SWNTs (mSWNTs) isolated from an ensemble according
to established procedures3? were used to form the composite with metal nanopar-
ticles. The PCI-AFM images of pristine mSWNTs and the composite are shown in
Figs. 11(a) and 11(b), respectively. Differential conductance plots, reflecting the
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Fig. 11. PCI-AFM images of (a) pure mSWNT and (b) Au-mSWNT composite. The correspond-
ing differential conductances measured at specific locations labeled 1 to 4 are shown in (c¢) and
(d), respectively. Non-zero conductance values are seen in (c) at the Fermi point in comparison to
(d) where zero conductance is seen.
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density of states of SWNTs for mSWNTs and SWNT composite are shown in
Figs. 11(c) and 11(d), respectively.

The conductance in the Fermi region for SWNT composite being zero, reflects
the semiconducting states of the SWNTs in the composite. This is in contrast to
the non-zero conductance near the Fermi region for mSWNTs, which is the starting
material. Thus mSWNTs are converted to semiconducting SWNTs upon formation
of the composite. Thus, a metal-semiconductor transition was observed in SWNTs
due to interaction with metal nanoparticles. The nature of this interaction has been
probed and established to be electrostatic in nature.

4. Conclusions

In this paper, we have reviewed our research on chemical interactions at noble
metal surfaces in some detail. Simple halocarbons degrade at the surfaces of metal
nanoparticles to metal halides and amorphous carbon at room temperature by a
new chemistry, which offers a simple and effective methodology for environmental
remediation. The new chemistry was exploited for devising a filter for the effective
removal of common pesticide contaminants from drinking water. Immobilization of
biologically important molecules such as hemin, Cyt ¢, hemoglobin and myoglobin
on Au and Ag nanostructures lead to nano—bio conjugates and their surface binding
chemistry was explored in detail. The nano—bio conjugates were characterized by
spectroscopy and microscopy. Polymer—nano composites with tunable optical prop-
erties were prepared by single and multi-step methodologies and the utility of them
in sensing was investigated. Smart nanogel-nanoparticle composites and nanogel—
nanorod patterns were made from PNIPAM based on a template-assisted method.
An array of noble metal nanostructures fabricated on conducting glass substrates
showed excellent flow sensing characteristics by the transverse electrokinetic effect.
Composites made from noble metal nanostructures and metallic single walled car-
bon nanotubes showed concomitant visible fluorescence and metal to semiconductor
transition, as shown by Raman and PCI-AFM measurements.
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Diamond-like carbon (DLC) is a form of amorphous carbon which has high fraction of sp3
hybridization. Due to its nature of sp3 bonding, diamond-like carbon has been shown
to have excellent properties similar to that of diamond. This includes high hardness,
excellent wear-resistance, large modulus and chemically inert. Traditional applications
include wear resistant coatings and protective film. This article intends to review the
synthesis and material properties of diamond-like carbon as well as its potential as a
novel material for applications in nano-architecture and nano-mechanical devices. An
introduction into metal-dopants in diamond-like carbon film will be briefly mentioned as
well as techniques on the design and fabrication of this material.

Keywords: Diamond-like carbon; filtered cathodic vacuum arc; nano-architectures;
micromechanical resonator; nanomechanical resonator; nanotechnology.

1. Introduction

Diamond-like carbon is a kind of carbon-based material, in which most of its carbon
atoms are bonded in sp3 hybridization. In the case of non-hydrogenated diamond-
like carbon films, it has been widely studied in the past decades and is sometimes
known as amorphous diamond (a-D), tetrahedral amorphous carbon (ta-C) and/or
diamond-like amorphous carbon (DL-aC). There are several review publications
on the synthesis of diamond-like carbon films,! 6
are pulsed laser deposition,* ¢ filtered cathodic vacuum arc (FCVA),* ¢ r.f. mag-
netron sputtering” and mass-selected ion-beam techniques.* 6% The diamond-like
carbon films deposited by these techniques tend to have little hydrogen (hence non-
hydrogenated), amorphous with high sp® fraction. The films grown by FCVA are
very smooth, and sometimes considered as atomically flat.” Through these differ-

among which the most common

ent techniques, diamond-like carbon films can be easily deposited on the surface of
many materials. In this article, we review the diamond-like carbon film deposited
using the filtered cathodic vacuum arc technique.

Due to its high fraction of sp? bonding, diamond-like carbon has high abrasive
resistance, high Young’s Modulus and very high hardness, which is close to that
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Table 1. A comparison of the various properties of diamond-like
carbon films, amorphous-silicon and microcrystalline diamond films.

Properties Ta-C a-Si Diamond
Max Mass Density (g/cm?) ~3.4 ~2.2 ~3.5
Hardness (GPa) ~ 60 ~10 110
Young’s Modulus (GPa) ~ 800 ~5.9 >1000
Optical Bandgap (eV) >3.5 1.8 5.4
Refractive Index 2.5-2.8 4 ~2.4
Extinction Coefficient 0.01-0.2 0.01 0.1-0.001

of diamond® and has excellent wear-resistance properties. Furthermore, it has an
ultrasmooth surface and low coefficient of friction, thus finding niche applications
as a coating material? especially for tribological tools, such as razor blades.® In
addition to attractive mechanical and tribological properties, it is also chemically
inert, making it a very effective high performance material for harsh environmental
applications. Table 1 gives a brief review on the material and physical properties of
the diamond-like carbon films.

Some of the engineering applications for these diamond-like carbon films include
microelectromechanical systems (MEMS) and electron emission devices. For the
former, diamond-like carbon films deposited using the filtered cathodic vacuum arc
techniques gives the highest sp? fraction, with a density of ~ 3.2 ¢g/cm? and Young’s
modulus as high as 800 GPa.>5 These properties indicate that micro-resonator
devices made of diamond-like carbon has superior working frequency response com-
pared to devices of similar size fabricated from other materials such as silicon,”
silicon carbide or silicon nitride. In addition, diamond-like carbon films have been
shown to be hydrophobic (more described in Sec. 3), which further gives an edge for
diamond-like carbon MEMS. Frequent close contact in MEMS will create wear and
tear as well as stiction. This limits the lifetime for some of the silicon-based MEMs.
A comprehensive review on MEMS application can be found in Refs. 10 and 11.
Other applications for diamond-like carbon devices include cold cathode material
or field emission device,'? a preservative material for beer storage,® coatings for
biomedical tools'® and other electronic devices.!4 In this review, some of the pre-
vious and well-known applications will be avoided. Instead, the main emphasis will
be on bottom-up synthesis of diamond-like carbon based nano-architectures, and
some top-down fabrications of diamond-like carbon based architectures and their
applications.

2. Diamond-Like Carbon: Synthesis and Characterization

2.1. Diamond-like carbon films by filtered cathodic
vacuum arc technique

The filtered cathodic vacuum arc (FCVA) is among the best tool used for the depo-
sition of diamond-like carbon films.> The schematic diagram of the FCVA system
is illustrated in Fig. 1.
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Fig. 1. Schematics of FCVA. (a) Arc chamber, (b) target on cathode, (c) anode striker, (d) arc
power supply, (e) solenoid, (f) filer bend, (g) substrate, (h) substrate chamber and (i) vacuum

pump.

The process to deposit diamond-like carbon films using the FCVA usually
requires a pure carbon target, which is loaded in the arc chamber (see Fig. 1).
The target is loaded onto a cathode and is triggered for arcing by an anode striker.

After the chambers are evacuated to a vacuum of background pressure of
107° Pa, a high current (whether direct current or pulse) is applied to the target
through the striker. Both carbon ions and micro/macro carbon particles are gen-
erated in the arc. The carbon ions are directed by a magnetic field generated by a
solenoid around the bend onto the substrate in another vacuum chamber where the
thin film is deposited while the mico/macro particles follow a line-of-sight direction
and are usually filtered off in the filter bend. For more information on the history
and development of the FCVA as well as various thin film applications, good reviews
were previously reported in Refs. 6 and 15.

2.2. Material properties of diamond-like carbon films

This section shows various characterization techniques of how the general material
properties were obtained. Among the common properties include the composition
i.e. sp? and sp? bonding fraction, its surface morphology, cross section morphol-
ogy, microstructural and various mechanical properties, such as modulus, hard-
ness, density and coeflicient of friction. These properties are needed as part of the
nano—mechanical device design and system improvement. Common material char-
acterization facilities, such as scanning electron microscope, transmission electron
microscope, Raman spectroscopy, X-ray photoemission spectroscopy, atomic force
microscope and mechanical properties test tools, such as micro scratch test, nano-
indenter can be used to study the film.
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2.2.1. Composition and determining the sp> content

sp3 and sp? bonding fractions in the diamond-like carbon film determine the main
material properties which leads to important applications. To quantify the sp? and
sp> bond fraction in the film, three main techniques used are electron energy loss
spectrum (EELS),'6 X-ray photoelectron spectroscopy (XPS) and Raman spec-
troscopy (Raman). Other techniques such as energy dispersive X-ray scattering
(EDX),'” can be used but limited to elemental analysis. Usually, EDX is incorpo-
rated in a scanning electron microscope while EELS is incorporated in a transmis-
sion electron microscope.

In EELS in a TEM, a sample is exposed to a beam of high energy electrons.
Some of the electrons will undergo inelastic scattering, which means that they lose
energy and have their paths slightly deflected. The energy loss will be carefully
measured using an electron spectrometer and interpreted in terms of what caused
the energy loss. Inelastic interactions give rise to phonon excitations, inter and
intra band transitions, plasmon excitations, inner shell ionizations etc. The inner-
shell ionizations are most particularly useful for detecting the elemental components
of a material. For example, in the case of carbon, a larger number of electrons
with energy less than 285eV come through the material than those with energy
higher than 285eV because 285¢€V is the energy required to remove an inner-shell
electron from a carbon atom. In addition to chemical composition, EELS is capable
of measuring chemical bonding, valence and conduction band electronic properties,
surface properties and element-specific pair distance distribution functions.!'” One
advantage of EELS lies in its ability to clearly detect the differences among diamond,
graphite and amorphous carbon through the anti-m bonding orbital. An example
of EELS spectrum of a high-sp? fraction diamond-like carbon is shown in Fig. 2.
The way to analyze the EELS data was by taking the area of the 1s-7* peak and
comparing it with the total area of the carbon K-edge.'®19 The peak at 285eV is
due to electronic excitations from the ground state 1s core level to the vacant m*-
like states. Excitations to higher lying o* states occur above 290eV. To estimate
the sp3 fraction, it is assumed that the ratio of the integrated areas under the
energy windows around the 7* peak and around the o* edge is proportional to
N, /N,. This gives the fraction of sp? bonding of the films and has approximately
~85% or more of sp? fraction. In general, XANES (X-ray absorption near-edge
spectroscopy) gives similar information as that of EELS and they are comparable to
each other.

Raman spectroscopy is based on the Raman effect. The Raman effect comes
about when a monochromatic light incident onto a material specimen scattering the
light at frequencies that are different from the incident frequency. This phenomenon
results from an interaction between the incident photons and the vibration energy
levels of the molecules. Usually for diamond-like carbon films, the Raman spectra
can be fitted with two Gaussian-like peaks'®2° as shown in Fig. 3(a). The positions
and line widths of the deconvoluted D and G bands give an approximation for
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Fig. 2. EELS spectra of a diamond-like carbon sample. The low intensity of the 1s-m* peak
confirms that the DLC film has high sp3 content.
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Fig. 3. (a) Raman shift and (b) deconvoluted XPS of diamond-like carbon sample.

the sp3 fraction in the thin films. The G-peak was assigned to ~1550cm ™! while
the D-peak was assigned to 1330 cm™~!. Usually, the D-peak was nearly negligible
indicating a low degree of sp? clustering and no short sp? chains existed in the films.

X-ray photoelectron spectroscopy (XPS) is among the most essential technique
for detecting the elements and the bonding states on the surface of the materials.
This method uses X-rays to excite core-shell electrons and the energy of the core-
shell will shift depending on chemical state of the atom. In Fig. 3(b), the XPS
spectra of diamond-like carbon film is shown and deconvoluted according to its
sp®/sp? content. It has further been shown that the ratio of peak areas at 285.39eV
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and 284.29eV, which correspond to sp3 and sp? ratio, can be used to determine the
sp3 fraction.?!

Various researchers have shown that there is a good correlation between all these
three main techniques, XPS, Raman and EELS.%!82! This indicates that it can
analyze and give a good indication of the sp? fraction in any diamond-like carbon
films with negligible uncertainty by one of these techniques only. In the example
shown above, Figs. 2 and 3 showed a sp® fraction high than 85% DLC films.

2.2.2. Intrinsic stress of diamond-like carbon films

It is believed that the high sp? fraction of the diamond-like carbon films grown by
FCVA gives the films high intrinsic residual stress. This intrinsic residual stress can
be higher than 10 GPa?? and can limit the film thickness to a hundred nanometers
or so when growing on a silicon substrate. In the fabrication of nano-architectures of
diamond-like carbon, it is essential to have stress-free films. Without controlling the
residual stress, the film thickness on silicon substrate is only limited to several tens
of nanometers which is not thick enough for designing a practical nano-architecture.

There are several ways to control the residual stress of diamond-like carbon film
on silicon substrate, such as doping the target carbon material with metals,23 25 or
rare-earth metal oxides,?”2® or proper voltage bias?? 3! to the substrate (substrate
biasing) during arc deposition. It is also known that metal doped targets for the
cathodic arc usually gives a nanocomposite film of metal nanoparticles dispersed
into diamond-like carbon medium instead of pure diamond-like carbon film. More
will be explored and discussed in Sec. 3 of this review.

Another way of controlling residual stress is through applying a substrate bias
during film deposition process. There are two kinds of voltage applied to substrate
to reduce the residual stress of diamond-like carbon film on silicon substrate. One
is to apply a short pulse of high voltage higher than thousand volts to the substrate
during arc. This method increases the energy of the carbon ions which in turn,
increases its penetration depth for a subsurface growth mechanism or sub-plantation
model.32
(PIII). The other is to apply a dc voltage to the substrate during arc growth of the
diamond-like carbon film. Usually, voltages as low as 500V are sufficient enough to
grow a residual stress-free diamond-like carbon films by this method. However, this
method also reduces the sp? fraction of the film. Though the exact stress suppression
mechanism is not well known, it was found that a high dc voltage could change the
residual stress of diamond-like carbon of compressive stress at 0V to tensile stress
at voltages over 300 V.33

Diamond-like carbon with low compressive stress can be grown to a thickness
of 2 um in 30 minutes which is one of the requirements in micro—nano-fabrication
process. In our research, we did not find the evidence of layer growth333% in our
thick diamond-like carbon films. The films thickness obtained using the dc biasing

This technique is sometimes called plasma ion immersion implantation
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technique can satisfy the requirement of fabricating both micromechanical and nano-
mechanical devices.

2.2.3. Surface morphology and surface energy

When diamond-like carbon film with desired sp® fraction is applied to nano-
mechanical and micromechanical devices, surface morphology is a highly critical
parameter which determines the device performance. The surface topography and
roughness can be studied by using an atomic force microscopy (AFM). Usually for
non-destructive testing, a non-contact or tapping mode at a proper scan frequency
is used. The contact mode is not desirable as it may introduce scratches onto the
sample surface and distort the topography.

As the films are generally very smooth, the AFM has to be suspended on an
anti-vibration swing to enhance the tracking. Good tracking is important to ensure
accurate images of the surfaces are captured. A surface area of 1 um? free of particles
is usually chosen and scanned (see Fig. 4).

The root mean square (rms) roughness of the films was recorded. A typical sur-
face morphology of diamond-like carbon measured with AFM is shown in Fig. 4. It
is clear that the surface roughness of the film is within 0.2 nm. “Pure” diamond-like
carbon films have been reported to possess an rms roughness of 0.12nm.?® The
value of 0.20nm obtained was found to be comparable to that reported in litera-
ture. However, incorporation of metals into diamond-like carbon films is generally
giving a rougher film. In fact, an increase in the metal fraction generally leads to
an increase in the rms roughness of deposited films. It is believed that this trend
could be explained by using the thermal spike model which describes the in situ
deposition condition at the surface of the as-growing film when two different ions

Fig. 4. Surface morphology of (a) a near atomically smooth high sp® content diamond-like carbon
film deposited at floating voltage and (b) a 1 um thick diamond-like carbon film with 50% sp3
fraction deposited at —800 V. The roughness is negligible.
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impinge onto the surface.?® During deposition, a small area with enhanced temper-
ature was created on the surface as ions from the plasma impinged on it. There
was no single value of temperature that could be quoted for deposition. Instead,
temperature could only be understood in a local, time-dependent sense. The size
of the area was determined by the collision cascades which were known to quench
in some picoseconds. In the case of where biasing was added to the substrate, the
surface was observed to have an increase of roughness. In the case of FVCA, the
area was usually limited to a small number of atoms. The atoms were not able to
move to many configurations at times within such a short thermal spike quenching
time.

Studies conducted by Shi*$:37 tried to correlate the surface morphology proper-
ties to the sp? fraction in the diamond-like carbon films and concluded that there
was an inverse relationship between rms roughness of the surface and sp? fraction in
the films. In other words, a higher rms roughness corresponds to lower sp? fraction.
As with the previous results from Raman spectroscopy, XPS and nano-indentation,
indeed, the incorporation of metals does decrease the sp> fraction as the amount of
metal increased.

Surface energy of the films is another important factor due to the fact that it can
give some clues to the surface properties of the thin film. The correlation between
contact angle and surface free energy of solid surface and liquid was provided by
Young when a drop of liquid lies on a solid surface. Young’s equation3®3? is

Yev = Vsl + Yy cos b, (1)

where s, and ), are the solid and liquid surface energy respectively; v is the
solid/liquid interfacial energy and @ the contact angle. The contact angle § and
the liquid surface energy ), are measurable parameters. In order to determine the
surface energy of the solid through the measurement of the contact angle, various
theoretical statements describing the interfacial energy vs1 as ys1 = f(Ysv, T1v) Were
used. In this work, the harmonic-mean model was used.*’

d . d p AP

,.YSV’YIV P)/sv’ylv

(1 +cosf)y, =4 ( + ) (2)
WA W

Here v, = vﬂ, + 7 and the superscripts d and p refer to the dispersive and polar
components respectively. When two liquids are used, and the values of 7{3, and 7},
for these liquids are known, the dispersive and polar components of the solid surface
energy (74, and 42,) can be obtained by solving the two simultaneous equations. The
surface energy is a combination of these two separate components, the dispersive
and polar component.

In general, the contact angle for diamond-like carbon films can range from 75°
to a high of 80°, with the theoretical limit for amorphous carbon films reported
to be ~80°.' It has been further reported that the contact angle for typi-
cal diamond-like carbon films deposited by FCVA is around 77° depending on
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deposition conditions.'® The surface energy of these diamond-like carbon films has
been reported to be as low as ~4.0 x 107 Nm™! using multiple liquid testing.*!
The main component that affects the surface energy is the polar component, which
can vary from 1.3 x 1075 to 0.9 x 107" Nm~!. It was noted that the dispersive
component tends not to change. The polar component results from three different
intermolecular forces due to permanent and induced dipoles and hydrogen bonding,
whereas the dispersive component of the surface energy is due to instantaneous
dipole moments. As diamond-like carbon films grown by the FCVA technique have
little hydrogen present in the films, the polar component is due to the change of the
sp? carbon formation and dangling bonds in the amorphous carbon network.'® As
such, the process conditions required to obtain high sp? fraction diamond-like car-
bon films probably require highly dense plasma, which in turn, will inevitably affect
the surface energy as the confinement within the same unit volume may cause a
significant reduction in the dangling bonds or other defect sites due to the decrease
in surface energy.

2.2.4. Mechanical property measurement

There are several ways to measure the Young’s modulus of these films. One conven-
tional technique is by nano-indentation techniques. Another technique is by laser
induced surface acoustic wave (L-SAW). This laser-acoustic technique uses short
pulses of a laser to generate wide-band surface wave impulses. The surface wave
impulse is detected by a wide-band piezoelectric transducer. Both specimen and
transducer are fixed to a translation stage that moves perpendicular to the laser
beam position. The surface acoustic waveform is detected at different distances
between the laser focus line and the transducer. The experimental dispersion curve
is fitted with the theoretical curve to obtain the film parameters. The fit yields the
Young’s modulus of the film. 4041

The density of the films, p, can be indirectly deduced from the Young’s modulus,
E, as reported by an empirical method.*!

p = 1.79[g/cm’|(1 + E/780[GPa] — (E/1620[GPa)])?). (3)

Using this relation, the density of the thin films could be determined. This equa-
tion was derived using some test samples for which the density of the films was
determined using XRR, RBS and EELS.%!

In the case of high sp3 fraction diamond-like carbon films, a high of ~800 GPa
Young’s modulus can be obtained. Using the empirical method described above in
Eq. (3), the density of the film can be as high as ~3.4g/cm?.1® This estimated
value was very close to the current reported values of polycrystalline diamond,
of ~3.5g/cm®. As such, it had been observed that the diamond-like carbon films
possibly are very compact and stiffer with high sp® bond fraction.

The dynamic friction coefficient is shown in Fig. 5. The coefficient of friction
for diamond-like carbon films is generally very low, with an average value of <0.1.
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Fig. 5. COF of diamond-like carbon measured by a tribometer.

This value is very close to the coefficient of friction of graphitic (soft) films. During
the process where there is mechanical contact on the surface of the diamond-like
carbon films, the force (and possibly localized heat) causes the sp3 bonds to be
graphitize. As such, Fig. 5 further shows that the coefficient of friction decreases
with a longer sliding distance.

The micro-scratch tests are usually carried out under a progressively increasing
load from 0 to 5N. Figure 6 shows a typical scratch test result for diamond-like
carbon films deposited where a critical load of 2.1 N was obtained.'® On the average,
the critical load for diamond-like carbon films on silicon can range from ~1 to ~2N
depending on film thickness and adhesion strength. It had been previously shown
that the adhesion strength depends heavily on the type of substrate used. In the
case where silicon was used, a thin silicon carbide interface was formed and this
enhances the interface strength. As such, diamond-like carbon film tends to form
carbide bonds with metals thus making it a very suitable material for wear coating.

The wear rate of high sp? content diamond-like carbon films can be calculated
using the relation in Eq. (4). Wear rate (k),

k=V/W x8S), (4)

where V is the wear volume (mm?); W, the normal applied load (N); and S, the
sliding distance (m). The wear rate was approximately 1.2 (£0.5) x 10"8 mm?/N-m
for diamond-like carbon thin films. For a thin 30 nm film, high quality diamond-like
carbon films can withstand slide cycles as much as 20,000 times (~0.2km) against
a sapphire ball under a 10N applied load in normal ambient air conditions.'®
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Fig. 6. Scratch test results of a typical high sp3 content diamond-like carbon film on silicon
substrate. The test was performed at room temperature, in ambient air.

3. Bottom-Up Nano-Architectures of Diamond-Like Carbon

To obtain diamond-like carbon based nano-architectures for practical applications,
there are two main technological routes. One is to build architecture directly from
material growth during which the architectures are defined with either little or
minor treatments required. This route is usually called a bottom-up approach. The
other is to start with an already-prepared material, by using the technology well-
developed for microelectronics to subtract the undesired part for target architectures
at nanoscale. This route is always called a top-down method. These two routes can
be well described in Fig. 7. The bottom-up method applied to diamond-like carbon
will be reviewed in this section while the top-down will be reviewed in Sec. 4.
Nano-architectures of diamond-like carbon fabricated with bottom-up method
can be classified into different types, such as nano-architecture containing zero-
dimension (0D) nano-object embedded in a diamond-like carbon sheet, nano-
architecture containing one dimension (1D) nano-object embedded in a
diamond-like carbon sheet or three dimension (3D) diamond-like carbon architec-
tures at nano-scale. All these nano-architectures will be described in this section.

3.1. Diamond-like carbon nano-architectures containing 0D objects

Nano-architecture of diamond-like carbon containing 0D nano-objects refers to a
thin diamond-like carbon sheet embedded with nano-particles of hetero-materials,
such as metal, inorganic and even organic and biomaterials. Diamond-like car-
bon sheet embedded with 0D objects originates from metal-doped diamond-like
carbon.'®2%42 The initial intention is to reduce residual stress in diamond-like
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Fig. 7. Schematic diagram of (a)—(d) top-down and (e)—(h) bottom-up process for fabricating
diamond-like carbon based nano-architectures.

carbon grown on silicon substrate.*? For example, Al doping and other metal doping
are found to be able to reduce this residual stress, which is harmful for fabricat-
ing free standing diamond-like carbon structures on silicon substrate. The main
purpose of nano-architectures of diamond-like carbon embedded with 0D object
in this review is to utilize the chemical inertness of diamond-like carbon which
can be used to preserve most of nanoparticles embedded from performance degra-
dation. Diamond-like carbon is an amorphous material, hence it has negligible or
no grain boundaries in the bulk. The inter-woven network of sp3 carbon atoms in
diamond-like carbon thus prevents other atom diffusion such as gas atoms or water
molecules in air moisture into grain boundaries which was found to be one of the
most important hetero-atom diffusion in multi-crystalline materials. Additionally,
as diamond-like carbon is a mixture of sp3 and sp? hybrid carbon atoms. The sp?
bonding in diamond-like carbon tends to open an energy band gap of diamond-like
carbon while sp? bonded atoms tend to reduce the dangling bond in the material.
A nano-object embedded in this diamond-like carbon system has less surface state
which may degrade the photon emission properties.

An example of Ni nanoparticles embedded in diamond-like carbon is illustrated
in Fig. 8. Particles of Ni with sizes ranging from 2 to 5 nm are clearly seen in the
TEM image. These particles may have super-paramagnetic property as reported in
Ref. 43. Due to the resistance of diamond-like carbon to gas diffusion into it, Ni
nanoparticles can be well preserved from oxidization when exposed to atmosphere.

Nanoparticles other than metallic, like nitride, oxides and other materials can
also be embedded into a diamond-like carbon sheet. Recently, Hsieh et al. succeeded
in embedding zinc oxide nanoparticles in such a diamond-like carbon sheet by FCVA
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Fig. 8. TEM image of Ni particles embedded in diamond-like carbon. Reprinted with permission
from Ref. 29, (© 2007, Interscience.

Fig. 9. ZnO embedded in diamond-like carbon. Reprinted with permission from Ref. 44, (©) 2008,
Elsevier.

technique using a carbon target mixed with zinc powder.** Figure 9 shows the
distribution of the particles in the diamond-like carbon medium. As described above,
due to the inter-woven properties of sp® and sp? carbon atom networks, the surface
state of zinc oxide can be largely suppressed and the total architecture provides
better photon emission properties of zinc oxide.

Reference 44 further showed that only a narrow, near band edge emission is
detected in the photoluminescence measurement. This suggests that photo-emission
particles embedded in diamond-like carbon can be applied to an electroluminescent
device as the active layer. An ideal device structure was schematically shown in
Fig. 10, where nanoparticles of an intrinsic semiconductor material embedded in a
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Fig. 10. A schematic view of a LED utilizing diamond-like carbon architecture as active layer.

diamond-like carbon sheet is used as the active layer. As the surface state of the
semiconductor nanoparticles can be largely reduced, narrower spectrum emission
or pure color can be expected from these emission devices. As the band gap of
diamond-like carbon matrix can be increased to 5eV#® by nitrogen doping, thus
this device configuration can be applied to UV light emission electroluminescent
devices.

One of the open issues that needs to be addressed is that, at present, the embed-
ded 0D nanoparticles are produced by mixing fine metal powder with carbon to
make a target for nano-architecture growth. This method is acceptable when the
metal powder is inexpensive. The material usage rate in FCVA arc is usually less
than 1%. That means most of the metal will be lost in the process of FCVA growth
of diamond-like carbon architecture. It may be a serious issue when more expen-
sive metal powder is used. For each carbon target mixed with metal powder, the
nanoparticle concentrate in the diamond-like carbon nano-architecture is also fixed.
Many different targets are required to study the particle concentration effect reliably
in nano-architectures.

3.2. Diamond-like carbon nano-architectures containing 1D
nano-objects

Another diamond-like carbon based nano-architecture is to utilize 1D nano-objects,
such as nanotubes, nanowires, nanorods. An example is shown in Fig. 11. From
the figure, it is clear that a diamond-like carbon sheet of around 5 pm is grown on
the top of a carbon nanotube layer. This nano-architecture shows tunable damping
properties depending on the density and height of the carbon nanotubes. The system
in Ref. 46 may be used in future nanomechanical system. The fabrication process
is to grow a layer of vertically arranged carbon nanotubes with plasma assisted
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Fig. 11. Diamond-like carbon nano-architecture containing a carbon nanotube layer. Reprinted
with permission from Ref. 46, © 2007, Wiley.

chemical vapor deposition (PA-CVD) followed by depositing a layer of diamond-
like carbon with filtered cathodic vacuum arc (FCVA). The details of the process
can be found in Ref. 46.

In this nano-architecture, as the diamond-like carbon layer is grown on the top
of carbon nanotube, the diamond-like carbon layer is expected to have negligible
residual stress, and thicker diamond-like carbon films can be grown without caring
about the residual stress. Contrary to this multi-layered nano-architecture contain-
ing 1D nano-objects, 1D nano-objects can be embedded in the diamond-like carbon
sheet too. The proposed diamond-like carbon nano-architecture is illustrated in
Fig. 12(a).

substrate

(a)

nanorod/nanotube

()

Fig. 12. Nano-concrete of diamond-like carbon.
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By first growing a thin diamond-like carbon layer on a substrate, 1D nano-
objects, such as nanotubes are then dispersed on the diamond-like carbon plane.
This dispersion process can be spin coating or others and is then followed by growing
of another layer of diamond-like carbon. This nano-architecture gives us an image of
concrete at nano-scale. A diamond-like carbon sheet is usually deposited on a silicon
substrate and has a high residual stress due to the lattice mismatch between silicon
and carbon. This residual stress sometimes breaks the nano-architectures fabricated
on a silicon substrate when the architecture is to be relieved from the substrate.!%:11
A resonator device, as illustrated in Fig. 12(b), made up of the proposed diamond-
like carbon nano-architecture as shown in Fig. 12(a) can be fabricated with the top-
down technologies. High working frequency for the resonator made of this kind is
expected to be made of nanotubes which have higher vibration modes. Additionally,
devices made of this nano-concrete may possess higher mechanical toughness as
expected from the toughness enhanced in concrete used in our buildings.

3.3. Diamond-like carbon nano-architecture grown with
focused ion beam

Focused ion beam assisted growth of diamond-like carbon from an organic precur-
sor is an offspring of ion beam assisted chemical vapor deposition technology. Due
to the tiny beam diameter of a focused ion beam, direct growth of diamond-like
carbon nano-architectures is possible. As the beam can be well controlled in a two
dimensional mode while the sample stage can move in the third one independently,
full three dimensional nano-architectures can be well fabricated. The main fabri-
cation process is illustrated in Fig. 13. First, the ion beam is well focused on the
sample hold onto a stage while a metal nozzle delivers gusts of carbon-rich organic
gas, usually, methane (CHy) or phenanthrene (C4Hjp), onto focused area. Once a
carbon-rich organic molecule meets the energetic ions near the focus point, it is

Primary ion
Ga® (30keV) e
Phenanthrene (C)3H o) /
.j of adsorhed malecules
Secondary
— elciron

B i

Fig. 13. Schematics of diamond-like carbon deposition by focused ion beam. Reprinted with
permission from Ref. 47, (© 2006, National Institute for Materials.
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decomposed into volatile gases such as hydrogen and carbon ions, which will be
deposited on the sample surface. This is due to the momentum of the energetic
beam moving towards the sample surface is partially transferred to the decomposed
carbon atom, which deflects carbon ions’/atoms’ initial motion direction onto the
sample surface and diamond-like carbon nano-architectures begin to nucleate and
grows.

One example of the vertically standing diamond-like carbon nano-architectures
grown by this method is illustrated in Fig. 14. From this figure, we can see that
diamond-like carbon nano-pillars (1D diamond-like carbon architectures) can be
well fabricated with a dimension down to less than 100 nm. At present, a beam size
less than 10nm in a focused ion beam can be well controlled. Thus this method
is fit for fabricating fine nano-architectures. In the same figure, a scanning elec-
tron microscope modified to measure the mechanical properties is also included.
By using this characterization system, a mechanical property of diamond-like car-
bon pillars depending on aspect ratio of the pillar is verified. This aspect ratio
dependence is however not due to the intrinsic property of the diamond-like carbon
nano-architectures, but instead, a novel technology.

As the beam ion used in Ref. 47 is a gallium ion, which is not volatile, upon
the diamond-like carbon nano-architecture depositing on the substrate, gallium
(reduced from the gallium ions) will also deposit in the pillar structure. Usually,
the deposited gallium is at the center of the pillar. This metal bone usually influ-
ences the total mechanical properties of the nano-architectures.

As the present-day FIB system has very fine controllability over full space, true
3D nano-architectures of diamond-like carbon can be well fabricated. Figure 15
shows the versatility of this FIB assisted deposition of diamond-like carbon. It is
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Fig. 14. Bottom-up nano-mechanical resonator and its motion detection method by SEM.
Reprinted with permission from Ref. 50, (©) 2003, Materials Research Society.
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Fig. 15. More sophisticated diamond-like carbon based nano-architecture fabricated by FIB-
CVD. Reprinted with permission from Ref. 47, (© 2006, National Institute for Material Science.

interesting that complex three dimensional nano-architectures for capacitance,
inductance and resistance woven together can be easily fabricated using this method.

Another advantage of the FIB technique is that it is a mask-less process and
true bottom-up. Devices are fabricated with the help of design software in the
computer which makes both design and demonstration of new ideas very efficient
and economical.

Though the bottom-up nano-architecture process of diamond-like carbon by this
FIB based method is a series process, which limited the technology just to a lab
demonstration other than an industrial batch production, it can provide an easy
design and demonstration for proposed nano-architecture. For a lab demonstra-
tion of diamond-like carbon nano-architectures, one must improve the quality of
diamond-like carbon fabricated. As mentioned above, to remove residual gallium
in the diamond-like carbon nano-architectures is the key issue. To solve this issue,
other ion source, especially those ones which are volatile, for example, argon ion, can
be used. In this case, the fabricated diamond-like carbon nano-architecture can be
well free of metal doping and will provide size independent mechanical properties.

Another issue needing clarification is the reported increase of sp? fraction of
such diamond-like carbon architectures. So far, the diamond-like carbon nano-
architecture fabricated with this method has limited sp® fraction, as indicated by
the mechanical properties reported in Ref. 19. Further discussions in Ref. 5 showed
that the sp? fraction in diamond-like carbon films is dependent on the energy of
carbon ions. In FIB-CVD deposition of diamond-like carbon of Ref. 47, the gal-
lium ions are limited to 30kV. By changing the acceleration voltage of the beam,
the kinetic energy of the decomposed carbon can be controlled in the range where
reasonable sp? fraction is obtainable. However, the maximum amount of sp? fraction
is still unknown.
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3.4. Diamond-like carbon nano-architecture grown
from patterned substrate

In addition to the above-mentioned method of nano-architecture building tech-
nologies, there is another technique called architecture building from a patterned
substrate. This method makes use of a different nucleation probability of carbon on
different substrate to build a nano-architecture, or a different growth mechanism
of diamond-like carbon on differently treated area of the same substrate. Using
a structured aluminum oxide surface with different diamond-like carbon growth
mechanisms, Hashimoto et al. reported that different diamond-like carbon nano-
architectures can be obtained only by changing the substrate property.*® As shown

(b)

Fig. 16. Different diamond-like carbon nano-architectures obtained on aluminum oxide with dif-
ferent surface treatment. Reprinted with permission from Ref. 48, (© 2007, Institute of Pure and
Applied Physics.
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(d)
Fig. 16. (Continued)

in Fig. 16, different diamond-like carbon nano-architectures can be fabricated. As
carbon is a good candidate material for field emission source,*” different field emis-
sion properties can be expected for these nano-architectures with different surface
morphology. That is through micro-structuring aluminum oxide into different pat-
tern to form patterned unit, morphology-controlled diamond-like carbon unit can be
grown directly from the bottom-up method. One of this proposed unit is illustrated
in Fig. 17 which is taken from Ref. 48 and synthesized.

Another bottom-up method is to cover silicon substrates with patterned lithog-
raphy resist. As illustrated in Figs. 7(e)-7(h), the initial process in nanolithogra-
phy (either photolithography or e-beam lithography) are defining nano-size resist
patterns on the surface of silicon. Pattern developing of the resist is followed by
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Fig. 17. A 3 X 3 unit of patterned diamond-like carbon nano-architectures composed of the DLC
texture from Fig. 16. Reprinted with permission from Ref. 48, © 2007, Institute of Pure and
Applied Physics.
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Fig. 18. Free standing cantilever with resist lift off. Reprinted with permission from Ref. 51,
(© 2004, American Vacuum Society.

diamond-like carbon growth.?® Finally, lift off technique is applied to the photore-
sist to remove the undesired parts of diamond-like carbon on the resist from those
on the silicon. One of the cantilever structures at microscale fabricated with this
method is illustrated in Fig. 18.°1>2 One of the limitations of this method to fab-
ricate diamond-like carbon nano-architectures is that the aspect ratio of the archi-
tecture is largely limited. As nano-size pattern of resist is to be developed, usually,
the resist thickness is limited to less than 1 um. The upper limit of the aspect ratio
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is limited to be only several. As described above, FIB-CVD is much better for
developing high aspect-ratio nano-architectures of diamond-like carbon.

4. Diamond-Like Carbon Nano-Architectures from Top-Down
4.1. Fabrication method

The top-down method for fabrication diamond-like carbon nano-architectures (or
sometimes known as subtraction method) to fabricate nano-architecture are also
widely used, especially popular in the fabrication of silicon microelectronics. When
applied to diamond-like carbon films, the difficulty of this method is not in the
patterning but in the etching process. As diamond-like carbon is quite chemically
inert, it is difficult to fabricate diamond-like carbon architectures using wet etching.
Diamond-like carbon nano-architectures are only possible when dry etching process
has been successfully developed for diamond-like carbon material.??

The top-down route for fabricating nano-architectures of electronics is shown in
Figs. 7(a)-7(d); it can be well applied to diamond-like carbon. The first step is to
cover the diamond-like carbon film on a substrate with a resist of proper thickness.
After lithographically patterning the resist, pattern developing, dry etching and
resist lift off are sequentially applied. With the recently developed oxygen ion dry
etching of DLC,%® freestanding bridges of diamond-like carbon at micrometer scale
has been demonstrated as shown in Fig. 19. It is noted that the etching parameters
for diamond-like carbon doped with different metals may change drastically. For
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Fig. 19. Free-standing diamond-like carbon micro-bridge, from Ref. 54.
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Fig. 20. Schematics diagram of FIB fabricating a nano-architecture in diamond-like carbon.

example, copper doped diamond-like carbon is harder to be etched off than Ti
doped DLC.%*

Focused ion beam milling is widely used in the field of material science
as a tool for preparing high quality transmission electron microscope (TEM) sam-
ple lamellae. This technique utilizes a focused ion beam to mill material other
than to deposit in a FIB-CVD method. FIB can also be applied in fabricating
diamond-like carbon nano-architectures by using its milling ability, as illustrated in

55,56

Fig. 20. By scanning a highly focused ion beam on a diamond-like carbon thin film
or diamond-like carbon thin film covered by a metal film which is used to reduce
the surface charge effect to provide better fabrication quality, diamond-like carbon
nano-architectures as fine as the focusing limit of a FIB facility can be fabricated.
This coating metal film may be Cr, which can be easily removed after FIB milling.
One of the most striking properties is that focused ion beam milling ability
is almost material independent for the diamond-like carbon based materials. It
can be applied to any diamond-like carbon thin films, whether doped or not. The
fabrication rates for the variance of the same materials are almost the same. Another
property is that focused ion beam milling is a mask-less process; this reduces the
fabrication period and cost and at the same time add more design flexibility.

4.2. Diamond-like carbon micro-architectures

Directly applying top-down approach to pattern diamond-like carbon film was used
as moving mechanical parts in the design of micro-architectures. Those already
mature fabrication tools with fabrication accuracy of micron-scale initially devel-
oped for microelectronic devices are now widely available. Using a simple contact
photolithography system patterns with line resolution of < 1 ym with desk-top RIE
system, diamond-like carbon cantilevers could be fabricated as shown in Fig. 18.
Chua et al.5775357 applied this kind of micro-architectures of diamond-like carbon as
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Fig. 21. Diamond-like carbon vibration resonator. Reprinted with permission from Ref. 51,
(© 2004, American Vacuum Society.

micromechanical resonator. They measured the resonator performance using opti-
cal method, and the measured vibration property was summarized in Fig. 21. They
found that the resonance frequency of diamond-like carbon micro-architectures is
twice that of a silicon resonator of the same size. This confirmed the theoretical
prediction that diamond-like carbon micro-architectures have better resonator per-
formance than silicon. In the same paper, residual stress of diamond-like carbon
film has also been demonstrated to be able to increase the resonator’s frequency.

Luo et al. used this top-down route to fabricate diamond-like carbon micro-
architectures.'® Due to the strong residual stress in the diamond-like carbon film,
these micro-architectures curled up while relieving from the silicon substrate by wet
etching in KOH solution, as indicated in Fig. 22.

Instead of reducing the residual stress in diamond-like carbon film, Luo et al.'®
utilized the stress and through a second metal layer on diamond-like carbon film,
they successfully fabricated micro-architectures of a plurality layers containing a
diamond-like carbon layer, a SU8 resist and a metal layer. The whole micro-
architecture was used as a thermal driven clamper. When relieving from the silicon
substrate, the fingers of the clamper curl up and hold as a balance between the
residual stress of diamond-like carbon and the stiffness of the metal, as shown in
Fig. 23(a).

When an electrical pulse applies to the architectures, heating up of the micro-
architectures will stretch the fingers to be ready to welcome a micro-object due to
the thermal stress of origin from mismatch of the thermal expansion coefficients of



Diamond-Like Carbon: A New Material Base for Nano-Architectures 141

25 ym

Fig. 22. Curl up due to the residual stress of diamond-like carbon. Reprinted with permission
from Ref. 10, © 2007, Institute of Physics.

the diamond-like carbon and the metal. This micro-architecture can be applied to
carry micro-particles as shown in Fig. 23(b).

4.3. Diamond-like carbon nano-architectures

For practical applications of diamond-like carbon micro-cantilevers as sensors or
filters, one needs to increase their intrinsic frequency to GHz range other than
those in MHz range held by the micro-cantilevers. This can be accomplished by
shrinking the size of the cantilever from micrometer scale into the nanometer scale.
By reducing the size to that of nano-cantilevers, intrinsic frequency of the device
can enter the GHz range. Recently, nanocrystalline diamond based nano-resonator
has been fabricated.®® One of the serious issues of size scaling of cantilever based
nano-mechanical resonators working at GHz is that quality of factor of the nano-
cantilever is usually too small to be practical. For example, mechanical resonator at
micro-scale can hold a QF as high as 10%, but for nano-scale architecture, the value
quickly drops to less than 1000. One of the ways to build a nano-mechanical system
with a working mode at high frequency yet with a reasonable QF is preferable to
nano-architecture other than a simple cantilever based nano-mechanical resonators.
The nano-architecture explores nano-cantilever based resonators coupled to a micro-
size stander. The total architecture could hold a collective vibration mode in the
GHz range yet hold a QF near a practical level.

A silicon nitride with tensile stress®® has also been applied to fabricate
a different-shape nano-architecture, as illustrated in Fig. 24(a). This nano-
architecture demonstrates an ultrahigh QF over 1 million above a vibration fre-
quency of 1 MHz. In order to obtain true gigahertz architecture, material of less
density and higher modulus are more profitable. Among these material, aluminum
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(b)

Fig. 23. Stress engineered diamond-like carbon micro-architectures for MEMs applications.
Reprinted with permission from Ref. 10, (©) 2007, Institute of Physics.

nitride, diamond and diamond-like carbon are the best candidate. Mostly notable
are the latter two. One of the nano-architectures is illustrated in Fig. 24(b). This
device is fabricated in nanocrystalline diamond.%® In this paper, high order vibration
of 1.441 GHz has been demonstrated, while its QF remains 20,000 above 500 MHz.

Though diamond based nano-architecture has been demonstrated to work in
GHz frequency, diamond suffers from a relatively rough surface. Additionally, its
etching condition is not easy to control as residual diamond crusts are difficult to
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(a)

Fig. 24. Nano-architecture for GHz, high QF mechanical devices. Figure (a) is reprinted with
permission from Ref. 59, © 2008, American Institute of Physics. Figure (b) is reprinted with
permission from Ref. 60, (© 2007, American Institute of Physics.

etch and remove. In contrast, diamond-like carbon films deposited by FCVA have an
ultra-smooth surface and do not have problem of residual crusts on the etched sur-
face. According to Verbridge et al., the residual tensile stress of a diamond-like car-
bon film can be controlled and utilized to increase both its working frequency®® and
the quality factor. Thus, diamond-like carbon based nano-architectures are expected
to be a good candidate for mechanical nano-architectures. In addition, diamond-
like carbon based nano-architecture can make use of the hydrophobic properties of
DLCS! as previously shown in Sec. 2. Such nano-architectures can work much better
than those made of silicon or other materials in solution environment.

A potential research field in nano-mechanical system is shock wave region where
mechanical load is so strong that a shock wave may be generated in the nano-
mechanical systems. Beil et al.® recently pioneered this research. By using a sur-
face acoustic wave generated by an interdigitated transducers (IDTs) fabricated on
a nano-mechanical resonator, as illustrated in Fig. 25, they detected shock wave
propagation in the resonator by measuring the anomalous acoustoelectric current
of a suspended 2D electron gas embedded in the resonator. As shock wave is a
highly nonlinear wave, this research will excite studies on highly nonlinear response
of nano-architecture to intensive mechanical load.

Shock wave is not a new research field for macro world where its motion is mainly
determined by Hugoniut of the materials which it propagates in. Generally speaking,
during shock wave propagation in the nano-architecture based resonator, there is
a strong release wave which is refracted by the interaction of the shock wave with
the surroundings of the nano-architecture at the interface. In the nano-architecture
resonator of Ref. 62, the longitudinal dimension of 1.2 ym of the 2DEGs is much
larger than sideway dimension (200nm). There aspect ratio is far larger than that
used in macro-object for which the transverse dimension is usually much larger
than the longitudinal one of the wave propagation. It is reported that shock wave
propagation can be well recorded,’? while for a macro-object of the same aspect
ratio, this detection is impossible. This indicates that shock wave propagates in a
nano-architecture may differ from that for a macro-object.
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Fig. 25. Surface acoustic wave nano-mechanical system. Reprinted from Ref. 62 with permission,
(© 2008, The American Physical Society.

At the same time, there is no indication of the strength of the shock wave in
Ref. 62. Usually, shock wave strength is beyond the fracture strength of macro-
objects while in the reference, the resonator exists without damage after multiple
shock wave propagation through it. Additionally, shock wave will induce a sharp
temperature rise which is also not mentioned in the paper. There are several appli-
cations of shock wave in nano-architectures. One of the applications of shock wave
in nano-mechanical resonator is to compress an embedded nano-object, say carbon
to study the phase transition mechanism from graphite to diamond. Shock wave or
other high pressure techniques have been widely applied to synthesizing diamond
for industrial application. But the particle size of artificial diamond is much less
than that of large natural gem. Nano-architecture based resonator provides accu-
rate study of this phase transition with a system embedded in the resonator. A
diamond-like carbon nano-architecture based resonator loaded with shock, espe-
cially those with lower sp? content but doped with metal particles as catalyst may
transit into ones with high sp3 content or even nanocrystalline diamonds.

5. Future for Diamond-Like Carbon Nano-Architectures

Based on the above review on both micro-architectures and nano-architectures of
diamond-like carbon, it is clear that the nano-architecture based mechanical device
is a field not well explored for practical applications. Many designs and processes
are still not well understood, for example, the etching process to fabricate nano-
architectures and nano-architecture design most optimal for obtaining a high vibra-
tion frequency with a high quality factor.

For many components and devices based on these nano-architectures, a material
highly stable against degradation in moisture condition and other harsh environ-
ment conditions is among the best candidates. For chemical and bio applications,
the vibrating device based on the architecture needs to work in a solution condi-
tion. Both silicon and silicon nitride devices will suffer serious performance degra-
dation as they are strongly hydrophilic to the water or other liquids. Diamond-like



Diamond-Like Carbon: A New Material Base for Nano-Architectures 145

carbon, however, is hydrophobic. Nano-architectures developed from diamond-like
carbon will have better vibrating performance in these severe environments. It is
expected that diamond-like carbon nano-architectures are much better for apply-
ing to an atmosphere and solution environment than those made up of silicon or
silicon nitrides. In addition, diamond-like carbon is also bio-compatible, and has
already been applied to bio-systems. We can also expect that diamond-like car-
bon nano-architectures can be developed into other nano-fluidic systems for virtual
single-molecular sensing and detection. Yet, combination of both bottom-up and
top-down methods can provide more sophisticated nano-architectures and better
performance for diamond-like carbon based mechanical devices.

Another important property of top-down fabrication is that different nano-
architectures can be fabricated simultaneously. If many nano-architectures, whether
identical or different, are left coupled to each other, this coupled system may leave
more space for basic researches as a mechanical version of condensed matter physics.
Most of the coupling mechanisms well studied in solid state physics are in the lin-
ear region. Things are usually too complicated to be well understood when we
go down to the nonlinear coupling region because a gradually increasing coupling
region in solid state is not available. The nano-architectures otherwise can provide
such an idea system for study both individual nonlinear movement, for example,
shock wave developing and propagation in a single nano-architecture, and collec-
tive motion of nonlinearly coupled architectures, for example, mechanical coupling
between individual nano-architectures can well be tailored by the mechanical parts
between them.

This review concentrates on the diamond-like carbon nano-architecture and its
application as mechanical devices. Its design and ideas can be easily extended to
other material systems. Mostly, its application here refers to mechanical movement.
Other applications of these nano-architectures can be explored to other fields, say
field emission device for display etc.
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As an efficient and cost-effective method to synthesize nanomaterials, the hotplate tech-
nique has been reviewed in this article. Systematic studies have been carried out on the
characterizations of the materials synthesized. In addition to the direct preparation of
nanomaterials on metals, this method has been extended to the substrate-friendly and
plasma-assisted hotplate synthesis. Apart from chemically pure nanostructures, a few
nanohybrids were synthesized, further demonstrating the flexibility of this technique.
The investigations on their applications indicate that they are promising material sys-
tems with potential applications in field emission devices, gas sensors, Li-ion batteries
and ultrafast optical devices.

Keywords: Hotplate; nanomaterials; field emission; electron microscopy.

1. Introduction

In the last decade, nanoscience and nanotechnology has initiated much interest in
fundamental research and industrial applications. As the foundation of nanoscience
and nanotechnology, nanostructured materials have become one of the most studied
materials across multiple research fields.! Normally, nanostructures are defined as
those structures with at least one dimension less than 100 nm. In this dimension,
the number of atoms is countable, making the properties of nanostructures different
from those of their bulk counterparts or single atoms, despite the fact that they
share the same chemical compositions. Within the structure of countable atoms,
the combination of quantum effects and multi-body interaction may lead to novel
mechanical, electrical, optical, chemical and biological properties. Based on these
properties, various potential applications of nanostructures can be expected, such
as their use in logic circuit, chemical and biological sensors, optical devices and so
on.? Driven by these applications, current research activities mainly focus on the
synthesis of nanostructures, assembly and manipulation of nanostructural blocks,
characterizations, processing and investigation of their properties.

Generally, two approaches are adopted to fabricate nanostructures: top-down
and bottom-up methods. In the former method, the size of bulk materials is
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gradually reduced to the nanometer scale by using etching techniques with the
help of various lithography techniques. The top-down method has proven to be a
great success in the highly developed semiconductor industry in the last half cen-
tury. However, with the requirement of device size miniaturization, the top-down
route is facing some major challenges. For example, to break through the wavelength
limitation of conventional lithography, the technique is becoming more and more
complex to obtain nanostructures with smaller size, leading to increasing costs.® The
complicated steps in the top-town technique also make the precise control of these
properties extremely difficult. Furthermore, device size fluctuations may result in a
large spread in device characteristics at the nanoscale, affecting key parameters for
the operation of the devices.* Future applications require more rational synthesis of
nanostructures, e.g. precisely controlling the position, size, surface and structures
of the final nanostructures. To realize the goal, bottom-up methods appear to be
more promising because they mainly utilize the self-assembly of some basic blocks
into nanostructures and such a process can be rationally controlled by the growth
dynamics. Depending on the existing form of the growth blocks, the bottom-up
method can be solution-based or vapor-based and they are two of the most com-
monly used methods to fabricate nanowires.® In both methods, the growth blocks
such as clusters or vapors are generated in many ways including thermal evapo-
ration, chemical reaction, laser ablation, arc discharge, sputtering, etc. Then the
precursor is transported in a solution or by a gas flow from source to the deposi-
tion spots under certain conditions. Many parameters are varied to optimize the
growth for the production of nanostructures. In a vapor-based growth, the param-
eters mainly include temperature, gas flow rate, pressure, etc. In a solution-based
growth, the concentration, temperature, pH values are very important. For growth
anisotropy, catalysts or growth reagents are commonly used.

As another simpler alternative, the hotplate technique provides a cost-effective
and straightforward way for the growth of nanostructures by directly oxidizing met-
als in ambient conditions. As early as the 1950s, Pfefferkron® and Arnold” described
a method to obtain metal oxide filaments by annealing the corresponding metals in
air at elevated temperatures. In this way, oxides of Pt, Zn, Ni, Pd, Fe and Mg were
synthesized in the form of microrods or nanorods. However, during the early stages
of development of this method, the coverage of nanostructures on the metal surface
was very low and the morphological control of the products remained a challenge.
Furthermore, due to technical limitations, the studies on their characterization and
applications were inadequate. Recently, this method has attracted much attention
due to its simplicity and low cost. Since the synthesis can be carried out on a hot-
plate without any gas flow and pressure control, the growth parameters investigated
are simplified to just temperature and duration. Furthermore, the growth temper-
ature is relatively lower than that used in normal vapor-based method, making it
more energy efficient. Moreover, the chamber free approach is suitable for mass
production in future large-scale applications.

In this article, recent efforts from our research group on this efficient and cost-
effective method will be reviewed. This review focuses on the materials synthesized,



Hotplate Technique for Nanomaterials 151

their characterizations and related applications studies. In addition, extensions to
this method including substrate-friendly and plasma-assisted hotplate synthesis are
also briefly discussed. Apart from chemically pure nanostructures, a few nanohybrids
are included for demonstrating the flexibility of this method. Finally, investigations
on some applications of the nanomaterials synthesized such as field emission devices,
gas sensors, Li-ion batteries and ultrafast optical devices are reviewed.

2. Synthesis and Characterizations of Nanomaterials
2.1. Dairect synthesis on metals

On a hotplate, the simplest method is heating a metal plate at elevated temperatures
in ambience. During the oxidation process, nanostructures of the corresponding
metal oxides are grown on the surface of the metal plates. In this case, the metal acts
as both the substrate and source of material. The synthesis of such nanostructure
oxides directly on conductive substrates is useful in some electric applications such
as field emission, since no extra electric contact is needed for as-grown oxide/metal
samples. This method has shown success in the syntheses of CuO, FesO3, Co304
and ZnO nanostructures.

As a typical example, aligned CuO nanowire arrays have been synthesized by
heating Cu plates on a hotplate at a heating temperature of 300-450°C.8° The typ-
ical synthesis procedures and scanning electron microscopy (SEM) image of CuO
nanowires are shown in Fig. 1. The height, diameter and density of nanowire arrays
can be controlled by changing the heating temperature and durations. After syn-
thesis at a temperature of 390°C for three days, the resultant nanowires show an
average density of about 10% nanowires cm~2 with an average length of 30 & 3 um
and a diameter of 60 + 15nm at the tips. After one day of heating at 430°C, the
resultant nanowires show an average density of about 4 x 107 nanowires cm ™2 with
an average length of 4+0.7 pm and a typical tip diameter of 90£10 nm. Transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM) studies have shown
that these nanowires are single crystalline CuO, with preferential monoclinic growth
orientation in the [-111] direction (data not shown). Some nanowires are coated
with a thin layer of amorphous coating with thickness of a few nanometers. Such a
coating is believed to lead to a diameter dependent behavior of the elastic modulus
of CuO through three-point bending studies.'® Similar to CNTs,*! CuO nanowires
can be melted and removed by a focused laser beam.!? Based on this technique,
patterns of CuO nanowires have been created by selectively removing nanowires.
It was found that the tip of CuO nanowires could be melted to microspheres upon
laser burning, which demonstrated a lower O:Cu ratio compared with untreated
nanowires.'® Such a laser reduction may be used to fabricate CuO nanowire based
heterojunctions.

As the most stable form of iron oxide, hematite (a-FeaO3) nanoflakes were syn-
thesized by heating an Fe foil on a hotplate.'* The heating temperature can be
as low as 300°C. The growth occurs very rapidly and can be realized on a large



152 Y. Zhu & C. H. Sow

(c) (d)

Fig. 1. (a)—(c) Synthesis of CuO nanowires by hotplate technique; (d) Typical SEM image of
CuO nanowires.

scale using a 10 x 10cm? substrate. All nanoflakes are grown perpendicular to the
local surface of the substrate. From the TEM image in Fig. 2(a), we can see that
the nanoflakes have very sharp tips with an average diameter of 17 + 5nm. At the
root of the nanoflakes, the width reaches about 100 nm. The thickness of nanoflakes
varies within 10-20 nm from the tip to the root. The sharp tip of the nanoflakes can
be observed from the HRTEM image (Fig. 2(b)). Most nanoflakes are single crys-
talline (rhombohedral) with growth direction of [110] and some along [006]. Raman
and X-ray diffraction (XRD) studies have identified an Fe3Oy4 film on the substrate,
which should be the precursor for the growth of FesO3 nanoflakes.

Contrary to the cases of CuO and Fe;Ogs, heating Co plates on a hotplate pro-
duced 2D nanostructures—nanowalls.'® The Co304 nanowalls can be synthesized at
the very low temperature range of 200-350°C. After cooling down, as-grown samples
were covered by a high density of 2D nanostructures, with most of them perpen-
dicular to the substrate. The edges of the nanowalls are irregular and the sides are
very rough. The thickness can be as thin as 25nm, as revealed by high resolution
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(a) (b)
Fig. 2. (a) TEM and (b) HRTEM images of a-FeaO3 nanoflakes.

SEM studies. TEM and HRTEM demonstrated that Co304 nanowalls have a lay-
ered morphology, with each layer comprising single crystalline spinel structures.
The length and thickness of nanowalls could be controlled by simply changing the
heating durations. Similarly, CoO was observed from the glancing angle XRD study,
suggesting that the existence of sub-oxide is a common feature for the growth of
some oxide nanostructures such as CuO, a-Fe;O3 and Coz0y.

The mechanism responsible for the synthesis of nanomaterials on hotplate was
investigated. Compared with the metal melting points, the growth temperatures
used in the hotplate technique are very low and the vapor is unlikely to play an
important role. To test this supposition, a flow of air at a rate of 106 sccm was passed
across the Co sample during the heating process. This flow rate is much larger than
those commonly used in the fabrication of nanostructures, ensuring that there is
not much static fluid vapor near the surface during heating. The SEM images of the
products under this condition still show a similar morphology to those fabricated
without air flow. In addition, the observation of the presence of sub-oxides renders
us to consider different growth mechanisms responsible for the formation of these
nanostructures. A solid-liquid-solid (SLS) mechanism is proposed to explain the
growth of CuO, Fe;O3 and Co30O4 nanostructures on hotplate. Figure 3 schemat-
ically demonstrates the SLS growth process. In this mechanism, surface melting
occurs on the metal, providing a liquid or quasi-liquid media. At the same time, the
metal is oxidized to sub-oxide, acting as the precursor for the growth of final prod-
ucts. The sub-oxides on the surface are further oxidized, become supersaturated and
start to nucleate and crystallize from the media, forming different nanostructures
depending on the growth kinetics.
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Fig. 3. Schematic of SLS growth of oxide nanostructures on hotplate.

2.2. Substrate friendly synthesis

Since surface melting usually occurs within a very thin layer on the surface of the
metal, it is expected that heating the metal coating may produce similar results.
In fact, the studies have shown that CuO nanowires and FeoO3 nanoflakes can be
successfully grown by heating metal coatings on other substrates. This substrate
friendly synthesis of metal oxide nanostructures will further improve the flexibility
and versatility of the hotplate technique.

Aligned CuO nanowires have been grown on Cu coated Si substrates at the
temperature range of 300-450°C.16 Such growth can effectively avoid the cracking
of nanowire films, which is often observed from heated Cu plates. This improve-
ment can be attributed to the fact that the thin surface coating reduces the surface
stress during cooling. Furthermore, CuO nanowires have been grown on Cu coated
rough substrates such as carbon cloth, consisting of crossed carbon fibers.!” a-Fe, O3
nanoflakes were also successfully fabricated on a wide variety of substrates includ-
ing Si wafer, glass sides, quartz, silica microspheres, atomic force microscope (AFM)
tips, chemically etched tungsten tips, etc. by simply heating Fe coated substrates.'*
The coating thickness of Fe varied from a few hundred nanometers to one microme-
ter. Electron microscopy studies have shown that the morphology and structure are
similar to the products grown by heating pure Fe foil, further suggesting that the
surface process dominates the growth of nanomaterials on hotplate. On the other
hand, a-Fe;O3 nanowalls were grown by annealing electrochemically deposited Fe
based films in air.'® In the experiments, FeMn films containing a low atomic ratio
of manganese were deposited on the substrates including Cu, Si and SiOs. In this
case, nanowalls with wall thicknesses of down to 8 nm, lengths up to 2 um and
heights reaching 6 ym were obtained at the temperature range of 300-450°C. It was
found that compared with pure Fe film, annealing of FeMn produces more uniform
nanowalls with high density. This is attributed to the pinholes left due to the lower
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evaporation temperature of Mn,'” thus iron oxides could evaporate easily onto the
film surface.

Recently, another strategy has been used to grow metal oxide on other substrates
in our group. In this method, the target substrate was positioned on the top and
covering the surface of the source metal, which was heated on a hotplate in ambient
conditions. For example, tungsten oxide nanorods have been synthesized on the
cover glass by heating a tungsten foil.?° In this method, a pure 99.9% tungsten foil
was heated at 485 + 5°C with a piece of 150 um thick glass cover slide pressing on
the tungsten foil. After cooling, nanorods were found to deposit directly as a thin
film on the transparent cover glass slide. As shown in the images in Fig. 4, most
nanorods were micrometers long and with diameters ranging between 100-300 nm.
The density of the nanorods was approximately 7 x 10° nanorods/mm? after 25h of
heating. HRTEM (Fig. 4(b)) and electron diffraction (ED) analysis revealed that the
nanorods exhibited a single crystalline monoclinic WOs-,, structure. The observed
preferential growth direction of the nanorods is perpendicular to the (001) plane
and stacking faults parallel to the (001) direction were observed. Absorption studies
show that as-grown WOj3._, nanorods had an optical band gap of around 4.0+£0.2eV.
In comparison, smaller band gap values ranging from 2.6 to 3.4eV were previously
reported from polycrystalline and amorphous tungsten oxide thin films.?!

By replacing the tungsten foil with molybdenum or vanadium foils, this method
has been extended to the synthesis of MoOj3 or V2Os5 nanostructures on glass
slides or silicon wafers. The MoQOj products show the morphology of nanobelts
or nanosheets with typical thicknesses of few tens of nanometers. The widths of
the nanobelts vary from 100nm to 1 pum, and the lengths can be more than 10 pm.
HRTEM and ED studies showed that the nanobelts or nanosheets are single crys-
talline structures, consistent with orthorhombic MoOg structures. The usual growth
direction of MoOs nanobelts is along [001]. SEM studies also show that most

5 1nm

() (b)
Fig. 4. Typical (a) SEM and (b) HRTEM image of WO3_; nanowires.
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nanobelts or nanosheets are layered structures, with obvious steps on the surface.
V205 products are in the form of nanobelts. The widths of the nanobelts vary
between 20 and 200 nm, with thicknesses of 30-60nm and lengths up to 200 pm.
TEM study shows the nanobelts are layered in structure, with water molecules in
between the layers. Such a structure is unstable, especially at high temperature
or under electron beam irradiation. A structural transformation was observed in
situ during the HRTEM studies, possibly due to the loss of water molecules in the
nanobelts.

2.3. Effects of plasma

Although the hotplate technique has shown preliminary success in the synthesis
of a wide range of metal oxide nanostructures, there remain some challenges. For
example, the nanostructures of some low-melting point materials still cannot be
created by simply heating the corresponding metals in ambient. In addition, the
morphology of as-grown products cannot be controlled satisfactorily. To improve the
controllability of the hotplate technique, plasma-assisted growth is used to fabricate
Co304 nanostructures.?? The experiments were carried out in a chamber with base
pressure of 1075 Torr. With a heating coil, the temperature was set at 450°C and the
growth pressure was 1 Torr. Oxygen gas with a flow rate of 30 sccm was introduced
to oxidize the surface of the Co foils. The oxygen partial pressure is much lower
than that in ambient. It was found that nanowires were obtained by heating Co
in pure oxygen flow. As-grown nanowires have diameters in the range of 10-50 nm
and are 2-10 pym in length. TEM study shows the growth of nanowires is along the
[220] direction. In contrast, 2D Co3O4 nanowalls were grown when a 200 W radio
frequency (RF) power supply was used during the heating process. The RF power
served to excite the oxygen plasma in the chamber. Similar to the results from
heating Co foil on a hotplate in ambient, these 2D nanowall-type structures are also
vertically aligned. Typical SEM images of both morphologies are shown in Fig. 5.

It can be seen that the morphology of Co304 nanostructures can be controlled
with or without using an oxygen plasma. In a plasma environment, the oxygen
species are more reactive. Consequently, the formation events of nucleation sites for
cobalt oxide will be higher than in the absence of a plasma. In addition, the high
diffusion rate of the oxidizing species in the presence of plasma increases the growth
rate of nanostructures. The high reactivity and diffusivity may cause rapid growth
in different lattice directions leading to the formation of 2D structures. Hence,
the morphology switching from 1D (nanowire) to 2D (nanowall) nanostructures is
primarily attributed to the reactivity and diffusivity enhancement of the oxygen
species in the plasma.

With the assistance of a plasma, NiO nanowalls, which cannot be obtained
by directly heating Ni foils in ambient, were synthesized on a large scale.?? The
most favorable growth conditions were a substrate temperature of 700 + 20°C, RF
power of 200 W, oxygen flow rate of 30 sccm and processing pressure of 1500 mTorr.
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Fig. 5. Typical SEM images of (a) CozO4 nanowalls, (b) Co304 nanowires and (c¢) NiO nanowalls.

After growth, the shiny metallic surface of the nickel foil turned yellow, indicating
the presence of NiO nanostructures. SEM study (Fig. 5(c)) shows that the entire
surface of Ni is uniformly covered with a thin film of freestanding 2D nanowalls.
The as-synthesized NiO nanowalls are over 200 nm in height and the wall thickness
is typically less than 40 nm. The nanowalls are vertically aligned to the substrate
and are interconnected to each other resulting in the formation of extended net-
work structures. It should be noted that in the absence of the plasma, no nanowall
structures were observed on the heated foil surface. TEM, XRD and Raman investi-
gations have shown that the products are single crystalline NiO structures without
any sub-oxide formed on the substrates.

2.4. Nanohybrids

The hotplate technique has been used to fabricate hybrid nanostructures, which
consist of two or more materials in one system. Such a hybrid system could provide
opportunities for multi-functional devices. According to the sequence of fabrication
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of components in hybrids, the growth can be parallel or sequential. In the former,
all the materials/structures in hybrids are formed simultaneously and the mixture
of different materials is often used as source of growth. In the sequential fabrication,
one structure is synthesized, followed by the growth of another structure.

As a typical example of parallel growth, ZnO/CuO hybrid nanostructures have
been simultaneously synthesized by directly heating CuZn alloy (brass) on a hot-
plate in ambient conditions.?* With the increase in Zn concentration in brass, the
dominant products transition from CuO nanowires to ZnO nanostructures. Both
CuO nanowires and ZnO nanoflakes are obtained from the brass substrates with
intermediate ZnO content. By changing the growth temperature from 300 to 540°C
and the local Zn content, 1D ZnO nanowires/nanoflakes, 2D ZnO nanosheets and
complicated 3D ZnO networks are obtained. Electron microscopy studies show the
as-synthesized ZnO nanoflakes and nanosheets are single crystalline. It is worth not-
ing that although CuO and ZnO are formed simultaneously on the same substrate,
no doping of Cu in ZnO or Zn in CuO was observed. The study of growth mecha-
nisms shows that the formation of CuO and ZnO nanostructures is a kind of isolated
growth, but with competition. Specifically, the morphology of ZnO is affected by
the local Zn content and temperature. This is because of its relatively low melting
point and high vapor pressure, compared with Cu at the same conditions. On the
other hand, the growth of CuO 1D structures was suppressed by the formation of
ZnO. Cu clusters in brass may act as many tiny templates, confining the dimension
of ZnO nanostructures on the brass surface. Thus, the distribution of Cu in brass
provides a natural way to control the formation of ZnO nanostructures. A similar
function of one metal in an alloy was also observed in the synthesis of iron oxide
nanowalls from FeMn films.'®

In another case, the fabrication of carbon nanotubes (CNTs)/ZnO nanohybrids
follows the sequential route.?> In these experiments, aligned CNT arrays were first
grown on Si or quartz substrates by conventional chemical vapor deposition (CVD)
technique.?® After that, the Zn metal was sputtered on the as-grown CNTs and the
sample was then subject to heating on a hotplate. Upon cooling, chain-like ZnO
nanoparticles were formed on the CNT side walls, as shown in the SEM image
in Fig. 6. It was found that the average diameter of ZnO nanoparticles increases
from 19.2 to 26.2 and 36.6 nm, with the increase of Zn coating duration from 1 min
to 3min and 5min. Correspondingly, the average distance between particles was
reduced. Raman and photoluminescence (PL) studies were used to confirm the
existence of ZnO structures. From TEM investigations (Fig. 6(b)), it can be seen
that from 1-3min coating, hollow ZnO beads are formed along the multiwalled
nanotubes (MWNTSs). For 5min coating, most of the particles are solid. Further-
more, the ZnO nanoparticles are single crystalline and the MWNT structure remains
intact. A thin amorphous layer was observed to surround the particle and connect
the wall of the MWNT at the same time. Such compact connections between the
MWNT and ZnO nanoparticle could be due to the good wettability of melted Zn on
the surface of CNTs. X-ray photoelectron spectroscopy (XPS) studies have clarified
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(a) (b)
Fig. 6. Typical (a) SEM and (b) TEM images of ZnO beaded CNTs.

the presence of Zn—O bonding, but no Zn—C is formed during the heating. As two
important building blocks in nanotechnology, ZnO nanoparticles and CNT's are suc-
cessfully assembled as hybrid structures, and have potential applications in future
multi-functional nanodevices.

3. Applications
3.1. Field emission

Field emission is the process whereby electrons exit a solid by tunneling through the
surface potential barrier. Based on Fowler-Nordheim (FN) theory,?”2® the emission
current density J can be expressed as function of local electrical field F
AF? Bg3/?

o5 W
where A and B are constants, ¢ is the work function of the emitter. In most experi-
mental measurements, a macroscopic electric field F is applied with little knowledge

J:

of the local electric field near the emitter, F'. The exact local emission current den-
sity J is not readily measured, especially for emitters with multiple emission sites.
Thus, the effective emission area v and enhancement factor 3 are often defined to
connect the experimental data with Eq. (1) by the relationships

J=1/y (2)
and
F = EB, (3)

in which I is the total current from the measurement. On the other hand, by plotting
the FN curve (I/E? ~ 1/E), information on the work function or enhancement
factor can be obtained from the slope, and the intercept gives the effective emission
area after the enhancement factor has been determined.
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With high aspect ratios, nanostructures may demonstrate exceptional field emis-
sion performance.?? In particular, a good electrical contact can be created between
the nanostructures and the substrates when they are directly synthesized on the
metals with the hotplate technique. The field emission properties of the nanostruc-
tures mentioned above have been systematically investigated for potential applica-
tions as field emitters. For example, CuO nanowire films were used as field emission
cathodes in a two-plate and transparent anode setup.? A typical field emission cur-
rent density—electric field (J-FE) curve is shown in Fig. 7(a). A low turn-on field of
3.5-4.5V um~! and a large current density of 0.45mA cm~2 under an applied field
of about 7V um~! have been observed. From the fluorescence image in the inset
of Fig. 7(a), we can see the field emission is uniform and no significant screening
or edge effect was detected. Furthermore, by comparing the field emission proper-
ties of two types of samples with different average lengths and densities (30 um,
108cm~2 and 4 ym, 4 x 107 cm ™2, respectively), it was found that the large length-
to-radius ratio of CuO nanowires effectively improved the local field, and the side
wall nearby the tip remarkably contributed to high emission current. Verified with
finite element calculation, the work function of oriented CuO nanowire films was
estimated to be 2.5-2.8 eV, consistent with the estimation from a previous report.3°
Using a similar configuration, the field emission of Co304 nanowalls was studied.!®
Due to their rough edges, the vertical aligned nanowalls demonstrated low turn-on
field of 6 Vum ™! and a maximal current density of 25 uA cm~2 under an electrical
field of 11 Vum~!. Repeated measurements on different samples showed that the
turn-on field varied between 5 to 7 Vum™!, and no sign of saturation was observed
up to the maximal field of our system. Reasonably uniform field emission image was
recorded under a fixed field of 11 Vum™!. From the FN plots of Co30,4 nanowalls
field emission, two linear regions were obtained, corresponding to the enhancement
factors of 302 and 1118 at low and high electric fields, respectively.
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Fig. 7. (a) Typical field emission J-F curve of CuO nanowires; inset shows uniform emission
image. (b) Shows current changes under a fixed voltage upon infrared (1064 nm) laser irradiation.
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Fabrication of a-Fes O3 nanoflakes on sharp tips allows us to study the field emis-
sion from a small number of emitters. The field emission measurements were carried
out on a-Fey; O3 nanoflakes grown on AFM3! and etched W tips.'# Repeated exper-
iments demonstrated that the turn-on voltage of the a-FesO3 nanoflakes on AFM
tips varied between 400-600V with an electrode distance of 150 pm. At an applied
voltage of 900V, the emission current reaches 160 nA. Estimating the emission area
to be 10 um?, which includes several tens to one hundred emitters according to the
SEM image, a current density of as high as 1.6 Acm~2 under 900V on the apex of
the AFM tip is obtained. T'wo linear regions were also observed from the FN plots
of FeoO3 nanoflakes. According to FN theory, the effective emission areas were esti-
mated to be 0.012nm? at lower voltages and 60nm? at higher voltages. Comparing
with the latter, the extreme small value at low field strongly suggests the partici-
pation of only a few emitters. It is proposed that the different turn-on voltages for
different nanoflakes result in the nonlinear feature in FN plots.

The field emission property of FesOs nanoflakes grown on etched W tips was
also studied in a field emission microscope (FEM) setup. With FEM under ultrahigh
vacuum, the emission point sources can be traced on a fluorescence display. Three
voltages, namely 500, 700 and 900 V were applied to the anode ring to obtain average
emission currents of 1.3nA, 66.4nA and 0.6 mA, respectively. It was observed that
at low current of nA level, the current fluctuation was about 16%. However, for the
emission under 700 and 900V, a small fluctuation of less than 4% was obtained.
This result is indicative of the stability of MWNT tips and films.?2 It is believed
that the large current fluctuation at low current can be ascribed to the shifting
of emitting sites within nanoflakes or the mobility of adsorbates.?® Under high
current values, multiple-point emission may average out the current fluctuations
induced by individual nanoflakes. From the corresponding FEM images shown in
Fig. 8, a significant increase in the number of bright spots was observed, suggesting
an increase in the number of active emitters or emission sites. Furthermore, with
the increase in the voltage, several spots became much brighter, indicating a larger
emission current. However, when the voltage increased from 700 to 900 V, some spots
weakened or disappeared, due to the failure of some emitters under high currents.

Fig. 8. FEM images of a-Fea O3 nanoflakes grown on a W tip.
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Using a piezoelectric stage with nanometer resolution, individual WOs-,
nanowires mounted on chemically etched tungsten tips were subject to field emis-
sion studies.2? In order to pick up one nanowire from the as-grown sample on the
glass slide, the tungsten tip coated with some carbon paste, which was used to
pick up nanowires selectively with the assistance of a microprobe station. A typi-
cal nanowire has a length of about 20 um and a diameter of about 140nm. With
a vacuum distance of about 350 um, the turn-on voltage is around 640V and the
field emission current reaches a maximum of about 250nA at a voltage of 900 V.
After 720V, the field emission curve shows large fluctuations. Compared with the
field emission result from WO3-, nanowire films,?* and considering the low vacuum
of the field emission chamber, this fluctuation could be attributed to residual gas
adsorption or other environmental vibration or stress under high voltage. From the
FN formula, the enhancement factor is estimated to be 9.8 x 10*cm™!, which is
comparable to the results from single carbon nanotubes,?® and small number of
a-Feo O3 nanoflakes on an AFM tip.

3.2. Field emission enhancement

The transparent anode technique in our field emission setup allows us to investigate
the effect of external light illumination on the field emission of nanowires, espe-
cially those with narrow bandgaps such as CuO nanowires. As can be seen from
Fig. 7(b), laser irradiation was able to effectively enhance the field emission current
of CuO nanowire arrays.36 The laser intensity, wavelength, emission current and
working vacuum have significant influence on the enhancement. With systemati-
cal studies of these parameters, the observed laser induced enhancement in field
emission current is attributed to the interplay of two factors, namely, laser induced
electron transition to excited states and surface oxygen desorption. Among these
factors, the contribution from extra excited electrons, which increases the number of
electrons in the conduction band of CuO for subsequent tunneling, is dominant. A
physical process of laser induced enhancement has been proposed for the observed
enhancement. This laser irradiation tuned field emission property of CuO nanowires
could be useful for designing future vacuum nanodevices, such as photodetectors or
switches, based on field emission of nanowires.

In another effort to create a better control of the field emission property, CF4 and
O2 plasma from reactive ions etching (RIE) were found to be able to improve the
field emission of CuO nanowire films.37-38
after treatments showed that 10 min of plasma treatment reduces the tip diameter
of nanowires by an average of 9nm. Furthermore, the nanowire tips sharpened
and/or bent resulting in a larger effective field emission area. Oy plasma removed
the amorphous layer on the surface of as-grown nanowires, and CF4 plasma induced
fluorinated carbon on the surface of nanowires and reduced the work function by
about 0.5eV. All these factors contribute to the improved field emission current
density and lower the turn-on field. It is suggested that this plasma technique can

Comparing the same nanowire before and
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also be extended to other nanomaterials, thus providing a direct means to control
the tip diameters and to functionalize the surface morphologies of nanowires for
various applications.

3.3. Li-ion battery

Nanostructured metal oxides have attracted a lot of attention in recent years as
electrodes for lithium-ion batteries because of their potential attributes of better
chemical suitability and enlarged effective surface area.??4? The hotplate technique
provides a simple and cost-effective way to fabricate electrodes used in Li-ion batter-
ies. In a typical example, excellent electrochemical properties have been obtained
from a-Fe;O3 nanoflakes prepared on Cu foil by directly heating Fe coatings on
Cu.*! The reversible Li-cycling properties have been evaluated by cyclic voltammery,
galvanostatic discharge—charge cycling, and impedance spectral measurements on
cells with Li metal as the counter and reference electrodes, at ambient temperature.
Results show that Fe;O3 nanoflakes exhibit a stable capacity of 680 +20mAhg~?!,
corresponding to 4.0540.05 moles of Li per mole of Feo O3 with no noticeable capac-
ity fading up to 80 cycles when cycled in the voltage range 0.005-3.0V at 65 mAg—!
(0.1 C rate), and with a Coulomb efficiency of > 98% during cycling (after the 15th
cycle). The average discharge and charge voltages are 1.2 and 2.1V, respectively.
The observed cyclic voltammograms and impedance spectra have been analyzed
and interpreted in terms of a “conversion reaction” involving nanophase Fe?~LizO.
The superior performance of FeaO3 nanoflakes is clearly established by a compari-
son of the results with those for FeoO3 nanoparticles and nanotubes reported in the
literature.

Similarly, the potential use of the NiO nanowalls grown using the plasma assisted
hotplate technique in Li-ion batteries was investigated in detail.?> Remarkably, NiO
nanowalls showed excellent capacity retention and high rate capability on cycling.
Figure 9 demonstrates the typical galvanostatic curves using NiO nanowalls as elec-
trodes. It was able to achieve a discharge capacity of ~638mAhg=! (1.25C rate)
at the end of 85 cycles when cycled between 3.0V and 5mV (vs. Li). The supe-
rior electrochemical performance of NiO nanowalls in comparison to the previously
reported results on nanosized NiO particles can be attributed to its large surface
area and shorter diffusion length for mass and charge transport. In addition, an
attribute of this synthesis approach is the feasibility of straightforward electrochemi-
cal studies of the as-made nanostructures without further post-growth assembly and
manipulation.

3.4. Gas sensing

As an n-type semiconductor, the presence of oxygen deficiencies in WOs3-, could
make it sensitive to gas adsorption. For example, oxygen adsorption may trap elec-
trons and form a depletion layer, leading to a decrease in the carrier density. In
contrast, the presence of reducing gases such as NHj gives rise to an increase in
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Fig. 9. Galvanostatic cycling plots (voltage vs. capacity) of NiO nanowalls. Current density and
cycle number are indicated.

conductivity due to its reaction with adsorbed oxygen.*? With large aspect ratio
and higher ratio of surface area to volume, WOQOs3-, nanowires may demonstrate
more excellent gas sensing properties with high selectivity.*3 Such an investigation
has been implemented by measuring the conductance of individual nanowires under
controllable gas atmospheres.** It was found that the current through the nanowires
had a remarkable increase upon introducing NHs gas into the chamber. However,
the response is still slow at the current stage of study and the resolution needs to
be improved with more delicate design of device and measurement skills. On the
other hand, when the nanowires are exposed to laser emitting blue light, both the
absorbed oxygen species such as the Oz, O, O?~ and the water species such as
the HoO and OH™ that cause the depletion layer may become removed, generating
electron—hole pairs, thereby increasing the nanowire conductivity. Such an increase
has been observed from W3-, nanowires upon laser irradiation under ambient con-
ditions. At high vacuum condition, the blue light irradiation shows an irreversible
effect on the nanowires since the number of water and oxygen molecules decreases
drastically in vacuum. Such behavior could be used to fabricate nanowire based
laser sensors.

3.5. Ultrafast optical device

With a wide bandgap and large exciton binding energy, ZnO has attracted intensive
research interest for its potential applications in opto-electronic devices.*> Based on
ZnO nanowires, a large second-order nonlinearity has been obtained from nonlin-
ear absorption (NLO) measurements using a near field scanning optical microscope
(NSOM) setup,*® suggesting that ZnO nanowires could be useful as an effective
frequency converter in the UV region. Interesting absorptive and refractive non-
linearities have also been observed from a film of MWNTs grown mainly along
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the direction perpendicular to the surface of quartz substrate.*” In contrast to
ZnO, which could demonstrate strong nonlinear multi-photon absorption,*® CNTs
show negative absorption or optical bleaching. On the basis of the different non-
linear optical properties of CNTs and ZnO, a tunable nonlinear optical property
has been observed from ZnO/CNTs hybrids prepared by the hotplate technique.?
By changing the concentration of ZnO nanoparticles in the ZnO/MWNTs hybrid
system, the resultant nonlinear absorption can be controlled due to the inter-
play between the three-photon absorption in ZnO nanoparticles and the saturable
absorption in CNTs. Furthermore, with 220 fs-780 nm laser pulses as probes, degen-
erate pump—probe experiments have demonstrated fs scale ultrafast recovery from
ZnO/CNTs hybrids. Such absorption suggests that the samples can be used as
saturable absorber devices. These devices can offer a potentially simple and cost-
effective solution for passive optical regeneration, error-free transmission distances
for periodically amplified optical transmission systems, laser-mode locking based
on a saturable absorber, and high noise-suppression capability, as reported by Set

l,49 1'50

et a and Yamashita et a

4. Concluding Remarks

The hotplate technique has shown success for the synthesis of metal oxide nanos-
tructures directly on metal foils or metal coated substrates. With this simple tech-
nique, a wide range of products have been fabricated. These materials include CuO
nanowires, a-Fe;O3 nanoflakes, Co304 nanowalls, WO3-, nanowires, MoO3 and
V205 nanobelts, and hybrid systems such as ZnO/CuO and ZnO/CNTs. Most
products have uniform morphologies, single crystalline structures and pure chemical
components. By using oxygen plasma in a closed chamber with controlled ambient,
the morphology of Co304 can be controlled as nanowires or nanowalls. In addition,
some nanostructures like NiO nanowalls, which cannot be grown under normal ambi-
ent conditions, can be fabricated with the assistance of an oxygen plasma. Based
on the nanomaterials synthesized with the hotplate technique, a few applications
such as field emitters, Li-ion battery electrodes, gas sensors and ultrafast optical
devices have been demonstrated. In particular, the field emission properties of these
oxide nanostructures have been systematically investigated and methods including
plasma etching, laser irradiation and laser pruning have been utilized to improve
their field emission performance.

All these examples have shown that the hotplate technique is versatile for the
fabrication of metal oxide nanostructures. The method provides a relatively simple
and cost-effective route for the synthesis of oxide nanostructures. This chamber-free
method makes it possible to grow nanostructures on a large scale, which is essen-
tial for future industrial applications. On a hotplate, the complicated and extensive
parameter exploration, which is often needed for a closed-chamber method, is simpli-
fied. This would significantly shorten the investigation process for the fabrication of
those materials en route to novel morphologies. In addition, in view of the relatively
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low synthesis temperature for this method, we can readily combine it with current
device technologies based on silicon and other low-melting-point polymers.

In this review, only a few high-melting-point metals have been investigated
using the hotplate method to obtain their nanostructure counterparts. To improve
the versatility of this method, it is necessary to test more materials in the future.
The growth of low-melting-point metal oxide by heating pure metal plates using the
hotplate method, e.g. ZnO, remains a challenge. Although ZnO has been obtained
from brass and Zn foils, the morphological control is still not satisfactory. More work
is needed to determine the suitable parameters for the direct oxidization of pure low-
melting-point metals such as Zn, Sn, Al, Mn, Pb and so on, because many of these
metal oxide nanostructures have shown superior electronic and optical properties.
It will be interesting to further elucidate the growth kinetics of the nanostructures,
especially under ambient conditions. Some in-situ methods such as growth under
the monitoring of Raman and XRD could give more information on the details of
the growth process. Furthermore, it is worth noting that besides the ease of fabrica-
tion, environmental compatibility is also a very important issue for future research.
Thus, it is necessary to analyze the chemical components of exhaust products during
growth, and to find suitable ways to eliminate their effects on our environment.

In future work, the range of characterization and application studies should be
broadened. In addition to conventional structural and chemical component char-
acterizations, other properties of our as-grown nanostructures such as mechanical
modulus and electrical transport need to be investigated. In fact, three point studies
have shown that WO3-, nanowires have a typical Young’s modulus at GPa order?®
and a high breaking strength.®! Electrical mechanical resonance is being devel-
oped to further study the mechanical properties of Co3O4 nanowires and V,0Os5
nanobelts. The conductivity of our nanostructures remains unknown, although pre-
liminary measurements have shown most of them to have high resistances of up
to GS2. Four probe measurements may be useful to reduce or eliminate the effect
of contact resistance. Other measurements such as field effect transistor, electro-
mechanical coupling and electro-optical coupling studies will further promote the
use of the hotplate technique.
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The crystal structures and electronic and magnetic properties of conducting molecular
magnets developed by our group are reviewed from the viewpoints of our two current
strategies for increasing the efficiency of the 7—d interaction. (EDTDM)2FeBry is com-
posed of quasi-one-dimensional donor sheets sandwiched between magnetic anion sheets.
The ground state of the donor layer changes from the insulator state to the metallic state
by the application of pressure. When it is near to the insulator—metal phase boundary
pressure, the magnetic order of the anion spins considerably affects the transport prop-
erties of the donor layer. The crystal structure of (EDO-TTFBra)2FeX4 (X = Cl, Br)
is characterized by strong intermolecular halogen—halogen contacts between the organic
donor and FeXy anion molecules. The presence of the magnetic order of the Fe3t spins
and relatively high magnetic order transition temperature proves the role of the halogen—
halogen contacts as exchange interaction paths.

Keywords: Molecular conductors; molecular magnets; m—d interaction.

1. Introduction

The physical properties of molecular metals and superconductors based on TTF
(tetrathiafulvalene) derivatives are one of the principal areas of interest in the
fields of solid-state physics and chemistry.!® The hybridization of molecular met-
als and transition metal complexes having localized magnetic moments of unpaired
d-electrons yields molecular conducting magnets, where an exchange interaction
between the organic donor 7-electron and anion d-electron systems, termed the 7w—d
exchange interaction, plays an important role in their physical properties. If the
ground state of the m-electron layer is metallic, these materials can be regarded
as the molecular version of the RKKY (Ruderman-Kittel-Kasuya—Yosida)* ™ sys-
tem such as rare-earth magnetic metals having an s—f interaction. Even if the
organic m-electron systems have insulating ground states, the spins of the localized
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m-electrons can be coupled with the magnetic moments of d-electrons through the
m—d exchange interaction to produce novel magnetic systems.

From these viewpoints, we have developed a number of molecular magnets
based on TTF derivatives and investigated their electronic and magnetic proper-
ties in detail,” '* some of which have been summarized in our preceding review
articles.® 18 For example, (DMET)sFeBry (DMET = dimethyl(ethylenedithio)-
diselena-dithiafulvalene)! undergoes an antiferromagnetic transition at Ty = 4K,
and a clear one-to-one correspondence between the magnetization curve and magne-
toresistance directly proves the existence of the 7—d interaction between the donor
and anion layers. Radical ion salts (DIEDO)sM(mnt)2 (DIEDO = diiodoethylene-
dioxotetrathiafulvalene, mnt = maleonitriledithiolate, M = Ni, Pt),2%2! show the
coexistence of metallic conductivity of the donor layer and one-dimensional (1D)
ferromagnetic chain of the transition metal complex layer. A molecular weak fer-
romagnet (BDH-TTP)[Cr(isoq)2(NCS),4] (BDH-TTP = 2,5-bis(1’,3'-dithiolan-2'-
ylidene)-1,3,4,6-tetrathiapentalene, isoq = isoquinoline),?*24 is characterized by
alternating chains of organic donors and transition metal complex anions, and the
single-ion anisotropy of the anions and strong n—d interaction along the alternate
chain lead to the spin-canted ferrimagnetic order of spins. Such 7—d interaction
based conducting molecular magnets have also led many research groups to make
developments in the field of molecule-based magnets.?*2® One of the typical exam-
ples is A\-(BETS)2FeCly (BETS = bis(ethylenedithio)tetraselenafulvalene),?%30 in
which a magnetic insulating state is destroyed by a magnetic field and lead to field-
induced superconductivity.

In this review, we discuss our two current strategies for increasing the effective-
ness of the 7—d interaction with respect to the physical properties of the molecular
systems. The first strategy is the use of quasi-1D electronic systems as the m-electron
layers. It is known that such systems lead to a metal-insulator transition due to
the electronic instability, and their ground state often becomes a spin density wave
(SDW) state®! due to the electron correlation. This SDW state has a fractional mag-
netic moment and can be easily converted into the metallic state by the application
of low external pressure. At the boundary of the metallic and SDW states, even a
small perturbation by external stimuli, e.g. a magnetic field strongly influences the
physical properties of the m-electron system, which can be observed in forms such
as anomalies in their electrical conductivity and/or magnetoresistance.

The other strategy is to increase the magnitude of the 7—d interaction itself by
the introduction of intermolecular halogen—halogen contacts. So far, the 7—d inter-
action has generally been realized by intermolecular van der Waals contacts; the
magnitude of the interaction is estimated to be of the order of maximum 1 K.32 On
the other hand, the halogen—halogen contacts have a covalency and are evidently
stronger than van der Waals contacts; so, they are occasionally referred to as “halo-
gen bonds”3334 in analogy to hydrogen bonds. As a result, we expect that these
contacts can function as exchange paths between the conduction 7-electrons on the
donors and localized d-electrons on the anions, although the introduction of these
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Fig. 1. Molecular structure of organic donor molecules.

contacts to molecular conductors has been investigated mainly from the viewpoint
of controlling their crystal structures.?> 3°

In this review, we focus on the transport properties and magnetism of two molec-
ular conducting magnets, each of which corresponds to the two above-mentioned
strategies. In Sec. 2, (EDTDM)sFeBry (Fig. 1) is introduced as an example of
our first strategy, in which the transport properties of the m-electron system at
the metal-insulator boundary are strongly influenced by an external magnetic
field to generate a large negative magnetoresistance effect.*® As an example of
our second strategy, the physical properties of (EDO-TTFBr3)2FeCly and (EDO-
TTFBry)sFeBry (Fig. 1) are discussed in Sec. 3, where the intermolecular halogen—
halogen contacts play an important role in their magnetic and magnetotransport
properties.!

2. Pressure-Induced Negative Magnetoresistance
in (EDTDM).FeBr,

The crystal structure of the radical ion salt (EDTDM).FeBry is shown in Fig. 2,
and it is characterized by an alternating stack of donor and anion layers along the
c-axis. The donor layer consists of slightly dimerized donor columns directed along
the a + b direction. The intrachain transfer integrals are approximately 10 times
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Fig. 2. (a) Crystal structure of (EDTDM)2FeBr4. The dotted and dashed lines denote the inter-
molecular anion—anion and donor—anion contacts, respectively. (b) Fermi surfaces obtained for
a donor layer around z = 1/2 using the tight-binding approximation without on-site Coulomb
repulsion. The solid arrow represents the nesting vector Q ~ (a* + b*)/2.
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larger than the interchain transfer integrals; therefore, the donor layer is charac-
terized as a quasi-1D system. As a result, the Fermi surfaces obtained using the
tight-binding approximation have wavy shapes, as shown in Fig. 2(b); the surfaces
have a possible nesting vector @ ~ (a* £ b*)/2 indicated by the arrow, showing the
instability of the electron system. In the anion layer, the tetrahedral FeBry anions
form a distorted 2D square lattice by means of weak Br—Br contacts. Short inter-
molecular S-Br contacts are present between the donor and anion layers, and they
are responsible for the realization of the m—d interaction.

Here, we first discuss the electronic structure of the m-electron layer of
(EDTDM)3FeBry using a reference compound (EDTDM),GaBry that has the same
crystal structure but no unpaired d-electrons in the anion layer. According to its
electrical conductivity, static magnetic susceptibility and ESR measurements, this
salt is in the metallic state from room temperature down to Ty ~ 11 K, below which
it undergoes a metal-insulator transition. The low temperature insulator phase is
characterized as a SDW state, since the ESR signals of the donor cation radical
broaden below Ty, indicating the presence of magnetic order in the donor layer.
From the temperature dependence of the susceptibility, the magnetic moment in
the donor chain is estimated as 0.29 up per donor molecule. On the other side, for
the d-electron layer of (EDTDM)sFeBry, the ground state is characterized as an
antiferromagnet with a transition temperature of Ty ~3 K.

By the application of pressure, this salt behaves as a metal down to 1.8 K above
pc ~ 9.2kbar, and the interaction between the 7- and d-electron layers becomes
prominent near this pressure boundary between the SDW and metallic states. Under
this pressure, the temperature dependence of resistivity shows a distinct anomaly
around 4 K, which corresponds to an antiferromagnetic long-range order transition
of the localized d-electron system. The magnetoresistance in the FeBr, complex mea-
sured at T' = 1.8 K has large negative values (Fig. 3(a)), and the similarity between

B//b T~18K

17.6 kbar

5 10 15 0 2 4 6

Fig. 3. (a) Field dependence of the intralayer magnetoresistance of (EDTDM)2FeBry at
T ~ 1.8K under pressures of 5.4, 7.0, 10.3 and 17.6 kbar. (b) Calculated field dependence of the
magnetoresistance under various pressures, expressed with an empirical parameter o (see text).
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the field dependence of the magnetoresistance and the magnetization curve sug-
gests that the behavior of the d-electron spins is responsible for this large negative
magnetoresistance effect. It should be noted that this negative magnetoresistance
effect is most significant around pc. This suggests the important role of the quasi-1D
electronic instability in the appearance of this negative magnetoresistance effect.

These experimental results are effectively reproduced by the tight-binding elec-
tronic structure calculation including the on-site Coulomb repulsion interaction U
and the m—d exchange interaction J;4. Due to the quasi-1D nature, the m-electron
system is most sensitive to a perturbation by the wave vector @ ~ (a* £+ b*)/2,
which corresponds to that of the antiferromagnetic spin alignment in the anion
layer. The d-electron spins Sy( @) induce the internal field to the m-electron layers
to trigger the spin polarization ds; (@) of the m-electron layer, which then influence
the SDW energy gap to realize the magnetoresistance effect. Using this model, the
magnetoresistance is calculated as a function of the applied field and pressure, as
shown in Fig. 3(b), where the pressure effect is introduced to the interchain trans-
fer integrals using an empirical factor « as ¢ (p) = a t;(0). The good agreement
between the experimental (Fig. 3(a)) and calculation (Fig. 3(b)) results strongly
supports the supposition that the quasi-1D electronic instability is responsible for
the large anomalous negative magnetoresistance of this material by amplifying the
effect of the d-electron spins on the electron transport of the m-electrons of the donor
system through the m—d interaction.

3. Effect of Halogen—Halogen Interactions in
(EDO-TTFBr2)FeX, (X = Cl, Br)

The two radical ion salts (EDO-TTFBry)2FeCly and (EDO-TTFBry)oFeBry have
the same crystal structure, as shown in Fig. 4(a). The organic donor molecules
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Fig. 4. (a) Crystal structure of (EDO-TTFBr2)2FeCls. The dashed lines denote close intermolec-
ular donor-anion contacts. (b) Temperature dependence of d1n p/d(T~1), i.e., slope of the Arrhe-
nius plot, of (EDO-TTFBrz2)2GaCly and (EDO-TTFBr2)2FeCly at 11 kbar. The anomalies P1, P2
and A (see text) are indicated by arrows.
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form uniform quasi-1D columns along the c-axis (perpendicular to the drawing
plane), and the anions are sandwiched between them. Inside the anion layers, the
halogen—halogen distances are longer than the van der Waals distances; therefore,
the intermolecular halogen—halogen contacts are negligibly small. The most remark-
able intermolecular contacts are short Br—Br or Br—Cl contacts observed between
the bromide substituent of the donors and the anion ligands, which are significantly
shorter than the corresponding van der Waals distances.

These salts exhibit metallic behavior around room temperature regardless of
the counter anions. In the low-temperature region, the metallic behavior of this salt
gradually changes to semiconductive. From the ESR spectra and static magnetic
susceptibilities, the ground state of the m-electron layer is characterized as the SDW
states. The metal-insulator transition is most remarkably observed in the form of
peaks in the plot of the activation energy Ex = dln p/d(T~1) (p = resistivity) as a
function of temperature, which become more prominent under pressure (Fig. 4(b)).
For the GaCly salt without any magnetic anions, two anomalies P1 and P2 that
show successive transitions are observed (upper panel). When the counter anions are
replaced with magnetic FeCly, another peak A appears around 5 K (lower panel),
indicating the interaction between the 7- and d-electron systems.

The magnetic susceptibilities of the FeCly and FeBry salts obey the Curie—
Weiss law, and negative Weiss temperatures (FeCly: —9.0 K, FeBry: —23K) indicate
the presence of the antiferromagnetic exchange interaction between the d-electron
spins. The susceptibility of the FeCly salt shows a broad peak around 7K due to
the magnetic short-range ordering (Fig. 5(a)); then, it undergoes an antiferromag-
netic phase transition at Ty = 4.2 K. It should be noted that no significant C1-Cl
contacts are observed between the magnetic ions in the FeCly salt; therefore, the
magnetic ordering in this salt must be realized with anion—donor—anion contacts.
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Fig. 5. Temperature dependence of the static magnetic susceptibility of (a) FeCly and (b) FeBry
salts measured at an external field of B = 1 T after the core diamagnetic contributions are
subtracted.
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On the other hand, the magnetic properties of the FeBry salt show a complicated
behavior (Fig. 5(b)). An antiferromagnetic transition occurs at Ty = 13.5K, and
at Toe = 8.5K, the susceptibility along the a-axis is the maximum and begins
to decrease as the temperature decreases. These magnetic order temperatures are
higher than those of the usual 7—d interaction based molecular conducting magnets,
indicating the effectiveness of the halogen—halogen contacts as exchange interaction
paths. In the lowest temperature region, the susceptibilities along the a- and b-axes
decrease and approach finite positive values, suggesting the presence of a helical-
ordered spin state. This possibility is also supported by a model calculation in which
the exchange interaction between the anions through the donor layer is taken into
account. In other words, the complex magnetic behavior observed in this salt is also
a consequence of the m—d interaction originating from the intermolecular halogen—
halogen contacts.

The magnetoresistance of the FeCly salt shows more complicated behaviors,
as shown in Fig. 6. In a low-field region, two stepwise increases are observed at
Bsp_r ~ 1T and Bsp_gq ~ 2T, as indicated by arrows, which are attributed to the
spin-flop transitions of the m-electron spins and d-electron spins, respectively. In the
field above, the saturation field Bgat—q ~ 12T of the FeCly anions, the magnetore-
sistance begins to decrease as the field increases. It should also be noted that a small
hysteretic behavior of the magnetoresistance curve is observed in the field range of
0 to 10T (in the figure, only the data at 9 kbar are shown for simplicity). This
complex behavior in the magnetoresistance can be qualitatively explained as the
frustration of the triangles composed of one EDO-TTFBrs molecule and two neigh-
boring FeCly anions that affects the SDW state of the donor layer. This frustration
diminishes successively after the spin flop of the donor and anion layers at Bsp_r
and Bgp_4, respectively, which stabilizes the SDW state to increase the resistivity.
When the field reaches the saturation field of the d-electron spins (Bsat—q), all the
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Fig. 6. Magnetoresistance of (EDO-TTFBra)2FeCly under various pressures. The stepwise
anomalies are indicated by arrows, and the hysteresis is shown for p = 9kbar.
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anion spins align along the magnetic field direction and the stabilization of the SDW
state through the m—d interaction is lost; therefore, the magnetoresistance decreases
above this field.

4. Summary

We have developed molecular conducting magnets based on TTF-type donors and
magnetic counter anions by adopting two strategies to increase the effectiveness of
the m—d interaction with respect to the physical properties. The ground state of the
quasi-1D m-electron system in (EDTDM);FeBry changes from the SDW state to
the metallic state by applying pressure, and near the pressure-induced insulator—
metal transition point, the spin alignment of the magnetic anion layer affects the
transport properties of the organic donor layer. The crystal structures of (EDO-
TTFBry)oFeXy (X = Br, Cl) are characterized by the presence of close intermolec-
ular halogen—halogen contacts between the donor and anion layers, which function
as exchange interaction paths to produce the magnetic ordered state of the anion
spins and complicated magnetotransport properties in the donor m-electron system.
It is expected that the molecular conducting magnets developed by these strate-
gies will offer a new viewpoint in the development of molecular electronics and/or
spintronics driven by magnetic fields.
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The porphyrin macrocycle is one of the most frequently investigated functional molecular
entities and can be incorporated into advanced functional nanomaterials upon formation
of organized nanostructures. Thus, study of the science and technology of porphyrin
assemblies has attracted many organic, biological and supramolecular chemists. A wide
variety of nanostructures can be obtained by supramolecular self-assembly because the
porphyrin moiety is amenable to chemical modifications through thoughtful synthetic
design and moderate preparative effort. Some recent developments in porphyrin assem-
bly, obtained through various supramolecular approaches, are briefly summarized. Top-
ics described in this review are classified into four categories: (i) non-specific assemblies;
(ii) specific assemblies; (iii) assemblies in organized films; (iv) molecular-level arrange-
ment. We present examples in the order of structural precision of assemblies.

Keywords: Porphyrins; self-assembly; supermolecules; thin films; molecular arrangement.

1. Introduction

Porphyrins and related molecules have essential roles in many biological systems. For
example, they are involved in the most important reactions within photosynthetic
systems that are composed of sophisticated supramolecular assemblies of proteins
and dyes.! The antenna complexes of photosynthetic bacteria consist of a core light-
harvesting antenna (LH1) and a peripheral light-harvesting antenna (LH2) that
contribute to the collection of light energy. The excitation energy migrates within
the wheel-like arrays of chlorophylls in the LH1 and LH2 complexes and is finally
funneled into the chlorophyll dimer (special pair) at the photosynthetic reaction
center.

aCorrespondence to Dr. Katsuhiko Ariga, Mailing Address: WPI Center for Materials Nanoarchi-
tectonics (MANA) and Supermolecules Group, National Institute for Materials Science (NIMS),
1-1 Namiki, Tsukuba 305-0044, Japan. Tel.: +81-29-860-4597, Fax: +81-29-860-4832, E-mail:
ARIGA.Katsuhiko@nims.go.jp

183



184 R. Charvet et al.

Such elegant processes associated with assemblies of porphyrin molecules have
attracted many organic, biological and supramolecular chemists. One of the first
widely used approaches to mimic the structure and activity of naturally-occurring
assemblies is the synthesis of covalent conjugates. For example, Osuka and cowork-
ers synthesized several kinds of porphyrin oligomers of varying discrete lengths up
to a 128-mer, and their specific photoelectronic properties were investigated.?> Ima-
hori, Fukuzumi and coworkers have extensively investigated these systems in which
the porphyrin moiety is physically coupled with other functional components such
as fullerene or ferrocene in order to develop artificial energy conversion devices. 6
With respect to their photoelectronic functions, the chemistry and physics of por-
phyrin oligomers and conjugates have been extensively researched as shown in some
recent examples reported by Anderson, Albunsson and coworkers,” Tsuji, Tamao,
and coworkers® and Cramariuc et al? In addition to these small conjugates, por-
phyrin polymers appended with dendritic moieties have also been used as species
for light harvesting.'?

Porphyrin derivatives are often used as modules for the construction of
supramolecular conjugate structures with specific functions, especially molecular
recognition. Guo et al. synthesized and studied the molecular recognition behav-
ior of an attractive porphyrin dimeric host system with novel inter-chromophore
bridging by oligopeptide chains.'! Tashiro, Aida and coworkers utilized a sand-
wiched porphyrin array for the preferential trapping of hetero-guest pairs thanks to
an inter-guest electronic communication through the 7-conjugated host molecule.'?
Rowan and coworkers prepared a double cavity porphyrin that showed negative
allosteric effects for the same guest molecules.'® Tiede et al. synthesized a precisely
designed macrocyclic host and demonstrated shape-persistent molecular recogni-
tion using a predesigned guest.'* Inomata and Konishi reported the preparation of
a novel container-type hexaporphyrin cage complex in which a 1.4nm gold cluster
could be confined.!® Jiang, Aida and coworkers reported the synthesis of a series
of dendritic macromolecules functionalized with multiple zinc porphyrin units and
highlighted a clear cooperative effect on the chiroptical sensing of an asymmetric
ligating molecule.'® Canary synthesized a chiral tripodal ligand having two mono-
substituted tetraphenylporphyrin moieties that showed chelation of Cu(II), result-
ing in strong exciton-coupled circular dichroism.'” Guilard, Fukuzumi and cowork-
ers reported the formation of a m-complex of a freebase bisporphyrin with acri-
dinium perchlorate and the related photodynamics.'® Hosseini et al. constructed
bisporphyrin structures using a calixarene scaffold, the so-called jaws porphyrin
hosts, for the supramolecular binding of fullerene guests.!? Fullerene affinities were
optimized by varying the nature of the covalent linkage of the porphyrins to the cal-
ixarenes. Nguyen, Mirkin and coworkers reported the synthesis of cofacial porphyrin
complexes that utilize flexible porphyrin-based hemilabile ligands and metal com-
plex precursors to form macrocyclic products that can be chemically stimulated to
change shape.?? Apart from these approaches based on the covalent linking of por-
phyrin modules, the formation of structures containing multiple porphyrin molecules
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using self-assembly processes is also an attractive strategy. A wide variety of struc-
tures can be obtained through supramolecular self-assembly thanks to the molecular
design flexibility of porphyrins, which can be easily modified with relatively little
synthetic efforts. In this review, we survey some recent developments on porphyrin
assembly. As shown in Fig. 1, the porphyrin-based supramolecular assemblies are
classified into four categories: (i) non-specific assemblies; (ii) specific assemblies; (iii)
assemblies in organized films; (iv) molecular arrangement. We will present examples
in the order of structural precision of assemblies. Other excellent reviews of related
aspects of this research field have also been published recently.?! 23

2. Porphyrin Assemblies by Non-Specific Interactions

For the formation of large porphyrin assemblies, rather ambiguous (less specific)
interactions such as hydrophobic interactions and electrostatic interactions are
often used as the driving forces of assembly. Some of the porphyrin aggregates
obtained have been interesting research subjects for physical chemistry. Okada and
Segawa investigated a series of protonated porphyrin J-aggregates of various water-
insoluble tetraphenylporphyrin derivatives prepared at the liquid-liquid or gas—
liquid interface.?* Their results indicate that the nature of the exciton coupling of
the lower exciton transition dipole moment can be varied systematically by changing
the porphyrin substituents. Scolaro et al. described a simple method for the depo-
sition of aggregates of porphyrin tetrakis(4-pyridyl)porphyrin having sizes ranging
from hundreds of nanometers up to tens of microns from a chlorinated solvent solu-
tion onto a silica surface.?? The possibility of tuning the photophysical properties
of the meso-aggregates by changing the metal ions or the substituents on the por-
phyrin introduces possibilities for a variety of applications, for example, in the field
of electrooptical devices.

Liquid crystals, crystals and macroscopic patterns composed of porphyrins have
also been investigated. Camerel, Ziessel and coworkers synthesized wedge-shaped,
charged amphiphilic molecules bearing an ammonium group at their extremity
that are able to organize negatively-charged luminophores such as tetrakis(4-
sulfonatophenyl)porphyrin through an ionic self-assembly process ultimately leading
to discotic liquid crystalline materials.?® Guo, Chen and coworkers reported crystal
structures of various synthetic 5-fluoroalkylporphyrin molecules designed for self-
assembly.?” The self-organization of the fluoroalkylporphyrins in the solid state was
characterized by X-ray analysis, and atomic force microscopy (AFM) indicated the
formation of regular two-dimensional arrays on the substrate. Liquid crystalline
behaviors were also confirmed by a combination of differential scanning calorimetry
(DSC) and polarizing optical microscopy (POM) techniques. Elemans and cowork-
ers constructed highly periodic patterns at macroscopic length scales, over square
millimeter areas, by combining the self-assembly of disk-like porphyrin dyes with
physical dewetting phenomena.?® The patterns consisted of equidistant 5nm wide
lines spaced 0.5-1 mm apart, forming single porphyrin stacks containing millions of
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(iii) Assemblies in Organized Films

Water

Fig. 1. TIllustration of typical examples of topics described in this review: (i) non-specific assembly;
(ii) specific assembly; (iii) assembly in organized films; (iv) molecular arrangement.
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molecules. They were formed spontaneously upon drop-casting of a solution of the
molecules onto a mica surface.

The formation of unique structures such as channels, tubes, sheets, fibers and
particles by the self-assembly of porphyrin derivatives has become an attractive
topic in supramolecular chemistry. For example, Harada and Kojima prepared self-
assembled structures using distorted porphyrins that can form unique curved sur-
faces rather than the normal planar structures.?? The curve-shaped saddle-distorted
dication dodecaphenylporphyrin building blocks self-organized into nanochannel
structures as shown in Fig. 2. This type of cationic porphyrin channel is expected to
be formed through concomitant 7—m interactions and hydrogen bonding, the dou-
ble protonation generates hydrogen bonding receptor sites. Therefore, functional
molecules such as quinones can be included by non-covalent interactions into the
channels. The same research group reported the preparation of tubular and ring
structures from a saddle-distorted molybdenum(V)-dodecaphenylporphyrin com-
plex by recrystallization from toluene with vapor diffusion of methanol.?? Straight
tubes of ca. 20nm diameter were detected. Electron diffraction and EDX spectra

Fig. 2. Nanochannel structures from the saddle-distorted dodecaphenylporphyrin. Reprinted with
permission from Ref. 29, © 2006, Royal Society of Chemistry.
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confirmed that the tubes observed were composed of molybdenum and oxygen.
Dark field imaging and electron diffraction indicated the existence of Mo clusters as
polycrystals. Ring structures with a diameter of almost 200 nm were also observed.

Shelnutt and coworkers reported the synthesis of discrete free-standing por-
phyrin nanosheets using a reprecipitation method,?! in which an ethanolic solution
of Sn(IV) 5-(4-pyridyl)-10,15,20-triphenylporphyrin dichloride was simply injected
into deionized water at room temperature under vigorous stirring. The same
research group demonstrated that phase-transfer reactions could be used to gen-
erate porphyrin nanofiber bundles by the phase-transfer ionic self-assembly of
water-soluble porphyrins with water-insoluble porphyrins.3> Gong et al. reported
the first synthesis and characterization of porphyrin nanoparticles.3® Stable 20—
200nm diameter porphyrin nanoparticles were prepared from a wide variety of
meso-arylporphyrins using mixing solvent techniques. Detailed investigation of this
method was recently reported®* where the authors suggested that the proposed
principles, concepts and methodologies are applicable to a wide variety of organic
dyes.

Vesicles and spherical objects with an empty inner core have also attracted
much attention since they can be used in biological applications, for example, in
drug delivery systems. Charvet et al. reported the self-assembly of a non-lipid
type m-electronic amphiphile consisting of a zinc porphyrin—fullerene dyad (see
Fig. 3(a)) into uniformly-sized microvesicles in aqueous media.?® This compound
was soluble in THF, giving a homogeneous pink solution. When this solution was
added drop-wise to water, a reddish brown solution resulted. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) revealed the pres-
ence of uniformly-sized spherical particles composed of a core—shell architecture
with a shell thickness of 25-30nm (see illustrations in Figs. 3(b) and 3(c)). UV-Vis
spectroscopy of an aqueous solution of the vesicles suggested that the multilamel-
lar vesicular membrane was composed of an interdigitated structure, in which the
fullerene moieties are sandwiched by the zinc porphyrin units. While ordinary lipid
vesicles are easily disrupted upon addition of surfactants, vesicles composed of this
zinc porphyrin—fullerene dyad amphiphile were resistant to membrane lysis reagents
and displayed a remarkable thermal stability.

The co-assembly of porphyrin-type molecules with other entities to generate
composite materials is of great interest in material science. Sessler and coworkers
found that single walled carbon nanotubes (SWNTs) bind strongly to sapphyrin,
the quintessential pentapyrrolic “expanded porphyrin” macrocycle, through donor—
acceptor stacking interactions.3® In the complexes formed, a rapid decay of the
sapphyrin excited states was observed, which does not occur in sapphyrin solutions
in the absence of SWNTs. Yoon and coworkers synthesized novel photoactive triti-
tanate (HyTizO7)-type TiO2 nanofibers by intercalating electron acceptor molecules
such as a trans-dihydroxo[5,10,15,20-tetrakis(p-tolyl)porphyrinato]tin(IV) into tri-
titanate layers in a one-step hydrothermal reaction.?” In the porphyrin-trititanate
composite material, the optoelectronic properties (the photoinduced electron
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(b) (c)

Fig. 3. (a) m-electronic amphiphile consisting of a zinc porphyrin—fullerene dyad. (b) and
(¢) Uniformly-sized micro-vesicles from this amphiphile in aqueous media. Reprinted with per-
mission from Ref. 35, © 2004, Royal Society of Chemistry.
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transfer and its dynamics) were examined by using femtosecond-transient diffuse
reflectance absorption and photoluminescence spectral techniques; the result indi-
cated that the porphyrin-trititanate hybrid composites have high photocatalytic
activity.

3. Porphyrin Assemblies through Specific Interactions

Porphyrin derivatives containing a central metal cation show coordination activity
with specific ligands. As coordination complexes have fixed geometries, the use
of coordination interactions is beneficial for construction of porphyrin assemblies
of desired geometries and morphologies. Coordination-based porphyrin assemblies
have been recently summarized in the excellent reviews by Kobuke?® and Alessio
and coworkers.? In addition, the preparation of specific assemblies from porphyrin
derivatives has also been attempted through the introduction of functional groups
with molecular recognition capabilities at the peripheral positions of the porphyrin
ring. In the following section some recent examples of porphyrin assemblies, formed
through specific molecular interactions, are summarized.

Among the various approaches towards particular porphyrin assemblies, coordi-
nation to the porphyrin metal core is the most frequently applied method. Addi-
tional ligands can be introduced, which subsequently bind to the porphyrin core.
For example, Anderson and coworkers reported that a series of conjugated zinc
porphyrin oligomers form stable ladder complexes with linear bidentate ligands
such as 1,4-diazabicyclo[2.2.2]octane (DABCO) or 4,4"-bipyridyl.***? Formation—
dissociation equilibria of the ladder complexes showed an interesting cooperativity
effect with a large Hill constant, resulting in “all-or-nothing” type formative and
dissociative behavior. Ladder type porphyrin assemblies were recently discussed
by Hunter, Tomas and coworkers using thermodynamic considerations.*344 Lin-
ear oligomeric supramolecular assemblies with defined lengths have been generated
using the Vernier principle. Two molecules containing a different number of mutu-
ally complementary binding sites, separated by the same distance, interact with
each other to form an assembly. The assembly grows in the same way as simple
supramolecular polymers, but at a molecular stop signal, i.e. when the binding sites
come into register, the assembly terminates, giving an oligomer of defined length.
This strategy has been realized using tin and zinc porphyrin oligomers as molecular
building blocks (Fig. 4). In the presence of isonicotinic acid, a zinc porphyrin trimer
and a tin porphyrin dimer form a 3:4 triple stranded Vernier assembly of the length
of six porphyrins. If the porphyrin oligomer coordination could slip out of register,
larger assemblies would be formed. However, such species are not observed because
the dissociation into two smaller assemblies is favored (Fig. 4(b)).

Rowan and coworkers self-assembled disk-shaped porphyrin molecules into lin-
ear arrays through metal coordination.*® A hexakis(porphyrinato)benzene, com-
posed of six porphyrins connected to a central benzene core, can be regarded as a
disk-shaped molecule in which three pairs of porphyrins form a propeller-like unit.



Recent Developments on Porphyrin Assemblies 191

/'\\/‘J/\O r/‘\_/ /‘\/)/\D Ji'\/ AN Py

A O A )1:_ O A O\_J\/
4 b4

4 pY 9 /=~ P Ty

Jo
/\z Yoy o = 0 Y Ch 1
) -~ N~ — \)—D—f/ P N N— ; . ~N_ N—{ ;
w8 O o AR O o M o
%_':‘ n=( — I,--a‘f o gl T =" ot N
A2l L gy W\}
A J J
] ] @
v\j\:‘mr/moﬁxrm_ \/\j\/\ o./“\,f‘m =9 07 N
-0 L 0 S — 0 R

Fig. 4. (a) Zinc porphyrin trimer and tin porphyrin dimer. (b) Assemblies of defined length based
on the Vernier principle. Reprinted with permission from Ref. 44, (©) 2006, American Chemical
Society.

When a zinc ion is inserted in the porphyrin macrocycle, appropriate bidentate lig-
ands such as DABCO can coordinate the zinc ions, connecting neighboring molecules
to generate columnar supermolecules. Wasielewski and coworkers reported the syn-
thesis and photophysical characterization of a multi-chromophore array constructed
from four zinc 5-phenyl-10,15,20-tri(n-pentyl)-porphyrins attached to the 1,7, N,N'-
positions of perylene-3,4:9,10-bis(dicarboximide).*6 The structure of this assembly
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was determined using solution-phase X-ray scattering techniques. Both efficient
light harvesting and facile charge separation and transport using multiple pathways
were characterized. D’Souza, Ito and coworkers have been attempting to obtain
a biomimetic bacterial photosynthetic reaction center complex using well-defined
self-assembly supramolecular approaches.*” A “special pair” donor consisted of a
cofacial porphyrin dimer, was formed via potassium ion induced dimerization of
meso-(benzo-[15]crown-5)porphyrinatozinc. The dimer was subsequently self-
assembled with functionalized fullerenes via axial coordination and crown ether—
alkyl ammonium cation complexation to form the donor—acceptor pairs. Hupp
and coworkers recently reported on the formation of well-defined prism-shaped
assemblies featuring three, six or nine porphyrins and comprising, triplicate sets
of porphyrin monomers, dimers or trimers respectively.*® These supramolecular
porphyrin prisms were similarly prepared via coordinative self-assembly with the
triethynylpyridylbenzene ligand.

Covalent connection between a metalloporphyrin and a ligand unit is some-
times useful for formation of discrete assemblies with unique properties due to
the restriction of conformational freedom in the self-organized state. Tsuda, Aida
and coworkers reported a novel thermochromic system, via the self-assembly of a
m-extended zinc porphyrin complex functionalized with a metal-ligating 3-pyridyl
group.?’ The studied system exhibited multi-color thermochromism upon heating
as the thermally-induced axial coordination dynamics of the studied porphyrin were
reflected in the absorption spectrum change. Kobuke and coworkers adopted a trick
for the construction of porphyrin conjugate systems from relatively simple units,
principally by using coordination between metal ions incorporated at the porphyrin
macrocycle and imidazole attached at the porphyrin meso-position.?®>! The length
of the supramolecular complex shown in Fig. 5(a) can be simply controlled by chang-
ing the ratio between the porphyrin-dimer containing two zinc centers and the
porphyrin-dimer containing a single zinc center. These compounds showed large
third-order optical nonlinearities, making them potential candidates for photonic
applications such as ultra fast optical switching and modulation. In contrast, the
use of a structural unit with a spatial orientation of 120° resulted in the forma-
tion of a closed ring under appropriate conditions (Fig. 5(b)).>? 54 The resulting
macrocycle is of major importance for a better understanding of the mechanisms
involved in the natural photosynthetic systems. The same research group recently
reported the construction of a supramolecular photosynthetic triad composed of
a slipped cofacial porphyrin dimer, a ferrocene unit and a fullerene moiety orga-
nized by coordination assembly.>® Long-lived charge separated species after efficient
photoinduced electron transfer and charge migration reactions were characterized.

Kamada et al. reported self-sorting assembly of meso-cinchomeronimide
appended Zn(II) porphyrin derivatives.®® While the meso-cinchomeronimide
appended Zn(IT) porphyrin molecules formed a lone cyclic trimer, the bisporphyrin
analog displayed a high-fidelity self-sorting assembly process, and discrete cyclic
trimer, tetramer and pentamer with large association constants were obtained
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Fig. 5. Assemblies from porphyrin-imidazole conjugate: (a) linear assembly; (b) closed ring assem-
bly. Reprinted with permission from Refs. 50 and 52, (© 2002 and (©) 2003, American Chemical
Society.
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through almost perfect discrimination of the enantiomeric and conformational dif-
ferences of the meso-cinchomeronimide substituents. Matano et al. reported the syn-
thesis, structures and properties of meso-phosphorylporphyrins, which were found to
undergo self-organization through coordination, leading to cofacial porphyrin dimers
or oligomers.?” Kuroda and coworkers reported porphyrin assemblies containing 17
porphyrin molecules.’® The central porphyrin has pyrazine arms to coordinate the
zinc porphyrin dimers prepared through the dimerization of carboxy groups. The
excitation of the central porphyrin core was directly enhanced by absorption by
the antenna pigments, even given such a large scale assembly; the antenna effect for
this system resulted in a 77 times enhancement of the central free base porphyrin
fluorescence emission. Prodi et al. used this “side-to-face” assembling strategy with
Ru-pyridyl and Zn-pyridyl molecules for the preparation of pentameric and hexam-
eric arrays.”® Efficient energy transfer from the metalloporphyrins to the free base
pyridylporphyrin was observed, at the triplet level in the pentameric array and at
the singlet level in the hexameric array. Structure-predictable nanocrystal growth
of well-defined multi-porphyrin arrays at liquid-liquid interfaces was reported by
Qian and coworkers.%% Using metal ions with discrete coordination geometries,
nanocrystals with specific shapes such as regular cubic and wire-like structures of
Hg?t /Ag® /PtCli -mediated and Cd**/PtCl2~-mediated multi-porphyrin arrays
were grown at the water—chloroform interface and the growth was monitored by
transmission electron microscopy (TEM).

Coordination to metal species at the periphery of the porphyrin macrocy-
cle is another approach towards porphyrin self-assembly. Schmittel and coworkers
prepared a bis(zinc porphyrin) tweezer using the heteroleptic bisphenanthroline
coordination concept.5! Upon addition of nitrogenous spacers of different length,
namely 4,4’-bipyridine or DABCO to an orthogonally binding phenanthroline-
appended porphyrin derivative, structures identified as bridged mono-tweezers, dou-
bly bridged double tweezers and triply bridged double tweezers were assembled.
Shinkai and coworkers applied the concept of pyridyl-Pd linkages to porphyrin-
based supramolecular assemblies.®> A porphyrin molecule bearing eight pyridyl
groups could self-assemble into molecular capsules and polymeric structures
through the formation of c¢is-Pd(II) complexes. They also developed a novel
molecular design for chiral porphyrin-based molecular capsules and polymeric
assemblies; the helicity is conveniently induced by the presence of an optically
active ligand. Goldberg and coworkers proposed the formation of 5,10,15,20-
tetra(carboxyphenyl)porphyrin-based single-framework coordination polymers with
open architectures. These 3-D macrostructures were obtained by the interac-
tion of free-base 5,10,15,20-tetra(carboxyphenyl)porphyrin with the Pry(oxalate)s,
Nd, (oxalate)s and Dy (oxalate)s hydrated salts.%?

Other specific interactions have been used for porphyrin assembly. In a milestone
work using hydrogen bonding coordination, Sessler and coworkers demonstrated the
efficient energy transfer from a cytosine tethered zinc—porphyrin to a guanine linked
free-base porphyrin congener (in both the singlet and triplet excited states).%* In
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addition, they reported a higher order trimeric complex assembly, wherein two zinc—
porphyrins are able to funnel energy into a central free-base porphyrin, which serves
as an energy trap. Aoyama and coworkers reported the construction of supramolecu-
lar network solids stabilized by hydrogen bonding between porphyrin-bis-resorcinol
units.5:56 This porous porphyrinic structure can selectively accommodate solvent
molecules based on hydrogen bonding and size matching. Takeuchi, Shinkai and
coworkers designed porphyrin-based organogelators, using porphyrin derivatives
having hydrogen-bond-donating (carboxylic acid)/hydrogen-bond-accepting (pyri-
dine) substituents or electron-donating (dialkylamino)/electron-withdrawing (pyri-
dine) substituents at their peripheral positions.®” Nishide and coworkers reported
the selective formation of a cyclic tetramer from a readily synthesized metallopor-
phyrin with two self-complementary quadruple hydrogen-bonding units.%® A stable
cyclic tetramer based on a tetraphenylporphyrin derivative could be formed over a
wide concentration range because of the substituent quadruple hydrogen-bonding
unit, 2-ureido-4[1H]-pyrimidinone. The same research group also synthesized a 5,15
meso-substituted methyluracyl porphyrin derivative bearing 6-methyluracyl units
at the meso positions.%® The atropisomers were mixed with alkylated melamine as
a complementary hydrogen-bonding unit and the hydrogen-bonded assemblies ana-
lyzed by diffusion-ordered spectroscopy in solution. It was found that the ccv isomer
formed a face-to-face dimer, whereas the a3 isomer adopted a zigzag conformation.
Sada and coworkers reported the construction of a double-stranded helix generated
by the twisting of a polymeric supramolecular ladder as shown in Fig. 6.7° The
stable supramolecular ladder relies on the stacking of the bridging porphyrins at
the inner ladder region and on the complementary hydrogen bonds formed between
two nitrogen atoms of the 2,6-bis(2-oxazolyl)pyridine porphyrin substituents and
two protons of the secondary dialkylammonium cations of the polymeric backbone.

Gulino et al. reported some supramolecular assemblies using the interaction
between the tetracationic meso-tetrakis(N-methyl-4-pyridyl)porphyrin (HoTMPyP)
and its metallo-derivatives with the octa-anionic form of 5,11,17,23-tetrasulfonato-
25,26,27,28-tetrakis(hydroxycarbonylmethoxy)calix[4]arene. A series of complex
species was generated via electrostatic inclusion complexation since the stoichiom-
etry and porphyrin sequence can be easily tuned.”' Ng and coworkers reported the
formation of a stable 1:1 host—guest assembly between a silicon(IV) phthalocyanine
axially conjugated with two permethylated (-cyclodextrin units and a tetrasul-
fonated porphyrin.”> The assembly exhibited light-harvesting properties and works
as an efficient photosensitizing system for photodynamic therapy. Takeuchi, Shinkai
and coworkers recently proposed the use of porphyrin conjugates to trigger the align-
ment of conjugated polymers within their self-assembled microstructures through
the formation of poly-pseudorotaxane structures.” Flamigni et al. also reported a
porphyrin assembly prepared using the catenane approach,” the photoinduced pro-
cesses were investigated in a [2]catenane assembly containing a zinc(II) porphyrin, a
gold(I1T) porphyrin, two free phenanthroline binding sites and in the corresponding
copper(I) phenanthroline complex.
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-

Fig. 6. Supramolecular ladder formed by porphyrins with bis(2,6-bis(2-oxazolyl)pyridine) lig-
ands and secondary dialkylammonium cationic polymers. Reprinted with permission from Ref. 70,
(© 2007, American Chemical Society.
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4. Porphyrin Assemblies in Organized Films

Embedding porphyrin molecules into organized thin films is one of the most powerful
methods for immobilization of porphyrin moieties into well-oriented structures. Self-
assembled monolayers (SAM), Langmuir-Blodgett (LB) films and layer-by-layer
(LbL) assemblies are often used as thin film media. These thin film techniques are
also advantageous since porphyrin functionalities within the solid-state device can
be studied readily simply by using electrodes.

Mirkin, Hoffman and coworkers reported the preparation of two novel por-
phyrazine derivatives designed to position themselves quite differently when
attached to a surface™: one forms a standard SAM where molecules lie roughly
horizontally on the surface, while the other porphyrazine derivative positions itself
perpendicularly to the surface. Although both molecules had similar reduction
potentials in solution, the corresponding values within SAM structures differed.
Gulino et al. showed that 5-(4-hydroxyphenyl)-10,15-tris(4-dodecyloxyphenyl)-20-
porphyrin had a good affinity for O and it was used in the fabrication of a
monolayer-based optical gas sensor.”® An advantage of the monolayer system with
respect to porous multilayer films and matrices lies in the fact that the latter
can behave as sponges, which are difficult to restore. Interestingly, exposure of
the porphyrin monolayer-based Oy sensor presented here for only a few seconds
to a No atmosphere was sufficient to fully reset the system. Jiao et al. reported
the stepwise formation and characterization of covalently linked multi-porphyrin-
imide architectures on Si(100).”7 A triallyl-porphyrin bearing an amino group
serves as the base unit on Si(100), the alternating application of a dianhydride
(3,3’ ,4,4'-biphenyltetracarboxylic dianhydride) and a porphyrin-diamine for reac-
tion enables the rapid and simple buildup of oligomers composed of 2—5 porphyrins.
The increased charge densities within the porphyrin multilayers may prove impor-
tant for the fabrication of molecular-based information-storage devices.

The flexible nature of the Langmuir monolayer on water is a definite advan-
tage when dealing with dynamic functions. Ariga et al. demonstrated the selective
detection and binding of aqueous iodide ion through dynamic aggregate formation of
N-confused tetraphenylporphyrin (NC-TPP).” As shown in Fig. 7, iodide anions in
the subphase specifically induce red shifts in the UV—Vis spectra upon J-aggregate
formation of the NC-TPP molecules embedded in the lipid matrix. In contrast,
the NC-TPP monolayer adopts an H-aggregate type organization in the presence
of the other halogen anions. It was also noted that free-base NC-TPP at pH 11
forms a J-aggregate structure. Transfer of these monolayers onto a solid surface pro-
vides surfaces for the selective detection of halogen anions. Loosely bound fluoride,
chloride and bromide ions were detached from NC-TPP, leading to stable free-base
J-aggregates. In contrast, iodide ions are not lost during the transfer process and the
assembly mode of the NC-TPP molecules remained unchanged. The size of bound
iodide may be responsible for stabilizing the J-aggregate structure, which explains
its incorporation during the transfer process. Porphyrin sensors are also being
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Fig. 7. Selective detection and binding of aqueous iodide ion through dynamic aggregate for-
mation of N-confused tetraphenylporphyrin (NC-TPP). Reprinted with permission from Ref. 78,
© 1996, Royal Society of Chemistry.

incorporated into single use colorimetric sensor arrays for the detection of volatile
organic compounds. Dunbar et al. recently reported changes in the absorption spec-
tra of the LB solid-state films of the Zn(II), Sn(IV), Mg(II) and free-base derivatives
of 5,10,15,20-tetrakis[3,4-bis(2-ethylhexyloxy)phenyl]-21 H ,-23 H-porphine induced
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by their exposure to various organic compounds, therefore creating an optical gas
sensor.” In another unique example, Liu and coworkers reported chirality amplifi-
cation of porphyrin assemblies on water.3 The two achiral porphyrin derivatives,
5,10,15,20-tetrakis(4-methoxyphenyl)-21 H,23 H-porphine or 5,10,15,20-tetrakis (4-
hydroxyphenyl)-21 H,23 H-porphine were spread separately onto water and were
then transferred onto solid substrates by using the Langmuir—Schéfer (LS) method.
Although both of the porphyrin derivatives are achiral species, the transferred LS
multi-layer films showed macroscopic supramolecular chirality, which was suggested
to result from the spontaneous symmetry breaking that occurs at the air-water
interface. Small amounts of chiral assemblies formed in the as-deposited LS film can
increase in size following the “sergeants and soldiers” principle during the annealing
process.

LB films of porphyrin molecules provide excellent media for investigation of
their photoelectronic properties. Valli et al. reported photoresponsive LB films from
the co-assembly of cationic amphiphilic cyclodextrins and anionic porphyrins.®!
Densely-packed hybrid monolayers of amphiphilic cyclodextrins incorporating
hydrophilic porphyrins were formed at the air—water interface through electrostatic
interaction and could be transferred onto quartz substrates by LS deposition. The
resulting multilayers exhibited a good response to light excitation as proven by
fluorescence emission, triplet—triplet absorption and singlet oxygen photogenera-
tion. Marczak et al. studied the photoelectrochemical properties of LB films from
a cationic zinc porphyrin-imidazole-functionalized fullerene dyad.®? Highly-ordered
film stacking favors vectorial electron transfer within the dyad, gives rise to the
highest internal photon-to-current efficiency values of 2.5% determined for a pho-
toanode that was composed of around 20 monolayer films. Noworyta, D’Souza and
coworkers investigated the effect of “two-point” interactions of Zn(II) and Co(II)
metalloporphyrins bearing 15-crown-5 ether peripheral substituents following their
assembly in Langmuir and LB films.?2 The central metal ion of the metalloporphyrin
was axially coordinated to a nitrogen-containing ligand in the non-submerged region
of the Langmuir film on one hand, and a suitably selected cation contained in the
subphase solution was supramolecularly complexed by the crown ether moiety in
the submerged part of the film on the other. Tkachenko and coworkers also studied
exciplex—exciplex energy transfer and annihilation in LB films of porphyrin—fullerene
dyads.?* The same research group also used the time-resolved Maxwell displacement
charge method to study the photoinduced electron transfer processes occurring in
bilayer structures consisting of an electron donor-acceptor (porphyrin—fullerene)
dyad and a conductive polymer (polyhexylthiophene) monolayer, both layers have
been prepared by using the LB method.8?

Haga and coworkers fabricated alternating multilayer films composed of titania
nanosheets and Zn porphyrins using the LB method.®¢ The setup for their photo-
electrochemical device is shown in Fig. 8. Ag paste was deposited on the top of the
graduated multilayered film, monochromatized light was irradiated only on the lay-
ered electrode side, and a lead wire was connected to the bottom ITO (indium tin
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Fig. 8. Photoelectrochemical devices composed of LB films of titania nanosheets and Zn por-
phyrins. Reprinted with permission from Ref. 86, (© 2007, Royal Society of Chemistry.

oxide) electrode. Significant improvement of the photocurrent was observed, even
though each titania layer contained a significant number of crystallite boundaries
of submicrometer size. A layer of closely packed titania nanosheets can be fabri-
cated by using the LB transfer method while minimizing the overlap between two
nanosheets on the solid substrate. The close packing of the titania nanosheets plays
an important role in the lateral current extraction.

Alternate layer-by-layer (LbL) assembly is now known as a versatile method
for fabrication of layered structures®” of various functional molecules including
dye molecules.®® Yu and coworkers reported the preparation of porphyrin multi-
layers via controlled layer-by-layer covalent immobilization.3? Solid supports such
as glass slides and ITO electrodes, carefully cleaned and dried, were dipped into
a CH:Cl; solution of SiCls-functionalized tetraphenylporphyrin to form an initial
monolayer. Subsequently, the monolayer was immersed in deionized water to trans-
form the surface Si-Cl groups to Si-OH groups. The resulting monolayer containing
Si-OH groups could be used for further immobilization by repetitive deposition.
The amount of deposited redox-active porphyrins, which is proportional to the
oxidation charge, increased quite linearly with the number of layers, as confirmed
by cyclic voltammetry (CV) measurements. Jiang and Liu developed a dye-DNA
LbL film system which exhibited a reversible change in chirality.”® The cationic
tetrakis(N-methylpyridinium-4-yl)porphyrin dye was incorporated into an assem-
bled DNA /PAH (poly(allylamine hydrochloride)) film, and displayed induced circu-
lar dichroism. Mu and coworkers reported the fabrication of multilayer films of CdS
particles and meso-tetrakis(4-trimethylaminophenyl)porphyrin cobalt iodide via the
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LbL assembly technique.?! The linear structure formation can be interpreted by the
mechanism of dipole-dipole attraction.

5. Porphyrin Assemblies with Precise Molecular Arrangement

As a more advanced example of organization from porphyrin molecules, two-
dimensional assemblies with molecular-level precision have also been recently
targeted, as highlighted in a recent review by Yoshimoto.”? Technical progress in
molecular level observation using scanning tunneling microscopy (STM) enables
us to characterize porphyrin-based assembled structures with molecular level pre-
cision. In the remainder of this review, recent examples of porphyrin assemblies
having precise molecular arrangements are briefly summarized.

Itaya et al. proposed a unique strategy for control of the electrochemical redox
reaction of ferrocene. A 1:1 supramolecularly assembled film of Cgp—ferrocene dyad
and a metallooctaethylporphyrin on a Au (111) electrode was constructed and exten-
sively studied by STM.?? Molecules of the Cgg—ferrocene dyad directly attached to
the Au (111) electrode gave a poorly defined electrochemical response. Conversely,
when co-assembled with a porphyrin, a clear electrochemical redox reaction of the
ferrocene group of the Cgg—ferrocene dyad molecule was observed at 0.78 V versus
the reversible hydrogen electrode. The well-defined electrochemical response of the
ferrocenyl group was clearly due to the control of orientation of the Cgp—ferrocene
dyad molecules. The same research group recently reported molecular images
of supramolecular nanobelt arrays consisting of a cobalt(II) “picket-fence” por-
phyrin, cobalt(II) 5,10,15,20-tetrakis(R,R,R,R-2-pivalamidophenyl)porphyrin, on
Au surfaces.? Otsuki et al. recently reported that some porphyrins can assem-
ble into various patterns on the basis of STM observation. Monolayer arrays of
a series of meso-tetra-substituted porphyrins containing octadecyloxy and carboxyl
(or pyridyl) groups were prepared on a HOPG surface at the liquid-solid interface.?®
Specifically, slightly undulating rows are obtained from 5-(4-pyridyl)-10,15,20-tris(4-
octadecyloxyphenyl)porphyrin. The same research group also reported surface
patterns composed of double-decker species.’® Three double-decker complexes of
cerium(IV), with a common 5,10,15,20-tetrakis(4-docosyloxyphenyl)porphyrin moi-
ety as one of the two tetrapyrrole rings, were synthesized. These complexes assem-
ble into ordered arrays at the interface of 1-phenyloctane and the highly oriented
pyrolytic graphite surface because of the affinity of the long alkyl chains toward the
surface, as revealed by means of molecular-resolution STM. Feringa and cowork-
ers observed a self-organized monolayer of meso-tetradodecylporphyrin coordinated
to Au(111) surface.”” High-resolution STM images revealed that physisorption on
Au(111) induced a distortion of the porphyrin macrocycle out of planarity, probably
due to the coordination of the lone pairs of the imine (-CdN-) nitrogen atoms of
the porphyrin macrocycle to Au (111). Auwérter and coworkers reported controlled
metalation of self-assembled porphyrin nanoarrays in two-dimensions.?® Spillmann
and coworkers presented a detailed investigation of the adsorption and dynamics of
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Cgo and Crq fullerenes hosted in a self-assembled, two-dimensional, nanoporous
porphyrin network on a solid Ag surface.”® Wakayama and coworkers reported
adsorption-induced chiral conformations of a porphyrin molecule on a Cu surface,
resulting in the formation of twin superstructures.!%°

Obtaining regular patterns based on molecular-molecular interactions of por-
phyrins is an attractive research goal. Yokoyama and coworkers reported the prepa-
ration of two-dimensional artificial molecular patterns of porphyrin derivatives via
hydrogen bonding, at a Au (111) surface (Fig. 9).1°! Two kinds of tetraphenyl-
porphyrin that contain two cyano groups in different relative positions (cis-isomer
and trans-isomer) were used. Cyano groups introduced at the porphyrin phenyl sub-
stituents can dimerize through hydrogen bond formation. Tetrameric cyclic domains

(a)

Fig. 9. Two-dimensional molecular arrangements of tetraphenylporphyrins containing two cyano
groups through hydrogen bonding: (a) cis-isomer; (b) trans-isomer.
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(b)
Fig. 9. (Continued)
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were formed preferentially (Fig. 9(a)) in the case of the cis-isomer, while linear
molecular wires were found in STM observations of the trans-isomer (Fig. 9(b)).
This example demonstrates that only a small difference in molecular structures
can be reflected in the patterns of the porphyrin array that can be said to be
programmed by the structures of the subunit molecules. The same research group
recently reported the multilayer thin film growth of carboxyphenyl-substituted por-
phyrins on Au (111).102

In a more advanced strategy, the dynamic control of porphyrin arrays in a two-
dimensional plane has been recently reported by Hill et al.'%3719 The porphyrin
derivative used in that research was tetrakis(3,5-di-tert-butyl-4-hydroxyphenyl) por-
phyrin (see Fig. 10(I)), with an essentially planar tetrapyrrole core subtending an
angle of 60° with the phenyl substituents. Submonolayer coverage of this porphyrin

(I 4 N

Fig. 10. Real time observation of hexagonal to grid phase transition of tetrakis(3,5-di-tert-butyl-
4-hydroxyphenyl)porphyrin on a Cu(111) surface: (I) chemical formulae and STM images; (II)
molecular model of the transition. Reprinted with permission from Ref. 103, (©) 2006, Royal Society
of Chemistry.
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derivative on a Cu(111) surface consisted of surface-mobile hexagonally-packed
domain islands interspersed in a two-dimensional gas phase. The disc-like shape
of the planar conformations of this molecule favored a hexagonal arrangement to
optimize intermolecular van der Waals contacts. This hexagonally-packed structure
underwent a transition at ambient temperature to the square packed grid motif
(Fig. 10(I), from (a) to (d), and see also a model in Fig. 10(II)). Square packing is
associated with a molecular conformation in which a large dihedral angle between
the porphyrin macrocyclic plane and the phenyl substituents is present, while hexag-
onal packing is observed where the dihedral angle is low. Interestingly, the oxidized
form of the porphyrin adsorbed at Cu(111) surfaces with submonolayer coverage
showed only one type of surface-immobile hexagonal supramolecular structure at
room temperature and transition to the square phase was not observed.

Very recently Hill et al. have further demonstrated the importance of con-
formation in individual molecules at domain boundaries in two-dimensional
molecular patterns.'®* Spontaneous formation of a mixed conformer of tetrakis
(3,5-di-tert-butyl-4-hydroxyphenyl)porphyrin adsorbed on a Cu(111) surface has
been observed to compensate for differences between the lattices of two kinds of two-
dimensional crystal structures. When tetrakis(3,5-di-tert-butyl-4-hydroxyphenyl)
porphyrin is deposited on a Cu(111) surface with submonolayer coverage under
ultrahigh vacuum, domains are formed in hexagonally-packed arrangement where
the porphyrin molecules adopt a conformation in which the phenyl substituent
groups and tetrapyrrole macrocycle approach coplanarity (Fig. 11a(I)). In the other
domain, the conformer composed of eight bright spots, corresponding to the tert-
butyl groups, surrounding two parallel oblong protrusions, which are due to the
[-positions of opposing pyrrole rings, are detected. Only these B-positions can
be observed since rotation of the phenyl substituents to a low dihedral angle (in
response to surface adsorption) causes distortion of the tetrapyrrole core to a sad-
dle shape (Fig. 11a(Il)). The boundary region is characterized by a highly ordered
structure, which is due solely to the existence of the mixed molecular conforma-
tion. A model of the packing of the domain is shown in Fig. 11(b) together with
space-filling representations of the three differing molecular conformations present.
Such an understanding of lattice mismatches in molecularly-patterned surfaces is
important, since it can seriously affect the performance of devices prepared in this
way.

6. Future Perspectives

Porphyrin derivatives have been widely studied and their use as sensors has also
been demonstrated. Not limited to the examples described above, uses of porphyrin
derivatives in attractive fields such as biomedical applications'07:108
optics'9%119 becomes more important. Because the chemistry of porphyrins and
porphyrin derivatives is well mature, incorporating such functional modules into
useful materials and devices is of great importance for instigation of future research

and nonlinear
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Fig. 11. Spontaneous formation of a mixed conformer of tetrakis(3,5-di-tert-butyl-4-
hydroxyphenyl)porphyrin adsorbed on a Cu(111) surface between two kinds of two-dimensional
crystal domains: (a) STM images and molecular models of the corresponding conformers; (b)
schematic illustration of the domain boundary. Reprinted with permission from Ref. 104, (©) 2006,
Royal Society of Chemistry.

directions in porphyrin science and technology. Assembling porphyrin derivatives
in desirable arrangements and morphologies on appropriate surfaces will become of
critical importance. For example, Hill et al. recently developed porphyrin molecules
as multi-color indicators for the detection of various ions.!!'! Molecularly patterned
arrays of these molecules on device surfaces would generate ultra-small universal
sensors of ionic species. Although the methods explained here are excellent tech-
niques for the fabrication of various assemblies, they are not always suitable for con-
struction of design of intentionally irregular arrangements of functional molecules.
Such complicated and surprisingly highly functional molecular arrangements are
commonly seen in biological systems, and can be regarded as some of the ultimate
prototypes of molecular devices. Therefore, an astute combination of supramolecu-
lar approaches based on self-assembly processes together with highly sophisticated
nanolithography techniques will be crucial to attain this final goal.
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The present article reviews the self-assembly of oligopeptides to form nanostructures,
both in solution and in solid state. The solution structures of the peptides were examined
using circular dichroism and dynamic light scattering. The solid state assembly was
examined by adsorbing the peptides onto a mica surface and analyzing it using atomic
force microscopy. The role of pH and salt concentration on the peptide self-assembly
was also examined. Nanostructures within a size range of 3-10 nm were obtained under
different conditions.

Keywords: Peptides; self-assembly; nanostructures.

1. Introduction

During the past two decades, molecular self-assembly has attracted considerable
attention due to its use in the design and fabrication of nanostructures leading to
the development of advanced materials.’? Within the past few years, a few research
groups have investigated the self-assembly of small oligopeptides into sheets, films
and other structures.? Designer peptides, not only offer the possibility of incorpo-
rating biofunctionality into the material but also bring the exciting possibility of
understanding the structure — property — function triad relationship. There are
many potential applications for oligopeptides as model systems for understanding
the diseases such as Alzheimer’s disease, use as a scaffold in tissue engineering, con-
trolled drug delivery and molecular engineering. It has been known that changes in
the secondary structures such as a-helices and (-sheets have significant influence in
determining the overall function of the peptide.*©

In the present work, we designed and synthesized a few peptides which are
expected to form interesting materials. It is known that peptides with alternating
hydrophobic—hydrophilic residues self-assemble into S-sheet structures. Also, ionic-
strength of the medium”® and pH may shield the electrostatic repulsive forces and
allow attractive hydrophobic and van der Waals forces to dominate.” Table 1 gives
a summary of the amino acid sequence, observed and theoretical masses and the
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Table 1. Amino acid sequence, theoretical and observed masses and isoelectric points (pI)
for all the peptides synthesized.

Amino acid sequence Theoretical mass  Observed mass Isoelectric points
(Da) (Da) (pD)
ADAELDPRGDFPDLEADA (P1) 1916.945 1916.53 £ 0.69 3.57
IELKPRGDFPDLEA (P2) 1599.805 1599.72 £ 0.05 4.32
LPLLKGDLRI (P3) 1137.455 1137.25 £ 0.69 8.75
RADARADARADARADA (P4) 1671.695 1671.52 £ 0.74 6.10

calculated isoelectric points (pI). Among the four, two peptides (P1 and P2) are
incorporated with cell adhesion motif “RGD” in the middle. This tripeptide motif
is a well studied and an important group in the integrin family of the cell adhesion
receptors. In addition, we have also incorporated proline residue in the sequence to
reduce the flexibility and introduce a kink. To determine whether only the above
design will give stable secondary structures, another peptide (P3) was designed
and synthesized, which consist of mostly hydrophobic amino acid residues with a
mimic of the cell adhesion motif “KGD” situated in the middle of the peptide. The
fourth peptide (P4) consists of sequence with alternating acidic and basic residues.
Herein, we investigated the role of primary sequence, ionic strength and pH towards
the self-assembly characteristics of the peptides.

2. Materials and Methods
2.1. Peptide synthesis

Fmoc-Ala—PEG—PS and all the N*~Fmoc—L—-amino acids were purchased from Nov-
abiochem (San Diego, CA). The peptides were synthesized using the Pioneer Pep-
tide Synthesizer from the Applied Biosystems. The peptides P1, P2 and P4 were
assembled on Fmoc-Ala-PEG-PS (0.240 mmol/g) resin whereas P3 were assem-
bled on Fmoc-Ile-PEG-PS (0.22mmol/g). Both peptides were synthesized on a
0.1mmol scale using the extended cycle protocol. The completed peptides were
deprotected and cleaved by treating with the cleavage cocktail (88% trifluoroacetic
acid (TFA), 5.0% phenol, 5.0% water, 2.0% triisopropylsilane (TIPS)) for 3 hours
at room temperature. The mixture was filtered and filtrate was concentrated to
reduce the volume. The peptides were precipitated by adding ice-cold ether. The
precipitated peptide was centrifuged using an ultracentrifuge, followed by repeated
washings with ice-cold ether to remove all impurities. Finally, the peptides were
lyophilized from 10% acetic acid solution and obtained as white powder. These
crude peptides were further purified on a BioCAD Workstation high performance
liquid chromatography (HPLC) using the Phenominex C18 reverse-phase column
(250 x 10mm, 10 gm). The solvent system used for the purification include: Sol-
vent A, 0.1%TFA and Solvent B, 0.1% TFA in 80% acetonitrile, a linear gradient
(2mL/min) 25-50% B over 50 min was used. The purity of the peptides was con-
firmed by electrospray ionization-mass spectrometry (ESI-MS). Circular dichroism
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(CD) spectra were recorded in the wavelength range of 190-280nm with an accu-
mulation of 3 scans. Secondary structure fractions were deduced from the spectra
using software provided with the instrument. An aliquot of 150-200 il of the pep-
tide solutions was used to perform dynamic light scattering (DLS) experiments
by using PDDLS /batch light scattering instrument (Precision Detectors, Franklin,
MA). Intensity data from each sample were collected in duplicate and analyzed using
the PRECISION DECONVOLVE program. For atomic force microscope (AFM)
investigation, freshly cleaved mica was immersed in the peptide solutions for about
15-30 min to optimize the adsorption of peptides and then rinsed thoroughly with
deionized water. The mica surface with the adsorbed peptides was then dried in
air and imaged in air using AFM (Multimode, Digital Instruments, Santa Barbara,
CA) operating on tapping mode. Soft silicon cantilevers were chosen (FESP model,
Digital Instruments, Santa Barbara, CA) with spring constant of 1-5N/m and tip
radius of curvature of 5-10nm. AFM scans were taken at 256 x 256 pixels reso-
lution and produced topographic images of the samples, in which the brightness
of features increased as a function of height. Typical scanning parameters were as
follows: tapping frequency 207 kHz, RMS amplitude before engage 1-1.2V, integral
and proportional gains 0.2-0.6 and 0.3-1 respectively, set point 0.8-1V, scanning
speed 1-2Hz.

2.2. Self-assembly investigation using dynamic light scattering

The dynamic light-scattering technique is a rapid screening method for studying
aggregation and showed structures with very discrete sizes. It is used to estimate
the average aggregate size of the peptides as a function of pH and salt solutions.
The DLS results were recorded for each peptide at pH 3 and 5 (£0.3). It is seen
that an increase in pH from 3 to 5 resulted in an increase in the hydrodynamic
radius (<Rp>) i.e. from 3 to 10nm (Fig. 1).

In salt solutions, the peptides formed smaller structures as compared to the pH
induced self-assembly (Fig. 2). In the presence of NaCl, the four peptides showed
a broader distribution compared with the presence of CaCly solution. This may be
due to the increased solubility of peptides in water with increase in concentration of
salts. The size of the aggregates decreased in the presence of salt. We are not able
to obtain the exact particle size for P3 at pH ~ 3 and in 10mM CaCl, solution,
which could be due to low aggregated size.

Table 2 gives the summary of DLS data collected for all peptide under various
experimental conditions.

3. Characterization of Self-Assembly using Circular Dichroism

The CD spectra revealed the secondary structures of the peptides in water at differ-
ent pHs and salt solutions (Figs. 3 and 4). In the case of P1 at pH ~ 3, a negative
minimum at 195nm and 199 nm and a small shoulder at, 223 nm corresponds to a
random coil with a bend or 8-turn conformation (Fig. 3(a)). Analysis of the data
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Fig. 1. Particle size distribution of P1 to P5 in water at pH = 5 obtained by dynamic light
scattering: (a) P1; (b) P2; (c) P3 and (d) P4. X-axis indicates the size of the particles and Y-axis
represents the fraction distribution.
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Fig. 2. Particle size distribution of P1-P4 in NaCl obtained by dynamic light scattering at pH 5:
(a) P1; (b) P2; (c) P3 and (d) P4. X-axis indicates the size of the particles and Y-axis represents
the fraction distribution.
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Table 2. DLS data of the peptides at two pH values and salt
solutions.

Peptides pH/salt P1 (nm) P2 (nm) P3 (nm) P4 (nm)
At pH ~ 3 3.0 3.6 — 6.3
At pH ~ 5 10.2 7.9 10.2 8.4
In 10mM CaCly 3.1 2.2 — 5.7
In 10 mM NaCl 3.3 3.2 2.1 12.9
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3. CD spectra of the peptides at 1 mg/ml in water: (a) P1; (b) P2; (c) P3 and (d) P4 at pH
~ 3 and 5, respectively.

further by using the CD Spectra Deconvolution Software (CDNN)!? confirmed the
major contribution from the random coil structure (~ 40%). The CD spectrum of
the P1 in presence of 10mM NaCl showed a sharp negative minimum at 204 nm
and positive maxima at 191 nm, 197 nm and 201 nm, which indicate the presence of
random coil conformation (Fig. 4(a)). The appearance of small shoulder at 225 nm
corresponds to a bend or f-turn conformation. Analysis of the CD data revealed ~
34% random coil and ~ 30% (-sheet structure, whereas in the presence of CaCl,
(10mM), the spectrum contained a positive maximum at 191nm and a negative
minimum at 200 nm, which belongs to random coil conformation. Here also the
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Fig. 4. CD spectra of the peptides at 1 mg/ml in 10 mM of NaCl and CaClsz solution at pH ~ 3:

(a) P1; (b) P2; (c) P3 and (d) P4.

appearance of shoulder at 224 nm indicates the bend/turn conformation. CD spec-
tra analysis showed 36% random coil and 38% [-sheet structures.

In the case of P2 at pH ~ 3, a strong negative minimum at 198 nm and small
shoulder at 227 nm represents the major contribution of random coil or bend/turn
conformation (Fig. 3(b)) and calculations indicated ~20.1% S-turn and 33.7% ran-
dom coil. With an increase in pH to 5, and additional negative maximum at 191 nm
was observed. The shoulder at 227 nm at pH ~ 3 shifted slightly to 230 nm. Here also
the analysis data revealed equal contribution from the random coil or 3-sheet con-
formations. In the presence of salt solution (10 mM NaCl), there is a slight change
in the spectrum with positive maximums at 193nm and 198nm and a negative
minimum at 204 nm with a shoulder at 227nm (Fig. 4(b)). The data showed equal
amounts of §-sheet and random coil conformation (33%). In CaCly solution, the
negative minimum has a blue shift of 3nm (201 nm) and the positive maximum was
not observed. The CDNN data quantified a $-sheet content of ~ 38% and a random
coil content of ~ 35%. We also observed from the CD spectra that the intensities
of the negative bands are higher in salt solutions than in water at different pH.
This shows that the peptides are able to self-assemble better in salt solutions than
in water, giving more ordered structures. Figure 3(c) shows the CD spectra of the
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peptide P3 at pH ~ 3 and 5, a negative minimum at 197 nm corresponding to a
random coil conformation. The data analysis indicated a major contribution from
the random coil structure (~ 39%), 30% of (-sheet and 23% [-turn. Increasing
the pH to 5 did not change the conformation significantly but resulted in a slight
decrease in the intensity of the negative band. Figure 4(c) shows the CD spectra
of peptide P3 studied at 25°C at 1 mg/ml in 10mM NaCl and CaCl; solution. In
the presence of 10mM NaCl, a sharp negative minimum at 205nm and a positive
maximum at 199 nm were observed, which confirmed the presence of a random coil

o 0.25 .50 0.75 s

(a) (b)

200.nm;,

. o
[¥] 0.25 3,30 0.75 1.0

[ pam

(c) (d)

Fig. 5. Images of AFM scans of peptides at 1 mg/ml in water at pH ~ 5: (a) P1; (b) P2; (c) P4
and (d) P5. The image is 1 pm X 1 pym in size.
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conformation. A small shoulder was observed at 225 nm indicating the presence of
a bend or S-turn conformation. Analysis of the CD data indicates a random coil
conformation of ~ 32% and a f(-sheet conformation of ~ 30%. Similar results were
obtained in 10 mM CaCl, solution with a random coil content of ~ 34 % and ~ 39%
B-sheet conformation. CD spectra of the peptide P4 at 25°C in water at 1 mg/ml
at pH ~ 3 and 5 are given in Fig. 3(d). In salt solution, P4 showed a minimum
around 216nm and a maximum around 196 nm which indicates the formation of
a (-sheet conformation, B-sheet ~ 46%, B-turn (18%) and random coil content of
35%, respectively (Fig. 4(d)). Increasing the pH to 5, a red shift was observed with
two negative minima at 195 and 220 nm and a maximum at 207 nm, indicating the
presence of (3-sheet and random coil conformations.

3.1. Self-assembly using atomic force microscopy

Self-assembly of the peptides on mica surface was performed in air to study the mor-
phology of the peptides under different conditions. The preliminary results showed
that spherical structures at pH ~ 3 with a diameter of about 25-30nm. Upon
increasing the pH to 5, no islands were observed but worm-like structures were
formed (Fig. 5). For P2, large spherical islands were observed at pH ~ 3 and the
size distribution for P2 is greater than P1. As the pH is increased to 5, thick worm-
like structures were observed. P3 gave similar observation, but P4 forms a fiber-like
morphology on mica surface. The effects of the self-assembly in salt solutions were
also studied. In most cases, the morphology did not change significantly in salt
solution. A detailed analysis of such morphologies are underway to correlate the
self-assembly features in solution and in solid state.

4. Discussions

As mentioned above, several peptides with alternating hydrophobic—hydrophilic
residues are known to self-assemble into 3-sheet structure, but the presence of pro-
lines (results in conformation inflexibility) in P1 to P3, a stable -sheet structure
was not observed. The amino acid sequence for all the peptides are shown in Table 1.
Both P1 and P2 gave an overall negative charge while P3 and P4 showed a net
charge of zero. The DLS studies gave an aggregation size of 10nm and CD spectra
indicated a mixture of conformations. P1 gave different types of morphologies for
both pH because P1 has an isoelectric point of 3.57. This means that at this point,
the peptide has a net charge of zero. A slight increase in the intensity at 223 nm
in the CD spectrum for P1 and the larger particle size distribution shows a more
aggregated structure. P2 showed random coil with a bend or S-turn conformation
with a spherical morphology. From the AFM images, P3 and P4 gave the fiber-
type morphology independent of pH. In addition, the CD results for P3 and P4
were also consistent with the above observation. Even though the CD spectrum of
P4 did not give the same pattern at both pH, but it gave the fiber-like structure
mainly because there is a much higher (-sheet content as compared to random coil
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conformation. Overall, there is no great difference in morphology for P1 and P2
in CaCly solution. From the CD spectra, P1, P2 and P3 formed more ordered
structure in monovalent ion than divalent ion. Fiber-like morphology was formed
by P4 due to the stable (-sheet structure. For P1, P2 and P4, all of them con-
sist of alternating hydrophobic and hydrophilic amino acid residues and only P4
forms fiber-like structure in both salt solutions. This could be due to the presence
of the proline in P1 and P2, which limits the flexibility of the conformation. Even
though P3 has the same conformation as P1 and P2, it has no proline residue in
the middle. Currently, we are pursuing research activities correlating the observed
structure with the function of the peptides in biomineralization and related areas
and the results will be published at a later date.

5. Conclusions

In conclusion, we have demonstrated the self-assembly of a few designer peptides
under different conditions. All peptides aggregate in solution and they showed sig-
nificant dependence on pH and salt concentration. In addition, the CD spectra
indicated a mixture of secondary structures in solution. Self-assembly of all pep-
tides with alternating hydrophilic and hydrophobic residues showed fiber-like mor-
phology at high pH. The aggregation behavior and morphology of the aggregated
structures changes significantly based on the primary sequence of the peptides, pH
of the medium and salt concentration. Experiments to correlate the structure and
functions of the peptides are currently underway in our lab.
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Tissues, cells and biomolecules can experience changes in their structural and mechani-
cal properties during the occurrence of certain diseases. Recent advances in the fields of
nanotechnology, biomechanics and cell and molecular biology have led to the develop-
ment of state-of-the-art and novel biophysical and nanotechnological tools to probe the
mechanical properties of individual living cells and biomolecules. Here we will review the
basic principles and application of some of these nanotechnological tools used to relate
changes in the elastic and viscoelastic properties of cells to alterations in the cellular and
molecular structures induced by diseases such as malaria and cancer. Knowing the ways
and the extent to which mechanical properties of living cells are altered with the onset
of disease progression will be crucial for us to gain vital insights into the pathogenesis
and pathophysiology of malaria and cancer, and potentially offers the opportunity to
develop new and better methods of detection, diagnosis and treatment.

Keywords: Nanotechnology; nanobiomechanics; human diseases; malaria; cancer.

1. Introduction

as malaria and cancer.

As a physical structure, the human body is perpetually subjected to stresses and
strains throughout life. In particular at the cellular and molecular levels, any devia-
tions in the structural and mechanical properties of the living cells and biomolecules
will not only affect their physiological functions, but may also lead to diseases such

1,2
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The composition and organization of the structural features of a cell is likely
to undergo alterations in an occurrence of a disease, which can be simply defined
as any abnormal conditions arising from within our body that have a tendency to
impair bodily functions.! Subsequently, the structural and mechanical properties of
the cell, such as its deformability and surface adhesiveness, will change accordingly
as these properties are reflective of any changes occurring in the molecular compo-
sition and organization of the cell. Since these changes often occur at the nanoscale,
nanotechnology can aid in the study of human diseases. By borrowing tools from
nanotechnology, we hope to better understand changes occurring in diseased cells
at the nanoscale. As the disease progresses, nanotechnology tools can also provide
a quantitative way of studying these physical changes occurring in individual cells.?
More importantly, these tools may provide an alternative means of assessing certain
human disease states.

With the recent advances in nanotechnology, biomechanics and cell and molec-
ular biology, it is now possible to characterize these mechanical influences acting
on biological structures such as individual cells and biomolecules. Nanobiomechan-
ics — the fusion of nanotechnology, mechanics, and cell and molecular biology, has
recently been identified as an emerging technology that is making significant con-
tributions to the understanding of human diseases.’# Since mechanics is known to
play a role in the occurrence of a disease, nanobiomechanics can help to establish
connections between mechanics of living cells and the pathophysiology of diseases.
As a result, some novel and state-of-the-art nanotechnological and biophysical tools
have been developed and adapted for the purpose of studying and characterizing
biological structures at both the cellular and molecular levels. These tools include
the optical tweezers, the micropipette aspiration assay, magnetic tweezers, atomic
force microscope, molecular force microscope, flow cytometer, magnetic twisting
cytometer, cytoindenter, microplate manipulator, microfluidic system and the opti-
cal stretcher, of which some have been reviewed elsewhere.25 7

This article will highlight some nanotechnology-based tools being adapted to
probe human diseases, such as malaria and cancer since they are examples of diseases
which exhibit changes in mechanical properties at the cellular and molecular levels,
so that new and better methods of detection and diagnosis may be developed.

2. Nanotechnology and the Study of Malaria

Malaria infects about 350-500 million people and gives rise to about 1.3-3 million
deaths each year.! It is the deadliest parasitic human disease on earth and is caused
by a mosquito-borne parasite. In the human body, highly deformable healthy red
blood cells (RBCs) deliver oxygen to different parts of the body by squeezing their
way through narrow capillaries. With malaria, infected RBCs lose their ability to
deform and stretch. Upon invading a RBC, the malarial parasite will introduce
extensive modifications to the molecular structure of the RBC, making it to be
stiff and sticky (cytoadherent). Thus, malaria-infected RBCs are unable to squeeze
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through tiny blood vessels to deliver oxygen to tissues and organs in the body. This
can often result in fatal consequences such as blood clogging, severe anemia, coma
or even death.®

The stiffness and stickiness of these infected RBCs can be precisely studied using
nanotechnology. In this section, we describe some nanotechnological and biophysical
tools used to probe malaria-infected RBCs.

2.1. Optical tweezers

The optical tweezers is essentially a tool which uses a laser to trap, control and
manipulate tiny transparent particles in a medium. It was invented by Ashkin
et al.®10 in 1986, but this tool made its debut in the biological sciences when Block
et al. used it to manipulate a bacterium so as to study bacterial flagella in 1989.1!
Since then, optical trapping has evolved into an indispensable research tool used by
both biologists and physicists alike; and it is increasingly being used as an experi-
mental tool for both single cell and single molecule biomechanics experiments.?
The basic components of the optical tweezers would consist of an inverted micro-
scope and a laser beam that is directed up the microscope through a high numerical
aperture objective. Optical tweezers work on the principle that forces are exerted
onto matter due to the scattering, emission and absorption of light. The fact that
optical tweezers are able to trap objects is precisely due to the radiation pressure
which arises from the change in momentum as light refracts off an object.'? The
optical trapping of a dielectric particle is depicted in Fig. 1. Optical tweezers are
able to manipulate objects using a focused laser beam that generates a spring-like
force. Depending on the power of the laser used, the optical tweezers can exert
forces in the order of 10’s to 100’s pN. To perform a cell stretching experiment,
two transparent microbeads are first attached diametrically across the cell. For a
single optical trap system, one microbead is trapped and manipulated with a laser

dielectric
particle

net
force

Fig. 1. Schematic diagram depicting the optical trapping of a dielectric particle by a laser beam.
When a laser beam is directed onto a particle whose refractive index is different from that of the
medium, a resultant trapping force is induced which will cause the particle to move towards the
focal point of the laser beam as a consequence of gradient and scattering forces. Reprinted with
permission from Ref. 2, © 2006, Elsevier.
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scattering, ‘
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trap while the other microbead is attached to a substrate. The cell is subsequently
stretched by moving the sample stage where the substrate is mounted on.

Figure 2 shows a schematic diagram of the stretching of a single RBC using
the optical tweezers.'3 '® Suresh et al. used the optical tweezers to quantitatively
measure the change in the shear modulus of the membrane of the malaria-infected
RBC infected at the various stages of the infection.'® In their study, the different
stage infected cells were stretched using the optical tweezers. Figure 3 shows that
the late-stage infected cell was observed to have hardly stretched as compared with
the cell at the earlier stages of infection, thus showing the loss of deformability as the

GCCD camera

Laser trap
Cell

Microbead

Glass slide

- - -

Obijective

H Laser

(a)

Bead fixed to

surface of
Silica glass slide
microbeads
Bead held
stationary by
laser trap

(b) (©)

Fig. 2. (a) Schematic diagram of the optical tweezers setup for the stretching of a single cell.
(b) To carry out the stretching experiment, two silica microbeads were non-specifically attached
diametrically across the RBC with the left bead adhered to the glass slide. The laser beam was
subsequently used to trap the right bead. By pulling the glass slide towards the left, the RBC was
then stretched. (c) An optical image showing the stretched RBC. Reprinted with permission from
Ref. 1, © 2007, Elsevier.
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H-RBC
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PfR-pRBC

PET-pRBC

Pf-S-pRBC

Fig. 3. Optical images showing healthy RBC (H-RBC), healthy control RBC (Pf-U-RBC), early-
stage infected RBC (Pf-R-pRBC), mid-stage infected RBC (Pf-T-pRBC) and late-stage infected
RBC (Pf-S-pRBC) at room temperature (left column) before stretching, when stretched at a force
of about 68 pN (middle column) and when stretched at a force of about 151 pN (right column).
Reprinted with permission from Ref. 16, (© 2005, Elsevier.

disease progresses. They also showed that the shear modulus of the cell membrane
at the late stage exhibited a ten-fold increase when compared with that for the
uninfected cell.*

The optical tweezers can also be used to compliment the work carried out on
the genetic manipulation of the malarial parasite to investigate how knocking out
individual proteins might affect the membrane elasticity of the infected cell. During
infection, the malarial parasite export proteins to the RBC membrane causing it
to be stiff and sticky. By removing individual proteins from the parasite and sub-
sequently using the optical tweezers to probe the shear elastic modulus of an RBC
infected with these mutant parasites, the role played by a specific parasite exported
protein in contributing to the stiffening of malaria-infected RBCs could be better
understood. This kind of measurement and manipulation can potentially lead to
new therapies for this disease. Using the optical tweezers, Mills et al. found that
RBCs infected with a mutant malarial parasite, in which the gene for a parasite
protein called RESA (ring-infected erythrocyte surface antigen) was knocked out,
to be less stiff.1”

2.2. Atomic force microscope

The atomic force microscope (AFM), well known for its high-resolution topograph-
ical imaging capabilities and its ability to be used as a force sensor with piconewton
resolution, is emerging as a powerful mechanical probe in single cell and single
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molecule biomechanics experiments.!? The ability to carry out real-time measure-
ments on samples in fluids is one key advantage of the AFM, since it allows probing
of biological samples to take place in their natural physiological conditions. The
AFM was invented by Binnig et al.!® in 1986, and remains one of the foremost tools
in nanotechnology used for imaging and probing matter at the nanoscale.

A schematic diagram of the AFM is depicted in Fig. 4. The working principle of
the AFM is based on the ability of a very sensitive cantilever in sensing forces at the
piconewton scale. When measuring the attractive or repulsive forces between the
cantilever tip and the surface of the sample, the vertical deflection of the cantilever is
monitored and captured by the laser beam to give the local height and variations in
topography of the sample. Thus, by scanning the surface of the sample, images with
nanoscale resolution can be obtained. In addition, forces of interaction between the
sample and the cantilever tip can also be measured with piconewton range accuracy
making the AFM a suitable tool for studying molecular interactions.

One key feature of the pathophysiology of malaria is the increased cytoadherence
or stickiness exhibited by infected RBCs. In light of this, Li et al. carried out an AFM
study of both normal and malaria-infected RBCs to investigate the cell morphology
at different stages of the parasite development.'® Their studies revealed the presence
of nanoscale knob-like structures and protrusions on the surface of the infected
RBCs (see Fig. 5). The AFM images not only allow the density of these knobs,

2-D photodiode mirror laser
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Fig. 4. Schematic diagram of the AFM. Reprinted with permission from Ref. 2, © 2006, Elsevier.
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(a) (b)

()

Fig. 5. AFM images of knob-like structures and their distributions at different stages (a—e) of
the malarial parasite’s development with (a) and (e) being the early and late stages of infection,
respectively. (f) Three-dimensional image of a single knob-like structure. Reprinted with permission
from Ref. 19, (© 2006, Elsevier.

but also their three-dimensional structure and size to be determined. Therefore,
the AFM is able to offer an effective way of visualizing the surface morphology
of malaria-infected RBCs due to its ability to image and probe samples at the
nanometer and piconewton scale.
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3. Nanotechnology and the Study of Cancer

Every year, about 7 million people die of cancer and more than 11 million people
are diagnosed to be suffering from the disease.! Cancer is one of the leading causes
of death worldwide and the World Health Organization has estimated that there
will be 15 million new cases of cancer each year by 2020.2° Cancer develops when
cells in the human body acquired the ability to divide uncontrollably. This arises
due to mutations occurring in genes that are responsible for cell growth and repair.
These aberrant cells then infiltrate and destroy surrounding normal body tissue.
The ability to treat and cure cancer is highly dependent on the ability to detect
the slight presence of these highly invasive metastatic cancerous cells at the earliest
opportunity and to eradicate them to prevent them from spreading to other parts
of the body.

Since one pathophysiological outcome of cancer is that metastatic cells are more
deformable (softer) than their normal counterparts?!~2
known to play a role in metastasis (migration of cancer cells),?* it would seem
appropriate to use nanobiomechanics to study cancer. In this section, we will look
at how nanotechnology can be adapted to study cancer, so as to better understand
how cancer cells become softer, move more easily and consequently spread to other
parts of the body. This may prove useful in the fight against cancer.

and mechanical factors are

3.1. Optical stretcher

The optical stretcher is a recent nanobiomechanical tool used in the study of cancer
cells. Tt was first developed by Guck et al.?® in 2000 to probe the deformation
of single individual cells and is capable of providing a detailed and quantitative
biorheological characterization of single suspended cells.?32526 Figure 6 shows a
schematic diagram of the optical stretcher.

In the optical stretcher, two counter-propagating, low power, divergent laser
beams act as an optical trap for cells which are at the center between the two
laser beams. Subsequently, a higher laser power is applied which will stretch or
deform the trapped cells axially (see Fig. 7).25 The optical stretcher makes use of the
underlining fact that the total force acting on a dielectric object is zero, with surface
forces being additive when the dielectric object is placed between two divergent laser
beams.26 This results in a force “pulling” on either side of the cell, thus stretching it.
One advantage of this technique is that the entire cell surface is stretched by a
global distribution of the laser induced force which reveals an overall mechanical
property of the cell.2? This is in direct contrast to other nanotechnology-based and
biophysical tools such as the micropipette aspiration assay,2”2® optical tweezers!3:14
and AFM?2? 32 which involve the application of forces at very localized areas of the
cell surface. However, as the optical stretcher only allows for measurements of cells
in suspension, adherent cells are not normally probed in their physiological state.

The optical stretcher was used to study the creep behavior of individual sus-
pended fibroblasts. It was found that cancerous mouse fibroblast cells deform 50%
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Fig. 6. Schematic diagram of the optical stretcher. The acousto-optic modulator (AOM) serves
to control the intensity of the laser beam, which is split evenly into two by a beam splitter (BS)
and subsequently coupled into two optical fibers (OF) by means of fiber couplers (FC). The optical
fibers (OF) were aligned opposing each other and within a flow chamber (see inset) to trap and
stretch cells. Data is recorded using a computer and a CCD camera. Reprinted with permission
from Ref. 26, (© 2001, Biophysical Society.
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Fig. 7. Schematic diagram showing the axial stretching of a cell using an optical stretcher. The
cell is trapped by optical forces arising from two divergent laser beams and subsequently stretched
along the laser beam axis when a higher laser power is used. Reprinted with permission from
Ref. 1, © 2007, Elsevier.

more than their healthy counterparts.?? In another separate work carried out using
the optical stretcher to probe the elasticity of human breast cancer cells, it was dis-
covered that breast cancer cells were able to stretch to about five times more than
their healthy counterparts, while metastatic (invasive) breast cancer cells stretch to
about twice as much as non-metastatic (non-invasive) cancer cells.?® This increased
deformability (softness) of cancer cells may raise the probability of cell migration to
another site in the body, which is a critical step in cancer metastasis. Such connec-
tions between mechanical properties and biological function could provide further
insights into the progression of cancer. The optical stretcher is thus an example of
a tool which might be useful in the diagnosis of cancer because current diagnostic
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methods are still not able to detect the disease at the individual cellular level.3*
Moreover, the optical stretcher can be easily incorporated into a microfluidic device
to produce a high throughput flow-cytometric system capable of sorting and trap-
ping cells without intruding into their underlying biological functions so that further
analysis and therapeutic measurements could be made.

3.2. Nanoindentation

In addition to its unique imaging capabilities, the AFM can also be used to deter-
mine the stiffness of cells. This is often achieved by indenting the cell with the tip
of an AFM probe, which can act as a nanoscale indenter. As the cantilever indents
the cell, the deflection of the cantilever is recorded and the data is collected. Since
the cantilever deflection is linearly proportional to the loading force for small deflec-
tions, a linear elastic model of the cell based on Hertzian mechanics is normally used
together with the collected deflection data to obtain the stiffness of the investigated
cell.?® Nanoindenters and those employing AFM tips have been used in indenting
materials such as thin films3® and biological structures such as individual living
cells,?” respectively with the aim of determining their mechanical properties.

The rigidity of cancer cells was first probed by indentation when Goldmann
et al. used an AFM tip to indent wild and vinculin-deficient mouse F9 embryonic
carcinoma cells, and compared the values of Young’s modulus obtained for these two
types of cancerous cells.?®3? Following that, Lekka et al. performed an indentation
study on normal and cancer cells of the same type. In the case of normal human
bladder epithelial and their cancerous counterparts, they reported that cancer cells
are softer than normal cells, and this difference in the degree of softness can be up to
one order of magnitude.*%4! More recently, Park et al. measured the local rigidity
differences between normal mouse fibroblasts (BALB 3T3) and cancer cells (SV-
T2 and H-ras transformed mouse fibroblasts). An obvious decrease in the Young’s
moduli of the cancer cells was subsequently reported.*? Thus, changes in elasticity
which occur during the malignant transformation of cells can be detected by a
nanoscale indenter in the form of AFM probe tips. This change in elasticity may
have important consequences on how cancerous cells are able to migrate to other
sites in the body leading to the formation of secondary tumors during metastasis.

4. Future Perspectives and Conclusions

Although nanoscale measurement of the mechanical properties of biological cells is
still in its infancy, borrowing tools from nanotechnology to make these measure-
ments has provided an important alternative in the study of certain human diseases
like malaria and cancer. Using nanotechnology to probe changes in the mechanical
properties of a cell can help reveal its state of health, and may lead to a clearer
and better understanding of the pathophysiology of the disease. The mechanical
properties of diseased cells can also be utilized as a potential biological marker in
the detection and diagnosis of human diseases. In addition, the efficacy of drugs



Nanotechnology and Human Diseases 239

used in the treatment of malaria and cancer can be determined by using some of
the nanotechnological tools highlighted in this article to monitor the change in the
mechanical properties of drug-treated diseased cells. It is hoped that nanotechnol-
ogy can help in the development of new assays and better diagnostic devices that are
highly sensitive in the early detection of diseases, especially when clinical symptoms
are hardly evident.
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Nanomedicine is to apply and further develop nanotechnology to solve problems in
medicine, i.e. to diagnose, treat and prevent diseases at the cellular and molecular level.
This article demonstrates through a full spectrum of proof-of-concept research, from
nanoparticle preparation and characterization, in vitro drug release and cytotoxicity,
to in wivo pharmacokinetics and xenograft model, how nanoparticles of biodegradable
polymers could provide an ideal solution for the problems encountered in the current
regimen of chemotherapy. A system of vitamin E TPGS coated poly(lactic-co-glycolic
acid) (PLGA) nanoparticles is used as an example for paclitaxel formulation as a model
drug. In vitro HT-29 cancer cell viability experiment demonstrated that the paclitaxel
formulated in the nanoparticles could be 5.64 times more effective than Taxol® after
24 hr of treatment. In vivo pharmacokinetics showed that the drug formulated in the
nanoparticles could achieve 3.9 times higher therapeutic effects judged by area-under-
the curve (AUC). One shot can realize sustainable chemotherapy of 168 hr compared with
22 hr for Taxol® at a single 10 mg/kg dose. Xenograft tumor model further confirmed
the advantages of the nanoparticle formulation versus Taxol®.

Keywords: Biomaterials; cancer nanotechnology; chemotherapeutic engineering; mole-
cular imaging; nanobiotechnology.

1. Introduction

Nanomedicine is to apply and further develop nanotechnology to solve problems in
medicine, i.e. to diagnose, treat and prevent diseases at the cellular and molecular
level, which would make many fatal diseases such as cancer, cardiovascular disease
and AIDS curable at its earliest stage. Let us use cancer as an example. Cancer is a
leading cause of death and has become the number 1 killer in many countries includ-
ing Singapore. Cancer is responsible for approximately 25.9% in 2003, 27.1% in 2004
and 26.4% in 2005 of all Singapore fatalities. Moreover, it is estimated that global
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cancer rates could increase by 50% to 15 million patients and Asia cancer rates
could increase by 60% to 7.1 million patients by 2020. In spite of such serious situa-
tion, no substantial progress could be observed before the end of the last century in
fighting cancer. The cancer death rate in US was 1.939%o of the total population in
1950 and still remains at 1.940%o in 2001. Beyond these staggeringly dismal num-
bers, however, recent statistics has found that the cancer-survival rate is actually
increasing for the first time in the past five decades, which led to a slight decrease of
cancer death rate to 1.901%o in 2003 and 158.8%0 in 2004 in US. This may largely
benefited from the significant achievements in cellular and molecular biology, from
which, new cancer-diagnostic and therapeutic techniques have been developed. This
article will focus on cancer chemotherapy to show how Nanomedicine can solve the
problems encountered in the current regimen of chemotherapy.* ¢

Chemotherapy is often related to cancer treatment. Nevertheless, a more gen-
eral definition of chemotherapy could mean “curing disease by drugs” or as given
by Dr Paul Ehrlich, the father of modern chemotherapy, “curing by chemicals”.”
With recent achievements in cellular and molecular biology, nowadays drugs can
also include biologically active macromolecules such as proteins and peptides.
Chemotherapy is thus involved in the entire internal medicine. Chemotherapy is a
complicated procedure in which many factors are involved in determining its success
or failure. It carries a high risk due to drug toxicity, and the more effective drugs tend
to be more toxic. Problems still exist even for successful chemotherapy. The patients
have to tolerate severe side effects and sacrifice their quality of life. Chemotherapy
should become more important and more effective if its problems in pharmacoki-
netics and pharmacodynamics could be solved, which include toxicity of the drugs;
problems in drug adsorption, distribution, metabolism and excretion (ADME); drug
resistance at various physiological levels from organs such as the 1st pass by liver
and kidney, to cells and molecules such as the various physiological drug barriers
including the gastrointestinal (GI) barrier and the blood-brain barrier (BBB). The
problems could be solved by adopting two kinds of approaches: medical solution and
engineering solution. The former is to use other drug or drugs to overcome the com-
plications caused by the prescribed one. A typical example is the co-administration
of cyclosporine A, a P-gp/P450 inhibitor, to make paclitaxel orally bioavailable, i.e.
deliverable into the blood system through the oral route. However, cyclosporine A
suppresses the body immune system and thus may cause severe side effects. More-
over, cyclosporine A has its own problem in formulation. The engineering solution
is to modify the molecular structure of the drug or to formulate the drug in various
carriers such as micelles, liposomes and biodegradable nanoparticles, i.e. “engineer-
ing the drugs”, to deliver the drug across the GI barrier. Feng and Chien recognized
the challenge by applying engineering, especially chemical engineering principles to
solve the problems in chemotherapy and defined the strategy as chemotherapeutic
engineering in 2003. Together with tissue engineering, which will revolutionize the
concept of surgery from “cut and throw the diseased tissue or organ” to “repair
and replace them by biologically engineered tissue or organ”, chemotherapeutic
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engineering will contribute towards 21st century medicine.! US National Cancer
Institute (NCI), National Institute of Health (NIH) and Department of Health &
Human Services jointly published a white paper on cancer nanotechnology in 2004,
which predicted that cancer nanotechnology will radically change the way we diag-
nose, treat and prevent cancer (http://www.nci.org). Nanoparticles of biodegrad-
able polymers could be one of the most prospective areas of chemotherapeutic engi-
neering or cancer nanotechnology, or nanomedicine, and will eventually provide
ideal solutions for cancer and other fatal diseases such as cardiovascular restenosis
and AIDS.276

This article demonstrates through a full spectrum of proof-of-concept research
how nanoparticle technology could provide an ideal solution and with further devel-
opment, promote a new concept of chemotherapy, which may include sustained,
controlled and targeted chemotherapy; personalized chemotherapy; chemotherapy
across various physiological drug barriers; and eventually, chemotherapy at home.
Vitamin E TPGS coated poly(lactic-co-glycolic acid) (PLGA) nanoparticles are
used as an example to formulate paclitaxel as model drug. Drug-loaded nanopar-
ticles are characterized by various state-of-the-art techniques, including laser light
scattering for size and size distribution, scanning electron microscopy (SEM) and
atomic force microscopy (AFM) for surface morphology, X-ray photoelectron spec-
troscopy (XPS) and Fourier transformed infrared spectroscopy (FTIR) for surface
chemistry, and Zeta-potential for surface charge. Drug encapsulation efficiency and
in vitro drug release profile are measured by high performance liquid chromatogra-
phy (HPLC). The cellular uptake of fluorescent nanoparticles is quantitatively inves-
tigated by confocal laser scanning microscopy with Caco-2 cancer cells employed as
in vitro gastrointestinal drug barrier model for oral chemotherapy. In vitro HT-29
cancer cell viability experiment demonstrates that the paclitaxel formulated in
nanoparticles could be 46 times more effective than Taxol® after 24 hr of treat-
ment. In vivo pharmacokinetics showed that the drug formulated in the nanopar-
ticles could achieve 3.9 times higher therapeutic effects judged by area-under-the
curve (AUC) and 23.0 times longer half-life than Taxol®. One shot of vitamin E
TPGS coated PLGA can realize sustainable chemotherapy of 168 hr compared with
22 hr for Taxol® at a single 10 mg/kg dose. Xenograft tumor model confirmed the
advantages of the nanoparticle formulation versus Taxol®.

2. Nanoparticle Preparation and Characterization
2.1. Nanoparticle preparation

Paclitaxel-loaded nanoparticles of biodegradable polymers demonstrated in this
research were prepared by the solvent extraction/evaporation method (single
emulsion).®72° In brief, a dichloromethane (DCM) solution of paclitaxel and poly
(DL-lactide-co-glycolide) (PLGA, 50:50) was slowly poured into an aqueous phase
containing PVA or vitamin E TPGS, and emulsified using a microchip probe soni-
cator (XL2000, Misonix Incorporated, NY). The polymer solution can also contain
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0.05% (w/v) coumarin-6 as fluorescent marker for the cellular uptake experiment.
The resulting oil-in-water emulsion was then stirred at room temperature by a mag-
netic stirrer to evaporate DCM. The formed nanoparticles were collected by centrifu-
gation (5810R, Eppendorf, 10,000 rpm, 15min, 18°C) and washed with Millipore
water 3 times to remove excessive emulsifier or fluorescent marker. The nanoparti-
cle suspension was then freeze-dried (Christ, Alpha-2, Martin Christ, Germany) to
obtain fine powder of nanoparticles, which was kept in a vacuum desiccator.
Other methods used in our Chemotherapeutic Engineering Laboratory at the
National University of Singapore (NUS) for nanoparticle preparation include the

dialysis method, spray dry and high pressure homogenization.?! 24

2.2. Nanoparticle characterization
2.2.1. Particle size and size distribution

The size and size distribution of the formulated nanoparticles can be determined
by laser light scattering with particle size analyzer. 90 Plus (Brookhaven Inst,
Huntsville, NY) was used to measure the particle size and size distribution of the
paclitaxel-loaded, TPGS emulsified PLGA nanoparticles, which is conducted at a
fixed angle of 90° at 25°C. The mean size for the sample shown in Fig. 1 is 288 nm
with standard deviation of 11.67 nm.

2.2.2. Surface morphology

The shape and surface morphology of the produced nanoparticles were investi-
gated by the scanning electron microscopy (SEM, JEOL, JSM-5600 LV) and the
atomic force microscopy (AFM, Multimode Scanning Probe Microscope, Digital

Fig. 1. FESEM images of paclitaxel-loaded PLGA nanoparticles (10% loading) prepared with
vitamin E TPGS as emulsifiers. Reprinted with permission from Ref. 4, (© 2007, Elsevier.
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Instruments). SEM requires a coating of the sample with platinum, which was
performed in an Auto Fine Coater (JEOL, JFC-1300). AFM was conducted with
Nanoscope IIla in the tapping mode. Before observation, the nanoparticles sample
was fixed on a double-sided sticky tape that was stuck onto the standard sample
stand.

Figure 1 shows a SEM image of the paclitaxel-loaded, TPGS-emulsified PLGA
nanoparticles, which are prepared by the single emulsion method. It can be seen
that all nanoparticles were in fine spherical shape with smooth surfaces and without
any aggregation or adhesion.

2.2.3. Surface charge

Surface charge was measured by the Zeta potential analyzer. (Zeta Plus, Brookhaven
Instruments Corporation, Huntsville, NY, USA). The Zeta-potential for the
paclitaxel-loaded, TPGS-emulsified PLGA nanoparticle prepared in this article is
—21.4543.57mV.

2.2.4. Surface chemistry

The X-ray photoelectron spectroscopy (XPS, AXIS His-165 Ultra, Kratos Analyti-
cal, Shimadzu) was utilized for analyzing the surface chemistry of the nanoparticles.
The angle of X-ray used in XPS analysis was 90°. The analyzer was used in fixed
transmission mode with pass energy of 80eV for the survey spectrum covering a
binding energy which ranges from 0 to 1200 eV. Peak curve fitting of the Cls (atomic
orbital 1s of carbon) envelope was performed using the software provided by the
instrument manufacturer.

Figure 2 shows a XPS spectrum of the paclitaxel-loaded, TPGS-emulsified
PLGA nanoparticles, which are prepared by the single emulsion method. The sur-
face property of the nanoparticles exhibits critical effects on their in vitro and in vivo
behavior. There are various analytical techniques for surface analysis of the parti-
cles. The analytical resolution, detection limit and the depth resolution are different.
Among them, SEM, FTIR and ESCA (XPS) are adopted extensively to evaluate
the surface characteristics of powdered drugs in pharmaceutics. The current work
utilized SEM, AFM, XPS and FTIR-PAS to characterize the surface property of
the produced nanoparticles.

2.2.5. Physical status of drug in nanoparticles

The physical status of the paclitaxel inside the nanoparticles was characterized by
the differential scanning calorimetry thermogram analysis (DSC, 2920 Modulated,
Universal V2.6D TA instruments). 8 mg of sample was sealed in standard aluminum
pans with lids. The samples were purged with pure dry nitrogen at a flow rate of
40ml/min. A temperature ramp speed was set at 10°C/min and the heat flow was
recorded from 0 to 250°C. Indium was used as the standard reference material to
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Fig. 2. Surface analysis of paclitaxel-loaded, TPGS-emulsified PLGA nanoparticles by XPS.
Reprinted with permission from Ref. 10, © 2002, Elsevier.

calibrate the temperature and energy scales of the DSC instrument. DSC analysis
of pure paclitaxel was previously carried out to identify the melting point peak.
As a control, the physical mixtures of paclitaxel and placebo nanoparticles of 1%
and 10% paclitaxel proportion were analyzed to observe the change of the melting
endotherm of crystallized paclitaxel in the mixture. Subsequently, the nanoparticles
with 10% loading level of paclitaxel were analyzed as needed by the sensitivity of
the apparatus.

Figure 3 shows the DSC thermogram analysis, which provided qualitative and
quantitative information about the physical status of the drug in the nanoparti-
cles and the control samples, which are the pure drug and the physical mixture
of pure paclitaxel and placebo PLGA nanoparticles. The pure paclitaxel showed
an endothermic peak of melting at 223.0°C (sample 1), which was broadened and
shifted to a lower temperature at about 218.0°C (sample 2) for the 10% paclitaxel—
placebo nanoparticles physical mixture. There was no peak observed at the tem-
perature range of 150-250°C for the placebo nanoparticles and all drug loaded
nanoparticles (samples 3, 4, 5). The DSC study did not detect any crystalline
drug material in the nanoparticles samples. It can thus be concluded that the
paclitaxel formulated in the four batches of nanoparticles was in an amorphous
or disordered-crystalline phase of a molecular dispersion or a solid solution state
in the polymer matrix after the fabrication. Moreover, the glass transition tem-
perature of the polymer PLGA employed in all the four batches of nanoparti-
cles was not influenced obviously by the procedure, which meant that the sur-
factant stabilizer did not influence the thermogram property of polymeric material
significantly.
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Fig. 3. DSC thermograms of (1) 100% paclitaxel; (2) Physical mixture of 10% paclitaxel and
90% PLGA; (3) Paclitaxel loaded nanoparticles with TPGS added in water; (4) Paclitaxel-loaded
nanoparticles TPGS+PVA as emulsifier; (5) Paclitaxel-loaded nanoparticles with TPGS added in
oil. Reprinted with permission from Ref. 5, (©) 2004, Bentham Science.

2.2.6. Drug encapsulation efficiency

The drug encapsulated in the nanoparticles was determined in triplicate by HPLC
(Agilent LC1100). A reverse phase Inertsil® ODS - 3 column (150 x 4.6 mm inner
diameter (i.d.), pore size 5 um, GL Science Inc, Tokyo, Japan) was used. 3mg of
nanoparticles was dissolved in 1ml of DCM and 5 ml of acetonitrile-water (50:50)
was then added. A nitrogen stream was introduced to evaporate the DCM till a
clear solution was obtained. The solution was put into a vial for HPLC to detect
the paclitaxel concentration. The mobile phase consisted of a mixture of acetoni-
trile and water (50:50, v/v), and was delivered at a flow rate of 1.00 ml/min with
a pump (HP 1100 High pressure Gradient Pump). A 100 ul aliquot of the sample
was injected with an autoinjector (HP 1100 Autosampler). The column effluent was
detected at 227 nm with a variable wavelength detector (HP 1100 VWD). The cal-
ibration curve for the quantification of paclitaxel was linear over the range of stan-
dard concentration of paclitaxel at 60-60,000ng/ml with a correlation coefficient of
R? = 1.0. The solvent for calibration is the mixture of acetonitrile and water (50:50,
v/v). As inefficient extraction may exist, a correction of the calculated encapsula-
tion efficiency is needed. The recovery efficiency factor of the extraction procedure
on encapsulation efficiency was determined according to the following method. A
certain weight of pure paclitaxel which was similar to the amount loaded in a cer-
tain amount of nanoparticles and 3.0-5.0mg of placebo nanoparticles or polymer
were dissolved in 1 ml of DCM. 5ml of acetonitrile-water (50:50) was added. The
same extraction procedure as described above was done. The resulted factor was
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100%, which means that about 100% of the original amount of the paclitaxel could
be detected. The encapsulation efficiency of paclitaxel was obtained as the mass
ratio between entrapped amount of paclitaxel in nanoparticles and the drugs used
in the preparation.'°

The drug encapsulation efficiency (EE) for the paclitaxel-loaded, TPGS-
emulsified PLGA nanoparticles prepared in this article is 97.6%. 100% EE could

be achieved by using TPGS as emulsifier, which was shown in our report.'°

2.2.7. In vitro drug release

The release of paclitaxel from the nanoparticles was measured in triplicate in
phosphate-buffered saline, PBS (pH 7.4). 10 mg of paclitaxel-loaded nanoparticles
were suspended in 10ml of buffer solution in a screw capped tubes and placed
in an orbital shaker water bath (GFL-1086, Lee Hung Technical Company, Bukit
Batok Industrial Park A, Singapore), which was maintained at 37°C and shaken
horizontally at 120 rpm. At particular time interval, the tubes were taken out of the
water bath and centrifuged at 8000 rpm for 10 min. The precipitated nanoparticles
were resuspended in 10 ml of fresh buffer before being put back in the shaker bath.
The supernatant was taken for analysis of paclitaxel concentration, which was first
extracted with 1 ml of DCM, followed by adding 3 ml of the mixture of acetonitrile
and water (50:50, v/v), then evaporated until a clear solution was obtained under
a stream of nitrogen. HPLC analysis was then conducted as previously described.
Similar to the measurement of encapsulation efficiency, the extraction procedure
needs to be analyzed for the extraction recovery efficiency due to inefficient extrac-
tion. Similarly, known mass at a certain range of pure paclitaxel was dealt with
the same procedure as mentioned above. The determined factor was 77.5%, which
meant that the obtained extraction solution only contained 77.5% of the original
paclitaxel after all undergoing the related process. The data obtained for analysis
of the in witro release were corrected accordingly.

Figure 4 shows the in wvitro drug release profiles of paclitaxel-loaded PLGA
nanoparticles in PBS. The drug release from the nanoparticles showed a multiphase
behavior in general, which included an initial burst (about 40% in the first day), a
fast zero-order release (about 10% in the 2-5 days), and a slow zero-order release
afterwards. The release sustained for more than one month. It should be pointed
out that the in vivo drug release could be very different from that obtained in the
in vitro experiments, since the environmental condition may have significant effects
on drug release from the nanoparticles.? The in vitro experiments, however, can
provide certain guidance for prediction of the possible effects of the pre-designed
chemotherapy, especially the comparison of different formulations studied under
the same condition. Recently, several groups have designed in wvitro assays that can
better predict in vivo release.26 The in vitro and in vivo drug release kinetics is deter-
mined by the composition and process parameters of the drug-loaded nanoparticles,
which are adjustable to achieve a desired pattern.*
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Fig. 4. The in vitro release curves for paclitaxel-loaded PLGA nanoparticles with PVA and
vitamin E TPGS emulsifiers. Reprinted with permission from Ref. 4, (© 2007, Elsevier.

3. In wvitro Cellular Uptake of Nanoparticles

MCF-7 breast cancer cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal calf serum, 1% penicillin—streptomycin in
atmosphere of 5% COz on the Lab-Tek® chambered cover glass (Nalge Nunc Inter-
national, Naperville, IL, USA), which was maintained at 37°C and 90% relative
humidity for 24hr. The cell monolayer was then incubated for 2hr with a sus-
pension of coumarin-6-loaded, TPGS-emulsified PLGA nanoparticles or the con-
trol TPGS-emulsified PLGA nanoparticles without coumarin-6-encapsulated at the
same 250 ug/ml nanoparticle concentration in the medium. Coumarin-6 was used
as a fluorescent marker for cellular internalization of the host nanoparticles because
of their low leakage rate and high fluorescence activity. Following the removal of
the nanoparticle suspension, the cell monolayers were rinsed thrice with cold PBS
to remove the excess nanoparticles not taken up by the cells. After fixation with
ethanol for 20 min, the cells were washed twice again with PBS. The cell nuclei
were then stained with propidium iodide (PI, 20 ug/ml in PBS) for 40 min and
rinsed with PBS to remove the free dye. The cells were viewed and imaged by using
a confocal laser scanning microscope (CLSM, Zeiss LSM 410, Germany) equipped
with the Fluoview FV300 imaging software. Fluorescein isothiocyanate (FITC) fil-
ter and PI filter were selected to get images for coumarin-6-loaded nanoparticles
and PI-stained nucleus, respectively.

Figure 5 shows the CLSM images of a MCF-7 cell for the FITC (b), PI
(c¢) and combined FITC+PI (a) channels (obtained by using appropriate filters),
respectively, after 2 hr incubation with coumarin-6-loaded, TPGS-emulsified PLGA
nanoparticle at 37°C. The nucleus was stained by PI (red). The uptake of coumarin-
6-loaded nanoparticles (green) in the MCF-7 cell was visualized by overlaying the
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Fig. 5.  MCF-7 cancer cells incubated with coumarin-6-loaded, TPGS-emulsified PLGA nanopar-
ticles for 2 hr: (a) combined FITC+PI channels; (b) FITC channel and (c¢) PI channel. The nanopar-
ticles concentration in the incubation medium was 250 pg/ml and the experiments were conducted
at 37°C in both cases. Reprinted with permission from Ref. 4, (©) 2007, Elsevier.

images obtained through the FITC filter and the PI filter. We also obtained CLSM
images of a MCF-7 cell treated with the placebo (control) TPGS-emulsified PLGA
nanoparticles at the same nanoparticle concentration and in the same period. And
we found that both the cell and the TPGS-emulsified PLGA nanoparticles have
no auto-fluorescence (imaged not shown). It can be observed that the coumarin-6-
loaded nanoparticles (green) were aggregated markedly around the nucleus. Some
have penetrated into the nucleus.

It may be concerned that the fluorescent coumarin-6 markers formulated in the
nanoparticles would have leakage that may affect the result of the cellular uptake
measurement. To address this problem, we have conducted experiment to measure
the in wvitro release of coumarin-6 from the nanoparticles and our results showed
that the leakage for the first 24 hr was less than 5% and thus negligible.!3

4. In wvitro Cytotoxicity

The therapeutic effects of nanoparticle formulation of the drug of interest can be
investigated in wvitro by using various cell lines in close comparison with those of the
original drug. The advantages of in witro cell viability experiment are that various
experimental conditions such as drug concentration, nanoparticles size and surface
coatings, pH and temperature can be easily realized and quantitative results can
be obtained. In witro cell viability investigation can give preliminary evaluation for
screening of the nanoparticle formulations under development although in vitro and
in wvivo correlation has yet to be investigated.

In wvitro cell viability of the therapeutic agent formulated in nanoparticles of
biodegradable polymers can be investigated by using the MTT assay.®'4 In order
to determine the cytotoxic effect of the polymer used to prepare the nanopar-
ticles, the employed cells were also incubated with placebo nanoparticles (with
no drug encapsulated). The effect of different dosage forms of paclitaxel on the
cell viability was assessed by the colorimetric MTT assay. This assay is based on
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Fig. 6. Viability of HT-29 cells indicating effect of the treatment time when incubated with
0.25 pug/ml of paclitaxel in different formulations: Taxol® and vitamin E TPGS-coated PLGA
nanoparticles, for 24, 48, 72 and 96 hr at 37°C. Cell viability was determined by the MTT assay
and expressed as a percentage of the control wells (cells without treatment). Results shown in
this figure represent the mean 4+ standard deviation obtained for two independent experiments
performed with n = 5.

the cellular reductive capacity of living cells to metabolize the yellow tetrazolium
salt, 3-(4,5-dimethylthizaol-2-yl1)-3, 5-diphenyl tetrazolium bromide (MTT), to a
chromophore, formazan product, whose absorbance can be determined by spec-
trophotometric measurement by a microplate reader. Technical details are refereed
to our earlier publications.® !4

Figure 6 shows the viability of HT-29 cells, a colon cancer cell line, incubated
with placebo TPGS-coated PLGA nanoparticles, paclitaxel-loaded, TPGS-coated
PLGA nanoparticles, and Taxol® at the same 0.25 ug/ml paclitaxel concentration
for 24, 48, 72 and 96 hr at 37°C, respectively. It can be seen that the mortality of
the HT-29 cells after 24 and 96 hr incubation are 1.88 and 7.13% for the placebo
PLGA nanoparticle (which means that the materials used for nanoparticle prepa-
ration are biocompatible); 3.19 and 33.5% for paclitaxel formulated in its current
clinical dosage form Taxol®, and 18.0 and 48.6% for paclitaxel formulated in the
TPGS-emulsified PLGA nanoparticles, respectively at the same 0.25 pug/ml pacli-
taxel concentration in the medium at 37°C. This means the nanoparticle formulation
can be 5.64 and 1.45 times more effective than Taxol® for 24 and 96 hr, respectively
after the administration. The results should be even better if we take into account
the sustainable drug release feature of the nanoparticle formulation. It can be seen
from Fig. 5 that only 24.4 and 27.7% of the drug encapsulated in the nanoparticles
were released into the medium and thus available to treat the cancer cells after
24 and 96 hr, respectively. Since 24.4 and 27.7% of the drug encapsulated in the
nanoparticles can achieve 5.64 and 1.45 times of the mortality effects of 100% pacli-
taxel in the Taxol® formulation, the effectiveness of 100% drug in the nanoparticle
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formulation would have been 46.2 and 10.5 times higher than that of Taxol® if
evaluated in 24 and 96 hr, respectively.

The analysis of IC50, which is defined as the drug concentration needed to kill
50% of the cancer cells at a given period, confirmed such results since both of
mortality of the cells and IC50 of the drug represent the effectiveness of the raw
drug and the drug formulated in the nanoparticles (data not shown).

5. In Vivo Pharmacokinetics

The animal experiment protocols of this research were approved by the Institu-
tional Animal Care and Use Committees (IACUC, Protocol no: 802/05), Office of
Life Science, NUS. The in vivo PK of paclitaxel formulated as Taxol® or in our
TPGS-emulsified PLGA nanoparticles were measured in male Sprague-Dawley rats
(180200 gm and 4-5 week old) supplied by the Laboratory Animals Center of Sin-
gapore and maintained at the Animal Holding Unit of NUS. Throughout the exper-
iment, the animals were housed, four or five per cage, in standard cages, which were
maintained at 22+2°C and 50-60% relative humidity under a 12-hr light/12-hr dark
cycle. The animals were kept in these facilities for at least 5 days before the experi-
ments. During the experiments, the animals were randomly assigned to two groups
of three rats each. Group 1 received an intravenous (i.v.) injection of paclitaxel-
loaded TPGS-emulsified PLGA nanoparticles and Group 2 received an injection of
Taxol®. The paclitaxel-loaded nanoparticles and Taxol® were dispersed or diluted
with saline and administrated through the tail vein at the same paclitaxel dose
of 10mg/kg body weight. All animals were observed for their general condition,
clinical signs and mortality.

For Group 1, blood samples were collected at 0 (pre-dose), 1, 2, 4, 8, 10 and
24 hr, and then every 24 hr until 168 hr post-treatment. For Group 2, blood samples
were collected at 0 (pre-dose), 0.25, 0.5, 1, 2, 4, 8, 12 and 24 hr after administration
of the drug. Plasma samples were harvested by centrifugation at 1500 x g for 10 min
and stored at —20°C for HPLC or LC/MS/MS analysis. Liquid-liquid extraction
was performed prior to analysis. The in vivo PK of Taxol® and the TPGS-emulsified
PLGA nanoparticle formulation is expressed in plots of the plasma drug concentra-
tion vs. time. The two key parameters for representation of therapeutic effects are
AUC (“area under the curve” of plasma drug concentration vs. time) and the sus-
tainable therapeutic time, i.e. the time at which the plasma paclitaxel concentration
dropped below the minimum effective level (43ng/ml).2”

Figure 7 shows the plasma concentration—time profiles of paclitaxel formulated
in Taxol® (10mg/kg) and the TPGS-emulsified PLGA nanoparticles (10 mg/kg
as well as 40mg/kg) after i.v. administration to SD rats. The concentrations
between the maximum-tolerable level (8,540 ng/ml) and the minimum-effective level
(43ng/ml) show the therapeutic window of the drug. We found that the AUC was
35,470ng-hr/ml and for Taxol® and 27,200ng-hr/ml for the nanoparticle formu-
lation. Although Taxol® had a larger AUC, its PK was not as favorable as that
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Fig. 7. The concentration-time curves of paclitaxel in rat after intravenous administration of
10 mg/ml and 40 mg/ml of vitamin E TPGS-emulsified nanoparticles. Reprinted with permission
from Ref. 4, © 2007, Elsevier.

of the nanoparticles formulation. For Taxol®, of the 35,500 ng-hr/ml total AUC,
6,130 ng-hr/ml (17.3%) is located above the maximum tolerance level (8,540 ng/ml
for paclitaxel), which would cause serious side effects. One of the advantages of the
nanoparticle formulation is that it should cause much less side effects than Taxol®,
which are evidenced by little AUC above the maximum tolerance drug level in the
plasma.

The sustainable therapeutic time at which the plasma drug concentration
dropped below the minimum effective level, was less than 22.2 hr for Taxol®, which
means that one shot of the therapy lasted less than 22.2 hr. Instead, the sustainable
therapeutic time for one shot of the TPGS-emulsified PLGA nanoparticle formula-
tion at the same 10 mg/kg dose was almost 168 hr (i.e. 7 days), which is 7.6 times
longer than that of Taxol®. The sustainability of a dosage form can also be evalu-
ated from the half-life of the plasma drug concentration. The half-life for 10 mg/kg
dose of Taxol® was 0.830hr (50'), while it was 16.8 hr for the nanoparticle formu-
lation, which is 20 times longer. This extension of the half-life of the nanoparticle
formulation vs. Taxol® can achieve a much higher therapeutic efficacy.

Since the paclitaxel-loaded nanoparticles have the features of sustained and
controlled drug release, we tested whether the nanoparticle formulation can pro-
vide higher dose tolerance than Taxol®. As shown in Fig. 8, an increase of the
dosage of i.v. injection of the TPGS-emulsified PLGA nanoparticle formulation to
40mg/kg yielded a total AUC of 111,540ng-hr/ml with no portion of the curve
located above the maximum tolerance level; this AUC is approximately three times
that for 10mg/keg dose of Taxol® and four times that for 10mg/kg dose of the
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nanoparticle formulation. Furthermore, all rats receiving Taxol® at doses higher
than 20 mg/kg showed apathy and died after ~1hr, whereas neither apathy nor
death was observed for the animals receiving 40 mg/kg dose of the nanoparticle for-
mulation. Thus, the nanoparticle formulation significantly increased the drug tol-
erance of the animals. These results suggest that sustainable chemotherapy of one
shot for more than 7 days may be feasible for human patients by the nanoparticle
formulation.

6. Xenograft Model

Tumor was induced by injection of 3 x 106 C6 cancer cells into the right flank of
severely combined immuno-deficient (SCID) mice, that were aged 6-8 weeks and
weighing above 200 g. Tumor nodules were allowed to grow to a noticeable volume
(16 days after injection in this case) prior to initiation of the treatment, which was
carried out by intratumoral injection of either the nanoparticles suspension or Taxol
at the same 10 mg/ml dose. Tumor size was then measured day by day.

Figure 8 shows the changes in the size of C6 tumor nodules after intratu-
moral administration of saline, paclitaxel formulated in Taxol® and our paclitaxel-
loaded TPGS-emulsified PLGA nanoparticles formulation on day 11, 16 and 21 at
the same 10mg/kg dose (mean + SD,n = 5,p = 0.05). It can be seen from this
figure that the tumors of the animal in Group 1 (control) had ~10 and 29 times
volume growth on day 21 and 31 without drug treatment. With three intratumoral
injections of 10mg/kg dose of paclitaxel formulated in Taxol® or in the nanopar-
ticles drug treatment on day 11, 16 and 21, the tumors of the animal in Group 2
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Fig. 8. Changes in the size of C6 tumor nodules after intratumoral injections on day 11, 16 and 21
with saline, Taxol and paclitaxel formulated in TPGS-emulsified PLGA nanoparticles at the same
10 mg/kg dose (mean &+ SD,n = 5,p = 0.05). Reprinted with permission from Ref. 4, © 2007,
Elsevier.
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had ~6 and 1.9 times volume growth and in comparison, those of the animal in
Group 3 had only 1.5 and 1.25 times volume growth on day 21 and 31, respectively,
which means that our nanoparticle formulation could be 4 times and 1.5 times more
effective than Taxol® in suppressing tumor growth.

7. Conclusions

This article demonstrates a typical example of nanomedicine by using a full spec-
trum of proof-of-concept experiments, from nanoparticle formulation and charac-
terization, in wvitro drug release and cellular uptake, to in vivo pharmacokinetics and
xenograft tumor model, to show how nanoparticles of biodegradable polymers could
be developed to formulate anticancer drugs with no poisonous adjuvant (such as cre-
mophor EL for Taxol®) as well as to realize a sustained and controlled chemother-
apy. Our in vitro and in vivo experiments both showed that paclitaxel formulated in
the TPGS-emulsified PLGA nanoparticles could result in a much higher therapeutic
index (i.e. AUC) and a much longer sustainable therapeutic time (i.e. the half-life
of the drug in the plasma) with much lesser side effects in comparison with Taxol®.
Moreover, the nanoparticle formulation can significantly increase the tolerance of
the animals to the drug. Scientifically, our in vivo experiments have provided quanti-
tative physical evidence that nanoparticles of sufficiently small size and appropriate
surface coating (e.g. the TPGS-emulsified PLGA nanoparticles of 100-300nm in
diameter) can avoid elimination by the RES. Xenograft model investigation fur-
ther confirmed the advantages of our nanoparticle formulation of paclitaxel versus
Taxol®. Paclitaxel was used in this study as a prototype drug. The nanoparticle
technology developed in our research should be applicable for any other drug, either
hydrophobic or hydrophilic. Moreover, nanoparticles can be conjugated to molec-
ular probes for targeted delivery of diagnostic and therapeutic agents for cancer
detection and treatment, which will make cancer curable at its earliest possible
stage.282% Also, nanoparticles of biodegradable polymers can be applied for safe
and efficient delivery of biological macromolecules such as proteins and peptides.3°

There have been two main concerns on nanotechnology for biomedical applica-
tions: feasibility and safety. Can the nanoparticles stay in the blood system to per-
form their function? Would they be recognized by our body defense system and thus
be eliminated from the body? If the answer is positive, what could be the impact of
the nanoparticles on health? Our research addressed the first concern. Scientifically,
we showed that nanoparticles of small enough size and appropriate surface coating
could escape from elimination by the reticuloendothelial system and thus realize sus-
tained and controlled chemotherapy. With regard to safety, it is difficult to prove any
product is absolutely safe. Nevertheless, when we say nanoparticles, more than 90%
of them are non-degradable nanoparticles such as metal and inorganic nanoparti-
cles, which are most likely incompatible. Our nanoparticles are degradable and the
degradation rate can be controlled. The nanoparticles of biodegradable polymers
are thus less harmful than other nanoparticles.
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