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were processed using “Biosuplar-2” software (version 2.2.30) on a PC comput-
er. The experimental SPR reflectance curves of the polymer film were fitted
with the full Fresnel equations in the six-phase model using the Nelder-Mead al-
gorithm of minimization [36]. Cyclic voltammetry and constant potential elec-
trolysis experiments were performed using an electrochemical analyzer
(EG&G, VersaStat) linked to a computer (EG&G software #270/250). An open
electrochemical cell (230 pL) enabled the easy and rapid removal and exchange
of solution above the polymer films. Argon was passed through the funnel
placed above the open cell to create an inert atmosphere. Glass supports (TF-1
glass, 20 mm x 20 mm) coated with a Cr sublayer (5 nm) and polycrystalline
Au layer (50 nm) supplied by Analytical-uSystem, Germany, were used for the
in-situ electrochemical/SPR measurements [37,38]. The Au-coated glass plate
was used as a working electrode (1.5 cm? area exposed to the solution), an aux-
iliary Pt and a quasi-reference Ag electrode were made from wires 0.5 mm in
diameter and added to the cell. The Ag-quasi-reference electrode was calibrat-
ed [39] by referencing to the potential of dimethylviologen, E°=-0.687 V vs.
SCE, measured by cyclic voltammetry, and the potentials are reported vs. SCE.
The SPR-reflectance curves and their time-dependent changes were measured
in situ upon application of an external potential to the working electrode.

A polyacrylic acid film was electrochemically produced on the Au-SPR elec-
trode [25-27]. The electropolymerization was performed in an aqueous solution
composed of acrylic acid, 2 M, bis-acrylamide, 0.04 M, and ZnCl,, 0.2 M
(pH 7.0 adjusted with NaOH). The electrode was preconditioned at the poten-
tial of 1.5 V for 10 s, then five potential cycles were applied between —1.5 V
and 0.1 V (50 mV's™) and the cycling was finished at a potential of 0.1 V. The
polyacrylic acid modified electrode was treated with HCI, 0.1 M, for 2 min to
ensure complete dissolution of Zn produced upon polymerization, the elec-
trode was carefully washed with distilled water to remove excess monomer and
Zn”* jons, and subsequently treated with CuSOy solution, 0.2 M, for 30 min.
The CuSO, solution was removed from the cell and the polymeric film, saturat-
ed with Cu®* ions, was washed with water and 0.1 M tris-buffer (tris = tris(hy-
droxymethyl)aminomethane), pH 5.5, and was added to the cell as electrolyte
solution.

The potential-controlled absorption features of the Cu’/Cu*"/PAA-modified
Au electrode were measured with a Uvikon 860 (Kontron) spectrophotometer
using a spectroelectrochemical cell composed of a cuvette with the modified
working electrode, a Pt counter electrode, and Ag quasi-reference electrode
connected to the potentiostat.
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Approaching Nanoxerography: The Use
of Electrostatic Forces to Position Nanoparticles
with 100 nm Scale Resolution

By Heiko O. Jacobs,* Stephen A. Campbell,
and Michael G. Steward

This article reports the directed parallel self-assembly of
nanoparticles onto charged surface areas. The charged surface
areas were fabricated using a parallel method that employs a
flexible, electrically conductive, stamp. The conductive stamp
was brought into contact with an 80 nm thick film of poly-
(methylmethacrylate) (PMMA) supported on n-doped silicon.
A voltage pulse between the stamp and the silicon was used to
pattern charge in the PMMA thin film electret. Areas as large
as 1 cm® were patterned with charge at a resolution better
than 150 nm in 10 s. These charge patterns attract nanoparti-
cles. The directed self-assembly of nanoparticles from a pow-
der, gas phase (aerosol), and liquid phase (suspension) onto
high-resolution charge patterns is demonstrated. The accom-
plished resolution is 800 nm, which is two orders of magnitude
higher than what is achieved by today’s xerographic printers.

Nanoparticles can provide a variety of functions and are
considered as building blocks of future nanotechnological de-
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vices. The ability to assemble nanoparticles in two and three
dimensions will enable the fabrication of quantum-effect-
based devices. Examples of such devices are single-electron
transistors,' ™ quantum-effect-based lasers,!**! photonic band-
gap materials, filters, waveguides,[&s] and high-density data
storage.[9'11] The use of nanoparticles as building blocks, how-
ever, requires novel assembling strategies. Most actively stud-
ied approaches include: i) single particle manipulation,>!216]
ii) random particle deposition,"”! and iii) parallel particle
assembly-based on self-assembly.2*24!

Single-particle manipulation and random particle deposi-
tion are useful to fabricate and explore new device architec-
tures. However, inherent disadvantages such as the lag in
yield and speed will have to be overcome in the future to en-
able the manufacturing of nanotechnological devices. Fabrica-
tion strategies that rely on mechanisms of self—assembly[6’8’25]
may overcome these difficulties. Self-assembly is well known
in chemistry and biology, can handle extremely small objects,
and is massively parallel, processing large numbers of compo-
nents simultaneously. The self-assembly occurs due to forces
between the objects themselves. We and others have begun to
use self-assembly to assemble nanoparticles onto substrates.
Current areas of intense investigation use protein recogni-
tion,”*? DNA hybridization,?****!l hydrophobicity/hydro-
philicity,*>** and magnetic interactions.!'*!12*!

In our own research in this area, we focus on electrostatic
interaction because it is long-range and non-material specific
(any particle can be trapped).[34] Xerography is the most es-
tablished example of a printing technique that uses electro-
static force to pattern particles. In xerography, a charge pat-
tern on an appropriate carrier (electret) is used to capture
small pigment particles to form an image. The resolution
achieved in xerography is about 100 pwm .8

In 1988 Stern et al. demonstrated that a modified atomic
force microscope can be used to generate and image charge
patterns with ~150 nm resolution.®” Since then most of the
work, including our own, focused on using trapped charges
for high-density data storage.*?! In 1998 Wright and Chet-
wynd suggested that such high-resolution charge patterns
could be used as templates for self-assembly and as nucleation
sites for molecules and small particles.!*’! This type of “nanox-
erography” has not yet been realized, since high-resolution
patterns of charges, extending over large areas, in large quan-
tities, have not been available. The main difficulty is that the
fabrication of such charge patterns has been time consuming:
the fastest scanning probe-based system needs 1.5 days to pat-
tern an area of 1 cm”.*? Multiple tips working in parallel have
been suggested.** ! It would, however, be more preferable
to pattern trapped charges in a single step.

To overcome the lag in speed we recently developed a par-
allel printing process to pattern charges with ~ 100 nm resolu-
tion.**! The process uses a flexible, micro-patterned electrode
to pattern an electret thin film in a parallel process by inject-
ing and trapping charges over areas of ~1 cm? in 10 s. Instead
of using a single point contact, we use a conductive flexible
stamp to form multiple electric contacts of different size and
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shape to expose the entire surface in a single step. This pat-
terning approach opens up the route to nanoxerography since
it allows the fabrication of charge patterns over large areas in
large quantities. Many chips carrying high-resolution charge
patterns can be fabricated within an hour, which enables us to
study the assembly of different species, inorganic particles, or
organic molecules onto charged areas in reasonable time-
frames.

In this study, we report on recent improvements in the
printing apparatus and demonstrate the use of trapped charge
to pattern inorganic nanoparticles from a powder, gas phase
(aerosol), and liquid phase (suspension). In each of these
cases, the nanoparticles assemble onto the charged areas. In
our experiments we achieved a resolution of ~1 um, which is
~100 times better than the resolution of xerographic cop-
iers.P338

The process to pattern charge is illustrated in Figure 1. A
silicon chip coated with a thin film electret was placed on top
of a flexible conductive stamp. The stamp forms multiple elec-
tric contacts of different size and shape to the rigid surface
and was used to electrically expose the selected surface areas.
The stamp was poly(dimethylsiloxane) (PDMS), patterned in
bas relief using procedures described before;*"! it was ~5 mm
thick and supported on a copper plate. The patterned surface
of the PDMS stamp was made electrically conducting by ther-

a) % conductive support (SI) |

flexible stamp

| conductive suppart (Cu)

& =-
- = a my PMMA

Fig. 1. Principle of parallel charge patterning. a) A thin film of PMMA support-
ed on a doped, electrically conducting Si chip is placed on top of a flexible,
gold-coated stamp that is supported on a copper plate. b) A needle, attached to
a micromanipulator and connected to an electrometer is brought into contact
with the silicon chip. An external voltage is applied between the needle and the
copper support to generate a pattern of charge in the PMMA. c) The silicon
chip is removed with the PMMA carrying a charge pattern.

Adv. Mater. 2002, 14, No. 21, November 4



mal evaporation of 80 nm of gold onto it. Thermal expansion
of the PDMS stamps during the evaporation can cause the
metal coating to buckle on cooling.!**! To prevent buckling due
to thermal expansion and contraction of the PDMS stamp, we
used eight successive evaporation cycles each 1 min long, with
4 min waiting periods in between for cooling. The copper
plates supporting the PDMS stamps were mounted 15 cm
away from the metal source in our resistive thermal evapora-
tor (TSH 180H, Pfeiffer/Balzers, Germany). To electrically
connect the stamp with the copper plate, we applied InGa
(a liquid metal alloy, Aldrich) onto the side walls of the stamp
and at the interface between the stamp and the copper plate.

The charge storage medium was poly(methylmethacrylate)
(PMMA, an 80 nm film, on a silicon wafer); PMMA is com-
mercially available, and is an electret with good charge stor-
age capabilities.[49] We used a 2 % solution of 950 K PMMA
in chlorobenzene (MicroChem Co.) and spin coating at
5000 rpm, to form the film on the wafer. The wafers were
<100> n-doped silicon with a resistivity of 3 Qcm that we
cleaned in 1 % solution of hydrofluoric acid to remove the na-
tive oxide prior spin coating. The spin-coated PMMA was
baked at 90 °C for 1 h under vacuum. The wafer was cut into
1 cm? squares. To contact the chips electrically we spread lig-
uid InGa onto the back side of the chip.

We used a metallic needle that is attached to a micromani-
pulator to contact the liquid InGa on the backside of the chip.
Upon contact the InGa wets the needle and forms a low resis-
tance electrical contact. To generate a pattern of trapped
charge, we applied an external potential for (1-10 seconds)
between the needle and the copper plate. During the exposure
we monitored the electric current that followed through the
junction and adjusted the voltage (10-30 V) to get
~10 mA ecm ™ exposure current. To lift off the chip after expo-
sure, we made use of the surface tension of the liquid InGa
that forms a bond between the silicon and the metallic needle.
This bond typically allows us to lift off the chip by retracting
the needle using the micromanipulator. In some cases the use
of tweezers was required. After lift off, we characterized the
charge patterns using Kelvin probe force microscopy
(KFM).[SO] KFM uses the probe of an atomic force microscope
(AFM) to detect electrostatic forces. We developed a KFM
procedure that enables us to measure the charge and surface
potential distribution with 100 nm scale resolution.>%>3

To assemble nanoparticles onto charged areas, we investi-
gated three different procedures (Fig. 2). In the first proce-
dure, we dipped PMMA-coated chips carrying a charged pat-
tern into dry powders of nanoparticles and developed the
pattern by blowing away the loosely held material in a stream
of dry nitrogen. In the second procedure, we exposed chips
carrying a charge pattern to a cloud of nanoparticles. The par-
ticle cloud was formed inside a cylindrical glass chamber
(10 cm in diameter and 5 cm high) using a fan to mix the
nanoparticles with the surrounding gas (air or nitrogen). A la-
ser pointer was used to visualize (due to scattering of light)
the suspended nanoparticles in the chamber. This particular
experiment was used to test whether nanoparticles can be
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b) ___ assembly form
__ the gas phase

Fig. 2. Illustrations of three different assembly principles. a) The charged chip is
immersed into nanoparticle powder. b) The charged chip is exposed to nano-
particles that are suspended in the gas phase. ¢) The silicon chip is immersed
into a solution that contains nanoparticles that are agitated using an ultrasonic
bath.

assembled onto charged areas directly from the gas phase. In
the third procedure, we used a liquid suspension of nanoparti-
cles. As a solvent we used perfluorodecalin (#601, Sigma-Al-
drich, USA), which is a non-polar solvent with a relative di-
electric constant of 1.8. To agitate the nanoparticles, we used
an ultrasonic bath (Branson 3510, DanBury, CT). In our ex-
periments we used commercially available carbon toner, red
iron oxide particles, and graphitized carbon particles.*"!

Figure 3 illustrates several representative patterns of local-
ized charge in PMMA that were recorded by KFM. Figure 3a
shows the surface potential for a surface patterned in a way
that simulates high-density data storage (full width at half max-
imum (FWHM) < 150 nm, density =5 Gbits cm ™). The bits are
randomly distributed. To write this charge pattern, we exposed
the PMMA film with a current density of 20 mA cm™ for 10 s
with the metal-coated stamp positive. Figures 3b and 3c show
1 um sized charged dots and 200 nm (FWHM) wide parallel
lines that were written with a current density of 13 mA cm™
for 10 s and 30 mA cm™ for 2 s. The illustrated patterns are
representative of those observed over large areas. For the sam-
ple illustrated in Figure 3c we have noticed variations in the
detected surface potential difference across the surface of the
chip. The origin of the variations has not yet been character-
ized. With clean surfaces and new stamps we are typically able
to pattern charge over areas of 1 cm?. The smallest charge pat-
terns we have generated are about 150 nm in size. At these
scales, the transfer function of the Kelvin probe limits the reso-
lution and the patterns are not well resolved.P? 1t is important
to notice that the amplitudes of the detected potential differ-
ence between charged areas and uncharged areas for different
samples can not be compared directly. The recorded amplitude
depends on the exposure conditions, the size and shape of the
charged areas, the condition of the AFM tips, and the sensitiv-
ity of the Kelvin probe. These parameters are difficult to keep
constant between measurements.
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Fig. 3. Kelvin probe force microscopy images of patterns of positive charge.
a) Surface potential distribution of a test pattern of high density data storage
with <150 nm-sized bits (FWHM). The pattern was generated using a stamp
carrying 150 nm wide circular posts that were 90 nm high. b) Surface potential
images of positively charged dots 1 um in diameter that were generated using
circular posts that were 1.4 um high. c) Surface potential image of 220 nm
(FWHM) positively charged parallel lines generated using a stamp carrying
1 um wide parallel lines that were 900 nm apart, and that were slightly higher
at the edge than in the center.

Figure 4 shows representative images of charged based
printing using particles from a powder, gas, and liquid phase.
The images show patterns of carbon toner (~25 um), red iron
oxide (<500 nm), and graphitized carbon (~80 nm) that are
trapped at charged areas on PMMA. The resolution achieved
was ~60 um for Xerox toner from a powder, ~1 um for red
iron oxide particles from a powder, ~1 um for red iron oxide
particles from the gas phase, and ~ 800 nm for graphitized car-
bon from a suspension in perfluorodecalin.

We have not yet determined the actual charge on these par-
ticles. In the presented results the different particles were
trapped with positive charge patterns. However, we found
that the same particles can be trapped with negative charge
patterns as well. This phenomenon suggests that the assembly
process is dominated by a real charge-induced dipole interac-
tion; i.e., trapped charge in the thin film electret induce a di-
pole on the particle causing an attractive net force between a
polarizable particle and a charged surface area. It is quite re-
markable that the trapped charges in the 80 nm thin PMMA
film exhibit a sufficient electrostatic force to direct the assem-
bly of the almost three orders of magnitude larger toner parti-
cles using the powder method.
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vk
SRR

Fig. 4. Optical microscope images of different particles that were assembled
from a powder, gas, and liquid phase. a) 60 um wide parallel lines of toner parti-
cles, ~25 um in size, assembled from a powder. b) 1 um wide parallel lines of
red iron oxide particles, <500 nm in size, assembled from a powder. ¢) 1 um
wide parallel lines of red iron oxide particles, <500 nm in size, assembled from
the gas phase. d) 800 nm wide parallel lines of graphitized carbon particles,
<100 nm in size, assembled from a liquid phase. In this demonstration, all parti-
cles were trapped with positive charge. It was also possible to trap nanoparticles
at negative charge patterns.

We demonstrated the directed parallel self-assembly of
nanoparticles onto charged surface areas with sub-micrometer
resolution. We developed a parallel charge patterning strategy
that extends previous serial techniques®“*? for patterning
charge into a parallel method and provides the only parallel
method now available for patterning charge in electrets with
~100 nm resolution. So far there are many open questions on
this patterning process. For example we do not understand the
nature of the contact on a molecular level, and the physical
nature and location of the trapped charge in the PMMA.
However, these charge patterns allow the assembly of parti-
cles out of different materials with dimensions ranging from
80 nm-30 wm. The accomplished 800 nm resolution for the
80 nm sized graphite particles is around two orders of magni-
tude higher than that achieved in traditional xerographic
printing. Since it is possible to pattern charge in parallel with
~100 nm resolution, higher resolution for the directed self-as-
sembly of nanoparticles might be possible. The evaluation of
whether electrostatically directed self-assembly of nanoparti-
cles can be used to assemble nanoparticle based devices will
require a number of fundamental studies. For example it is
not clear what the ultimate resolution limit of patterned
charge is and what experimental conditions are best to
achieve particle assembly at charge surface areas. We expect
that the assembly process depends on the actual charge on the
particle, the electric polarizability of the particle, the thermal
energy of the particle, the electric field strength at the
substrate surface, the van der Waals interaction between the
particles and substrate surface, the suspending medium, and
the pressure.
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Controllable Fabrication of Aligned Carbon
Nanotubes: Selective Position and Different
Lengths**

By Xianbao Wang, Yunqi Liu,* Ping’an Hu, Gui Yu,
Kai Xiao, and Daoben Zhu*

The selective positioning and fabrication of aligned carbon
nanotubes!'! (CNTs) is particularly important for preparing
functional devices such as field emission flat panel displays'*”!
and vacuum microelectronic sources,®® as well as for the
development of novel devices. Most of these applications will
require a fabrication method capable of producing nanotube
alignments or patterns with uniform structures and periodic
arrangements in order to meet device requirements. Earlier
attempts to manipulate nanotubes for these applications have
been made by post-growth methods, such as cutting a polymer
resin-nanotube composite,”’ or by drawing a nanotube—etha-
nol suspension through a ceramic filter.'”) Recently, consider-
able progress has been made in the fabrication of 2D nano-
tube alignments, or patterns, using advanced lithographic
techniques (for example, photolithography[n‘l}] and electron
beam lithography),'*! micro-contact printing (uWCP),'>"! and
shadow masking.[*!¥l Patterns prepared in advance can be
used to control the architecture of a CNT by acting as either a
promoter or inhibitor of the nanotubes’ growth. As for the
former, #2117 aligned nanotubes have been grown only in
the patterns where catalyst is present: no nanotubes grew on
the bare substrate surface. However, for the latter,[“’16’18]
nanotubes have been grown on the bare quartz plate, whereas
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