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This letter reports on the electrostatic driven self-assembly of nanoparticles onto charged surface
areas(receptors from the gas phase for nanoparticle based device fabrication. The charged areas
were generated by a parallel technique that uses a flexible, conductive electrode to pattern electrons
and holes in a thin film electret. Samples, 1%dmsize, were patterned with charge in 10 s with 100

nm scale resolution. Charge based receptors, 100 1d@® nm in size, contained 100 elementary
charges. A transparent particle assembly module was designed to direct and monitor the assembly
of metallic nanoparticles at a resolution of 100 nm, which-i8 orders of magnitude greater than

the resolution of existing xerographic printers. Z003 American Institute of Physics.

[DOI: 10.1063/1.1637143

Nanoparticles are considered the building blocks of fu-of 10—-200 nm sized metallic nanoparticles. The resolution of
ture nanotechnological devices. Nanopatrticles are typicallyhis nanoxerographic process is 100 nm, which is
created in the gas or liquid phase. Silicon nanoparticles gen=1000 times higher than the resolution accomplished using
erated by silane pyrolysis or electrochemical reaction ofraditional xerographic printefS;?*and 5 times higher than
hydrogen—fluoride with hydrogen—peroxide are used forour previously reported results.
nonvolatile memorie$, lasers> and biological markers. The electric nanocontact printing process to generate
Evaporated gold, indium? and ion sputtered aluminin charge patterns is illustrated in Fig. 1. In our experiments we
nanoparticles are used for single electron transistors; an@sted two different flexible electrodes to accomplish charge
electron beam evaporated gold and silver particles are usdtgnsfer. The first electrode prototype was made out of a 5
for plasmonic waveguides.The use of nanoparticles as MM thick poly{dimethylsiloxang (PDMS) stamp that was
building blocks, regardless of the application, requires ne\,\fgbricated from a silicon mold defined bye-beam
assembling strategies. Most actively studied approaches ifjfhography>> The second electrode prototype was made
clude: (i) single particle manipulatiof i) random particle ~from a 2 in. in diameter, 1qum thick, n-doped silicon wafer

depositior® and (iii) parallel particle assembly, based on (Virginia %emicondgcto_ljs patterned by  phase-shift
self-assembl§ lithography?® and etching in a 98% Gf 2% O, plasma and

The use of high resolution charge patterns to direct théupported on a Au coated flat slab of PDMS. The electrodes

assembly of nanoparticles was first proposed by Wright an<ff"’,mi9(.j a topogrgphical relief pattern including 100-300 nm
Chetwynd in 19984 Since then, several serial charge- wide lines and rings that were:300 and 150 nm deep, re-

patterning processes have been explored to enable the po%EeCt'Vely' The PDMS stamp was qoated with a 60 nm t.h'Ck
L 151719 cen . ayer of gold by thermal evaporation to provide electrical
tioning of nanoparticle$’ Serial techniques, however,

. . conductivity. The thin silicon electrode is sufficiently con-
remain slow—the fastest scanning probe-based system neeg%

1.5 days to pattermn an area of 1281 As a new direction, uctive and does not require a metal coating. As charge stor-

we have developed a parallel charge patterning proétess age medium we used a 60 nm thick film of PMMA 00

bli hi intirfd. Th inting techni silicon wafers with a resistivity of ) cm. The film was
aoling nanoxerographic printing. '€ printing technique, ¢4 by spin coating a 2% solution of 950(RMMA) in

referred to as electric nanocontact printing, generates a
charge pattern based on the same physical principles used in
scanning probes but forms multiple electric nanocontacts of
different size and shape to transfer charge in a single step.
With this method, we demonstrated patterning of charge with
100 nm scale resolution and transfer of 50 nm to /2@
sized particles including iron oxide, graphitized carbon, iron
beads, and Xerox toner from a powder, gas, and liquid
phase®2! Others that adopted our technique have also dem-
onstrated the assembly of gold nanoparticles from an copperplte |

aerosoP? - . . . . .
. . . FIG. 1. Principle of parallel charge patterning: A silicon chip carrying a thin

In this letter we demonstrate charge patterning usingiim electret is placed on top of a flexible electrode supported by PDMS on
flexible thin silicon electrodes and nanoxerographic printinga copper plate. A needle, attached to a micromanipulator is used to form an
electric contact to the backside of the silicon chip. An external voltage is
used to transfer a pattern of charge into the electret material at the areas of
dAuthor to whom correspondence should be addressed; electronic maitontact. The silicon chip is removed with the electret carrying a charge

hjacobs@ece.umn.edu pattern.
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FIG. 3. Kelvin probe force microscopy images of patterns of positive charge
(left) in PMMA and corresponding atomic force microscope images of the
o o topography of the electrode structur@ight) used to generate the charge
FIG. 2. Principle of nanoxerographic printing from the gas phéseThe patternsi(a) surface potential image of 300 nfRWHM) positively charged
directed assembly of the nanoparticles occurs in the particle assembly mo‘ﬁ)arallel lines generated using a thin silicon electrat;surface potential

ule. An external potentialqc, applied to the top electode directs incoming jmage of 150 nm wide positively charged rings generated using a PDMS
nanoparticles to the charged sample surface. The electrometer measures Hjgcirode.

amount of assembled, charged particles during the assembly pr@zeas.
constant flow of nanoparticles is generated by evaporation of matter in the

g“ebnesgt‘i;“nace' transport of the atoms to the outlet by thegd, and con-  oarged particles. As a result, the electrometer measures the
accumulated charge of the assembled particles.

The particles were generated in a tube furnace. The ma-
chlorobenzeng¢MicroChem Co). at 5000 rpm and baking it terial to be evaporated is placed inside the quartz tube at the
in an oven at 90°C for 1 h. The chips were placed on theenter of the furnace. Pure nitrogen is the carrier gas that
flexible electrode by hand and contacted from the back witlflows through the system during operation. The evaporation
a metallic needle attached to a micromanipulator. To generatgas carried out at 1100 °C for gold and silver, and 1000 °C
a pattern of trapped charge, we applied an external potentigbr indium. A vapor containing atoms of the evaporated ma-
for 10 s. During the exposure, we monitored the current flowerial forms within the furnace. The nitrogen carrier gas
and adjusted the voltagé—20 V) to get an exposure current transports the atoms out of the furnace where they nucleate
of 0.1-1 mA. After exposure, we removed and characterizeénd condense into particles due to the change in temperature.
the charge patterns using Kelvin probe force microscopyrhe gas flow carries the nanoparticles into the particle as-
(KFM).2"28 sembly module through a 1-m-long Tygon tube.

The nanoxerographic process to direct the assembly of Representative patterns of localized charge in PMMA
nanoparticles from the gas phase is illustrated in Fig. 2. Theecorded by KFM are illustrated in Fig. 3. FiguréBshows
primary unit[Fig. 2a)], referred to as the particle assembly the surface potential for a surface that was patterned with
module, consists of a cavity that holds the sample, two elec300 nm (FWHM) wide parallel lines using a thin silicon
trodes to generate a global electric field that directs incominglectrode. Figure (®) shows 150 nm wide ring patterns gen-
charged particles towards the sample surface, and an elegrated with a PDMS electrode structure that had a recessed
trometer to count the charge of the assembled particles. Thisenter of 20 nm. This demonstrates that high aspect ratio
module is attached to a tube furngdgg. 2(b)] that gener-  electrode structures are not required for pattern transfer. Pat-
ates the nanoparticles by evaporation and condensation. Ftarn transfer occurs only at the contact areas. Both charge
details on the fabrication of this module we refer to EPAPSpatterns were written by exposing the PMMA film locally
Ref. 29. To direct the assembly of incoming charged particlesvith a current density of 1 mA/ctfor 10 s with the elec-
we integrated two electrodes into the transparent assembtyode positive. The recorded surface potential is proportional
module. A 2 cm long and 1 cm wide electrode located at theo the density of trapped charges. For the recorded potential
top of the cavity and a 1.5 cm by 1 cm wide electrode un-difference we estimated that a 100 m 100 nm sized re-
derneath the sample. During operation, the electrodes aeptor contains 100 elementary charges. For details of this
spaced by-7 mm and we apply an external voltage of up to estimate, we refer to EPAPS Ref. 29.
+1000 V to bring charged particles of one polarity into the = These charge patterns attract nanoparticles. Figure 4
proximity of the charged sample surface. To monitor theshows representative images of nanoxerographic printing
amount of particles that assembled onto the sample undemnto these charge patterns. The images show patterns of gold
different assembly conditions we implemented a Faraday cufFig. 4(a)], silver [Figs. 4b) and 4c)], and indium[Figs.
in the assembly module. In our Faraday cup arrangement, thd) and 4e)] nanoparticles that assembled on positively and
sample forms the cup electrode and is connected to groungkegatively charged areas from the gas phase. The resolution
with the electromete(Keithley 6517A in between. During achieved is 100 nm for the silver and indium particles and
assembly, image charges flow from the ground through th€00 nm for the gold nanoparticles.

electrometer into the sample to the location of assembled, The electrometer reading and the global electric field are
Downloaded 30 Dec 2003 to 128.101.170.38. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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2 - g 0B o [3FLE 3 ~10 nm sized feature¥. The first results of nanoxero-
2008m 7% 0l A g 41 graphic printing using the thin silicon are very encouraging.

4 G ; ; Whether nanoxerography will enable the printing of nano-
particle based devices remains to be shown. However, nan-
oxerography offers a very competitive strategy compared to
other techniques. It can handle all kinds of materials, is par-
allel, and could potentially accomplish 10 nm scale resolu-
tion or better.
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