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Introduction. Nanoparticles are considered 
as the building blocks of future nanotechnological 
devices. Multidimensional assembly of nanoparticles 
will enable the fabrication of many profound devices 
such as single electron transistors1-3, quantum-effect-
based lasers4,5, photonic band gap materials, filters, 
wave-guides6-8, and high-density data storage9-11.  
The use of nanoparticles as building blocks, 
however, requires novel assembling strategies. Most 
actively studied approaches include: (i) single 
particle manipulation2,12-16, (ii) random particle 
deposition13,17-19, and (iii) parallel particle assembly-
based on self-assembly7,20-24.  

Single particle manipulation and random 
particle deposition are useful to fabricate and 
explore new device architectures. However, inherent 
disadvantages such as the lag in yield and speed will 
be difficult to overcome in the future. Fabrication 
strategies that rely on mechanisms of self-
assembly6,8,25 may prevail these difficulties. Self-
assembly is well known in chemistry and biology.  

Self-assembly can handle extremely small 
objects and is massively parallel. 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. Most actively investigated 
areas, currently, use protein recognition26-29, 
DNA hybridization22,23,30,31, hydrophobicity / 
hydrophilicity32,33, and magnetic 
interactions10,11,24.  

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 The most established 
example of patterning particles with electrostatic 
forces is Xerography.  Images are formed in 
Xerography by capturing small pigment 
particles with a charge pattern on an appropriate 
carrier (electret). The lateral resolution achieved 
in Xerography is about 100 µm.35-38 
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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.39 Since then most of the work including 
our own focused on using trapped charges for high-
density data storage.40-42  In 1998 Wright and 
Chetwynd suggested that such high-resolution 
charge patterns could be used as templates for self-
assembly and as nucleation sites for molecules and 
small particles.43 This type of “Nanoxerography” has 
not been realized because the fabrication of charge 
patterns over large areas has been time consuming.  
The fastest scanning probe system requires 1.5 days 
to pattern an area of 1 cm2.42  To overcome this 
problem we recently developed a parallel printing 
process to pattern charges with ~100 nm 
resolution.34 In this printing process a conductive, 
flexible electrode is used in place of a single point 
contact to inject and trap charges over areas of 1 cm2 

in ~10 seconds. The flexible micro-patterned 
electrode is designed to form multiple electric 
contacts of different size and shape to a rigid surface 
to expose the entire surface in a single step. This 
patterning 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 
a reasonable amount of time. 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). 

 
 Materials and Methods.  The charge 
patterning process is illustrated in Figure 1. A silicon 
chip coated with a thin film electret was placed on 
top of a flexible conductive electrode. The electret 
on the silicon chip was Poly(methylmethacrylate) 
(PMMA, an 80-nm film, on a silicon wafer); PMMA 

is commercially available, and has good charge 
storage capabilities.44 We used a 2% solution of 
950 K PMMA in chlorobenzene (MicroChem 
Co.) and spin coating at 5000 rpm to form the 
electret film on the wafer. The wafers were 
<100> n-doped silicon with a resistivity of 3 
ohm cm that we cleaned in 1% solution of 
Hydrofluoric acid to remove the native oxide 
prior to spin coating. The spin coated wafers 

were then baked at 90 °C for 1 hour under 
vacuum before being cut into 1 cm2 squares. To 

 

Figure 1. Principle of parallel charge 
patterning. (A) A thin film of PMMA supported 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.  
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contact the chips electrically we spread liquid InGa 
onto the back side of the chip. The chips were then 
placed on top of the flexible conductive electrode. 

The flexible conductive electrode was 
formed using a 5 mm thick poly(dimethylsiloxane) 
(PDMS) stamp, patterned in bas relief as previously 
described45. The patterned surface of the PDMS 
stamp was made electrically conducting by thermal 
evaporation of 80 nm of gold onto it.  To obtain low 
resistance electrical connections to the electrode 
surface, InGa (a liquid metal alloy, Aldrich) was 
applied to the side walls of the electrode and at the 
interface between the electrode and the copper 
plate.  

A metallic needle attached to a 
micromanipulator is used to form a low resistance 
contact with the InGa on the back of the chip.  A 
potential of approximately 10-30V is applied 
between the needle and the copper plate to get an 
exposure current of 1-10mA/cm2.  After 1-10 
seconds of exposure, the chip containing a trapped 
charge pattern is removed.  After removal, the 
charge pattern is characterized using Kelvin Probe 
Force Microscopy (KFM).46 KFM involves the use 
of an Atomic Force Microscope (AFM) probe to 
detect electrostatic forces. In previous research we 
developed a KFM procedure that enables us to 
measure the charge and surface potential distribution 
with 100 nm scale  resolution.46-49   

To assemble nanoparticles onto charged 
areas, we investigated three different procedures 
(Fig. 2). In all experiments we used commercially 
available carbon toner, red iron oxide particles, and 
graphitized carbon particles.50 In the first procedure, 
we dipped PMMA-coated chips carrying a charged 
pattern into dry powders of nanoparticles and 
removed 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 particle 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 laser 
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 assembled 
onto charged areas directly from the gas phase. 
In the third procedure, we used a liquid 
suspension of nanoparticles. To suspend the 
nanoparticles we used non-polar liquids such as 
Perfluorodecalin (#601, Sigma-Aldrich, USA) 
and FLUORINERT (FC-77, 3M). These 
fluorinated solvents have a low relative 
dielectric constant of ~1.8 to provide maximum 
electrostatic interaction. To agitate the 
nanoparticles, we used an ultrasonic bath 

(Branson 3510, DanBury, CT). The chip 
containing a charge pattern is placed into the 

 

Figure 2. Illustrations of three different 
assembly principles. (A) The charged chip is immersed 
into nanoparticle powder. (B) The charged chip is 
exposed to nanoparticles that are suspended in the gas 
phase. (C) The silicon chip is immersed into a solution 
that contains nanoparticles that are agitated using an 
ultrasonic bath. 
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agitated suspension of nanoparticles for 10-20 
seconds.  To remove any loosely held particles the 
chip is transferred into a vial containing the solvent 
without nanoparticles and sonicated for another 10-
20 s. Finally it is dried with a stream of dry nitrogen. 
We noticed that the nanoparticles tend to 
agglomerate in non polar solvents. Agitation of the 
suspension with an ultrasonic bath allows us to 
minimize this effect. Nevertheless, we find that 
agglomerates can become as large as 400 nm and 
limit the resolution.  

 
Results. Representative patterns of localized 

charge recorded by KFM are illustrated in Figure 3. 
Figure (A) shows the surface potential for a surface 
patterned in a way that simulates high-density data 
storage. The bits (full-width at half-maximum, 
FWHM, <150 nm, density = 5 Gbits/cm2) are 
randomly distributed. To write this charge pattern, 
we exposed the PMMA film with a current density 
of 20 mA/cm2 for 10 seconds with the metal-coated 
stamp positive. Figures (B) and (C) show 1 µm-sized 
charged dots and 200 nm (FWHM) wide parallel 
lines that were written with a current density of 13 
mA/cm2 for 10 seconds and 30 mA/cm2 for 2 
seconds. The illustrated patterns are representative 
of those observed over large areas. For the sample 
illustrated in (C) 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 characterized. With clean surfaces and 
new stamps we are typically able to pattern charge 
over areas of 1 cm2. The smallest charge patterns we 
have generated are about 150 nm in size. At these 
scales, the transfer function of the Kelvin probe 
limits the resolution and the patterns are not well 
resolved.48  It is important to notice that the 
amplitudes of the detected potential difference 
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 
sensitivity of the Kelvin probe.    

Figure 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 µm in 
diameter that were generated using circular posts that 
were 1.4 µm high. (C) Surface potential image of 220 
nm (FWHM) positively charged parallel lines 
generated using a stamp carrying 1 µm wide parallel 
lines that were 900 nm wide and that were slightly 
higher at the edge than in the center. 
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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 µm), red iron oxide 
(<500 nm), and graphitized carbon (~80 nm) that are 
trapped at charged areas on PMMA. The resolution 
achieved was ~ 60 µm for Xerox toner from a 
powder, ~ 1 µm for red iron oxide particles from a 
powder, ~ 1 µm for red iron oxide particles from the 
gas phase, and ~ 800 nm for graphitized carbon from 
a suspension in Perfluorodecalin. We have not yet 
determined the actual charge on these particles. 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 interaction; i.e. trapped 
charge in the thin film electret induce a dipole on the 
particle causing an attractive net force between a 
polarizable particle and a charged surface area. It is 
quite remarkable that the trapped charges in the 80 
nm thin PMMA film exhibit a sufficient electrostatic 
force to direct the assembly of the almost 3 orders of 
magnitude larger toner particles using the powder 
method.  

Figure 5 shows an SEM image of 
graphitized carbon nanoparticles that were 
assembled onto 400 nm wide positively charged 
lines. The accomplished resolution is more than 2 
orders of magnitude higher than what is achieved in 
xerographic printing.  Figure 5b compares this SEM 
image with an SEM image of a typical Xerox toner 
particle.  

Figure 4. Optical microscope images of different 
particles that were assembled from a powder,  liquid,  and 
gas phase. (A) 60 µm wide parallel lines of toner particles, 
~ 25 µm in size, assembled from a powder.  (B) 1 µm wide 
parallel lines of red iron oxide particles, < 500 nm in size, 
assembled from a powder. (C) 1 µm 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 particles 
were trapped with positive charge. It was also possible to 
trap nanoparticles at negative charge patterns. 
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Conclusion.  We demonstrated the directed 
parallel self-assembly of nanoparticles onto charged 
surface areas with sub-micrometer resolution.  We 
developed a strategy for patterning charge in 
electrets that extends previous serial techniques40-42 
and is currently the only parallel method available 

with ~100 nm resolution. Many questions 
concerning this process have yet to be answered. 
We do not understand the nature of the contact 
on a molecular lenght scale, for example we do 
not know if a true van der Waals contact is 
established or not. However, this "new type of 
contact" allows us to fabricate charge based 
receptors to direct the assembly of particles with 
dimensions ranging from 20 nm – 30 µm.  The 
resolution demonstrated in this report is 400 nm 
and limited by the coexistence of larger 
agglomerated particles. 

Since charge patterns with ~100 nm 
resolution can be generated by our parallel 
process, higher resolution assembly is perceived 
to be possible. Even at a 10 nm length scale 
electrostatric forces are estimated to be one 
order of magnitude larger than the disordering 
force due to brownian motion. A number of 
fundamental studies is required, however, to 
determine the best experimental conditions to 
accomplish the ultimate resolution of 
Nanoxerographic printing. We expect the 
process to be dependant upon the actual charge, 
electric polarizability, and thermal energy of the 
particle, the electric field strength at the 
substrate surface, the particle–surface 
interaction, the suspending medium, and the 
pressure. 
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