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ABSTRACT

This letter reports on a new gas-phase printing approach to deposit nanomaterials into addressable areas on a surface with 50 nm lateral
accuracy. Localized fringing fields that form around conventional resist patterns (PMMA and SiO2) with openings to a silicon substrate are
used to direct the assembly of nanomaterials into the openings. Directed assembly was observed due to a naturally occurring inbuilt charge
differential at the material interface that was further enhanced by corona charging to yield a field strength exceeding 1 MV/m in Kelvin probe
force microscopy (KFM) measurements. The assembly process is independent of the nanomaterial source and type: an evaporative, plasma,
and electrospray source have been tested to deposit silicon and metallic nanoparticles. The results suggest a potential route to form nanolenses
on the basis of charged resist structures; a 3-fold size reduction has been observed between the structures and the assembled particles.
Applications range from the integration of functional nanomaterial building blocks to the elimination of lift-off steps in semiconductor processi ng.

The ability to print, deposit, or assemble nanomaterials in
two and three dimensions will enable the fabrication of a
whole range of novel devices. There is a distinction to be
made between the first-generation devices that are formed
by patterning films and nanomaterials using conventional lift-
off and etching techniques and the second-generation devices
that require a localized order, placement, and formation of
interconnects on a single nanocomponent (nanoparticle or
nanowire) basis. Current examples of the second-generation
devices that require interconnects and/or localized order of
single components include single-nanocomponent transistors,1-3

light-emitting diodes, lasers,4 sensors,5 passive photonic
networks,6 or nanoparticle based media for data storage.7

New technologies that can deliver and integrate single
components at precise addressable locations on a surface are
needed to enable the manufacturing of the second-generation
devices. Most recent research has focus on concepts that are
based on directed self-assembly and template-assisted as-
sembly,8,9 exploring a variety of different forces including
hydrophobicity/hydrophilicity,10 magnetic interactions,11 elec-
trospinning,12 microfluidics,13 and electrostatics or coulomb
forces.14-21 Interestingly most of these concepts, except those
using electrostatics14-18 and electrospinning,12 are exclusive
to the assembly from the liquid phase. Liquid-phase concepts,
considering solution chemistry as the nanomaterial source,
are important; however, an equally large amount of functional
nanomaterials are formed using gas-phase methods. The
semiconductor industry for example uses gas-phase synthesis
and deposition techniques exclusively when high-perfor-

mance materials (conductors, semiconductors, and insulators)
are needed. While the materials are often considered to be
of better quality, there are a number of limitations: patterning
by etching and lift-off waste materials, the resolution is
limited by the resist pattern, and randomness is observed in
the deposition patterns if discrete nanoparticles or nanowires
are deposited.

This communication presents a new directed assembly
process that can be attached in a modular form to exist-
ing14,16,22,23gas-phase systems. The approach is different from
prior nanoxerographic printing methods that use continuous
dielectric film layers. The primary aim of the approach is to
direct single nanoparticles into addressable regions on a
surface with sub-100 nm control over the position. It is an
additive process that directs the material into target locations,
conserving material and eliminating lift-off or etching steps.
The process works at atmospheric pressure and intermediate
vacuum (10-4 Torr) and employs a carrier gas that transports
charged nanomaterials from a reactor into an assembly
module. It combines Coulomb force directed assembly16-18

with topographically patterned materials that can be formed
by conventional lithography.

Figure 1 illustrates the gas-phase nanomaterial deposition
concept. A global (EG) and localized (EF) electrostatic
fringing field is used to direct the assembly of charged
nanomaterials into micro- or nanometer sized openings. The
assembly occurs inside a 1 cmtall insulating channel with
an inlet and outlet on either side that holds two 1 cm× 1
cm squared top and bottom copper electrodes. The fringing
field is formed using a charged, patterned thin film on top* Corresponding author. E-mail: hjacobs@umn.edu.

NANO
LETTERS

2006
Vol. 6, No. 12
2790-2796

10.1021/nl0618703 CCC: $33.50 © 2006 American Chemical Society
Published on Web 10/27/2006



of a silicon chip. The surface of the electret is at a different
electrostatic potential than the silicon chip. Electrostatic field
lines are present not only inside the electret but also outside,
affecting the nanoparticle trajectories. The line integral∫EF

dl ) ∆V relates the strength of the fringing field (EF) with
the potential difference (∆V) between the charged electret
surface and the substrate. The externally biased electrodes
select and direct incoming particles of a desired polarity
toward the chip surface. Both electrodes are connected to
an electrometer (Keithley 6517A) to monitor the current and
charge that arises when charged nanomaterials or ions deposit
on the surface. In this Faraday cup arrangement, image
charges flow from the ground through the electrometer into
the sample or electrode plate to the location of assembled
material. As a result, the electrometer measures the ac-
cumulated charge and subsequent current of the assembled
particles or ions regardless of where they deposit on the
surface or whether they become neutralized by the image
charges. The deposition rate onto the plates inside this
assembly module depends on the volume number concentra-
tion of charged nanomaterials and ions, gas flow, actual
potential difference between the two plates, and pressure. It
can be adjusted ranging from 3 pA at ultralow concentrations
to 1 nA at high concentration.

As a nanoparticle source, we have tested three different
systems, an evaporative,16 electrospray,22 and plasma23

system, to create metallic and semiconducting nanoparticles
(10-50 nm in size). The evaporative and electrospray system
outlets are connected to the assembly module through a 1
cm diameter, 15-20 cm long Tygon tube. A mixture of CO2

and compressed air with flow rates of 300 and 800 sccm,
respectively, are used as carrier gases in the electrospray
system to transport the nanomaterials into the assembly
module. A 1500 sccm flow of argon is used in the
evaporative system.

As electrets, we used SiO2 or PMMA resist patterns with
openings to a Si substrate. The patterns can be generated by
any number of lithography methods. In our experiments, we
used standard photolithography for large scale features (>10
µm) and electron beam (e-beam) or nanoimprint lithography
for small scale features (e1 µm). The large scale features
were 15µm square holes in 100 nm thick thermally grown
silicon dioxide on a p-type silicon substrate. The holes were
formed by standard lithography and reactive ion etching and
not treated any further. The high-resolution samples consisted
of 100 nm to 1µm wide holes and lines in a 60-80 nm
thick layer of PMMA (2% 950 K in chlorobenzene) that was
spin-coated onto an n-type silicon wafer. The patterns were
defined using electron beam lithography and developed in a
3:1 solution of IPA (isopropyl alcohol)/MIBK (methyl
isobutyl ketone) for 40 s.

Both SiO2 and PMMA on silicon exhibited an inherent
built-in potential ∆V that can be changed by additional
surface treatments. The potential∆V that gives rise to the
fringing fields is the key parameter in the self-assembly
process. We have directly measured these potentials as a
function of processing conditions using Kelvin probe force
microscopy (KFM).24 KFM is an atomic force microscopy
based tool that can detect variations in the surface potential
distribution with 100 nm scale lateral resolution and 5 mV

Figure 1. Illustration of the sample and assembly module. A carrier gas delivers charged nanoparticles and ions. A global fieldEG directs
charged particles of selected polarity toward the charged sample surface, establishing an electrometer current. A potential∆V is present
between the electret and substrate. The potential gives rise to local fringing fieldsEF that direct nanoparticles into the openings.
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sensitivity. Figure 2 illustrates an example of the change in
surface potential difference between PMMA thin films and
exposed silicon areas after different processing steps: (a)
electron beam lithography and (b) corona charging. Figure
2a shows a 60 nm thick PMMA film on top of an n-type
silicon wafer with a native oxide after e-beam exposure,
development in MIBK, rinsing in IPA, and blow drying under
a stream of dry nitrogen. The film contains 100 nm diameter
holes and a 500 mV potential difference. As a qualitative
statement, we rarely observed charge or potential differentials
between dissimilar surface regions that are zero. The
observation of a charge differential is the norm rather than
the exception and has been used as a material contrast
mechanism since 1997.25 The charge differential between
the patterned PMMA thin films and the underlying native
oxide varied with the processing conditions. Silicon without
native oxide did not show a strong charge differential
(recorded values were smaller than 100 mV), which leads
to the conclusion that the native oxide plays an important
role. Our current hypothesis is that the PMMA is highly
negatively charged during e-beam exposure, yielding a
positive image charge in the silicon and native oxide layer
underneath that could remain partially present after develop-
ing the PMMA in MIBK. We were able to remove>90%
of the charge by dipping the chip in a 2% solution of HF in
water for 30 s, which supports this hypothesis. However,

other mechanisms such as charging by contact and friction
when rinsing the dissimilar surfaces (PMMA and native
silicon) with MIBK, IPA, and blow drying under a stream
of dry nitrogen cannot currently be excluded.

Moreover, the recorded potential difference can be re-
versed or enhanced by a number of different methods,
including a previously published concept15,16 in which
externally biased conformal electrodes are used to establish
an electrical contact with the electret surface to reverse the
potential. We tested this approach and obtained a potential
difference of 500 mV for the 60-80 nm thick PMMA film.
These potentials show greater stability, suggesting that the
charge is embedded inside the PMMA film.

Figure 3 shows a new charging method that was used to
create the 2 V potential difference in Figure 2b. The approach
combines patterned electrets on conducting substrates with
corona charging. A home-built corona charger, loosely based
on work by Whitby et al.,26,27 was used and connected to
the particle assembly module. Argon gas was flowed (1000
sccm) through the charger and ionized using a positive DC
corona discharge by applying a positive (2.5 kV) potential
between the stainless steel needle and metal encasement. A
fraction of the argon ions were carried away by the gas flow
into the assembly module. We measured these ions inside
the assembly module using the electrometer, which recorded
negative 48 nC of accumulated charge on the positively

Figure 2. (top) Atomic force microscopy topographical images of the nanostructured PMMA and (bottom) corresponding surface potential
images. (a) Sample charged during the electron beam lithography process. (b) Corona-charged sample.
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biased (100 V) top plate and a positive 360 nC of charge on
the negatively biased (-100 V) bottom plate after 20 min
of charging. A partial amount of the positive Ar ions are
trapped on or inside the insulating electret surface, whereas
the conducting silicon surface remains less affected. This
approach was very successful; it yielded high potential
differences exceeding 2 V (Figure 2b) between the nano-
structured PMMA layer and semiconducting substrate. The
observed 2 V potential difference for the corona-charged
samples exceeds to the best of our knowledge any previously
reported values for PMMA thin films of similar thickness.
We attribute the broadening in the highly corona-charged
samples to be dominated by repulsive Coulomb forces and
charge diffusion instead of tip-related convolution. The
charge retention time varied greatly with electret material,
charging method, humidity, and storage container. Qualita-
tively, thermally grown silicon oxide did not retain its charge
as well as PMMA and frequently lost most of its charge
within less than 5 h. Electric contact-charged PMMA yielded
superior retention times but lower charge differentials than
corona-charged samples. All electrets (SiO2 and PMMA),
independent of the charging methods, retained a sufficiently
large charge differential to conduct successful assembly
experiments for several hours.

Figure 4 shows the first assembly attempt using a 30µm
pitch that illustrates the importance on balancing the strength
of global and local fields. In theory, perfect assembly could
be accomplished without any particles depositing on the resist
structures if the local fields are strong and the global field
is zero. The assembly would be largely independent of the
pitch or layout of the pattern. The problem, however, is that
the assembly process would not proceed very quickly; a small
global field is needed to direct nanomaterials to the surface
and the superposition of the two contributions has to be
considered. Particles can and will end up in undesired areas
on the resist structures if the empty areas exceed a certain
threshold. In the illustrated experiment, we used a patterned
SiO2 substrate positively charged by electric contact charging
with a flat gold-coated PDMS stamp.15 The surface potential
difference was measured by KFM to be∆V ) 300 mV. A
global electric field strengthEG of 20 kV/m (+200 V top

electrode,-200 V bottom electrode) was used to initially
direct the incoming particles.

The field on the silicon dioxide surface can be ap-
proximated to beEs ) ∆V/(πr) - EG by considering simple
parallel lines and half-circular field lines with radiusr. This
is a crude estimate that is only valid for a single-step
potential, but it provides important insights into the basic
principle. For example, it allows us to calculate a turning
point rt ) ∆V/(πEG), where the local field on the PMMA
surface is equal to the global field. Beyond this turning point,
particles will deposit on top of the resist structures. In the
given case, the calculated value forrt is ∼5 µm; the actual
experimental values ranged from 5 to 7µm. Αnother
distinctive element is that the 15µm openings are partially
empty, resulting in focused assembly toward the center. The
positively charged gold nanoparticles shown in Figure 4 were
10-100 nm in size and generated by evaporation, nucleation,
and condensation within a tube furnace and carried to the
particle assembly module in a 1.5 L/min flow of argon.16

Figure 5 shows high-resolution patterns, where the focus-
ing effect becomes much more prevalent. The pitch has been
reduced when compared to Figure 4. As long asrt is larger
than the actual pitch of the patterns, we find no particles on
the PMMA coated areas. The openings create attractive
funnels for particles to assemble into the holes that are largely
independent of the pitch. Parts a and b of Figure 5 depict
10-40 nm silver nanoparticles created in the evaporative
furnace system and assembled into∼100 nm sized holes in
corona-charged PMMA. By analyzing 130 holes, we derived
the standard deviation from the center location to be∼25
nm. The assembly parameters were as follows: 1500 sccm
argon gas, atmospheric pressure, 1080°C furnace temper-
ature, 200 V global applied potential, 3 nC recorded charge
accumulation, and 10 min assembly duration. Figure 5c
shows gold colloids that have been assembled into the center
of 300 nm wide trenches. A full width at half-maximum
resolution of ∼75 nm was found by analyzing the 770
particles assembled in the three central lines of Figure 5c.
The gold colloids were assembled using an electrospray
system22 that has been published previously. A 14µM
suspension of 50 nm colloidal gold particles in water (BB

Figure 3. Inline corona charger. A high voltage is applied to an insulated needle positioned 3 mm away from a grounded metal tube. The
induced electric field creates a corona region where ions are repelled from the needle and carried away by the carrier gas to the assembly
module.
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International) was electrosprayed as received from the
manufacturer without any alterations. The experimental
parameters were as follows: a mixture of 300 sccm CO2

and 800 sccm compressed air carrier gas, atmospheric
pressure,∼100 nA electrospray current, 200 V global applied
potential, 270 nC recorded charge accumulation, and 1.5 h.
assembly duration. The longer assembly time for this process
can be attributed to low solution concentration and low
charge concentration on the particles due to the presence of
a polonium 210 neutralizer.22 Figure 5d shows 40 nm silicon
nanoparticles that have been created in a constricted,
filamentary, capacitively coupled, low-pressure plasma sys-
tem.23 Particles in this system were charged and we were
able to extract them from the flow. There is∼6 orders of
magnitude lower pressure in this system than in the evapora-
tion and electrospray system. While we have been able to
assemble the particles, the repeatability is not as consistent
when compared to systems that deliver particles at atmo-
spheric pressure. The primary reason points to a specific
design problem. The plasma-generated particles enter a lower
pressure chamber at high speeds (50-70 m/s)28 and reach a
nanoparticle assembly module with greater variations in the
kinetic energy distribution. The estimated retained energy
is at least 1 order of magnitude higher than the thermal
energy in an atmospheric pressure system.

The observed focusing effect and expected precision can
be studied by solving Langevin’s equations of motion of
nanoparticles inside an electric field. To establish an analyti-
cal form for the relative precision, we investigated a single
particle at a radial distancer from the center of a patterned

hole, as illustrated in Figure 6. In this case, the uncertainty
acquired in the particle trajectory (∆r) due to Brownian
motion can be described by the root-mean-square displace-
ment or half-width of the Gaussian bell curve∆r )
x2∆tD, where∆t is the time for a particle to deposit,D )
C‚kT/3πdη is the Stokes-Einstein diffusion coefficient for
nanoparticles of diameterd, viscosityη, and empirical slip
correction factorC. Maximum deviation considering a
Newtonian trajectory will occur at the center, where the field
strength is smaller and where the time to deposit will be
increased. The electric field along the central particle path,
Es ) ∆V/πr , will cause the particle to follow the trajectory
with a terminal velocityVt ) C‚qEs/3πdη ) qEsD/kT.
Substituting∆t ) r/Vt yields a normalized half-width of the
Gaussian bell curve in the form:

Equation 1 provides a number of important insights into
electric-field-directed self-assembly processes. First, the key
measure of the expected focusing will be the potential
difference between charged and uncharged areas. Values of
q∆V larger thankTare desired. Second, the relative precision
is independent of the size of the pattern and therefore
scaleable. Third, the precision can be increased by increasing
the particle charge. There are a number of other interesting
points to make that are somewhat counter intuitive. Even
though slip correction factors have been considered in the
discussion, the precision seems to not directly depend on

Figure 4. (a) Conceptual picture and (b) experimental result illustrating the effect of the global potential on the size of the empty areas.
A 10 µm wide empty belt is visible. Holes are 15µm wide.

∆r
r

) x2kT/qrEs ) 2.507xkT/q∆V (1)
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particle size. Parameters such as viscosity and pressure are
also not present in the derived equations, suggesting that
assembly at different pressures with different terminal
velocities, collision frequencies, or mean free paths might
be possible as well. Equation 1 is in good agreement with
the range of precisions found experimentally. The measured
values for∆V ranged from 0.5 to 2 V. Nanoparticles in the
thermal evaporation system are charged due to thermal
ionization or thermionic electron emission with a typical
charge value of 2 elementary charges for a 10 nm size
particle and up to 35 elementary charges for a 100 nm sized
particle.29 The electrospraying system involves the use of a
polonium 210R radiation particle neutralizer, thereby leaving
the particles predominantly singly charged.30 Considering the
full range from 1 to 35 elementary charges and 0.5-2 V
potential yields a relative precision range∆r/r from 5 to 57%.

In conclusion, we have developed a new gas-phase
integration process to assemble nanomaterials into desired

areas using localized fringing fields. We expect this process
to work with any material that can be charged, including
organic and inorganic, metallic, semiconducting, and insulat-
ing materials. An interesting focusing effect has been
observed that shows assembly at a resolution greater than
the underlying pattern. The lateral placement accuracy,
currently 25 nm standard deviation for the evaporation
system, is defined by the level of control of the focusing
effect as well as the minimal feature size of the underlying
patterns, presently 100 nm. The resist does not carry particles
in a belt surrounding the patterns. The size of the empty
resist areas depends on the ratio between local and global
field strength and has been larger than 10µm. The process
offers self-aligned integration and could be applied to
integrate single-crystal silicon nanoparticle transistors2 or
other nanomaterial devices on desired areas on a surface. It
could also be extended to externally biased surface electrodes
that could be programmed to enable the integration of more
than one material type.
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