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O
ne of the current challenges of
bottom-up nanofabrication is to
precisely locate colloidal nanopar-

ticle building blocks synthesized in liquid
phase by chemical routes onto surfaces for
developing nanoparticle-based functional
devices. Many strategies are being explored
for achieving this goal. On one side, directed
assembly of colloids at the surface�liquid�gas
boundary exploits the pinning of the meniscus
of a liquid frontmoving over a smooth nonwet-
ting surface at some specific locations, asso-
ciated with the controlled convective flow of
liquid toward the meniscus and capillary
forces, using different setup variants.1�3 Such
pinning locations can be formed by geo-
metric features1,2,4,5 or wetting patterns6�8

on the surfaces or can be induced by “stick
and slip” phenomena.9 On the other side,
assembly of nanoparticles directly from the
bulk liquid phase onto solid templates uses a
variety of interactions such as electrostatic
forces,10 capillary forces,11 formation of cova-
lent bonds,12 specific recognition between
biomolecules,13 supramolecular interactions,14

or form factor.15,16 Electric fields can also be
applied to direct the particles toward the
targeted adsorption sites.17

Over the past few years, nanoxerography
has emerged as a versatile alternative for
colloid assembly directly from the bulk li-
quid phase onto solid templates.18�30 This
method is a nanoscale adaptation of the
industrial xerography process used in laser
printing. It uses the strong electric fields
generated by charge patterns written into
electret thin films to trap charged and/or
polarizable colloidal nanoparticles via elec-
trostatic interactions. Sequential charge
writing can be carried out using focused
ion beam,18 electron beam,19 or atomic force

microscopy (AFM).20�26 The scaling up of
nanoxerography can be achieved using par-
allel charge writing, mostly inspired bymicro-
contact printing soft lithography.27�32

Among the different charge writing techni-
ques, AFM is a very versatile instrument for
nanoxerography since it has the ability to
perform triple functions: (i) writing of both
positive and negative charges in a single run
withagreatflexibility on thepatterngeometry,
without any time-consuming nanolithography
patterning of stamps, (ii) high-resolution
charge imaging by surface potential measure-
ments in the Kelvin force microscopy (KFM)
electrical mode, and (iii) three-dimensional
topography imaging of the resulting assem-
blies of nanoparticles on charge patterns.
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ABSTRACT We present a simple protocol to obtain versatile assemblies of nanoparticles from

aqueous dispersions onto charge patterns written by atomic force microscopy, on a 100 nm thin film

of polymethylmethacrylate spin-coated on silicon wafers. This protocol of nanoxerography uses a

two-stage development involving incubation of the desired aqueous colloidal dispersion on charge

patterns and subsequent immersion in an adequate water-soluble alcohol. The whole process takes

only a few minutes. Numerical simulations of the evolution of the electric field generated by charge

patterns in various solvents are done to resolve the mechanism by which nanoparticle assembly

occurs. The generic nature of this protocol is demonstrated by constructing various assemblies of

charged organic/inorganic/metallic (latex, silica, gold) nanoparticles of different sizes (3 to 100 nm)

and surface functionalities from aqueous dispersions onto charge patterns of complex geometries.

We also demonstrate that it is possible to construct a binary assembly of nanoparticles on a pattern

made of positive and negative charges generated in a single charge writing step, by sequential

developments in two aqueous dispersions of oppositely charged particles. This protocol literally

extends the spectra of eligible colloids that can be assembled by nanoxerography and paves the way

for building complex assemblies of nanoparticles on predefined areas of surfaces, which could be

useful for the elaboration of nanoparticle-based functional devices.

KEYWORDS: directed assembly . nanoxerography . colloidal nanoparticles . AFM .
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Nevertheless, directed assembly of colloids by
nanoxerography is usually restricted to nanoparti-
cles dispersed in nonpolar solvents.18,19,21,23,30

As-synthesized aqueous colloidal dispersions are
discreetly avoided since the highly polarizable
water molecules screen the electric field generated
by charge patterns. As a large number of colloids of
different materials, shapes, sizes, and surface func-
tionalities are prepared in aqueous medium,33�41

this strongly restricts the range of colloidal nano-
particles that can be effectively assembled by
this method. In order to circumvent this, several
alternative strategies were attempted in the litera-
ture: preparation of water-in-oil emulsions,24 use
of water�alcohol mixtures,25 transfer to low di-
electric organic solvents through ligand-exchange
procedures,22 or addition of surfactants.26 However,
these approaches are very limiting and have serious
drawbacks. The resolution of nanoparticle assem-
blies obtained with water-in-oil emulsions is
strongly limited by the emulsion droplet size. Trans-
fers to water�alcohol mixtures or low dielectric
organic solvents are restricted to certain kinds of
nanoparticles, and the use of surfactants leads to a
contamination of the nanoparticle assemblies.
In this paper, we describe a simple protocol of AFM

nanoxerography for the effective directed assembly of
charged colloidal nanoparticles from aqueous disper-
sions without any postsynthetic processing. The as-
sembly mechanism is understood by analyzing and
comparing the evolution of the electric field generated
by charge patterns in various solvents. The generic
nature of this approach is then demonstrated by
applying it to various types of colloids, viz., latex
nanoparticles, silica nanoparticles, and ligand-stabi-
lized gold nanoparticles, ranging in size from 3 to
100 nm. Finally, directed assembly of two kinds of
nanoparticles on the same surface is built using suc-
cessive developments to prove the flexibility and con-
trol over geometries and complexities of nanoparticle
assembly offered by this protocol.

RESULTS AND DISCUSSION

Protocol of AFM Nanoxerography. The protocol we used
for directed assembly of colloidal nanoparticles from
aqueous dispersions by AFM nanoxerography consists
of three successive steps:

(i) AFM charge writing (Figure 1a): positive and/or
negative charges are injected by means of a
polarized AFM tip into 100 nm polymethyl-
methacrylate (PMMA) films, to create charge
patterns of desired geometry. This charge writ-
ing step is performed in air under ambient
conditions. It typically lasts from a few seconds
to a few minutes depending on the size and
complexity of the charge patterns. Just after
charge writing, surface potential mappings of

the charge patterns are carried out by
the AFM-based electric technique of Kelvin force
microscopy.42

(ii) Development (Figure 1b): this step consists first
in incubating the desired colloidal dispersion on
the electrostatically patterned samples for a
certain time, t1. The samples are then immersed
in an adequate solvent called “development sol-
vent” for a certain time, t2. This two-stage devel-
opment typically lasts between 60 and 90 s.

(iii) Drying (Figure 1c): the samples are finally dried
under nitrogen flow. This step is used for
removing any traces of solvent on the surface
of the samples.

Two-Stage Development. In the protocols of nanoxer-
ography reported in the literature, the development
step consists only of an immersion of the electrostati-
cally patterned samples in the desired colloidal disper-
sion. A subsequent rinsing is usually performed to
remove nanoparticles nonselectively grafted on the
surface. To demonstrate that an adequate two-stage
development offers the possibility to assemble charged
colloidal nanoparticles from aqueous dispersions with-
out any postsynthetic processing, AFM nanoxerogra-
phy experiments were performed on commercial,
negatively charged 100 nm latex nanoparticles dis-
persed in water, using three development solvents of
decreasing polarities (decreasing dielectric constants):
Ultra high quality (UHQ) water (18 MΩ 3 cm), ethanol,
and 2-propanol. In all cases, two 5 μm � 5 μm square
patterns of opposite charge were injected by AFM
into PMMA thin films. The amplitude of the voltage
pulses used for charge writing was adjusted to obtain
identical absolute surface potential values of 4 V (relative
to the surroundingunchargedPMMAfilm) for eitherof the
two charge patterns. The experimental conditions for
development were identical for all experiments: a 30 μL

Figure 1. Schematics of the AFM nanoxerography process:
(a) AFM charge writing into a 100 nm PMMA thin film; (b)
two-stage development by incubation of the desired aqu-
eous colloidal dispersion containing charged nanoparticles
followed by an immersion in an adequate development
solvent; (c) drying under nitrogen flow.
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drop of the colloidal dispersion was deposited on the
electrostatically patterned samples for t1 = 30 s followed
by immersion in the development solvent for t2= 60 s.

Figure 2 presents typical AFM topography and KFM
surface potential images of the samples after this
process for the three development solvents. In the
case of development with UHQ water (Figure 2a), no
nanoparticle grafting is observed on the substrate
surface, neither on charge patterns nor on the un-
charged PMMA surface. However, the residual surface
potentials of charge patterns measured by KFM are
about �190 mV and þ350 mV, which are normally
sufficient to trap colloids dispersed in nonpolar sol-
vents such as hexane.23 For development with ethanol
(Figure 2b), a selective single-layered assembly of latex
nanoparticles is obtained on the positive charge pat-
tern, while no nanoparticles are adsorbed anywhere
else on the PMMA surface. The high lateral resolution of
KFM measurements allows to distinguish latex nano-
particles grafted on the positive charge pattern and to
confirm their net negative charge induced by their
carboxylate functionalization. Latex nanoparticles were
thus strongly grafted on the positive charge pattern and
repelled by negative patterns because of Coulomb
forces. In addition, a small contribution of the dielec-
trophoretic force to this nanoparticle assembly is evi-
dent since a denser chain of closely packed nano-
particles was formed on the edges of the positive charge
patternwhere the electric field gradient was stronger. The
density of latex nanoparticles on the positive charge
pattern is approximately 13 NPs/μm2. In this case, the
residual surface potential of the negative charge pat-
tern measured by KFM is approximately �150 mV. In
the case of development with 2-propanol (Figure 2c), a
selective assembly of latex nanoparticles is observed
on the positive charge pattern, but particles are also
nonselectively adsorbed on the uncharged regions of
the PMMA surface and a depletion area on the nega-
tive charge pattern is apparent. Once again the same
conclusions made in the case of ethanol development
(Figure 2b) can be drawn except that this time the
density of nanoparticles over the positive charge pat-
tern is slightly higher at 16 NPs/μm2, and some nano-
particles (0.3 NP/μm2) are attached on the surface
outside the charge patterns. The residual surface po-
tential of the remaining negative charge pattern mea-
sured on the KFM image is approximately �110 mV.

These experimental results clearly suggest that just
after the incubation of the aqueous colloidal disper-
sion, an immersion in an adequate development
solvent (here ethanol or 2-propanol) with a lower
polarity than the nanoparticle dispersing solvent
(water) allows grafting colloidal nanoparticles from aqu-
eous dispersions onto charge patterns. It is to be noted
that this protocol, demonstrated here with AFM charge
writing, is evidently valid when using other charge writ-
ing techniques.

In order to understand the mechanism involved in
our two-stage development, we quantified the electric
field generated by charge patterns in solvents gener-
ally used in nanoxerography, employing amethod that
we recently published.42 In brief, we performed numer-
ical simulations of KFMmeasurements on charge patterns
with the ac/dc module of the Comsol Multiphysics soft-
ware taking into account side-capacitance effects induced
by the tip cone and the cantilever of the scanning AFM
probe. These simulations allowed us to quantify the actual
surface chargedensity of the chargepatterns. Theelectric
fields generated by such charge patterns when im-
mersed in different solvents were therefore estimated.

Figure 3 presents the typical evolution of the electric
field generated by a 5 μm� 5 μm square charge pattern
with a surface charge density of σ = (4.1 � 10�3 C/m2

(estimated from a surface potential of (4 V relative to
the uncharged surrounding PMMA film, in our KFM
measurement conditions) in different media (air, Fluor-
inert FC-77, hexane, 2-propanol, ethanol and water), as
a function of the distance in the direction perpendi-
cular to its surface, z. As expected, the decreasing
exponential evolution of )E )z with z strongly depends
on the dielectric constant of the surrounding media.
Immersion of the charge pattern in solvents of low

Figure 2. AFM topography (left) and corresponding KFM
surface potential (right) images of directed assembly of
negatively charged 100 nm latex nanoparticles dispersed in
water byAFMnanoxerographyusingdevelopment solvents
of decreasing polarities: (a) UHQ water, (b) ethanol,
(c) 2-propanol.
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dielectric constants (FC-77 and hexane) leads to )E )z=0
values about 10 times higher than those of alcoholic
ones (ethanol and 2-propanol) and 50 times higher
than water. The spatial extension of the electrical field
is strongly reduced in solvents of high dielectric con-
stants. For instance, the )E )z=0 value corresponding to
water is obtained at z = 4 μm for ethanol, z = 5 μm for
2-propanol, z = 48 μm in hexane, and z = 50 μm in FC-77.
These results suggest that during the development step
of nanoxerography, the nanoparticles dispersed in water
will feel much lower electric field (in both amplitude and
spatial extension) of the charge patterns than nanopar-
ticles dispersed in other solvents.

In this context, the two-stage development strategy
to assemble colloids dispersed in water by nanoxero-
graphy concerns increasing the amplitude and the
range of the electric field generated by charge patterns
by adding alcoholic solvents, which have lower di-
electric constants than water. Colloids in water are
surrounded by layers of polarized water and so are
the charge patterns on the substrate immersed in
water. These layers of high dielectric medium consid-
erably reduce the net charge felt by the colloids. When
the electrostatically patterned samples with the de-
posited aqueous colloids are immersed in solvents
such as ethanol or 2-propanol, the hydration layers
on both the colloids and the charge patterns are
destroyed by the alcohol. As a result of this, the
attraction of the charged colloids to the charge pat-
terns on the surface is facilitated and the long-range
Coulomb forces lead to an instantaneous trapping of
the colloids on the charge patterns. Since the volumeof
the alcoholic development solvent (10 mL) is much
larger than the volume of the colloidal dispersion
(30 μL) placed on the electrostatically patterned sam-
ples, the resulting solvent composition at the time of
immersion is largely of low dielectricity constant. This
situation is thus equivalent to a one-stage development

in an alcoholic solvent. In other words, the protocol
described here should yield results equivalent to those
obtained using colloids dispersed in ethanol or 2-propa-
nol. This assumption was confirmed by experimental
results. Indeed, commercial carboxylate-functionalized
latex nanoparticles suspended in 15% vol water in
ethanol were found to assemble on charge patterns with
particle densities similar to that obtained using the
development of the aqueous latex colloidal dispersion
in ethanol. Increasing the solvent ratio to 50% led to
lower density of trapped colloids. For example, only 3
NPs/μm2 were obtained on positive charge patterns as
opposed to 13 NPs/μm2 obtained by development in
ethanol. Increasing the ratio above 65% led to no
attachment of particles. Thus, this ratio is the threshold
for a water�ethanol solvent mixture with which such
latex nanoparticle trapping on charge patterns can be
achieved. Although these findings suggest that one
may use dispersions of colloids in appropriate ratios of
water/alcohol for use in nanoxerography, using an
appropriate alcoholic solvent in a separate subsequent
sequence is advantageous. Indeed, not all colloids
yield stable dispersions in water/alcohol solution ratios
less than 50%, whereas performing this second stage
of development can yield the best nanoparticle density
on charge patterns. Of the two alcoholic development
solvents used in experiments presented in Figure 2,
ethanol gave the best results with no nonspecifically
adsorbed particles on uncharged areas of the PMMA film.
This is because latex particles have better dispersibility in
ethanol as compared to 2-propanol and therefore get
easily detached from the substrate.

Single and Binary Assembly of Nanoparticles. To demon-
strate the versatility of our nanoxerography protocol,
we applied it to assemble water-dispersible colloids of
different sizes, natures, and surface functionalities on
positively charged patterns of varied geometries
(Figure 4). Figure 4a shows the directed assembly of
45 nm St€ober silica nanoparticles on a positive charge
pattern representing an “Occitane Cross”. The KFM
image of this charge pattern shows that it was com-
posed of points with a surface potential of þ950 mV
and a width of about 380 nm. After incubation of the
dispersion of negatively charged St€ober silica nano-
particles for t1 = 30 s and immersion in ethanol for
t2 = 30 s, the silica particles were predominantly
trapped on charge points by Coulomb forces. AFM
observations demonstrate the capability of selectively
trapping one to three individual silica nanoparticles on
each charge spot constituting this “Occitane Cross”
charge pattern. Figure 4b illustrates the directed as-
sembly of 14 nm Turkevich citrate gold nanoparticles,
one of the common metallic nanoparticles known, on
lines of positive charges. As shown on the KFM image,
these charge lines had a surface potential of þ750 mV
and were approximatively 320 nm wide. After incuba-
tion of the dispersion of negatively charged citrate

Figure 3. Spatial evolution of the amplitude of the electric
field along the z axis )E )z generated by a 5 μm � 5 μm
square charge pattern with a surface charge density of
σ = þ4.1 � 10�3 C/m2, as a function of the surrounding
media: air, FC-77, hexane, 2-propanol, ethanol, and water.
Curves corresponding to FC-77 and hexane are overlaid. An
enlarged plot corresponding to 2-propanol, ethanol, and
water is presented in the inset.
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gold nanoparticles for t1 = 30 s and immersion in
ethanol for t2 = 30 s, 200 nm wide nanoparticle lines
appeared on the charge lines, once again due to
Coulomb interactions. Figure 4c illustrates the directed
assembly of smaller, 3 nmgold nanoparticles stabilized
by bis(p-sulfonatophenyl) phenylphosphine (BSPP) on
a positive charge pattern representing the logo of our
research group “Nanotech”. The KFM image shows that
the surface potential of this charge pattern was about
þ400 mV with a line width of about 200 nm. After
incubation of the dispersion of negatively charged
3 nm gold nanoparticles for t1 = 30 s and immersion
in ethanol for t2 = 30 s, a single layer of gold particles
was selectively trapped on the charge pattern, directed
by Coulomb attraction. AFM observations reveal that
the high degree of pattern complexity was preserved
with an average line width of about 50 nm, proving the
efficiency of the protocol.

Moreover, this AFM nanoxerography protocol of-
fers the opportunity to achieve directed assembly of
two kinds of nanoparticles carrying opposite charges
by successive developments from individual colloidal
dispersions using charge patterns written by AFM.
Figure 5 presents a typical example of such a directed
binary assembly on the same surface by AFM nanox-
erography. The KFM image on the left shows a charge
pattern representing the map of France, obtained in
the same run of charge writing, where the left half was
positively charged (surface potential of þ800 mV, line
width of about 350 nm) and the right negatively

charged (surface potential of �600 mV, line width of
about 400 nm). After incubation of a dispersion of
100 nm negatively charged latex nanoparticles on this
oppositely charged pattern for a duration of t1 = 30 s
followed by an immersion in ethanol for t2 = 30 s and a
simple drying under nitrogen flow, an incubation of a
dispersion of 8 nm positively charged gold nanoparti-
cles stabilizedwith the cationic poly[(3-acrylamidopropyl)
trimethylammonium chloride] (PAPTAC) polymer during
t1 = 30 s followed by an immersion in 2-propanol for t2 =
30 s was performed. The AFM image in Figure 5 confirms
the success of this binary assembly of nanoparticles,
showing a line of individual 100 nm latex nanoparticles
on the left part of the charge pattern and a 190 nm wide
single-layered line of gold nanoparticles on the right. This
binary assembly of nanoparticles is dense enough to be
observedbyopticalmicroscopy,which couldbeuseful for
further processing of the nanoparticle assembly or for
alignments. To our knowledge, this is the first example of
serial deposition of oppositely charged nanoparticles by
nanoxerography. It testifies the fact that Coulomb forces
drive the nanoparticle assembly in this protocol. This kind
ofbinary assemblyof nanoparticles couldnotbeachieved
fromunchargedpolarizable nanoparticles, because in this
case, thedominantdielectrophoretic forceswould lead to
nanoparticle deposition on patterns of opposite charges
at the same time.23 Significantly, these results prove that
the surface potential of the negatively charged part of the
pattern was preserved through the first development
with latex colloidal dispersion and is strong enough to

Figure 4. KFM surface potential images (left) of positive charge patterns of varied geometries andAFM topography images in
tapping mode (right) of directed assemblies of various kinds of water-dispersed colloidal nanoparticles on these patterns:
(a) 45 nm St€ober silica nanoparticles, (b) 14 nm Turkevich gold nanoparticles, (c) 3 nm BSPP-stabilized gold nanoparticles.

A
RTIC

LE



PALLEAU ET AL . VOL. 5 ’ NO. 5 ’ 4228–4235 ’ 2011

www.acsnano.org

4233

be used to trap the positively charged gold nanoparticles
during the subsequent development. They also demon-
strate the robustness of colloidal grafting on charge
patterns since it is notmodifiedbya seconddevelopment.

From all these results, a few general comments
concerning the nanoparticle assembly by this protocol
of AFM nanoxerography can be made. In all cases only
a single layer of nanoparticles is grafted on charge
patterns, indicating that the screening of charge pat-
terns by the first nanoparticle layer avoids the grafting
of a second one. The lateral resolution of nanoparticle
assembly mainly depends on the charge density and
width of charge patterns, together with the charge
density and concentration of nanoparticles in the
dispersion. The selectivity of the nanoparticle assembly
is determined by the affinity of the nanoparticles to the
electret thin film surface and the dispersibility of
nanoparticles in the development solvent.

CONCLUSIONS

Ever since the first experiments of nanoxerography,
as-synthesized aqueous colloidal dispersions were
avoided to prevent the screening of the electric field of
the chargepatternsby thehighdielectricwatermolecules.
To overcome this drawback, we have developed a simple
and reliable protocol to assemble charged nanoparticles
from aqueous dispersions by nanoxerography in a few
minutes. It involves a two-stagedevelopment basedonan
immersion in an appropriatewater-soluble alcohol solvent

just after the incubation of the colloidal dispersion of
interest on the electrostatically patterned samples.
The immersion in an alcoholic solvent which has a

lower dielectric constant compared to water helps in
increasing the amplitude and the range of the electric
field generated by charge patterns to facilitate the
electrostatic attraction of charged colloids. This proto-
col, demonstrated here with AFM charge writing, can
be extended to colloidal nanoxerography using other
charge writing techniques and allows the use of a wide
range ofwater-dispersible colloidal nanoparticles with-
out any postsynthetic processing.
The generic nature of this protocol to assemble

charged nanoparticles from aqueous dispersions by
nanoxerography was demonstrated by constructing
various assemblies of charged organic/inorganic/
metallic (latex, silica, gold) nanoparticles of different
sizes (3 to 100 nm) and surface functionalities from
aqueous dispersions on charge patterns of varied geo-
metries. The protocol even offers the ability to serially
deposit oppositely chargednanoparticles ongeometrical
patterns of both charges written by AFM in a single run.
This work demonstrates the high potential of AFM

nanoxerography for single and binary directed assem-
bly of colloids onpatterns of unrestrictedgeometries since
it combines rapidity and versatility. It paves the way for
building nanoparticle architectures of desired complexity
and fabricating novel nanoparticle-based functional
devices.

METHODS

Colloidal Nanoparticles. Latex Nanoparticles. Latex nanoparti-
cles dispersed in water were purchased from Polysciences, Inc.
The commercial dispersion was diluted in deionized water to
obtain a concentration of 2 � 1011 NPs/mL. Transmission

electron microscopy (TEM) analysis of the dispersion indicated

the presence of 100 ( 8 nm spherical latex particles. Zeta
potential measurements revealed that these latex nanoparticles
carried a net negative charge ξ = �45 mV. This net negative
charge was due to their surface functionalization with carbox-
ylate groups.

Silica Nanoparticles. Silica nanoparticles were synthesized
by the St€ober method.35,43 To a solution of 5.7 mL of 25%

Figure 5. KFM surface potential image (left) of a charge pattern representing themap of France where the left half was positively
chargedand the righthalfwasnegatively charged.AFMtopography image in tappingmode (middle) andopticalmicroscopy image
in bright field (right) of directed assembly of negatively charged 100 nm latex nanoparticles and positively charged 8 nm PAPTAC
polymer stabilized gold nanoparticles on this pattern obtained by successive developments in the two colloidal dispersions.
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aqueous ammonia were added 114 mL of absolute ethanol and
3.8 mL of tetraethyl orthosilicate, and the solution was stirred
overnight. The turbid dispersion of silica nanoparticles obtained
was centrifuged to obtain a white pellet of the nanoparticles.
This was washed three times with ethanol and once with water
and finally redispersed in deionized water. The final concentra-
tion of silica nanoparticles in the dispersion was about 3� 1011

NPs/mL. TEM analysis of the dispersion indicated the presence
of 45 ( 3 nm spherical silica particles. Zeta potential measure-
ments revealed that these silica nanoparticles carried a net
negative charge ξ = �21 mV. This negative charge was due to
the presence of �Si-O� groups on their surface.

Citrate-Stabilized Gold Nanoparticles. Citrate-stabilized gold
nanoparticles were synthesized by the Turkevich�Frens
method.36,44,45 A boiling solution of sodium citrate (62 mg,
0.240 mmol) in 5 mL of water was added to a boiling solution of
HAuCl4 (10 mg, 0.025 mmol) in 60 mL of water. The color of the
solution turned red after 10 min, indicating the formation of
gold nanoparticles. This was boiled further for 15min, cooled to
room temperature, and finally dilutedwith deionizedwater. The
final concentration of gold nanoparticles in the dispersion was
about 2� 1011 NPs/mL. TEM analysis of the dispersion indicated
the presence of 14 ( 1 nm particles. Zeta potential measure-
ments revealed that these gold nanoparticles carried a net
negative charge ξ = �35 mV. This negative charge of these
NPs was due to the citrate molecules bound to their surface.

BSPP-Stabilized Gold Nanoparticles. Bis(p-sulfonatophenyl)
phenylphosphine (BSPP)-stabilizedgoldnanoparticleswere synthe-
sized by a typical NaBH4 reduction. Specifically, a 20 mL aqueous
solution of HAuCl4 (2.5� 10�4 mol L�1) and BSPP (2.5� 10�4 mol
L�1) was stirred vigorously at 30 �C. To this was injected 0.6mL of a
freshly prepared ice cold aqueous solution of NaBH4 (0.1 mol L�1).
The color of the mixture immediately turned yellowish-brown,
indicating the formation of small gold nanoparticles. Stirring was
stopped after 10 s, and the solution was aged for 2 h at 30 �C. The
final concentration of gold nanoparticles in the dispersion diluted
with deionized water was about 5� 1010 NPs/mL. TEM analysis of
the dispersion indicated the presence of 3 ( 1 nm spherical
particles. Zeta potential measurements revealed that these gold
nanoparticles carried a net negative charge ξ = �17 mV. This
negative charge was due to BSPP molecules complexed to their
surface.

PAPTAC-Stabilized Gold Nanoparticles. Positively charged sta-
bilized nanoparticles were prepared by coating separately synthe-
sized gold nanoparticles with a given amount of the cationic
poly[(3-acrylamidopropyl) trimethylammonium chloride] poly-
mer. Briefly, to 5 mL of HAuCl4 solution (1 � 10�2 mol L�1) were
added 94 mL of deionized water and 250 μL of aqueous NaOH
(1mol 3 L

�1), and the pH of this solution was adjusted between 7.5
and 8. Then 500 μL of fresh aqueous NaBH4 solution (0.1 mol L�1)
was addedunder stirring. The color of the suspension immediately
turned dark red, indicating the formation of gold nanoparticles.
TEM analysis of the dispersion indicated the presence of 8( 2 nm
spherical particles. To 1 mL of these preformed nanoparticles was
added 1 mL of a 0.01 wt % aqueous stock solution of PAPTAC
synthesized as previously described46 and chosenwith an average
molar mass of 10000 g 3mol�1 ([Au0] = 2.5 � 10�4 mol L�1;
[PAPTAC polymer] = 5� 10�3 wt %) . After dialysis, zeta potential
measurements revealed that these nanoparticles carried a net
positive charge ξ = þ33 mV. This positive charge was due to
their coating by the cationic PAPTAC polymer.

AFM Charge Writing. Chargewritingwas performed on 100 nm
PMMA thin films spin-coated on p-doped (1016 cm�3) silicon
wafers, by applying voltage pulses with an external generator to
a highly n-doped silicon AFM tip (resonance frequency of 290
kHz), using home-written tip guiding software. The z-feedback
was adjusted to control the tip�sample interaction during
charge writing. The width and the frequency of voltage pulses
were fixed at 1 ms and 50 Hz, respectively. The pulse amplitude
was varied between 40 and 75 V depending on the written
charge pattern. The tip velocity was fixed at 10 μm/s for all
experiments. These specific writing conditions were chosen
because of their reliability and reproducibility, without any tip
and/or sample damage at the high voltages used, as demon-
strated in our previous work.47 All experiments were performed

in air under ambient conditions (temperature of 22�25 �C,
relative humidity of 40�50%), using an ICON atomic force
microscope from Veeco Instruments.

KFM Charge Imaging. Just after AFM charge writing, surface
potential mappings of charge patterns were performed in air by
amplitude modulation KFM using the same microscope and the
same probe. These KFMmeasurements were carried out using the
“lift” technique at a constant lift height of 30 nm. A fixed drive
amplitude VAC of 3 V was chosen to make sensitive potential
measurements while avoiding any parametric amplification. The
surface potential (relative to the surrounding uncharged PMMA
film) and the width of the written charge patterns were system-
atically extracted from KFM images. In our experimental condi-
tions, the lateral resolution of KFM measurements was about
50�100 nm (limited by the long-range nature of electrostatic
forces) with a potential noise of about 5 mV.
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