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ABSTRACT
We demonstrate a large-scale placement of nanoparticles through a scheme named “electrostatic funneling”, in which charged nanoparticles
are guided by an electrostatic potential energy gradient and placed on targeted locations with nanoscale precision. The guiding electrostatic
structures are defined using current CMOS fabrication technology. The effectiveness of this scheme is demonstrated for a variety of geometries
including one-dimensional and zero-dimensional patterns as well as three-dimensional step structures. Placement precision of 6 nm has been
demonstrated using a one-dimensional guiding structure comprising alternatively charged lines with line width of ∼100 nm. Detailed calculations
using DLVO theory agree well with the observed long-range interactions and also estimate lateral forces as strong as (1 −3) × 10-7 dyn, which
well explains the observed guided placement of Au nanoparticles.

Recently, a lot of attention has been given to fabricating
electronic/optical devices and biological/chemical sensors
made of nanoscale building blocks such as nanoparticles,1-3

nanowires,4-9 carbon nanotubes,10-12 DNA,13,14 and pro-
teins.13,15,16 For the practical realization of such devices/
sensors, one of the key requirements is the ability to
simultaneously place the individual building blocks on exact
substrate locations over a large area. Many approaches have
been explored, including microfluids,17,18electric fields,19,20

magnetic field,21 surface functionalization,22-26 surface steps,9

capillary forces,27-29 biological templates,30-35 and scanning
probe microscopy.22,36 Although these approaches have had
significant success, at this time techniques that appear
suitable for wafer-scale implementation are few. In this
Letter, we demonstrate large-scale placement of nanoparticles
using an “electrostatic funnel” that guides charged nanopar-
ticles onto targeted locations predefined on the substrate. The
simplicity of the guided placement in addition to its compat-
ibility with current CMOS fabrication technology may
provide a practical means of fabricating integrated systems
of nanoscale devices.

The electrostatic funneling concept is illustrated by an
example in Figure 1, where a substrate having a surface
pattern of alternating lines is functionalized with positively
and negatively charged molecules. When the substrate is
immersed into a colloidal solution containing charged
nanoparticles, the substrate and nanoparticles interact in the
liquid medium via electrical double-layer interaction.37-39

Simple electrostatic consideration shows that, near the
substrate surface, the interaction energy between a negatively
charged nanoparticle and the substrate has minima and
maxima as displayed in Figure 1. When the charged
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Figure 1. Wafer-scale nanoparticle placement with electrostatic
funneling. (A) A schematic of the electrostatic interaction energy
in an aqueous solution for a negatively charged nanoparticle near
a substrate surface functionalized with positively and negatively
charged molecules. (B) The nanoparticles (red dots) are guided to
the centers of positively charged lines (of widthW) where the
interaction energy is minimum.
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nanoparticle is being attracted to a positively charged line,
thegradientof the interaction energy in a direction parallel
to the substrate (x direction in Figure 1) produceslateral
forces that push it toward the center of the positively charged
line, a low-energy site. Because an entire wafer could be
functionalized at the same time, this guiding mechanism may
be able to allow concurrent large-scale nanoparticle place-
ment over an entire wafer. As will be shown later in this
paper, when the interaction energy gradient is sufficiently
strong, nanoparticles can be placed along a line with
nanometer scale precision even though the guiding structures
are defined in much larger scale, on the order of∼100 nm.

Figure 2 outlines the experimental procedures used to
demonstrate the concept of electrostatic funneling. We started
the experiment with a common interconnect structure of
alternating lines of copper and silicon oxide fabricated with
damascene technology40 on a 200 mm silicon wafer, Figure
2A. It should be noted that, being planarized by chemical-
mechanical polishing (CMP),40 the surface of the copper and
silicon oxide lines were almost flat (roughness: 1-2 nm)
and had negligible height difference, with the copper lines
being lower than silicon oxide lines by∼5 nm as measured
with an atomic force microscope (AFM, Digital Instruments
Dimension 5000). The line widths were 120 and 80 nm for
copper and silicon oxide, respectively. The wafer was cut
(typically, 2 cm× 2 cm), cleaned with acetone, and then
UV ozone cleaned (PSD-UVT, NovaScan) for 30 min. The
wafer was then immersed into 1% citric acid solution (Sigma-
Aldrich) for 15 min to remove any copper oxide on the
surface of copper lines and rinsed with deionized water. We
then selectively coated the copper lines with a thin layer of
gold (thickness∼15 nm) using electroless plating,41 produc-
ing alternating lines of gold and silicon oxide, Figure 2B,
and making the Au-coated copper lines∼10 nm higher than
silicon oxide lines, as measured with the AFM. Positively
and negatively charged self-assembled monolayers (SAMs)
were formed on lines of silicon oxide and gold using (3-
aminopropyl)triethoxysilane (APTES, (C2H5O)3-Si-(CH2)3-
NH2, 99%; Sigma-Aldrich) and 16-mercaptohexadecanoic
acid (MHA, HS-(CH2)15-COOH, 99%; ProChimia, Po-

land), respectively.42,43 The APTES SAMs were formed by
immersing the wafer into 1 mM of APTES in chloroform
for 30 min at room temperature, followed by rinsing with
2-propanol and drying with nitrogen. The MHA SAMs were
formed using 5 mM MHA solution in ethanol for 3 h at room
temperature, followed by rinsing in a 1% solution of HCl in
ethanol for 15 s and then with absolute ethanol (200 proof)
and drying with nitrogen. The wafer was then immersed into
a colloidal solution containing negatively charged gold
nanoparticles44,45 (diameter,∼20 nm; concentration, 3.5×
1011 particles/mL (5.8× 10-10 M); Ted Pella Inc.) for 30
min at 4°C. The pH of the gold colloid was 6.6 (measured
with a pH meter; Oakton Acorn pH5) and did not change
during or after sample immersion. After removal from the
gold colloidal solution, the sample was immediately rinsed
with methanol and dried with a stream of nitrogen. The
samples were imaged with an FE-SEM (field-emission
scanning electron microscope, ZEISS Supra 55 VP).

In Figure 3, we show a representative SEM image that
demonstrates the effectiveness of the electrostatic funnel for
a one-dimensional guidance structure. The SEM image shows
that electrostatic guidance works extremely well and results
in many Au nanoparticles simultaneously placed along the

Figure 2. Experimental procedure. (A) Starting structure in which copper interconnect lines (brown) are embedded in the silicon oxide
dielectric (green) fabricated on a 200 mm silicon wafer. (B) Exposed copper lines are electroless plated with gold. (C) Selective formation
of self-assembled monolayers (SAMs). SAMs of APTES (-NH2; -NH3

+) are selectively formed on silicon oxide surfaces and SAMs of
MHA (-COOH; -COO-) are selectively formed on gold surfaces, providing positively and negatively charged lines, respectively, in an
aqueous solution. (D) Immersion into colloidal solution containing negatively charged Au nanoparticles.

Figure 3. SEM image of Au nanoparticles (diameter∼20 nm)
placed on silicon oxide lines using the electrostatic funneling
scheme. In this SEM image, the gold lines appear bright and silicon
oxide lines dark. Scale bars: 100 nm.
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centersof multiple silicon oxide lines. Although Figure 3
shows just one area, inspection of the 2 cm× 2 cm wafer
piece showed that the nanoparticles were precisely placed
over the entire piece. This procedure has been performed
on many wafer pieces with the same result. The degree of
precision for the guided nanoparticle placement shown in
Figure 3 has been quantified by measuring the deviation of
each nanoparticle from the centerline of the silicon oxide
lines. From all 217 nanoparticles in Figure 3, including all
outliers, the standard deviation is 6.2 nm. We also note that
the nanoparticles are regularly spaced, with separation of∼50
nm, due to the repulsive forces between them. Their like
charge combined with their close proximity in size, and thus
in mass (<10% variation), creates a similar effective
repelling distance for any pair of nanoparticles. (We find
that this interparticle separation matches very well with
theoretical calculations based on DLVO (Derjaguin, Landau,
Verwey, and Overbeek) theory,38,39,46 see the Supporting
Information for details).

Electrostatic interactions between the particle and substrate
surface are believed to be the dominant mechanism for the
guided particle placement seen in Figure 3. First, we want
to point out that the capillary forces, which have been
successfully implemented for nanoparticle placement by other
research groups,27-29 are not likely to be responsible for the
guided placement shown in Figure 3. Capillary force driven
assembly requires the existence of an air-water interface at
the surface patterns, but our experimental procedures do not
produce this condition.47

The importance of electrostatic interaction is clearly seen
in Figure 4, where we compare two wafers functionalized
with SAMs of differing charge combinations. For one wafer
(Figure 4A), silicon oxide and gold patterns were function-
alized with positively and negatively charged molecules,
using the SAMs described earlier (i.e., APTES and MHA,
respectively). For the other wafer (Figure 4B), the same
positively charged APTES SAMs were placed on the silicon
oxide surface, but the negatively charged SAMs on the gold
surface were replaced with nonpolar SAMs usingn-octade-
canethiol (ODT, HS-(CH2)17-CH3, 98%; Sigma-Aldrich).48

When the two samples were immersed into a colloid of Au
nanoparticles (∼20 nm diameter), the former set of SAMs
created denuded zones with width of∼70 nm, Figure 4A.
On the other hand, no denuded zone was found for the latter
set of SAMs, Figure 4B. These images provide evidence of
the importance of the magnitude of the electrostatic interac-
tion energy gradient (in a direction parallel to the substrate)
in guiding nanoparticles to the surface. Where the gradient
is strong, the nanoparticles are funneled away from the
boundary toward the center of the positively charged area,
and where the gradient is weak, they are not.

The observations in Figures 3 and 4A clearly indicate that
the interactions between Au nanoparticles and charged
substrate are electrostatic and of long range, extending at
least over tens of nanometers. To get a more quantitative
picture of this long-range nanoparticle-substrate interaction,
we have calculated the interaction energies based on DLVO
theory.38,39,46We first calculate the interaction energy between

a Au nanoparticle and an infinite surface functionalized with
either MHA or APTES (geometry in parts A and B of Figure
5, respectively). The interaction energyVj(z) is a sum of
electrical double-layer interaction energyΦj(z) and van der
Waals interaction energyWj(z), wherej represents the surface
type (functionalized with either MHA or APTES)

and

The double-layer interaction energies,ΦMHA(z) and
ΦAPTES(z), can be calculated using linear superposition
approximation49-51 (LSA) and given by

and

where ε is the dielectric constant of water,ε0 is the

Figure 4. Control of guiding electrostatic interaction energy with
different combinations of SAMs. (A) The gold surfaces (bright in
the SEM image) were negatively charged with SAMs of MHA
(-COO- terminated) while the silicon oxide surface (dark in the
SEM image) was positively charged with SAMs of APTES (-NH3

+

terminated). When immersed into the Au colloidal solution, Au
nanoparticles (negatively charged, diameter∼20 nm) were guided
away from gold surfaces and attracted onto silicon oxide surface,
creating denuded zones with width of∼70 nm. (B) Under exactly
the same conditions except that the gold surfaces were function-
alized with nonpolar SAMs using ODT (-CH3 terminated), we
observe no denuded zone due to the absence of appreciable gradient
of interaction energies in a direction parallel to the substrate. Scale
bars: 100 nm.

VMHA(z) ) ΦMHA(z) + WMHA(z)

VAPTES(z) ) ΦAPTES(z) + WAPTES(z) (1)

ΦMHA(z) ) 4πεε0a(kT/e)2YAuYMHA exp(-κz)

ΦAPTES(z) ) 4πεε0a(kT/e)2YAuYAPTESexp(-κz) (2)
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permittivity of free space,a is the radius of a Au nanoparticle,
k is the Boltzmann constant,T is the absolute temperature,
e is the unit charge of an electron, andYAu, YMHA, andYAPTES

are effective reduced surface potentials49,52,53of an isolated
Au nanoparticle, anisolatedMHA functionalized substrate,
and anisolatedAPTES functionalized substrate, respectively.
κ is the inverse Debye length defined by38,46

whereNA is Avogadro’s number,zi is the valency of ion
speciesi andMi is the molar ion concentration of ion species
i. From eq 3, the Debye lengthκ-1 of our Au colloid45 is
calculated to be 81.5 nm.

Each ofYAu, YMHA, andYAPTEScan be obtained by solving
nonlinear Poisson-Boltzmann equations when ion concen-
trationsMi, valencieszi, and surface charge densitiesσAu,
σMHA, and σAPTES are given. No exact analytical solution
to the nonlinear Poisson-Boltzmann equations exists ex-
cept for a planar geometry, but numerical solutions52 as
well as approximate analytic expressions53,54 are available.
Using the approximate analytic expressions by Ohshima,53,54

along with known ion concentrations45 and available surface
charge densitiesσAu, σMHA, andσAPTES,26,55,56we obtainYAu,
YMHA, andYAPTES as -1.59, -5.62, and 1.07, respectively
(see Supporting Information for calculation details). By
inserting YAu, YMHA, and YAPTES along with κ into eq 2,
we obtain double-layer interaction energiesΦMHA(z) and

Figure 5. Calculation of the interaction energies. (A) Interaction energy between a 20 nm Au nanoparticle (a ) 10 nm) and a MHA-
functionalized substrate. (B) Interaction energy between a 20 nm Au nanoparticle (a ) 10 nm) and an APTES-functionalized substrate. (C)
A geometrical schematic for a nanoparticle interacting with a substrate functionalized with MHA for one side and APTES for the other
side. (D) A schematic of the interaction energy as a function ofx for a fixed z ()h) under the geometry in C. (E) Forces exerted on a 20
nm diameter Au nanoparticle under the geometry in C for|x| < 70 nm andz e 100 nm. The MHA-APTES boundary is located atx )
0 and indicated by the dotted line.

κ ) [(1000e2NA/εε0kT) Σi zi
2Mi]

1/2 (3)
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ΦAPTES(z), which are plotted in parts A and B of Figure 5,
respectively.

The van der Waals interaction energiesWMHA(z) and
WAPTES(z) are given by38

and

whereAMHA andAAPTES are the Hamaker constants for the
system of Au/MHA/water/Au and SiO2/APTES/water/Au,57,58

the reported values of which are 2.5× 10-19 and 5.7× 10-20

J, respectively.59,60From eq 4, the van der Waals interaction
energiesWMHA(z) and WAPTES(z) were obtained and are
plotted in parts A and B of Figure 5, respectively.

From eqs 1-4, the total interaction energiesVMHA(z) and
VAPTES(z) were obtained and are plotted in parts A and B of
Figure 5. The calculation results shown in these plots reveal
the nature of guiding forces seen in our experiments. The
total interaction energiesVMHA(z) andVAPTES(z) are dominated
by the electrostatic double-layer interactions as long as the
nanoparticle-surface separation is more than 10 nm. For
MHA functionalized substrates, the interaction with a Au
nanoparticle is repulsive (positive interaction energies), and
for APTES functionalized substrates, the interactions are
attractive (negative interaction energies), as expected from
the surface charge states of Au nanoparticles, MHA, and
APTES. Most importantly, the plots clearly indicate that the
interactions are indeed of long range: for the interaction of
a Au nanoparticle with MHA functionalized substrates, the
interaction energyVMHA(z) reaches the room temperature
thermal energy (∼25 meV) at∼370 nm away from the
substrate (beyond the axis range in Figure 5A). For the
interaction with APTES functionalized substrates,VAPTES(z)
reaches the thermal energy (ca.-25 meV) at∼270 nm.

With the interaction energiesVMHA(z) and VAPTES(z)
obtained, we now can get a more quantitative picture for
the observed denuded zone in Figure 4A. When two surfaces
functionalized with MHA and APTES are adjacent to each
other (geometry in Figure 5C), we can semiquantitatively
plot the interaction energyV(x,z ) h) between a Au
nanoparticle and the substrate as follows. First, we note that
when the nanoparticle is appreciably away from the MHA-
APTES boundary (when|x| is large),V(x,z ) h) assumes
the valueVMHA(h) or VAPTES(h) because the influence of the
other charged surface diminishes. Second, near the interface
(when |x| is small),V(x,z ) h) deviates from bothVMHA(h)
and VAPTES(h) and assumes a value between them because
the influence of negatively and positively charged surfaces
overlaps. If we assume that variation ofV(x,z ) h) is
constant, i.e., dV(x,z ) h)/dx is constant, we obtain a plot
for V(x,z ) h) as in Figure 5D. According to Figure 5D, the
nanoparticle can approach the MHA-APTES boundary only
up to x ) λ(h) because of the energy barrier. This effect
produces the denuded zone observed in Figure 4A. We can

further estimate the lateral forceFL ()-∂V(x,z)/∂x|z)h)
exerted on the Au nanoparticle. From geometrical consid-
eration of Figure 5D, we get the relationship between∂V(x,z)/
∂x|z)h andλ(h) as

If we assumeλ(h) to be∼70 nm (the width of the denuded
zone in Figure 4A) when the Au nanoparticle comes close
to the surface (say,h e 100 nm), eq 5 predicts the lateral
force FL ()-∂V(x,z)/∂x|z)h) to be 3.6× 10-7, 3.2 × 10-7,
2.9× 10-7, 2.5× 10-7, and 2.2× 10-7 dyn for h ) 10, 20,
30, 40, and 50 nm, respectively.61 This lateral forceFL may
be compared with the vertical forceFV ()-V(x,z)/∂z) and
is found to be, atx ) 0 for example,-9.4 × 10-9, 1.4 ×
10-7, 1.5× 10-7, 1.4× 10-7, and 1.3× 10-7 dyn for h )
10, 20, 30, 40, and 50 nm, respectively. Figure 5E sum-
marizes the forces exerted on a 20 nm diameter Au
nanoparticle obtained from eq 5 and Figure 5D through

where xb and zb are unit vectors alongx and z directions.
Although our calculations are semiquantitative, the results
present clear indication that the lateral forces become
comparable to or greater than the vertical forces near the
MHA-APTES boundary (|x| < 70 nm). These strong lateral
forces are responsible for the guided nanoparticle placement
as observed in Figure 3 and Figure 4A.

The long-range electrostatic interactions and strong lateral
forces can allow the guided nanoparticle placement for
various geometries. What is required is the creation of an
appropriate electrostatic funnel on the substrate. For example,
a simple change in the surface pattern from line to dot can
create a guiding potential sufficient to place individual
nanoparticles onto targeted places. This is demonstrated in
Figure 6 with an array of square-shaped patterns and∼20

Figure 6. Zero-dimensional placement of individual nanoparticles
(∼20 nm diameter): the patterns in dark, silicon oxide function-
alized with APTES SAMs; the bright area, gold surface function-
alized with MHA SAMs. The Au nanoparticles appear as bright
dots. Note that only one nanoparticle is placed in the center of each
square-shaped pattern due to the repulsive electrostatic interactions
between charged nanoparticles (see the Supporting Information).

∂V(x,z)/∂x|z)h ) -{(VMHA(h) - VAPTES(h))/2- kT}/λ(h) (5)

FB(x,z) ) -
∂V(x,z)

∂x
xb -

∂V(x,z)
∂z

zb (6)

WMHA(z) ) -AMHAa/6z

WAPTES(z) ) -AAPTESa/6z (4)
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nm Au nanoparticles. (It is also worth noting that only one
nanoparticle is positioned in each square due to repulsive
forces between negatively charged Au nanoparticles: once
one nanoparticle occupies one pattern, it prohibits the
approach of other nanoparticles.) In addition, the creation
of the guiding potential is not constrained to rely on the
surface pattern but can utilize the exposed sidewall surface
of thin film layers as shown in Figure 7A. Parts B-D of
Figure 7 demonstrate the successful fabrication of such a
structure: Au nanoparticles of diameter∼200,∼80, and∼50
nm placed on silicon oxide sidewalls (positively charged with
APTES) sandwiched between two gold electrodes (negatively
charged with MHA).62 The effectiveness of guided placement
is clearly maintained in these step structures as the nano-
particles are observed only on thecenter locations of the
oxide stripes (the exposed sidewalls).

We expect that the electrostatic funneling method dem-
onstrated here using nanoparticles can also be used for the
controlled placement of other nanoscale building blocks. For
example, controlled placement of one-dimensional systems
such as nanowires or carbon nanotubes could be realized
using one-dimensional guiding structures similar to the one
demonstrated in Figure 3. Furthermore, extension of the
proven ability to construct the device architecture in Figure
7A could lead to wafer-scale fabrication of room-temperature
single electron devices when∼5 nm nanoparticles are used
and the electrode gap (i.e., thethicknessof the silicon oxide
sidewall) is reduced to∼10 nm.63,64Currently available thin
film deposition/growth techniques such as ALD (atomic layer
deposition) or PECVD (plasma enhanced chemical vapor
deposition) are capable of producing the required layer
thickness with subnanometer precision.65

We have demonstrated the ability of the electrostatic funnel
guiding method to place nanoparticles with nanometer scale
precision on much coarser guidance structures defined using
conventional CMOS technology. The practicality of elec-

trostatic funneling, that is, its simplicity and compatibility
with CMOS fabrication and packaging technology, combined
with the fact that the method works for both lateral and
vertical patterns, may provide a viable pathway to the wafer-
scale66 fabrication of integrated systems of nanoscale devices
and sensors.
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