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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) x 10~7 dyn, which

well explains the observed guided placement of Au nanoparticles.
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Recently, a lot of attention has been given to fabricating
electronic/optical devices and biological/chemical sensors
made of nanoscale building blocks such as nanoparticfes,
nanowirest® carbon nanotub€$; > DNA,*314 and pro-
teinsi31516 For the practical realization of such devices/
sensors, one of the key requirements is the ability to
simultaneously place the individual building blocks on exact
substrate locations over a large area. Many approaches have
been explored, including microfluid$; ! electric fieldst®20
magnetic fielc?* surface functionalizatio??, ¢ surface step$,
capillary forces~2° biological templateg?-3% and scanning
probe microscopy?2¢ 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. Figure 1. Wafer-scale nanoparticle placement with electrostatic

The electrostatic funneling concept is illustrated by an UnNeling. (A) A schematic of the electrostatic interaction energy
in an aqueous solution for a negatively charged nanoparticle near

example in Figure 1, where a substrate having a surface, gypstrate surface functionalized with positively and negatively
pattern of alternating lines is functionalized with positively charged molecules. (B) The nanoparticles (red dots) are guided to
and negatively charged molecules. When the substrate isthe centers of positively charged lines (of widil) where the

immersed into a colloidal solution containing charged interaction energy is minimum.
nanoparticles, the substrate and nanoparticles interact in thESimpIe electrostatic consideration shows that, near the
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liquid medium via electrical double-layer interactit/n: substrate surface, the interaction energy between a negatively
* Corresponding author: tel, 817-272-1223; fax, 817-272-2538; e-mail, charged nanopartlde a_nd the substrate has minima and

skoh@uta.edu. maxima as displayed in Figure 1. When the charged
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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 APTESNH,; —NHs") are selectively formed on silicon oxide surfaces and SAMs of
MHA (—COOH; —COOQO") 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.

nanoparticle is being attracted to a positively charged line, s ;t: i \g :‘ :_i‘r ‘i
the gradientof the interaction energy in a direction parallel R RBHEB i’
to the substratex(direction in Figure 1) producelteral W q‘ ‘2 R ,£ 2 ‘ﬁ
forces that push it toward the center of the positively charged i . B B 8 _
line, a low-energy site. Because an entire wafer could be RN 3 A 5
functionalized at the same time, this guiding mechanism may ?. ’ g . g § hi
be able to allow concurrent large-scale nanoparticle place- : - B B g
ment over an entire wafer. As will be shown later in this § f‘. f % <
paper, when the interaction energy gradient is sufficiently E ‘B ; i
strong, nanoparticles can be placed along a line with H HE “ . 'f
nanometer scale precision even though the guiding structures Ii 3 i l : ; €
are defined in much larger scale, on the ordera00 nm. - A i |

Figure 2 outlines the experimental procedures used to
demonstrate the concept of electrostatic funneling. We started':l'g(‘:; 30n Ssﬁ:\élo??)gﬁj:fl Sgsnirs]%partttgez Igilt?(r;;?;ifofunnwehn
the experiment with a common interconnect structure of scheme. In this SEM image, the goldgllnes appear bright and S|I|cgn
alternating lines of copper and silicon oxide fabricated with oyide lines dark. Scale bars: 100 nm.
damascene technolotfyon a 200 mm silicon wafer, Figure
2A. It should be noted that, being planarized by chemical- land), respectivel§>*3 The APTES SAMs were formed by
mechanical polishing (CMP*,the surface of the copper and immersing the wafer into 1 mM of APTES in chloroform
silicon oxide lines were almost flat (roughness=2L.nm) for 30 min at room temperature, followed by rinsing with
and had negligible height difference, with the copper lines 2-propanol and drying with nitrogen. The MHA SAMs were
being lower than silicon oxide lines by5 nm as measured  formed using 5 mM MHA solution in ethanol f@ h at room
with an atomic force microscope (AFM, Digital Instruments temperature, followed by rinsing in a 1% solution of HCl in
Dimension 5000). The line widths were 120 and 80 nm for ethanol for 15 s and then with absolute ethanol (200 proof)
copper and silicon oxide, respectively. The wafer was cut and drying with nitrogen. The wafer was then immersed into
(typically, 2 cm x 2 cm), cleaned with acetone, and then a colloidal solution containing negatively charged gold
UV ozone cleaned (PSD-UVT, NovaScan) for 30 min. The nanoparticle¥-*® (diameter,~20 nm; concentration, 3.5
wafer was then immersed into 1% citric acid solution (Sigma- 10! particles/mL (5.8x 101° M); Ted Pella Inc.) for 30
Aldrich) for 15 min to remove any copper oxide on the min at 4°C. The pH of the gold colloid was 6.6 (measured
surface of copper lines and rinsed with deionized water. We with a pH meter; Oakton Acorn pH5) and did not change
then selectively coated the copper lines with a thin layer of during or after sample immersion. After removal from the
gold (thickness~15 nm) using electroless platidgproduc- gold colloidal solution, the sample was immediately rinsed
ing alternating lines of gold and silicon oxide, Figure 2B, with methanol and dried with a stream of nitrogen. The
and making the Au-coated copper linegd0 nm higherthan  samples were imaged with an FE-SEM (field-emission
silicon oxide lines, as measured with the AFM. Positively scanning electron microscope, ZEISS Supra 55 VP).
and negatively charged self-assembled monolayers (SAMs) In Figure 3, we show a representative SEM image that
were formed on lines of silicon oxide and gold using (3- demonstrates the effectiveness of the electrostatic funnel for
aminopropyl)triethoxysilane (APTES, £8:0);—Si—(CHy)s— a one-dimensional guidance structure. The SEM image shows
NH,, 99%; Sigma-Aldrich) and 16-mercaptohexadecanoic that electrostatic guidance works extremely well and results
acid (MHA, HS—(CH,);5—COOQOH, 99%; ProChimia, Po- in many Au nanoparticles simultaneously placed along the
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centersof multiple silicon oxide lines. Although Figure 3
shows just one area, inspection of the 2 gn?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 nanopatrticle 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 nanopatrticles are regularly spaced, with separatierb0f

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) theof$3%46 see the Supporting

fﬂ {4
$ é S S é
Information for details). “
Electrostatic interactions between the particle and substrate u

surface are believed to be the dominant mechanism for thegigure 4. Control of guiding electrostatic interaction energy with
guided particle placement seen in Figure 3. First, we want different combinations of SAMs. (A) The gold surfaces (bright in
to point out that the capillary forces, which have been the SEM image) were negatively charged with SAMs of MHA
successfully implemented for nanoparticle placement by other (~COO terminated) while the silicon oxide surface (dark in the
research group¥;2° are not likely to be responsible for the SEM image) was positively charged with SAMs of APTESNH;*

. 9 ' - y p i terminated). When immersed into the Au colloidal solution, Au
guided placement shown in Figure 3. Capillary force driven nanoparticles (negatively charged, diamet@0 nm) were guided
assembly requires the existence of an-aiater interface at  away from gold surfaces and attracted onto silicon oxide surface,

the surface patterns, but our experimental procedures do notreating denuded zones with width o770 nm. (B) Under exactly
produce this conditiofy, the same conditions except that the gold surfaces were function-

. o . alized with nonpolar SAMs using ODTHCHjs terminated), we
The importance of electrostatic interaction is clearly seen gpserve no denuded zone due to the absence of appreciable gradient
in Figure 4, where we compare two wafers functionalized of interaction energies in a direction parallel to the substrate. Scale

with SAMs of differing charge combinations. For one wafer bars: 100 nm.

(Figure 4A), silicon oxide and gold patterns were function-

alized with positively and negatively charged molecules, @ Au nanoparticle and an infinite surface functionalized with
using the SAMs described earlier (i.e., APTES and MHA, either MHA or APTES (geometry in parts A and B of Figure
respectively). For the other wafer (Figure 4B), the same . respectively). The interaction ener§y(z) is a sum of
positively charged APTES SAMSs were placed on the silicon €lectrical double-layer interaction enerdy(z) and van der
oxide surface, but the negatively charged SAMs on the gold Waals interaction energ¥(z), wheregj represents the surface

CO0~ COO~ COO0™ CH3 CH; CHj;

/
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surface were replaced with nonpolar SAMs usingctade-  type (functionalized with either MHA or APTES)
canethiol (ODT, HS-(CH,)17—CHgz, 98%; Sigma-Aldrich)?
When the two samples were immersed into a colloid of Au Va2 = Pypa (@ + Wiyna (2

nanoparticles{£20 nm diameter), the former set of SAMs

created denuded zones with width €70 nm, Figure 4A. and

On the other hand, no denuded zone was found for the latter

set of SAMs, Figure 4B. These images provide evidence of Vapred2) = @ ppred2) + Wapred?) (1)
the importance of the magnitude of the electrostatic interac-

tion energy gradient (in a direction parallel to the substrate) Te gouble-layer interaction energiesbuna(z) and

in guiding nanoparticles to the surface. Where the gradientq)APTES(Z)’ can be calculated using linear superposition
is strong, the nanoparticles are funneled away from the approximatiof®5! (LSA) and given by

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 hanometers. To get a more quantitative
picture of this long-range nanopartielsubstrate interaction, D ppred?) = 4mec@AKTION YapreseXpc2)  (2)
we have calculated the interaction energies based on DLVO
theory383%46\We first calculate the interaction energy between where ¢ is the dielectric constant of wateg, is the

D14 (2) = Aee AKTIO™Yp Yyua EXP(K2)

nd
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Figure 5. Calculation of the interaction energies. (A) Interaction energy between a 20 nm Au nanopartil@ nm) and a MHA-
functionalized substrate. (B) Interaction energy between a 20 nm Au nanopaatiel@@ 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 functior fofr a fixed z (=h) under the geometry in C. (E) Forces exerted on a 20

nm diameter Au nanoparticle under the geometry in Cjfpr< 70 nm andz < 100 nm. The MHA-APTES boundary is located at=
0 and indicated by the dotted line.

permittivity of free spaceq is the radius of a Au nanopatrticle,
k is the Boltzmann constant, is the absolute temperature,
eis the unit charge of an electron, a¥gl,, Yura, andYapres
are effective reduced surface potentiatd>3of anisolated
Au nanoparticle, afsolatedMHA functionalized substrate,
and anisolatedAPTES functionalized substrate, respectively.
« is the inverse Debye length defined®b{f

Each ofYau, Yuna, andYaprescan be obtained by solving
nonlinear PoissonBoltzmann equations when ion concen-
trations M, valenciesz, and surface charge densities,,
owna, and oaptes are given. No exact analytical solution
to the nonlinear PoisserBoltzmann equations exists ex-
cept for a planar geometry, but numerical solutféres
well as approximate analytic expressioitd are available.
Using the approximate analytic expressions by OhsRitfa,
along with known ion concentratiottsand available surface
charge densitiesay, omna, andoaptes?85>%6we obtainYay,
whereN, is Avogadro’s numberz is the valency of ion  Ywna, and Yapres as —1.59, —5.62, and 1.07, respectively
species andM; is the molar ion concentration of ion species (see Supporting Information for calculation details). By
i. From eq 3, the Debye leng#? of our Au colloid® is inserting Yau, Ywna, and Yapres along with « into eq 2,

calculated to be 81.5 nm. we obtain double-layer interaction energi®sna(z) and

K = [(1000’N,/e€kT) = 7M1 @)
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D p1ed2), Which are plotted in parts A and B of Figure 5,
respectively.

The van der Waals interaction energi®éa(2) and
Waptes(2) are given by?

Wyra (2 = —Aypadl6z
and

Wipred2) = —Anpres /62 4)

where Ayna and Axpres are the Hamaker constants for the
system of Au/MHA/water/Au and SUEDAPTES/water/Ap7-58 Figure 6. Zero-dimensional placement of individual nanoparticles
the reported values of which are 2651071 and 5.7x 10720 (~20 nm diameter): the patterns in dark, silicon oxide function-
J respectivel;??ﬁo From eq 4, the van der Waals interaction alized with APTES SAMs; the bright area, gold surface function-

- . alized with MHA SAMs. The Au nanoparticles appear as bright
energiesWna(2) and Wapred2) were obtained and are "ot that only one nanoparticle is placed in the center of each

plotted in parts A and B of Figure 5, respectively. square-shaped pattern due to the repulsive electrostatic interactions
From eqs 14, the total interaction energi&ua(2) and between charged nanoparticles (see the Supporting Information).

VapregZ) were obtained and are plotted in parts A and B of
Figure 5. The calculation results shown in these plots revealfurther estimate the lateral forcB. (=—0V(X,2)/0X|z=n)
the nature of guiding forces seen in our experiments. The €xerted on the Au nanoparticle. From geometrical consid-
total interaction energieéuua(z) andVapreqZ) are dominated  eration of Figure 5D, we get the relationship betwe¥(x,2)/
by the electrostatic double-layer interactions as long as the 3Xlz=n andi(h) as
nanoparticle-surface separation is more than 10 nm. For
MHA functionalized substrates, the interaction with a Au  9V(%2/0X| -, = —{ (Vyna () = Vapreh))/2— KT}/A(h) (5)
nanoparticle is repulsive (positive interaction energies), and
for APTES functionalized substrates, the interactions are If we assumél(h) to be~70 nm (the width of the denuded
attractive (negative interaction energies), as expected fromzone in Figure 4A) when the Au nanoparticle comes close
the surface charge states of Au nanoparticles, MHA, and to the surface (sayh < 100 nm), eq 5 predicts the lateral
APTES. Most importantly, the plots clearly indicate that the force F. (=—9dV(x,2)/0X|~n) to be 3.6x 1077, 3.2 x 1077,
interactions are indeed of long range: for the interaction of 2.9 x 1077, 2.5 x 107, and 2.2x 107 dyn forh = 10, 20,
a Au nanoparticle with MHA functionalized substrates, the 30, 40, and 50 nm, respectivélyThis lateral forceF. may
interaction energWwna(2) reaches the room temperature be compared with the vertical fords, (=—V(x,2)/02) and
thermal energy €25 meV) at~370 nm away from the is found to be, ak = 0 for example,—9.4 x 1079, 1.4 x
substrate (beyond the axis range in Figure 5A). For the 1077, 1.5 x 1077, 1.4 x 1077, and 1.3x 107 dyn forh =
interaction with APTES functionalized substrat¥seres(2) 10, 20, 30, 40, and 50 nm, respectively. Figure 5E sum-
reaches the thermal energy (ea25 meV) at~270 nm. marizes the forces exerted on a 20 nm diameter Au
With the interaction energie®/wna(2) and Vapred2) nanoparticle obtained from eq 5 and Figure 5D through
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 energyW(x,z = h) between a Au whereX andZ are unit vectors along and z directions.
nanoparticle and the substrate as follows. First, we note thatAlthough our calculations are semiquantitative, the results
when the nanoparticle is appreciably away from the MHA- present clear indication that the lateral forces become
APTES boundary (wheifx| is large),V(x,z = h) assumes  comparable to or greater than the vertical forces near the
the valueVuna(h) or Vapredh) because the influence of the MHA —APTES boundary|k| < 70 nm). These strong lateral
other charged surface diminishes. Second, near the interfacdorces are responsible for the guided nanoparticle placement
(when|x| is small),V(x,z = h) deviates from bottVyua(h) as observed in Figure 3 and Figure 4A.
and Vapredh) and assumes a value between them because The long-range electrostatic interactions and strong lateral
the influence of negatively and positively charged surfaces forces can allow the guided nanoparticle placement for
overlaps. If we assume that variation ¥{x,z = h) is various geometries. What is required is the creation of an
constant, i.e., d(x,z = h)/dx is constant, we obtain a plot appropriate electrostatic funnel on the substrate. For example,
for V(x,z= h) as in Figure 5D. According to Figure 5D, the a simple change in the surface pattern from line to dot can
nanoparticle can approach the MHAPTES boundary only ~ create a guiding potential sufficient to place individual
up to x = A(h) because of the energy barrier. This effect nanoparticles onto targeted places. This is demonstrated in
produces the denuded zone observed in Figure 4A. We canFigure 6 with an array of square-shaped patterns-agd

V(X2 . V(X2 _
x Tz ¢ ©)

F(x9 =
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Coulomb Island

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-

Figure 7. Nanoparticle placement in a step structure. (A) A new
device architecture in which two electrodes are positioned vertically

scalé® fabrication of integrated systems of nanoscale devices
and sensors.
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Supporting Information Available: Calculation details
for the interaction energies between two Au nanoparticles
and the effective reduced surface potentdls Yuna, and

and nanoparticles are precisely placed in the center of the electrodeYaptes This material is available free of charge via the

gap. (B-D) SEM images for the architecture in (A) demonstrating
the effectiveness of guided placement. The diameter of Au
nanopatrticles is~200, ~80, and~50 nm for (B), (C), and (D),
respectively. Scale bars: 400 nm.

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 of
Figure 7 demonstrate the successful fabrication of such a
structure: Au nanoparticles of diamete200,~80, and~50

nm placed on silicon oxide sidewalls (positively charged with
APTES) sandwiched between two gold electrodes (negatively
charged with MHA)Y?? The effectiveness of guided placement

is clearly maintained in these step structures as the nano-

particles are observed only on tleenterlocations of the
oxide stripes (the exposed sidewalls).

We expect that the electrostatic funneling method dem-

Internet at http://pubs.acs.org.
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