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materials are constructed out of nanoscale building blocks (e.g., 03 mM’({?’SG:g/ggnj’ 100 nm) (0.05 mM(’/i’_g I:C;jc)r:? 100 nm)
nanoparticles), it is essential to have methods that are capable of

placing the individual nanoscale building blocks onto exact ®eO® OOO
substrate positions on a large scale and on a large area. One of OIOIO) OOO

the promising placement methods is the self-limiting single-particle @®® OO0
placement (SPP), in which a single nanoparticle in a colloidal - = - X

solution is electrostatically guided by electrostatic templates and
exactly one single nanoparticle is placed on each target position in
a self-limiting way. This paper presents a numerical study on SPP,
where the effects of three key parameters, (1) ionic strength (IS),
(2) nanoparticle surface charge density (oyp), and (3) circular
template diameter (d), on SPP are investigated. For 40 different .
parameter sets of (IS, oxp, d), a 30 nm nanoparticle positioned at R above the substrate was modeled in two configurations (i)
without and (ii) with the presence of a 30 nm nanoparticle at the center of a circular template. For each parameter set and each
configuration, the electrostatic potentials were calculated by numerically solving the Poisson-Boltzmann equation, from which
interaction forces and interaction free energies were subsequently calculated. These have identified realms of parameter sets that
enable a successful SPP. A few exemplary parameter sets include (IS, oyp, d) = (0.5 mM, —1.5 uC/cm? 100 nm), (0.05 mM, —0.5
#C/cm? 100 nm), (0.5 mM, —1.5 uC/cm?, 150 nm), and (0.05 mM, —0.8 uC/cm? 150 nm). This study provides clear guidance
toward experimental realizations of large-scale and large-area SPPs, which could lead to bottom-up fabrications of novel electronic,

photonic, plasmonic, and spintronic devices and sensors.

B INTRODUCTION

Nanoscale entities, such as metal nanoparticles, semiconductor
quantum dots, dielectric nanoparticles, and magnetic nano-
particles (here, we collectively call them nanoparticles), have
been the subjects of intensive studies due to their novel
electrical, optical, and magnetic properties that their bulk
counterparts cannot provide. Their unique properties and
applications include atom-like energy levels,' > Coulomb
blockade in single-electron transport,”~” single-photon sour-
10,11 . 1112
ces, on-demand generation of entangled photon pairs,

. 13-23 .
plasmonics, surface plasmon amplification by the
stimulated emission of radiation (spaser),”* >° spaser nano-

. 24 . . . P
particle laser,” magnetic dipole resonances in the visible
spectral range,””** and catalysts.”” To implement these in
practical integrated systems, however, it is essential to have
reliable methods that can controllably place those single
nanoparticles onto the desired substrate positions with
nanoscale precision.

Various methods have been investigated for controlled
placement of nanoparticles.”” *> These include particle
assembly using capillary forces,>' ™%’ placement using electro-
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static interactions, electrophoresis-assisted placement,
chemically directed nanoparticle assembly,”” placing single
. : . $3-56

nanoparticles using optical forces, self-assembly of Au
nanoparticles using highly specific protein pairing,””** DNA-

. - 21,59-62
assisted nanoparticle self-assembly and placement,
formation of nanoparticle arrays assisted by block copoly-
mers,”>®* nanoparticle assembly using magnetic forces,”®
single-nanoparticle positioning with atomic force microscopy
(AEM),*® and pick-and-place technique for integrating
quantum dots into waveguides.'"*”%®

An ideal nanoparticle placement method would have the
following capabilities: (1) placing individual single nano-
particles on the targeted positions with nanoscale precision,
(2) parallel processing that allows single nanoparticles to be
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placed on a large scale and a large area (e.g., on a wafer scale),
and (3) the nanoparticle placement can be completed in a
short time (e.g,, in S min). One of the promising approaches
that can provide all the above capabilities is the self-limiting
single-particle placement (SPP), in which single nanoparticles
are electrostatically guided toward target positions and exactly
one single nanoparticle is placed at each target position.”
Figure 1 shows a schematic of SPP. Circular templates are
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Figure 1. Schematic of self-limiting SPP (ref 39). Inside and outside
of the circle are positively and negatively charged, respectively.
Nanoparticle (red dot) is negatively charged. (a) A nanoparticle (in a
colloidal solution) is electrostatically guided toward the circle center.
(b) Once nanoparticle is placed at the circle center, the approach of
other nanoparticles toward the circular template is prohibited.
Reprinted from ref 39, with the permission of AIP Publishing.
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made on a substrate, and positively and negatively charged self-
assembled monolayers (SAMs) are formed inside and outside
of the circular templates, respectively. When a colloid of
negatively charged nanoparticles is applied onto the substrate,
a single nanoparticle is electrostatically %uided toward the
circle center through electrostatic funneling™® and placed at the
circle center, as shown in Figure la. Once a nanoparticle is
placed at the circle center, the electrostatic landscape changes
such that it prevents the approach of other nanoparticles
toward the circular template, resulting in self-limiting SPP, as
shown in Figure 1b.

The key merits of this SPP method are that (1) exactly one
single nanoparticle can be placed for each circular template and
the circular templates can be made at any regular or irregular
user-defined locations on a substrate, (2) the circular templates
(diameter: ~100 nm) can be defined on a wafer scale using
photolithography, (3) the electrostatic funneling mechanism
(focusing effect)”® enables an extremely high placement
precision (~10 nm), and (4) the nanoparticle placement
process is very fast.

To fully utilize the above merits of SPP, it is essential to
systematically study the effects of various parameters that
influence SPP. The parameters include ionic strength (IS) of
the nanoparticle colloid, pH of the colloid, circular template
diameter (d), and surface charge densities of the nanoparticle
(onp), the circular template (o), and the substrate
(Ogubstrate)- The effects of these parameters on SPP are
entangled and rather complex. For example, increasing
nanoparticle surface charge densities increases the attractive
forces between a nanoparticle and the circular template but
also increases the repulsive forces between the nanoparticle
and the substrate surface. The magnitudes of these forces
depend on the ionic strength as well as the size of the circular
template. Considering this complexity, investigating the effect
of many parameters on SPP by experiments alone would be a
huge task. A theoretical study that systematically examines the
effects of those parameters on SPP is much needed.

This paper presents a numerical study that investigates the
effect of three important parameters on the characteristics of
SPP. These parameters are ionic strength (IS), nanoparticle
surface charge density (oxp), and the diameter of the circular
template (d). The ranges of parameter values explored are
selected to closely represent the experimental conditions. Their
values are from 0.05 to 0.5 mM for IS, from —0.3 to —3.0 uC/
em? for oyp,"° "% and 100 and 150 nm for d. By solving the
Poisson-Boltzmann equation (PBE)”’73 for a given parameter
set (IS, owp, d), we calculate the interaction force and
interaction free energy when a single nanoparticle that
approaches the substrate is at a position R without and with
the presence of a nanoparticle at the center of the circular
template. For each parameter set (IS, oxp, d), the free energy
barrier against the approaching single nanoparticle is evaluated.
The magnitudes of the free energy barriers without and with
the presence of a nanoparticle at the circle center determine
whether the specific parameter set provides conditions for
successful SPP. This numerical study provides a systematic
understanding for the roles of ionic strength, nanoparticle
surface charge density, and the template diameter on the self-
limiting SPP and identifies the realms of the parameter space
that enable successful SPP.

B METHODOLOGY

Configurations. The geometrical configurations for
calculating electrostatic potentials, interaction forces, and

[ Positively charged surface

600 nm

~-

2 06\,;,\’;\\\ —

- 7000

@ Nanoparticle (30 nm)

[ Negatively charged surface

Figure 2. Geometrical configurations for solving the PBE. (a) Without the presence of a nanoparticle at the circle center. (b) With the presence of
a nanoparticle at the circle center. The reference coordinate (0, 0, 0) is at the center of the circular template. The nanoparticle at the circular
template is positioned at (0, 0, 15 nm). The diameter of the circular template: 100 nm or 150 nm.
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interaction free energies are shown in Figure 2, one for the case
that there is no nanoparticle at the circle center (Figure 2a)
and the other that there is a nanoparticle at the circle center
(Figure 2b). Each calculation volume has x, y, and z
dimensions of 700, 700, and 600 nm, respectively. We define
the center of the circular template on the substrate as the
geometrical reference point (0, 0, 0). Spherical nanoparticles
with a diameter of 30 nm were used as model nanoparticles.
The surface charge densities of 0.42 and —0.62 ;C/cm?® were
used inside and outside of the circular template, respectively
(see Supporting Information).”*~’® These values were selected
to represent the experimental conditions, where SAMs of 3-
aminopropyltriethoxysilane (APTES: terminated by —NH,")
and 16-mercaptohexadecanoic acid (MHA: terminated by
—COO™) are employed to make the surfaces positively and
negatively charged, respectively.”"™"® A pH of 6.5 was used,
where APTES SAMs are Eositively charged and MHA SAMs
are negatively charged.”*~"”"”

Electrostatic Potentials, Interaction Forces, and
Interaction Free Energies. For a given geometry (Figure
2a or b) with a migrating nanoparticle positioned at R = (x, y,
z) and for a particular parameter set of (IS, oyp, d), the
electrostatic potentials w(7) are calculated by numerically
solving the PBE*”"*™

Vy(7) = ——— . zp, exp(~zew(7)/kT)
€& (1)

where e is the unit charge of an electron, ¢, is the dielectric
constant of water, g is the permittivity of the free space, z; is
the valency of ion species i, p; is the concentration of ion
species i in the bulk, k is the Boltzmann constant, and T is the
absolute temperature. COMSOL Multiphysics software was
used to numerically solve the non-linear PBE, eq 1.

Once the electrostatic potentials y(7) are obtained, the
interaction force F(R) exerted on the nanoparticle positioned
at R is calculated th1‘0ugh3'9’80_84

F(R) = /fs [kTZ (v - pOi)]I-ﬁ + (% TR o

- eosr(l:f-ﬁ)]:f) ds
)

with p,(7) = po; exp(=zew(7)/KT) and E(7) = —Vy(7).

Here, _pi(_r)) is the concentration of ion species i at a vector
point 7, E(7) is the electric field, I is the unit tensor, and i is the
unit vector pointing normal to surface S enclosing the
nanoparticle at R. Surface S can be any surface that encloses
the nanoparticle,*”™* for which we used the surface of a
hypothetical sphere whose center is at the nanoparticle
position R with a radius of 25 nm.

The interaction free energies V(R) are calculated by

integrating the interaction forces F(R) through®”®'~*

VR = - [F(Q)-4d )

The reference interaction free energy was defined as the
interaction free energy when the nanoparticle is positioned far
above the substrate, at R = (0, 0, 350 nm); V(0, 0, 350 nm) =
0.

Surface Charge Densities, Stern Potentials, and
Boundary Conditions for PBE. We define the surface

charge density ¢ as the total charge in the Stern layer per unit
area [i.e., the charge at the inner Helmholtz plane (IHP) plus
that at the outer Helmholtz plane (OHP) per unit area].”""*”°
Due to the charge neutrality, the surface charge density o is the
same as the integrated charge density of the diffuse layer o4
with the opposite polarity (6 = —04). The charge density o, of
the diffuse layer is directly related to the Stern potential y at
the outer Helmholtz plane (OHP: the boundary of the diffuse
layer and the Stern layer). Their relationship is obtained by
solving the PBE in the diffuse layer. The OHP is located very
close to the slip plane and we assume that the Stern potential
y, at the OHP is equal to the zeta potential { at the shear
plane.”"7>7%%578% Various techniques can be used to
experimentally measure the zeta potentials £,""">*~* from
which the values of the surface charge density ¢ are obtained
from the yy—o relationship (with yy = {).

At a given pH, the surface charge density o of a given surface
remains the same even when the ionic strength (IS) varies,
while its Stern potential yy does change with varying ionic
strengths. For each surface charge density owp, O and
Ogubstrate Of the nanoparticle, circular template, and substrate
surface, respectively, their Stern potentials yap, Wege and
Weubstrate Nave been calculated for varying ionic strengths (see
Supporting Information). These are summarized in Table S4 in
Supporting Information.

We use Dirichlet boundary conditions (i.e., maintaining a
constant potential at each boundary) in numerically solving the
PBE. The Stern potentials Wyp, Weirder a0d Wyupgirare i Table S4
have been used for the Dirichlet boundary conditions for
specific Oxp, Orde and Ogpgrae 3t @ given ionic strength (IS)
and at pH 6.5. For IS = 0.05S mM, as an example, a set of the
surface charge densities (Onp, Ouivcler Osubstrate) = (—0.50 uC/
cm?, 0.42 pC/cm?, —0.62 puC/cm?) provides a set of Stern
potentials (WNP) Weircler Wsubstrate) = (_760 mV} 118.6 mV,
—138.2 mV) (see Table S4). These Stern potential values are
used for the Dirichlet boundary conditions for nanoparticle,
circular template, and substrate surface. All calculations are
carried out at 295 K.

When two surfaces get very close to each other (<~Debye
length), charge redistribution of the surfaces [charge regulation
(CR)] needs to be accounted for and the accuracy of using the
Dirichlet boundary condition [constant potential (CP)] needs
to be evaluated.”*”° It is known that the values of interaction
forces and interaction free energies (IFEs) calculated with the
CR boundary condition lie between those calculated with the
CP boundary condition and those calculated with constant
charge (CC).”»?>® For the parameter space, we explored in
this study, we find that the calculated values of interaction
forces and IFEs with CP and CC boundary conditions are very
similar to each other, with some deviation for the lowest ionic
strength of 0.05 mM (see Section IV of the Supporting
Information). This means that using either the CP or CC
boundary condition serves for our purpose. We use the CP
boundary condition in solving the PBE’s throughout this study.
The validity and limitation of using this boundary condition
are discussed in Section IV of the Supporting Information.

B RESULTS AND DISCUSSION

Electrostatic Potential. For a nanoparticle positioned at R
= (%, y, z), we have solved the PBE (eq 1) and obtained
electrostatic potentials y(7) for varying ionic strengths (IS =
0.5, 0.3, 0.1, and 0.05 mM), nanoparticle surface charge
densities (oyp = —3.0, —1.5, —0.8, —0.5, and —0.3 uC/cm?),

https://doi.org/10.1021/acs.langmuir.1c01375
Langmuir 2021, 37, 11961-11977


https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01375/suppl_file/la1c01375_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01375/suppl_file/la1c01375_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01375/suppl_file/la1c01375_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01375/suppl_file/la1c01375_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01375/suppl_file/la1c01375_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01375/suppl_file/la1c01375_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01375/suppl_file/la1c01375_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01375/suppl_file/la1c01375_si_001.pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c01375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

(a) 200 — (|)

150 —

100 —

z (nm)

50 —

(ii)

O —
(b) 200 -

150 —

o ()

50 —

z (nm)

: v (mv)
(i)

100

(c) 200 0

150 —

100 —

z (nm)

O

50 —

d) 200
@ (i)

150 —

100 —

z (nm)

O

50 —

(if) 0

o — | — —‘OA—

-100

(ii)

-150 100 -50 0 50 100
y (nm)

0_-‘- _‘ ‘_
[ I I I I I 1 [ I I T

150-150 -100 -50 0 50 100 150

y (nm)

Figure 3. Calculated electrostatic potentials (7) for a nanoparticle positioned at R= (0, 0, 80 nm). (i, ii): without and with a nanoparticle at the
circle center, respectively. (a) (IS, oyp, d) = (0.5 mM, —0.8 uC/cm?, 100 nm). (b) (IS, oxp, ) = (0.3 mM, —0.8 uC/cm?, 100 nm). (c) (IS, oyp, 4)
= (0.1 mM, —0.8 £C/cm?, 100 nm). (d) (IS, onp, d) = (0.05 mM, —0.8 4C/cm?, 100 nm). For all calculations, pH = 6.5, 64.q. = 0.42 #C/cm?, and

—-0.62 /,lC/CInZ.

Osubstrate —

and diameters of the circular template (d = 100 and 150 nm);
for a given nanoparticle position R, w(7) have been evaluated
for a total of 40 (= 4 X 5 X 2) different sets of (IS, oxp, d).
These calculations were done for 51 different R’s, whose
positions are displayed in Figure S2 in Supporting Information.
For each R and a specific parameter set (IS, oyp, d), w(7) were
calculated for two configurations, (i) with no nanoparticle at
the circle center and (ii) with a nanoparticle at the circle
center.

Several of the calculated electrostatic potentials w(7) are
shown in Figure 3 as examples, where we display y(7) for a
nanoparticle positioned at R = (0, 0, 80 nm) and for 4 different
ionic strengths (IS = 0.5, 0.3, 0.1, and 0.05 mM), with oyp =
—0.8 uC/cm* and d = 100 nm. Here, the effect of ionic
strength on the electrostatic potentials is clearly visible. As the
ionic strength (IS) reduces from 0.5 to 0.05 mM (Figure 3a—
d), the regions of high negative potentials (the bluish color
regions; <~—70 mV) adjacent to the substrate surface (outside
of the circular template) and adjacent to nanoparticle surfaces
become extended; see the increasing thicknesses of the bluish
layers just above the substrate surface and increasing volume of

11964

the bluish regions around nanoparticles. This behavior is
consistent with the increasing Debye lengths with decreasing
ionic strengths;73 the Debye lengths are 13, 17, 30, and 43 nm
for IS = 0.5, 0.3, 0.1, and 0.05 mM, respectively. For a low IS
(e.g, IS = 0.05 mM), the extended regions of high negative
potentials near the substrate surface and around the nano-
particle result in increasing repulsive interactions between the
substrate and a migrating nanoparticle at R. For the case of no
nanoparticle present on the circle center [case (i) in Figure 3],
if those repulsive interactions are strong enough, they can
outweigh the attractive interactions between the nanoparticle
and the circular template (positively charged), preventing the
approach of the nanoparticle toward the center of the circular
template and therefore resulting in no nanoparticle placement
on the circular template. For a higher ionic strength (e.g, IS =
0.5 mM), the smaller Debye length leads to smaller repulsive
interactions between the substrate surface and the migrating
nanoparticle at R, allowing the nanoparticle to approach the
positively charged circular template.

For the case that one nanoparticle is present on the circle
center [case (ii) in Figure 3], the calculated electrostatic
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Figure 4. Effect of ionic strength (IS) on the interaction forces and in

teraction free energies. (a) IS = 0.3 mM. (b) IS = 0.05 mM. (jii) Interaction

forces without and with a nanoparticle (NP) at the circle center, respectxvely (iii) Interaction free energles as a function of z without (blue) and

with (red) a nanoparticle at the circle center. pH = 6.5, oyp = —1.5

uC/cm?, 6440 = 0.42 pC/cm?, 6parare = —0.62 uC/cm?.

potentials w(7) provide the scope of the repulsive interactions
between the two nanoparticles. For IS 0.5 mM, the
electrostatic potential around each nanoparticle decays fast,
leaving only a thin high negative potential region (the bluish
color region) around the nanoparticles and therefore resulting
in only a small overlap of potential fields between the two
nanoparticles, as shown in Figure 3a(ii). For lower ionic
strengths, for example, IS = 0.05 mM, the electrostatic
potentials around nanoparticles decay slower, resulting in a
substantial overlap of the potential fields between the two
nanoparticles, as shown in Figure 3d(ii). The end results of the
changing landscapes of the electrostatic potentials with
differing ionic strengths are that the upward repulsive force
exerted on the nanoparticle at R becomes stronger as the ionic
strength becomes smaller. The exact amounts of forces have
been calculated from the electrostatic potentials w(7) for
different nanoparticle positions R and different parameter sets
(IS, onps d), which will be discussed in the following section.

Interaction Forces and Interaction Free Energies.
From electrostatic potentials y(7) and using eq 2, we have
calculated the_interaction forces that exert on a nanoparticle
positioned at R. These calculations have been done for the 51
different nanoparticle locations R’s (Figure S2 in Supporting
Information), each of which at the 40 different parameters sets
(IS, onp, d) and in the two configurations, (i) no nanoparticle
and (ii) one nanoparticle at the center of the circular template.
The calculated interaction forces are displayed in Figures S3—
S12 in Supporting Information. As examples, Figure 4 shows
interaction forces for two different parameters sets, (IS, oyp, d)

= (0.3 mM, —1.5 4C/cm? 100 nm) in Figure 4a and (IS, oyp,
d) = (0.05 mM, —1.5 uC/cm? 100 nm) in Figure 4b. Here, we
examine the effect of ionic strengths (IS = 0.3 mM wvs 0.05
mM) on the landscape of interaction forces. For 0.3 mM ionic
strength [ (IS, oyp, d) = (0.3 mM, —1.5 uC/cm?, 100 nm)] and
for the case of no nanoparticle at the circle center, as shown in
Figure 4a(i), the attractive interactions between the negatively
charged nanoparticle and the positively charged circular
template substantially reduce the upward forces [see the forces
inside the red dashed circle in Figure 4a(i)]. These reduced
upward forces allow a single nanoparticle to easily approach
toward the circle center, thermodynamically the most favorable
site where the interaction free energy is the lowest. This facile
approach of the single nanoparticle toward the circle center
can be quantitatively assessed by calculating the interaction
free energies using eq 3. Figure 4a(iii) shows the interaction
free energies (in blue) as a function of the vertical distance (0,
0, z) from the circle center (0, 0, 0). We find that the free
energy barrier (the maximum interaction free energy) is very
low, only 0.009 eV, which can be easily surmountable at room
temperature and therefore allow the approach of the single
nanoparticle toward the circle center. Once one nanoparticle is
placed at the circle center, the landscape of the interaction
forces totally changes, as shown in Figure 4a(ii), where strong
repulsive upward forces prohibit the second single nanoparticle
from approaching toward the circular template, enabling the
self-limiting SPP. This deterrence of the approach of the
second nanoparticle toward the circular template can also be
seen from the calculated interaction free energies in Figure
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Figure S. Effect of ionic strength on interaction free energies at various nanoparticle surface charge densities and d = 100 nm. Parameters: pH = 6.5,
Oeiree = 042 pC/cm? and O, pgyrare = —0.62 pC/cm?. Position of the migrating nanoparticle R = (0, 0, z). z is the distance from the substrate surface.
The origin (0, 0, 0) is at the circle center. (i,ii) Without and with a nanoparticle at the circle center, respectively. The red dotted lines in (iii)
represent the two criteria, which are 0.2 eV and 1.25 eV, respectively. (a) For oyp = —3.0 uC/cm? (b) For oyp = —1.5 uC/cm? (c) For oyp = —0.8

uC/cm? (d) For oyp = —0.5 uC/cm? (e) For oyp = —0.3 uC/cm™

4a(iii) (in red), where the interaction free energies rapidly
increase as the second single nanoparticle approaches toward
the already-present first nanoparticle. When the position of the
second nanoparticle is at R= (0,0, 50 nm), the interaction free
energy becomes 2.198 eV, which is much larger than the room-
temperature thermal energy of 0.025 eV, effectively blocking
the approach of the second single nanoparticle toward the

circular template. Overall, Figure 4a(i—iii) shows that the

parameter set (IS, oxp, d) = (0.3 mM, —1.5 4C/cm?, 100 nm)
provides excellent conditions for self-limiting SPP.

A quite different landscape emerges when the ionic strength
changes to 0.05 mM [i.e, (IS, oxp, d) = (0.05 mM, —1.5 uC/
cm?, 100 nm)], Figure 4b. Figure 4b(i) shows the interaction
forces exerted on the first single nanoparticle (i.e., with no
nanoparticle present at the circle center). Here, it can be seen
that compared to the 0.3 mM ionic strength in Figure 4a(i),
there exist much stronger upward interaction forces, in
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Figure 6. Effect of ionic strength on interaction free energies at various nanoparticle surface charge densities and d = 150 nm. Parameters: pH = 6.5,
Oeiree = 042 uC/cm?, 6yyprae = —0.62 uC/cm? Position of the migrating nanoparticle R = (0, 0, z). z is the distance from the substrate surface. The
origin (0, 0, 0) is at the circle center. (i,ii) Without and with a nanoparticle at the circle center, respectively. The red dotted lines in (jii) represent
the two criteria, which are 0.2 and 1.25 eV, respectively. (a) For oyp = —3.0 uC/cm?. (b) For oyp = —1.5 uC/cm?. (c) For oyp = —0.8 uC/cm?. (d)

For oyp = —0.5 uC/cm?. (e) For oyp = —0.3 uC/cm?.

particular, when the nanoparticle is positioned above the
substrate surface by 100 nm or more [see the forces in the red
dashed circle in Figure 4b(i)]. These repulsive upward forces
inhibit the nanoparticle from approaching toward the circular
template. This inhibition can be quantitatively assessed by
evaluating the interaction free energies as the nanoparticle
approaches the surface, as shown in Figure 4b(iii). The
interaction free energies [in blue in Figure 4b(iii)] show that
there is an uphill free energy barrier of 0.362 eV as the

11967

nanoparticle approaches toward the circle center. The 0.362
eV is much higher than the room-temperature thermal energy
(0.025 eV) and the chance for a nanoparticle to overcome the
free energy barrier is very low for a reasonable experimental
time (e.g, S min). This can be seen from the following
estimation. For nanoparticles in a concentration of 1 nM (the
original colloid concentration), their concentration at the
position where the interaction free energy is 0.362 eV is 6.57 X
107 M (= 1.0 X 107 M X e 2V yhere k is the
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Boltzmann constant and T is 295 K). This gives an
interparticle distance (I) of 1.36 X 107> cm. From Stokes—
Einstein equation,”””® a diffusion coefficient Dyp of a 30 nm
nanoparticle in aqueous solution at room temperature is 1.62 X
1077 cm?/s. Then, the time 7 for a nanoparticle to overcome an
interaction free energy barrier of 0.362 eV is ~19 min [c=1/
Dyp = (1.36 X 1072 cm)?/(1.62 X 1077 cm?/s) X (1 min/60
sec)], which is longer than the S min of the nanoparticle
placement time. Therefore, the 0.05 mM ionic strength, [(IS,
oxpy d) = (0.05 mM, —1.5 uC/cm? 100 nm)], does not give a
proper condition for the placement of the first nanoparticle.
This is particularly true for large-scale and large-area
placements for practical applications where each of the
millions or billions of circular templates needs to be occupied
by exactly one nanoparticle.

Although there is a very low chance that a nanoparticle can
be placed at the circle center for 0.05 mM, (IS, oyp, d) = (0.05
mM, —1.5 uC/cm? 100 nm), we have still calculated the
interaction forces and interaction free energies assuming that a
nanoparticle is present at the circle center, as shown in Figure
4b(ii, iii). It can be seen that there are prominent upward
repulsive forces, as shown in [Figure 4b(ii)], that extend well
above 100 nm from the substrate surface. These long-range
(>100 nm) upward forces prevent the second nanoparticle
from approaching the substrate surface, which is also evident
from the interaction free energy plot, as shown in Figure
4b(iii) (in red). Here, the free energy barrier is as high as 4.688
eV, prohibiting the approach of any second nanoparticle
toward the circle center. Overall, the parameter set (IS, oyp, d)
= (0.05 mM, —1.5 #C/cm? 100 nm) is not suitable for the
self-limiting SPP because the 0.362 eV free energy barrier for
the first single nanoparticle is too high for any single
nanoparticle to reach the circular template.

The above analysis shows that for the 100 nm circle and
—1.5 uC/cm? nanoparticle surface charge density, the 0.3 mM
ionic strength provides the right conditions for the self-limiting
SPP but 0.05 mM does not. Similarly, with interaction forces
and interaction free energies for each of the 40 different
parameter sets calculated, we can systematically analyze the
effects of these parameter sets on the SPP. In particular, the
analysis of the interaction free energies provides simple but
quantitative criteria for effectively achieving the self-limiting
SPP.

Free Energy Barriers and Criteria for SPP. A self-
limiting SPP can be realized when the following two conditions
are satisfied. First, when the first nanoparticle approaches
toward the circular template, it should experience only little or
no resistance (i.e,, week upward forces and small free energy
barrier). Second, once the first nanoparticle is placed at the
circle center, the second nanoparticle should experience large
enough upward forces or a large free energy barrier, preventing
the approach of the second nanoparticle toward the circular
template.

In this study, we quantitatively define the above require-
ments by imposing two criteria on the magnitudes of the
interaction free energy barriers: (1) the free energy barrier
should not be larger than 0.2 eV when there is no nanoparticle
at the circle center and (2) the free energy barrier should be
larger than 1.25 eV when a nanoparticle is present at the circle
center (for the latter, we define the free energy barrier_as the
free energy at z = 50 nm [the second nanoparticle is at R = (0,
0, SO nm) although the free energies continue to increase as
the second nanoparticle approaches the substrate surface].

These criteria are based on their relative magnitudes with
respect to the room-temperature thermal energy, 0.025 eV. For
the 0.2 eV free energy barrier for the first criterion, the time 7
that a 30 nm nanoparticle to overcome a free energy barrier of
0.2 eV at room temperature can be calculated with the same
procedure described earlier for a free energy barrier of 0.326
eV. The time 7 for the 0.2 eV free energy barrier is calculated
to be only 16 s, which is much shorter than the typical
nanoparticle placement time in the experiment (e.g,, S min).
Therefore, the 0.2 eV is a low enough free energy barrier that
allows the approach of the first nanoparticle toward the circle
center. For the 1.25 eV free energy barrier for the second
criterion, the value of e 12V j5 1.9 x 10722 (= ¢ 125¢V/0025eV
= ¢7°), meaning that it is extremely difficult for the second
nanoparticle to overcome the free energy barrier in a
reasonable experimental time (e.g., S min).

This study uses the two simple criteria above (0.2 and 1.25
eV for the free energy barriers) in determining which
parameter sets are suitable for successful SPP.

Effect of lonic Strength. We have investigated the effect
of ionic strength (IS) on SPP at different nanoparticle surface
charge densities (oyp = —3.0, —1.5, —0.8, —0.5, and —0.3 uC/
cm?) and circle diameters (d = 100 and 150 nm). Figures 5
and 6 show the dependence of interaction free energies on
ionic strengths for given nanoparticle surface charge densities
onp and circle diameters d. We note a few trends here. For the
case that there is no nanoparticle present at the circle center
[case (i) in Figures S and 6], as a single nanoparticle
approaches toward the substrate surface (z is decreasing), the
interaction free energy initially increases, reaches the maximum
(the free energy barrier), and then decreases. The interaction
free energy barrier is the largest at an ionic strength of 0.05
mM and it decreases as the ionic strength increases [e.g., 0.408
eV at IS = 0.05S mM and 0.012 eV at IS = 0.5 mM in Figure
Sa(i)]. For the case that there is a nanoparticle present at the
circle center [case (i) in Figures S and 6], as a single
nanoparticle approaches toward the substrate surface (z is
decreasing), the interaction free energy continually increases.
The magnitudes of the interaction free energies and interaction
free energy barriers increase as the ionic strength decreases.

From the interaction free energy plots in Figures S and 6,
and by imposing the two criteria defined earlier (the free
energy barriers of 0.2 and 125 eV; indicated by red dashed
horizontal lines in Figures S and 6), we can determine which
ionic strengths are suitable for successful SPP for a given
nanoparticle surface charge density oyp and a circle diameter d.
For example, for oyp = —3.0 #C/cm? and d = 100 nm [Figure
Sa(iii)], the ionic strength 0.5 mM results in a very low free
energy barrier of 0.012 eV when no nanoparticle is present at
the circle center [green in Figure Sa(i)] and a very high free
energy barrier of 2.682 eV when a nanoparticle is present at the
circle center [green in Figure Sa(ii)]. These free energy values
satisfy both the two criteria, and therefore, the ionic strength
0.5 mM (with 6yp = —3.0 uC/cm?* and d = 100 nm) provides
right conditions for successful SPP. On the other hand, the
ionic strength 0.05 mM results in a very high free energy
barrier of 0.408 eV when no nanoparticle is present at the
circle center [blue in Figure Sa(i)], which is much larger than
the 0.2 eV (the first criterion) and therefore prevents the
approach of the first single nanoparticle toward the circle
center. Accordingly, ionic strength 0.05 mM (at onp = —3.0
uC/cm?* and d = 100 nm) does not provide right conditions for
SPP.
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Figure 7. Effect of nanopartlcle surface charge density UNP on interaction free energies at various ionic strengths and d = 100 nm. Parameters: pH =

6. 5 Ocircle = 0.42 ﬂC/cm and o.

Ooubstrate = —0.62 C/cm?. Position of the migrating nanoparticle R= (0, 0, z). z is the distance from the substrate

surface. The origin (0, 0, 0) is at the circle center. (i,ii) Without and with a nanoparticle at the circle center, respectively. The red dotted lines in
(i,ii) represent the two criteria, which are 0.2 and 1.25 eV, respectively. (a) For IS = 0.5 mM. (b) For IS = 0.3 mM. (c) For IS = 0.1 mM. (d) For IS

= 0.05 mM.

The same analysis can be made to identify the right ionic
strengths at different nanoparticle surface charge densities oyp
and circle diameters d in Figures 5 and 6. For oyp = —3.0 uC/
cm” and d = 100 nm (Figure Sa), ionic strengths 0.5, 0.3, and
0.1 mM satisfy the two criteria. For oyp = —1.5 C/cm* and d
=100 nm (Figure 5b), the ionic strengths 0.5, 0.3, and 0.1 mM
also satisfy the two criteria for a successful SPP. However, the
ionic strength 0.05 mM raises the interaction free energy
barriers higher than the 0.2 eV [blue in Figure Sb(i)], not
satisfying the first criterion. For oyp = —0.8 uC/cm” and d =
100 nm (Figure Sc), the two criteria are satisfied only when the
ionic strength is 0.1 mM. For 6yp = —0.5 uC/cm” and d = 100
nm (Figure Sd), only the jonic strength 0.05 mM (blue)
satisfies the two criteria. Here, the ionic strengths 0.5 mM
(green), 0.3 mM (red), and 0.1 mM (yellow) result in
interaction free energy barriers of 0.395, 0.527, and 0.946 eV,
respectively, with a nanoparticle present at the circle center,
which are lower than the second criterion value of 1.25 eV
[Figure 5d(ii)]. For oyp = —0.3 uC/cm* and d = 100 nm

11969

(Figure Se), all ionic strengths result in low free energy barriers
(<0.2 eV) with no nanoparticle present at the circle center
[Figure Se(i)]. However, the interaction free energy barriers
with a nanoparticle present at the circle center are lower than
the 1.25 eV for all ionic strengths [Figure Se(ii)], indicating
that no IS condition is suitable for SPP when oyp = —0.3 uC/
cm® and d = 100 nm. Figure 6 shows the effect of ionic
strengths on interaction free energies when the circle diameter
d is 150 nm. The same analysis can identify suitable parameter
conditions for successful SPP. For oyp = —0.8 4C/cm?* and d =
150 nm (Figure 6c), as an example, the ionic strength 0.05 mM
(blue) results in free energy barriers of 0.064 and 1.599 eV
without and with the presence of a nanoparticle at the circle
center, respectively, satisfying the two criteria and therefore
providing suitable conditions for successful SPP.

Effect of Nanoparticle Surface Charge Density. The
effect of nanoparticle surface charge densities op (—3.0, —1.5,
—0.8, —0.5, and —0.3 £C/cm?) on the interaction free energies
have been examined at different ionic strengths and circle
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Figure 8. Effect of nanoparticle surface charge density oyp on interaction free energies at various ionic strengths and d = 150 nm. Parameters: pH =
6.5, Ouirge = 0.42 puC/cm?, and Ggpgpare = —0.62 §C/cm’. Position of the migrating nanoparticle R = (0, 0, z). z is the distance from the substrate
surface. The origin (0, 0, 0) is at the circle center. (i,ii) Without and with a nanoparticle at the circle center, respectively. The red dotted lines in
(i,ii) represent the two criteria, which are 0.2 and 1.25 eV, respectively. (a) For IS = 0.5 mM. (b) For IS = 0.3 mM. (c) For IS = 0.1 mM. (d) For IS

= 0.05 mM.

diameters, as shown in Figures 7 and 8. For all cases in Figures
7 and 8, we observe that the magnitudes of the interaction free
energies and interaction free energy barriers increase as the
magnitudes of nanoparticle surface charge densities oyp
increase. This dependence of interaction free energies and
interaction free energy barriers on nanoparticle surface charge
densities can be used to identify right parameter conditions
that satisfy the two criteria for successful SPP. For IS = 0.5 mM
and d = 100 nm (Figure 7a), all oyp’s result in a free energy
barrier less than 0.2 eV (the first criterion) with no
nanoparticle present at the circle center [Figure 7a(i)]. Once
the nanoparticle is present at the circle center, only oyxp's of
—3.0 and —1.5 uC/cm’ result in a free energy barrier higher
than 1.25 eV (the second criterion), Figure 7a(ii). For IS = 0.3
mM and d = 100 nm (Figure 7b), all oyp’s result in low enough
free energy barriers (<0.2 eV) with no nanoparticle at the
circle center [Figure 7b(i)], satisfying the first criterion. With a
nanoparticle at the circle center [Figure 7b(ii)]; however, only
oxp's of —=3.0 and —1.5 uC/cm® lead to high enough free
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energy barriers (>1.25 eV) that satisfy the second criterion.
Therefore, for IS = 0.3 mM and d = 100 nm, only oyp’s of —3.0
and —1.5 uC/cm? provide the right SPP conditions that satisfy
both criteria. For IS = 0.1 mM and d = 100 nm (Figure 7c), all
onp’s result in low free energy barriers (<0.2 eV) with no
nanoparticle at the circle center [Figure 7c(i)], satisfying the
first criterion. With a nanoparticle at the circle center [Figure
7c(ii)], however, only oyp’s of —3.0, —1.5, and —0.8 uC/cm?
lead to high enough free energy barriers (>1.25 eV) that satisfy
the second criterion. Therefore, for IS = 0.1 mM and d = 100
nm, only 6yp’s of —3.0, —1.5, and —0.8 xC/cm?® provide the
right SPP conditions that satisfy both criteria. For IS = 0.05
mM and d = 100 nm (Figure 7d), oxp’s of —3.0, —1.5, and
—0.8 C/cm? result in too high free energy barriers (>0.2 eV)
with no nanoparticle present at the circle center [Figure 7d(i)],
dissatisfying the first criterion. With a nanoparticle present at
the circle center [Figure 7d(ii)], oxp’s of —0.3, —0.15, 0.8, and
—0.5 uC/cm? lead to high enough free energy barriers (>1.25
eV), satisfying the second criterion. Therefore, for IS = 0.05
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Figure 9. Effect of circle diameter on the interaction forces and interaction free energies. Parameters: pH = 6.5, IS = 0.05 mM, 6,4, = 0.42 uC/
cm?, Gypstrae = —0.62 fC/cm?, oyp = —1.5 uC/cm? (a,b) Interaction forces for circle diameter d =100 nm and d = 150 nm, respectively. For (b),
the force arrows are in the 0.5X scale. (c) Comparison of interaction free energies (IFEs) along R= (0, 0, z) for d = 100 nm (red) and d = 150 nm
(green). All are for the case that there is no nanoparticle at the circle center.

mM and d = 100 nm, only 6yp of —0.5 uC/cm?” provides the
right SPP conditions. The same analysis can be made for the
case of d = 150 nm (Figure 8), which shows that for IS = 0.5
mM (Figure 8a) and 0.3 mM (Figure 8b), oxp’s of —3.0 and
—1.5 uC/cm?® provide the right SPP conditions. For IS = 0.1
mM (Figure 8¢c) and 0.05 mM (Figure 8d), —3.0, —1.5, and
—0.8 uC/ cm?® provide the right SPP conditions.

Effect of Circle Diameter. The effect of circle diameter on
the interaction free energies can be examined by comparing the
free energy data in Figures S and 6, as well as those in Figures 7
and 8. These show a general trend that, with other conditions
the same, the smaller circle diameter (d = 100 nm) results in
higher free energy barriers. This can be understood as follows.
If there were no positively charged circular area (ie., d = 0),
only repulsive upward forces (due to the negatively charged
substrate surface) would exert on the nanoparticle (negatively
charged), leading to the highest free energy barrier. A creation
of a positively charged circular region will exert attractive
downward forces on the nanoparticle, counterbalancing the
repulsive upward forces and therefore reducing the free energy
barrier. This effect will become larger as the area of the
positively charged circular region increases. As an example, the
influence of the circular diameter on the interaction force
landscape and interaction free energy barrier is shown in
Figure 9 for the case of IS = 0.05 mM and oyp = —1.5 uC/cm®
with no nanoparticle present at the circle center. We observe
stronger upward forces for d = 100 nm (Figure 9a) than for d =
150 nm (Figure 9b). In particular, for d = 100 nm, even if the
nanoparticle is positioned more than 100 nm above the
circular template, substantial upward forces exist (see the
forces inside the red dashed circle in Figure 9a). On the other
hand, for d = 150 nm, the upward forces are substantially
reduced or even reversed to the downward direction (see the
forces inside the red dashed circle in Figure 9b) due to the
larger positively charged circular area on the substrate surface.
For the former (d = 100 nm), those repulsive forces lead to a
substantial interaction free energy barrier (0.362 V), but for
the latter (d = 150 nm), the substantially reduced repulsive
forces lead to a much smaller interaction free energy barrier
(0.087 eV). This clear difference in the free energy behaviors is
shown in the interaction free energy plot in Figure 9c.

Suitable Parameter Space for SPP. The effects of ionic
strengths, nanoparticle surface charge densities, and circle
diameters on the interaction free energy barriers can be
collectively displayed using 3-dimensional plots, where the
interaction free energy barriers are displayed in the z-axis at
different ionic strengths and nanoparticle surface charge
densities (x and y axes). Figure 10a,b shows those plots for
d = 100 nm and d = 150 nm, respectively [(i,ii): without and
with a nanoparticle at the circle center, respectively]. The
numerical values of the interaction free energy barriers are also
provided in the tables below the 3-D plots. The two free
energy barrier criteria (ie, <0.2 and >1.25 eV, without and
with a nanoparticle at the circle center, respectively) are used
to identify the right sets of ionic strengths and nanoparticle
surface charge densities at given circle diameters. In Figure 10,
we have highlighted the parameter sets in three different colors
in the 3-D plots as well as the corresponding tables as follows.
The greens represent that the parameter sets satisfy both
criteria. The reds represent that the parameter sets do not
satisfy the first criterion (<0.2 eV) for the case that there is no
nanoparticle at the circle center [Figure 10a(i),b(i)] or do not
satisfy the second criterion (>1.25 eV) for the case that there is
a nanoparticle at the circle center [Figure 10a(ii),b(ii)].
Yellows represent that the parameter sets satisfy only one of
the two criteria. For example, a parameter set of (IS, oyp, d) =
(0.5 mM, —1.5 4C/cm? 100 nm) leads to free energy barriers
of 0.008 and 1.722 eV without and with a nanoparticle at the
circle center, respectively, which satisfy both criteria, and
therefore, this set is highlighted in green in both Figure
10a(3,ii). On the other hand, the set of (IS, oyp, d) = (0.5 mM,
—0.3 4C/cm? 100 nm) leads to free energy barriers of 0.001
and 0.151 eV without and with a nanoparticle at the circle
center, respectively. The former (0.001 eV) satisfies the first
criterion (<0.2 eV), but the latter (0.151 eV) does not satisfy
the second criterion (>1.25 eV), which are represented in
yellow in Figure 10a(i) and in red in Figure 10a(ii),
respectively. From these representations, the suitable param-
eter sets that satisfy both criteria are easily distinguishable by
the highlights in green in the 3-D plots as well as in the
corresponding tables in Figure 10. From the red and yellow
domains, it can be concluded that the magnitude of the
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Figure 10. Interaction free energy barriers for differing nanoparticle surface charge densities and ionic strengths. (a) For d = 100 nm. (b) For d =
150 nm. (i,ii) Without and with a nanoparticle at the circle center, respectively. IFE barrier criteria: <0.2 and >1.25 €V, without and with a
nanoparticle at the circle center, respectively. Greens represent both criteria are met. Yellows represent only one criterion is met. Reds represent the
parameter sets do not satisfy the first criterion (<0.2 €V) for the case that there is no nanoparticle at the circle center or do not satisfy the second
criterion (>1.25 eV) for the case that there is a nanoparticle at the circle center.

nanoparticle surface charge density oyp should be at least 0.5
uC/cm? when d = 100 nm and 0.8 C/cm?® when d = 150 nm.
The green domains in Figure 10 provide ranges of parameter
sets that can be used in experiments for successful SPP.

The parameter landscape in Figure 10 suggests that a variety
of nanoparticle placements could be realized by cleverly
selecting appropriate parameter sets in SPP. For example, it
would be possible to selectively place two different species of
nanoparticles (e.g, Au and Ag nanoparticles) onto two
different kinds of locations; for example, @ nanoparticles are
placed on a locations and f nanoparticles are placed on f
locations. This species-specific single-nanoparticle placement
can be realized as follows. A substrate can be prepared with

circular templates of two different diameters, d, = 150 nm and
dg = 100 nm, positioned at @ and S locations, respectively.
Assuming that both @ and S nanoparticles have a surface
charge density of —0.8 #C/cm?, if a colloid of a nanoparticles
in an ionic strength of 0.05 mM is applied to the substrate,
they will be placed only on the circular templates of d, = 150
nm [IFE barrier 0.064 eV, see Figure 10b(i)], but rejected
from circular templates of d; = 100 nm [IFE barrier 0.278 eV,
see Figure 10a(i)]. After washing, a colloid of  nanoparticles
in an ionic strength of 0.1 mM can be applied, which will allow
the placement of # nanoparticles on the circular templates of
ds = 100 nm [IFE barrier 0.064 eV, see Figure 10a(i)]. No
nanoparticles can be placed on a locations because they are
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already occupied by a nanoparticles from the previous step,
enabling species-specific single-nanoparticle placement. The
above is just one example where the effect of the template
diameter is utilized but a much richer parameter landscape and
associated applications will emerge if more parameter ranges
are explored. For example, surface charge densities 0,4, and
Ogubstrate Of the circular template and substrate surface, which
were fixed in this study, can be varied over a large range by
forming SAMs of mixed molecules in various ratios.””"~'*?
The enriched realms of the parameter space that enable SPP
would allow well-controlled single-nanoparticle placement that
can be tailored for specific nanoparticles and applications.
The self-limiting SPP can be applied for any nanoparticles
(e.g., metal, semiconducting, non-conducting, and magnetic
nanoparticles) as long as they are adequately charged. The SPP
concept may also be applied to placing single nanowires on
exact substrate positions, using rectangular, rather than
circular, templates to electrostatically guide the single nano-
wires. The capability of placing these nanoscale building blocks
on a single-entity level, on a large scale, and with nanoscale
precision has been long sought as it is a critical element for the
bottom-up construction of various novel devices and sensors.
The SPP method can provide such capability. In particular, its
large-scale and large-area placement capability (due to the
capability of defining the templates on a wafer scale using
CMOS-compatible processes and materials) could pave a way
toward the practical fabrication of such devices and sensors.
The future work may include extending the current study
and creating a comprehensive phase diagram that predicts
whether a specific parameter set of arbitrary values [e.g., (IS,
oxpy d) = (012 mM, —0.93 uC/cm? 117 nm)] leads to a
successful SPP or not. The phase diagram will be in 3D as
there are three independent parameters (i.e., IS, oyp, and d).
Constructing such a phase diagram would demand substantial
computational time and cost, and therefore would require a
methodology that can cost-effectively calculate the phase
diagram with a good accuracy. One strategy we may consider is
a two-stage calculation, in which a phase diagram with discrete
parameter values (e.g., oxp = —3.0, —1.5, —0.8, —0.5, and —0.3
uC/cm?) is first obtained and then the final phase diagram
with fine-tuned parameter values is obtained subsequently. The
former is simply a 3-dimensional parameter region, with
discrete boundaries, that satisfies both IFE barrier criteria.
Then, the bisection method is applied only near the
boundaries to obtain the fine-tuned phase diagram. For
example, let us assume that (IS*, oyp*, d*) is a (discrete)
parameter set at the boundary of the initial phase diagram. We
evaluate whether a set (IS*, oyp™ + Sonp, d*) satisfies the two
IFE barrier criteria or not. In the case that it does not, we know
that the true boundary is located between (IS*, onp* + Sonp,
d*) and (IS*, onp™*, d*). We then evaluate if (IS*, onp* +
Sonp/2, d*) satisfies the two IFE barrier criteria. Such an
evaluation is continued until we fine-tune the boundary of oyp
with a predefined accuracy. With the same procedure, the
boundaries of IS and d are also fine-tuned. The above are
carried out for finite sets of (IS*, onp*, d*)’s (a compromise
between computational cost and resolution) and proper
interpolations are used to produce the final phase diagram.

B CONCLUSIONS

This study has numerically investigated the effects of the
following three parameters on the self-limiting SPP: (1) ionic
strength (IS) of the colloid, (2) nanoparticle surface charge
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density (oyp), and (3) the diameter (d) of a circular template.
The parameter values explored were (1) 0.5, 0.3, 0.1, and 0.05
mM for IS; (2) —3.0, —1.5, —0.8, —0.5, and —0.3 xC/cm? for
onp; and (3) 100 and 150 nm for d. A total of 40 (=4 X 5 X 2)
different parameter sets were explored to study their roles on
SPP. A 30 nm nanoparticle positioned at R above the substrate
was modeled in two geometrical configurations, (i) without
and (i) with a 30 nm nanoparticle at the center of a circular
template. For each parameter set (IS, oyp, d), R, and
geometrical configuration, the electrostatic potentials ()
were calculated by numerically solving the PBE, from which
the interaction force exerted on the nanoparticle at R and the
interaction free energy were calculated.

The values of the interaction free energies (IFEs) and IFE
barriers are used to assess the effects of the three parameters,
IS, oxpy and d, on SPP. It is found that as the ionic strengths
(ISs) decrease from 0.5 to 0.05 mM, the IFE and IFE barriers
increase for given oyp and d. As the magnitudes of the
nanoparticle surface charge densities decrease from 3.0 to 0.3
uC/cm?, the IFE and IFE barriers decrease for given IS and d.
As the diameter d of the circular template increases from 100
to 150 nm, the IFE and IFE barriers decrease for given IS and
Onp-

To quantitatively identify the parameter sets (IS, oy, d) for
successful SPP, two IFE barrier criteria have been set, <0.2 and
>1.25 eV for the cases of (i) without and (ii) with a
nanoparticle at the center of the circular template, respectively.
For a circular diameter of 100 nm, the parameter sets are (IS,
onp, d) = (0.5 mM, —3.0 uC/cm?, 100 nm), (0.5 mM, —1.5
uC/cm? 100 nm), (0.3 mM, —3.0 uC/cm? 100 nm), (0.3
mM, —1.5 4C/cm?, 100 nm), (0.1 mM, —3.0 uC/cm? 100
nm), (0.1 mM, —1.5 ¢C/cm? 100 nm), (0.1 mM, —0.8 uC/
cm?, 100 nm), and (0.05 mM, —0.5 £C/cm? 100 nm). For a
circle diameter of 150 nm, they are (IS, oy, d) = (0.5 mM,
—3.0 uC/cm? 150 nm), (0.5 mM, —1.5 uC/cm? 150 nm),
(0.3 mM, —3.0 #C/cm? 150 nm), (0.3 mM, —1.5 uC/cm?,
150 nm), (0.1 mM, —3.0 uC/cm? 150 nm), (0.1 mM, —1.5
uC/cm? 150 nm), (0.1 mM, —0.8 uC/cm? 150 nm), (0.05
mM, —3.0 4C/cm?, 150 nm), (0.05 mM, —1.5 uC/cm? 150
nm), and (0.05 mM, —0.8 £C/cm? 150 nm). These indicate
that, for the parameter space explored, a necessary condition
for a successful SPP is that the magnitude of the nanoparticle
surface charge density should be 0.5 uC/cm? or above for d =
100 nm and 0.8 4C/cm? or above for d = 150 nm.

This numerical study identifies the realms of the (IS, oyp, d)-
parameter space for successful SPP. Its findings can be used to
guide experiments for large-scale and large-area placements of
single nanoparticles, paving a way toward bottom-up
constructions of novel devices and sensors using nanoscale

building blocks.
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