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ABSTRACT: We report on the directed self-assembly of sub-10 nm gold
nanoparticles conﬁned within a template comprising channels of gradually
varying widths. When the colloidal lattice parameter is mismatched with the
channel width, the nanoparticles rearrange and break their natural close-packed
ordering, transiting through a range of structural conﬁgurations according to
the constraints imposed by the channel. While much work has been done in
assembling ordered conﬁgurations, studies of the transition regime between
ordered states have been limited to microparticles under applied compression.
Here, with coordinated experiments and Monte Carlo simulations we show
that particles transit through a more diverse set of self-assembled
conﬁgurations than observed for compressed systems. The new insight from
this work could lead to the control and design of complex self-assembled
patterns other than periodic arrays of ordered particles.
KEYWORDS: Directed self-assembly, template-assisted self-assembly, structure transition, gold nanoparticles, sub-10 nm patterning,
electron-beam lithography
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the particles from their desired positions and reorientation of
the lattice would occur. These eﬀects can result in dramatic and
often unpredictable changes in the physical properties of the
system.7,8 To understand these eﬀects in macroscopic colloids,
Pieranski9,10 initiated a study of compression-induced structure
transitions followed by extensive theoretical and experimental
studies by others in both 2D9−12 and 3D13−15 colloidal systems.
To date, there have been no reports on the structure
transition in DSA-n for sizes that are relevant for the
technologies described above. Most of the reported studies
on 3D structure transitions use particles with diameters ranging
from several hundreds of nanometers to several micrometers.11,14 These large particles allow for real-time particle
tracking, for example, with optical microscopy of particles
compressed between parallel glass plates9 or wedged geometries.14 Because of the external compression experienced by
the particles, a unique structure transition sequence was
reported as the compression was increased: (n + 1)Δ →
(n)□ → (n)Δ, where n is the number of particle layers, and □
and Δ correspond to square and hexagonal symmetry,
respectively.14,16

he patterning of sub-10 nm structures at high densities
over large areas is currently limited by the resolution and
throughput capabilities of existing top-down lithographic tools.
To address these limitations, directed self-assembly of colloidal
nanoparticles (DSA-n) within a template is emerging as a
potential bottom-up technique to achieve ordering of closepacked structures within a two-dimensional (2D) monolayer.1−3 Such systems are of great interest for many
technologies such as plasmonics,4 biosensing,5 and magnetic
bit patterned media6 due to their ability to create gaps and
pattern densities beyond the limits of lithography. Though they
are immensely useful for creating periodic structures,2 selfassembling nanoparticles are unfortunately still limited in the
range of patterns that they can create. As a step toward
achieving design guidelines for creating complex ensembles of
nanoparticles, we explore the various conﬁgurations that arise
as sub-10 nm gold nanoparticles are constrained to assemble
within narrow channels of varying width.
In DSA-n using channels, conﬁned particles spontaneously
pack to form hexagonal arrays with integer multiples of rows
that ﬁt in commensuration with the width of the channels.1,2
We have previously shown in the assembly of two or more rows
that the array of particles can strain by up to 35% to maintain
hexagonal packing as the width of the channel is varied.2
However, when this variation becomes comparable to the
colloidal diameter, ﬁnite-size eﬀects such as the dislocation of
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stabilized by a ∼2 nm oleylamine shell and suspended in
hexane (the total AuNPs diameter was 12 nm including the
ligand shell). Templates were fabricated on silicon substrates by
exposing lines in a negative-tone hydrogen silsesquioxane
(HSQ) resist using a 100 kV electron beam lithography (EBL)
system.2 The resist was developed for 1 min with an aqueous
solution of 1% NaOH and 4% NaCl, followed by rinsing under
running deionized water for 1 min.18 Templates were cleaned
in a UV ozone cleaner for 5 min prior to nanoparticle
deposition. The particles were then deposited onto the samples
by drop-casting. During solvent evaporation, the particles were
concentrated at the surface of the sample and attracted into the
template by the capillary forces. Finally, the samples were
imaged by a high-resolution ﬁeld-emission scanning electron
microscope (SEM). The images were analyzed in Matlab and
ImageJ.19
Figure 2B shows a SEM image of the AuNPs self-assembled
between HSQ lines of ∼10 nm width under the eﬀect of the
template topography. At this level of magniﬁcation, we can
observe ﬁve distinct circular zones (I−V) indicated by the
dashed white lines. The inﬂuence of the template in directing
the particles is clear, as there is a pronounced variation in
particle coverage along the radial direction (in the direction of
increasing channel width from I to V), but relatively uniform
particle coverage along the circumferential direction (where the
channel width is constant). This is evident from the observed
radial symmetry of the self-assembled structure. The packing
fraction oscillates between regions of high and low particle
coverage as the channel width is varied. Here, the low particle
coverage observed in zones (II and IV) is characteristic of the
structure transition regime from n to (n + 1) parallel rows of
particles, whereas the dense packing in zones (I, III, and V)
indicates that hexagonal close-packing is attained in those
regions.
Next, we investigate the detailed assembly of particles within
these zones to determine the various conﬁgurations that form.
These conﬁgurations can be clearly observed in a highresolution SEM image presented in Figure 2C where the zones
(I, III, and V) show the commensurate packing of particles into
1, 2, and 3 rows, respectively. For close packing, commensuration is only achieved when the channel width D(n) = σ(1 + (n
− 1)√3/2), n ≥ 1, where the particle diameter σ is equal to the
center-to-center spacing of the particles. As the spacing D
increases, zone (II) shows the structure transiting gradually
through a buckled structure, from one straight row to two
parallel rows with triangular packing. Similarly, zone (IV)
shows particles transiting through more complex conﬁgurations
from two to three rows.
To understand the impact of particle−particle and particle−
template interactions in our system, we performed Monte
Carlo simulations of initially randomly distributed particles.
The number of particles was varied from 280 to 320 in each
simulation. We considered a simulation trapezoid equal to one
of the lithographically deﬁned channels with a total length of 2
μm. We ran each Monte Carlo simulation with total of 2 × 108
iteration steps. This number of iterations suﬃciently equilibrated the total energy of the system. For simplicity, the energy
of the system was considered to have only the Lennard-Jones
pair potential20,21 and the work done by the meniscus of the
liquid on the particles. The capillary force was modeled as a
downward force toward the bottom of the channel (more
details in Supporting Information). Figure 2D shows a snapshot
of the Monte Carlo simulation within a single channel,

Figure 1. Schematic illustration of colloids of diameter σ and pitch p
self-assembled within a channel with variable spacing D. (a,d) The
packing of the particles when D is commensurate with the lattice
parameter of the particles. (b,c) Two possible scenarios of transitional
structures with diﬀerent packing fractions when D does not match with
the lattice parameter of the particles.

It is unclear if particles that self-assemble into 2D arrays
within a template in the absence of compression would
sequentially transit through the same conﬁgurations as
demonstrated for compressed particles. For instance, Figure 1
depicts schematically the transition from 1 row (a) to 2 rows
(d) of particles transiting through other possible conﬁgurations
(e.g., b,c) with diﬀerent packing fractions of Φ = 0.65 and Φ =
0.57 for the same channel width D, assuming an angle of α1 =
90° for (b) and α2 = 135° for (c). Packing fraction is deﬁned as
the area occupied by the particles divided by the occupied cell
area. For compressed particles, it is observed that particles will
rearrange to maximize packing fraction.9 Thus, only the
conﬁguration with the larger packing fraction (b) would be
possible. In this report, we show instead that packing-fraction
maximization does not apply to DSA-n within a conﬁning
channel without external compression.
To observe the particles in a continuous transition, we
patterned an array of channels that taper inward with a
gradually decreasing width, as shown in Figure 2A. The channel
widths were designed to ﬁt only 1 to 3 rows of particles. The
depth of the channels was ∼15 nm, suﬃcient to accommodate
a monolayer of particles. The colloids were spherical gold
nanoparticles (AuNPs) with 8 nm core diameters that were
synthesized by solution chemistry methods.17 AuNPs were
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Figure 2. SEM micrographs showing (A) a HSQ grating template with variable spacing, (B) a monolayer of 12 nm diameter AuNPs (including the
ligand shell) close packed within the template (A). The dashed lines are guides to the eye to highlight the diﬀerent zones where the particles are
packed in parallel rows to the grating zones (I, III, and V) as well as the transition zones (II and IV). The central zone is not considered, as the
channels were below the resolution limit of electron beam lithography. (C) A high-resolution SEM micrograph of all the zones. (D) A snapshot of
the Monte Carlo simulations reproducing the assembly of the particles as the channel width increases from left to right. The histograms (E) show the
average percentage of nearest neighbors as a function of particle−particle distance in each corresponding zone obtained from the experimental data.

appearing at ∼25 nm, accounting for the disordered and loose
packing of the particles. However, the distribution at 12 nm is
still larger than that at 25 nm, which demonstrates that the
majority of the particles are still in contact with at least one
other particle. From the SEM image in Figure 2C, one can see
that most of the connected particles are also in contact with the
walls of the channel, suggesting a capillary force between the
HSQ walls and the particles. Consequently, when the packing is
loose due to the mismatch between the particles lattice
parameter and the channel width, the probability of particles
sticking to the walls is much higher than the probability of
forming rattlers, that is, isolated particles that do not touch any
walls or another particle.

illustrating a similar trend to the particles in the SEM of Figure
2C. In both cases, the particles do not transit through a unique
sequence of conﬁgurations. Further qualitative and quantitative
comparison of theoretical prediction and experimental
observation of these conﬁgurations will be discussed later in
this section.
A clear distinction between the zones is obtained by
measuring the center-to-center distances between the nearest
neighbors for each individual zone and plotting their
distributions as shown in the histograms of Figure 2E. The
distributions for zones I, III, and V are similar and exhibit a
single peak at ∼12 nm, indicating the presence of large blocks
of ordered, close-packed particles. In contrast, the distributions
for zones II and IV show a larger spread and a secondary peak
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Figure 3. SEM micrographs (black and yellow) and zoom-in of Monte Carlo simulations (green and red) showing several possible conﬁgurations
that the particles may transit through (b,c,e−i) to attain a more stable packing conﬁguration (a,d,j). Additional conﬁgurations not typically observed
in transitions of compressed systems are indicated (red boxes).

Importantly, within the order−disorder transition regime we
observed that the particles do not transit through a unique
sequence of conﬁgurations, unlike the case of a compressed
system.
Nonetheless, dominant recurring conﬁgurations of particles
can be identiﬁed to form within the channels as shown in
Figure 3. The additional conﬁgurations that are not observed in
the case of compressed systems are indicated for clarity. For the
transition from one to two rows of particles, the transition
conﬁgurations are equally likely because every particle
experiences the same magnitude of capillary force to the
HSQ walls. However, for the transition from two to three rows,
the conﬁgurations with more particles sticking to the HSQ
walls (e.g., square conﬁguration, Figure 3e) are more probable
than those with fewer particles touching the walls (e.g., one
straight row and a buckled row, Figure 3i). Snapshots of the
corresponding conﬁgurations were also observed in the Monte
Carlo simulations as shown in Figure 3 beneath the SEM
images. Given the simplicity of the model (using reasonable
values from literature with no ﬁtting parameters), the
agreement between simulation and experiment is remarkable.
To test the assumption that particles will tend to rearrange to
maximize their packing,9 we measured the packing fraction of
the particles as a function of the normalized channel width D/p,
where p is the equilibrium pitch of the particles. We plotted the
packing fraction against the normalized channel width as shown
in Figure 4. Excellent agreement can be seen between the
simulation results (red dots, averaged over 100 simulations)
with experimental data (black dots). For comparison, we
included the packing fraction from the model theory (blue
curve) modiﬁed from Pieranski’s model for a compressed
system (details in Supporting Information).9 The peaks at D/p
= 1, 1.9, and 2.7 correspond to 1, 2, and 3 rows of close-packed
particles, respectively.
The modiﬁed Pieranski model presents an upper limit to the
achievable packing fraction in the transition conﬁgurations. As
the model only considers structure transitions corresponding to
Figures 3b,g, it does not account for those with lower packing
fractions that appear as the scatter of data points below the blue
curve. This scatter is indicative of the frequent occurrence of
intermediate conﬁgurations reported in Figure 3 (c,e,f,h,i). A
sampling of data points with their corresponding SEM images
are indicated.
To account for the new conﬁgurations with lower packing
fractions, we derived an analytical expression for the packing

Figure 4. Packing fraction ϕ as a function of the normalized channel
width between the gratings D/p, from experiment (black dots) and
Monte Carlo simulation (red dots). The curves represent the modiﬁed
Pieranski model (blue curve) and our analytical model (green curve).
See Supporting Information for details of the models. The inset SEMs
represent selected conﬁgurations to highlight the wealth of the
structure transition represented by the scatter of the data.

fraction (see Supporting Information) shown by the green
curve in Figure 4. In contrast to the Pieranski model (blue
curve), the green curve does not consider the maximization of
the packing fraction from 2 to 3 rows. This curve presents the
packing fraction accounting the transition from 1 to 3 lines in
three main stages. The ﬁrst stage reproduces the Pieranski
model for the transition from one straight line (Figure 3a) to
two lines of particles in a hexagonal pattern (Figure 3d) going
through the zigzag conﬁguration (Figure 3b). However, the
deviation from the Pieranski model begins in the second stage
as we calculate the transition from the hexagonal (Figure 3d) to
a square pattern (Figure 3e), which is not considered in the
Pieranski model. In the third stage, our model accounts for a
transition from two lines in the square pattern (Figure 3e) into
a conﬁguration of three lines of particles (Figure 3i) where one
straight row assembles together with a buckled row.
The green curve shows that our model coincides with
Pieranski’s model for the transition from one row to two rows
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of particles as a result of the unique buckled structure transition
considered by both models. However, in the transition from
two to three rows, the green curve provides an approximate
lower bound to the packing fraction data collected. We
hypothesize that these other conﬁgurations that occur are due
to the absence of external compression and might also be due
to stretching that is sustained by the particle lattice. While these
additional conﬁgurations might not be formed when rows of
particles are compressed, it is easier to conceive how they might
form if one stretches them sideways while maintaining
compression along the channel, i.e. in transitioning from n =
1 to 3 instead of 3 to 1. Therefore, the behavior of sub-10 nm
nanoparticles directed to assemble in mismatched channels
appear to behave in a way diﬀerent from particles under
compression and possibly like particles under tensile stress.
Ultimately, the assumption of packing-fraction maximization is
not valid in the directed self-assembly of nanoparticles.
In conclusion, we have investigated both experimentally and
via simulations the structure transition of a sub-10 nm 2D
colloidal system induced by a channel template with varying
width. We found that when nanoparticles were assembled in
the predeﬁned space and subjected only to the template
potential, the resulting structures were unlike those predicted
for compressed hard-sphere systems. Multiple alternative
conﬁgurations were identiﬁed as forming combinations of
zigzag and straight connections of particles. While this work
focused only on gold nanoparticles with core sizes of sub-10
nm diameters and a soft ligand shell, similar behavior is
expected also for particles of diﬀerent materials of comparable
sizes. The results point toward the possibility of using strategic
template designs to engineer more complex patterns in
nanoparticle assembly by introducing template structures that
make one structure more energetically favorable than another.
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