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ABSTRACT

When we illuminate gold nanofluids over indium-tin-oxide (ITO)-coated substrates, nanoparticle chains self-
assemble via optical binding forces. We speculate that charge transfer between gold and ITO pins nanoparticles
to the substrate and reduces the lateral Brownian motion as they attach to the substrate. We correspondingly
model the self-assembly with additional stochastic or random forces. Simulations show a nonequilibrium-phase
transition: when the stochastic force is small, nanoparticle chains align perpendicular to the light polarization
and nanoparticles settle at shallow but stable nodes; when the stochastic force is large, however, the nanoparticle
chains align parallel to the light polarization and nanoparticles settle at saddlepoints where the optical binding
force is largely zero. Since the presence and strength of Brownian forces influence which state is formed, we
reconsider the role that surfaces have—mnot only in relation to charge transfer but also heat transfer.

Keywords: plasmonic nanoparticles, light-induced self assembly, pattern formation, nonconservative mutual
Lorentz force, nonequilibrium phase transition, stochastic forces, Brownian motion, plasmoelectric effect

1. INTRODUCTION

As nanotechnology rapidly develops, scientists are looking for new, low-cost ways to design nanostructures
for large-area nanomanufacturing.! Colloidal self-assemblies represent some of the most promising bottom-up
methods for building nanostructures over large areas, however there remain challenges in developing predic-
tive approaches for anisotropic designs.? Some interesting large-area approaches include combined colloidal
self-assembly with oscillation-evaporation dynamics of droplets,® surfactant modulation,* magnetic-field-driven
and “patchy-particle” assembly.? Light-driven, top-down approaches in combination with bottom-up approaches
have also drawn attention, since light can selectively actuate surface interactions at high speeds over large areas.5

We focus on understanding the self-assembly of metal nanoparticles (NPs), which is, at the very least, a pro-
cess that is complicated in the presence of the plasmon excitation.” Their light-induced nanofluid mechanics
depend on NP shape and geometry, and liquid solvent:® plasmons radiate®'° and produce heat,'' which shift
electrochemical potentials'? that lead to movement,'® which would further shift the plasmon excitation.'* 16
Our ability to predict and control the assembly of metal NPs in the presence of the plasmon excitation would
advance the fields of nanomanufacturing and others associated with reconfigurable metamaterials.'”

Plasmonic NPs self-assembly under the influence of the polarization-dependent optical binding force!'® and the
optically-bound matter is held together by the interplay of driven states, i.e., plasmons. The colloidal struc-
tures held together by optical binding forces undergo dissipative, dynamic self-assembly,'® which means that
the system is in a steady state of nonequilibrium. Prior experiments with plasmonic NPs show the formation
of predictable dissipative structures!® and the disorder-to-order transition,?® however in these environments,
nanoparticles are illuminated at a wavelength red-shifted from the plasmon resonance.
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In our prior work, we describe self-assembly from light illumination close to the plasmonic resonance of gold
nanofluid droplets when dried on ITO-coated slides and we refer to the optical binding force as a mutual Lorentz
force.?! The optical binding force arises from mutually-interacting plasmons and Lorentz forces, where surface
charge and surface-charge motion couples to plasmon-radiated fields. We focus on an intermediate regime of NP
concentrations where the self-assembly occurs, however this points to a trade-off and potentially problematic
assumption: while NPs are expected to assemble if the optical binding force is “sufficiently large”, when we
increase the light intensity to increase the optical binding force, we heat the sample. Therefore, tuning the
optical binding force changes the thermal and Brownian stochastic forces in the system, which influences the
self-assembly.

Here, we describe recent efforts (both successful and unsuccessful) aligning gold NPs with light. We explore
the predictability and reliability of the light-induced self assembly. Our prior efforts demonstrate polarization-
dependent NP chains as long as 200pm aligned perpendicular to the light polarization. Here, we provide evidence
of electrostatic effects and charging of the substrate as the NPs attach to ITO, which could be explained by a
plasmoelectric effect.!?> We also gain confidence in our model, which predicts the self-assembly from longitudinal
dipole excitations (transverse-magnetic (TM) polarized light).

We also model the self-assembly and describe a phase transition, an ordered-state to ordered-state transition. We
observe that when stochastic forces are small, then NP chains emerge perpendicular to the light polarization and
NPs settle in stables nodes, or locations where the force points inwards. With larger stochastic forces, NP chains
align with the linear polarization and NPs settle at locations where the optical binding force is zero. Our example
is analogous to the sand and dust that separate and settle on nodes and antinodes of ” Chladni plates”.?? Here,
the critical parameter tuning the transition between these two regimes of the nonequilibrium-phase transition is
the Brownian force.

2. EXPERIMENT 1
2.1 Method

Extending our prior work,?! we study the lines formed by NPs in droplets as they dry under illumination of
light. Stock gold NP solution (80-nm gold nanospheres, NanoXact 0.05 mg/mL, purchased from NanoCom-
posix, PVP-coated 40 kDa (Polymer), 105-nm hydrodynamic diameter, -17-mV zeta potential, Milli-Q water
solvent) is diluted with deionized distilled water to reach concentration 0.0375 mg/mL. A droplet is then dried
on substrates of ITO-coated glass slides (IT100-111 purchased from NANOCS). While drying, the 10-uL drop is
illuminated by linearly polarized, 1.1-mm?, 532-nm wavelength, 1-xJ, 500-fs laser pulses at a 1-MHz repetition
rate. The laser is defocused by a plano-convex lens so that the beam doubles in radius and covers the entire drop.

As shown in Fig. 1, here we consider oblique illumination and varied angles of the incident light polariza-
tion. We study the role of the longitudinal (z-direction) dipole oscillation or transverse-magnetic component
of the light polarization. The incident laser is along the y — z plane. The incident angle (6;), the angle of
the Poynting with substrate normal, varies from 0 to 60 degrees. The angle between the direction of linear
polarization and the z-axis (fp) varies between 0 and 90 degrees with rotation of a zero-order half-wave plate in
the optical path.

The dried samples are imaged with a scanning electron microscope (SEM). We observe self-assembled NP chains
in the central region of the dried drops. The presence of the self-aligned patterns appear in regions of moderate
NP area densities (6-16 NPs/um?). The chains of NPs are generally aligned perpendicular to the direction of
polarization of the laser. We ensure that the direction of the NP chains does not change with the orientation of
the substrate. Hydrodynamic effects such as thermophoresis, evaporation, and convection are present, but are
not expected to depend on light polarization, which is the focus of our analysis.
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Figure 1. (A) Schematic diagram of the experimental setup and definition of angle parameters. Time-averaged force
between dipoles oscillating (B) perpendicular to the substrate, where §; = 90° and 0p = 90°, (C) along z-axis of the
substract, where §; = 0°, and (D) 45 degrees above the plane of the substrate, where ; = 45° and 6p = 90°. Arrows
show the direction of the forces on a second NP in a 1500nm X 1500nm frame where of the first NP is fixed at the origin.
The red lines represent the trajectory of the second NP. (E) The calculated (lines) and experimentally observed (dots)
orientation of NP self-assembly (refer to y-axis of the SEM images) for various incident angle and polarized angle. Inset:
SEM image and Fourier transform of the SEM image. The average and deviation of the NP chains is determined by the
angle of the patterns in the Fourier domain.
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2.2 Observations

In general, the structure of the line patterns depends on the area density of the NPs, as reported in:2! the NP
area densities 6-16 NP/um? produce the longest chains, generally >100 ym. When the area density is higher,
these longer NP strands appear more zigzagged. If the NP density is low (<1 NP/um?), then the NPs are largely
individually dispersed, and we infer that the separation between NPs results in Lorentz forces that are too small
to overcome the randomly-directed forces associated with Brownian motion.

We speculate further on the role of the ITO coating, here. Strong solvent-substrate interactions are observed
and are considered essential to the stability of the formed patterns. Previously,?! we calculate the Brownian
forces with dynamic light scattering measurements and surprisingly, the Brownian forces are at least an order
of magnitude larger than the mutual Lorentz forces. Without an optical trap to confine NPs or surface pinning
effects of the substrate, we expect that Brownian forces would arrest the long-range pattern formation associated
with the optical binding force that we and others observe.

To explore the role of the substrate-NP interaction in the self-assembly, we prepare samples with which we
block the laser two minutes before the solution drop is completely dry. As expected, we observe no NP chains
in the majority of these samples; those chains that do form manifest to a much lower degree. Although this
observation is not conclusive, we see that NP chains mostly connect during the last 1-2 minutes of drying when
most NPs are close to the substrate.

Another indication that electrostatic interactions between the ITO-coated substrate and sample have a strong
role in promoting self-assembly is that, where NPs aggregate into blocks or form thick lines, those NPs form
a single mono-layer. Charge transfer between gold and ITO would lead to electrostatic forces that pin NPs to
the ITO.!?2 We generalize that the self-assembly occurs as follows. When NPs are close to the substrate, some
NPs are pinned to the ITO, while others move in concert but experience reduced Brownian forces.?? In regions
of moderate NP density, the optical binding or mutual Lorentz forces overcome the Brownian motion. The
assembling process commences after an initial group of NPs have been electrostatically pinned to the substrate.
Initially NP chains are seeded by a dimer or a pair of attracted NPs. This pattern formation occurs in a manner
analogous to spinodal decomposition and occurs uniformly throughout the sample, rather than at nucleation
sites at the boundary of the sample.

2.3 Predictions

As shown in Fig.1 (A), we now consider oblique incidence of light to the substrate. The oscillating dipoles in
this oblique illumination have both transverse and longitudinal contributions with respect to the substrate, and
we now consider the force accompanying the 3rd, longitudinal dimension. The calculation of the mutual Lorentz
force in the transverse direction due to the z-direction oscillation is shown in Fig. 1(B).

The time-averaged Lorentz force between a dipole oscillating in the z-direction and a dipole oscillating in
the transverse plane is zero. Therefore, we separately consider the components of the time-averaged Lorentz
force between z-oscillating dipoles [Fig. 1 (B)], and transverse or dipole oscillations in the 2 — y-plane [Fig. 1
(C-D)]. The z-components lead to radial, attractive or repelling forces depending only on the dipole separation.
In contrast, the x or y-components lead to torques that turn the pair of NPs to align perpendicular to the dipoles.

For the laser with incident angle ; and polarization angle 8p as defined in Fig. 1(A), the induced dipole p
of each NP oscillates in the same direction as the laser field. We decompose the dipole into components normal
pcosfp and parallel psinfp to the incident plane. The dipole component parallel to the incident plane is de-
composed into its vertical psinfp sin#; and horizontal psin@p cos§; components. Therefore, the dipole in the

substrate plane has magnitude p\/ cos2 Op + sin® Op cos? §; and its direction is angled
fs = arctan(tanp cos ) (1)

from the normal of the incident plane. Equation 1 is the angle between NP strings and the incident plane
projected into the plane of the substrate. The presence of the z-direction dipole oscillation at larger angles of
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incidence, will lead to a stronger isotropic attraction in the near field of the NPs (less than a half laser wavelength
from the NP). In the near field, the force between z-component dipoles dominates, leading to a net attraction
between the two NPs. At distances greater than half the laser wavelength from the NP, the forces between
x — y dipoles dominate, which tend to align two NPs in a direction perpendicular to the oscillation or electric-
field polarization. This explains why NPs align mostly perpendicular to the linear polarization even when light
illuminates a surface at an oblique angle.

2.4 FFT Image Analysis

We analyze the images to consistently extract the orientation of the strings and understand the statistical vari-
ation of its alignment. We use the Fast Fourier Transform (FFT) in Matlab to obtain the frequency domain of
the SEM images. Fourier analysis of the NP chains of the SEM images provides quantitative comparison of the
images. The data from the FFT is then transformed into a Fourier image [Fig 1, (E)inset)]. The presence of
unaligned NPs contribute to high-frequency noise or a halo in the FFT. We filter out the high-frequency halo to
we find the region of points that represents the NP chains. The Fourier-space pattern direction is perpendicular
to the alignment of NP chains in the original image. We take the average angle value of all of these filtered
points and add 90° to determine the average angle of the NP chains in the SEM images.

We compare the experimentally extracted orientation of NP strings to the predicted values calculated from
Eq. 1, plotted together in Fig. 1(E). Although standard deviations in the FFT-estimated angles are as much as
10 degrees, the NP string formation and alignment follows the relation calculated or Eq. 1.

For non-zero incident angles, the rotation of orientation of NP strings does not exactly match the rotation
of laser polarization as it does for normally incident light. Indeed, as seen in Fig. 1(E), the angle between the
NP string and the incident plane 6g is observed to be smaller than the angle between laser polarization and
the normal of the incident plane 8p. The difference increases with increasing incident angle #;. The angle of
the projection of the horizontal component of the induced dipole varies less at larger angles of incidence. The
contribution of the z-direction dipole component produces a force decreases fg. This explanation agrees with
our calculation.

The observed patterns change qualitatively as we increase the angle of incidence, as we would expect, indicating
that the self-assembly (in spite of droplet Marangoni flows and thermoconvective dynamics) is predictable. As
we increase the angle of incidence, the area of self-assembled pattern becomes smaller, and the average length
of the NP strings gets shorter. The percentage of NPs involved in the string pattern formation decreases and
meanwhile, more NPs are grouped into monolayer blocks. Increased reflection at increased angles of incidence
and lower transmitted intensities are expected to explain the qualitative differences that result from reduced
optical binding forces. In addition, an increased z-dipole oscillation promotes aggregation of NPs into clusters
instead of lines [Fig 1(B)]. In other words, the z-dipole oscillation creates isotropic attraction between NPs,
which tend to cluster into isotropic, block-like structures.

3. CHALLENGES AND OUTLOOK
3.1 Experiments 2 and 3

The results from the Experiment 1 are promising, but unfortunately, when we aim to vary the polarization
across the beam and manipulate the optical binding force, we experience only limited success. We illuminate the
droplet with an azimuthally polarized vortex beam, which exhibits a singularity at its center where the intensity
is strictly zero. As a result of the vortex profile, the light intensity is shifted across a larger area of the beam.
Fig. 2(A) and (B) show SEM images consistent with what we observe in a donut region around the droplet. In
this donut area, the NPs form individual lines that do not connect with others. The nonuniform spatial beam
profile may influence the convection and we also expect that the light intensity may no longer be high enough
over the larger, donut-shaped area of the droplet.

Additionally, we make an effort to pre-seed pattern formation, in order to produce more regular line patterns.
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Figure 2. Background schematic shows the electric-field profile (green double arrows) created by vortex wave plate and the
expected alignment of gold NPs. The insets show minimal success producing the expected alignment with SEM images
taken from (A) the side and (B) bottom, as indicated by black arrows. In a separate experiment, we aim to seed pattern
formation with a grid of NPs on the ITO substrate. SEM images show samples prepared on gold nanodisk array with
gold NPs pushed to the (C) left and (D) bottom edges of the array.

We fabricate a grid of round nano-cylinders, which are intended to create a force profile that guides the NPs
to form more consistent chains. For this purpose, we fabricated 2-D nano-cylinder array using electron-beam
writing. The nano-cylinders are 80-nm diameter, 50-nm height, and 400-nm apart, as shown in Fig. 2(C) and
(D). We subsequently dry the NP solution drop over the array while illuminating the drop with linearly polarized
light, as before.

Unfortunately, we find that the NPs rarely settle inside the nano-cylinder array region and do not form string
or network patterns. Instead, NPs prefer to attach to the edge of the array and form thick walls [Fig. 2(C-D)].
This effect warrants further study, and may be related to the thermal charging of the ITO coating close to
the nano-cylinder grid associated with stronger light absorption and higher temperatures, or thermoconvective
effects and thermophoresis. The enhanced gradient forces would also contribute to attraction at the edges: we
calculate that the gradient forces at the edge of the grid to be twice that for an individual NP. Our trial efforts
seeding pattern formation tell us that surface effects from the ITO substrate and potentially thermophoretic
effect associated with the solvent close to the grid carry an outsized role in the self-assembly.

3.2 Heuristic Modeling

We build a heuristic model based on the Green’s function of the optical binding force between two particles.'?
The model includes gradient and scattering forces from other particles but assumes a uniform temperature
distribution across the sample. We assume bulk nanofluid dynamics and plane-wave illumination. While local,
near-field temperature gradients are not included, the effects of heating are included as a Brownian-motion
parameter. We assume that dipoles are driven in phase and assume that the strength of the excitation does not
change with time. At each step of the simulation, the program:

e Recalls each particle’s position

e Applies periodic boundary conditions

Calculates the force on each particle that depends on the relative position of every other particle

e Allows particles to move in the direction of the net force, in order of largest to smallest

Repeats until particles find steady-state locations
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What we learn from the simulations is that the final self-organized location of the NPs depends significantly on
the Brownian motion parameter in the simulations, or the entropy of the system.2® We observe in our simulations,
as expected from our prior analysis, that the NPs both settle at stable nodes produced by the mutual Lorentz
force where forces are pointed toward the same location. However, when the Brownian motion parameter is
larger and the NP density is lower, NPs migrate towards locations where the force tends to zero. The transition
is tuned with density of NPs and the Brownian motion parameter. In simulations, we observe NP lines to form
both parallel and perpendicular to the linear polarization [Fig. 3].

Current simulations model 3D dipole oscillation dynamics in 2-D settling geometries, only. The prediction
of the assemblies of 3-D assemblies in an optical trap and with fewer particles show hexagonal and rectangular
lattices and are sufficiently different!” that we suspect that the role of the optical trap carries a role. When
the NP density is higher, near-field gradient forces and the interactions between the longitudinal component
of dipoles lead to attraction between nearby NPs and the formation of connected chains turns into clusters of
NPs, in a manner similar to that observed in experiments. The clusters are not consistently organized in a
hexagonal or dimer lattice as others have predicted?*2® but appear to be frustrated or locked in place. The
heuristic simulations may bridge experimental observations.?% 2! Differences in the dynamics, likely related to
trap illumination wavelength, intensity gradients, “entropy” or temperature, are worth considering further. The
effect of the surfaces and surface interactions in relation to the Brownian motion?? are expected to play an
outsized role in optical-binding experiments.

4. CONCLUSION

Some results aligning NPs on ITO substrate over large areas are reliable and promising, indicating that the
alignment of nanoparticle chains associated with TM-polarization agree with our prior model and approach.
The effects of electrostatic interactions with surfaces and the stochastic forces are still not clear.

Here, we focus on analyzing NP dynamics with unfocused light, close to the plasmonic resonance, and in the
absence of an optical trap. Since the light-induced forces between particles are small in comparison to the con-
vective and fluid dynamics in a droplet, we speculate that the electrostatic pinning of the NPs to the surface of
ITO reduces Brownian motion and binds to other particles as they settle on the ITO surface. In other words,
the presence of an ITO substrate appears to facilitate the formation of NP strings perpendicular to the linear
light polarization.

We extend some prior efforts that illuminate challenges and demonstrate predictive control. We take SEM
images of the self-assembled patterns over larger areas of the center of the dried droplets, sample and analyze
the patterns to a greater degree, and demonstrate the role of the longitudinal dipole excitation. The dipole
oscillation in the z-direction (perpendicular to the substrate) promotes aggregation. Our results indicate that
our model is correct in spite of the complex interactions that are taking place in concert with the excitation of
plasmons.

Further studies indicate that the degree of Brownian random motion carries an outsized role in the self as-
sembly. In heuristic simulations, we observe a transition that occurs from perpendicular to parallel NP chain
alignment with increased random motion, i.e., a heat-dependent nonlinear phase transition. Since the presence
and strength of Brownian forces influence which state is formed, we reconsider the role that surfaces have—mnot
only in relation to charge transfer but also heat transfer.
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Figure 3. Simulation runs showing the evolution of NPs as a function of time for increasing concentration (a)-(c) and low
entropy or temperature and (d) lower concentrations and higher entropy or temperature. Locations of 3 stable NPs where
the NPs settle (e) where the net forces point towards, and (f) where the force magnitudes are largely zero, corresponding
to low and high temperatures, respectively
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