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Massively Scalable Self-Assembly of Nano and Microparticle
Monolayers via Aerosol Assisted Deposition

Gabriel Cossio, Raul Barbosa, Brian Korgel, and Edward T. Yu*

An extremely rapid process for self-assembling well-ordered, nano, and
microparticle monolayers via a novel aerosolized method is presented. The
novel technique can reach monolayer self-assembly rates as high as 268 cm2

min−1 from a single aerosolizing source and methods to reach faster
monolayer self-assembly rates are outlined. A new physical mechanism
describing the self-assembly process is presented and new insights enabling
high-efficiency nanoparticle monolayer self-assembly are developed. In
addition, well-ordered monolayer arrays from particles of various sizes,
surface functionality, and materials are fabricated. This new technique enables
a 93× increase in monolayer self-assembly rates compared to the current
state of the art and has the potential to provide an extremely low-cost option
for submicron nanomanufacturing.

1. Introduction

The ability to engineer matter at the nanometer and submicron
scale has become increasingly important for the development
of next generation nanophotonic, biomedical, renewable energy,
and semiconductor technologies.[1–5] Currently, many develop-
ing technologies require periodic submicron surface patterning,
and often the need for extreme patterning resolution and fidelity
can be relaxed to only local ordering. For example, quasi-random
submicron sized scattering structures can enable III-V photo-
voltaics (PVs) to maintain high power conversion efficiency while
decreasing absorber thickness by maintaining light trapping res-
onances with high spectral density and broadband operation.[6]

These advancements have enabled extremely high specific power
(W kg−1) and are very important for improving market com-
petitiveness and widening the scope of PV power generation
to new areas such as the automotive industry, unmanned
aerial vehicles, and building integrated PVs.[1,7–9] Similarly,
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periodic arrays of dielectric, semiconduc-
tor, and plasmonic nanostructures have
also demonstrated powerful sensing[2,3,10,11]

and catalytic capabilities[4,5,12] as well as
antireflection,[13–16] structural coloring[17–22]

properties, and have successfully been
used to fabricate high-quality transparent
electrodes[23,24] which are important for
next generation display, public health, and
aerospace technologies. Currently, the sub-
micron nanostructures enabling these tech-
nologies are made utilizing nanoimprint
lithography, electron beam lithography, or
photolithography. While these platforms of-
fer high repeatability, precision, and pat-
tern fidelity, they require massive capi-
tal investments preventing their use for
the manufacturing of low-cost technologies.

Since Deckman and Van Duyne’s seminal works,[25–27] mono-
layer arrays of colloidal polymeric micro and nanoparticles (NPs)
have been extensively investigated for use as low-cost submicron
lithographic templates. Leveraging NPs as lithographic masks
can enable extremely low cost nanopatterning due to its par-
allelized self-assembled nature, wide particle size availability
(10′s–1000′s nm), and the extremely low-cost synthesis of col-
loidal NPs. For example, a 2.5 mL solution of 100 nm diame-
ter polystyrene (PS) NPs (5 wt%) can form a hexagonally close
packed NP monolayer pattern over a 1 m2 area. Based on current
typical prices of chemical precursors used in the experiments re-
ported here, we can estimate material costs in the $0.01 cm−2

range. While colloidal lithography has seen broad use since its
development, with only a few exception[28,29] it has been plagued
by poor scaling which has limited its use to research-scale devices
with cm2 footprints or smaller.[30–32] The inability to scale col-
loidal lithography has greatly constrained the usefulness of the
technique and limited its application to academic research and
device prototyping.

Over the years, various techniques have been developed to in-
crease the throughput of colloidal lithography, including spin
coating,[33] convective assembly and blade coating,[34–36] and
Langmuir–Blodgett (LB) based methods.[28,29,37–40] While many of
these techniques have been leveraged to self-assemble high qual-
ity and large-area NP monolayers, they suffer from either com-
plex implementation[28] or slow monolayer self-assembly rates[29]

(mm2 min−1) which has prevented their use in any commercial
scale manufacturing. In order to unlock colloidal lithography’s
potential for low-cost submicron lithography a new self-assembly
method must be developed that can rapidly create high quality

Adv. Mater. 2023, 2309775 © 2023 Wiley-VCH GmbH2309775 (1 of 10)

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202309775&domain=pdf&date_stamp=2023-12-02


www.advancedsciencenews.com www.advmat.de

and large-area NP monolayers and that easily integrates into ex-
isting manufacturing processes.

Here we present a new method for self-assembling NP
monolayers on an air–water interface with massively improved
monolayer self-assembly rates and throughput. We show that
aerosolized NP suspensions can be utilized to self-assemble
submicron NP monolayers at rates >93× higher than previ-
ous reports.[28] We additionally show that the surface properties
of colloidal particles are critically important for increasing self-
assembly rates and efficiency, and improving monolayer crys-
tallinity. The methods described in this paper are highly modular,
employ equipment currently utilized in commercial manufactur-
ing, and do not require additional components commonly used
in NP monolayer self-assembly to ensure high crystallinity NP
monolayers (e.g., compressive barriers, surface tension sensors,
and Brewster angle metrology).[32,34,41] Additionally, this methods
compatibility with nonplanar substrates is also demonstrated,
which is important for extending the technology’s scope of use
and meeting the lithographic needs of next-generation flexible
devices. Lastly, we demonstrate that NPs which ordinarily are
challenging to self-assemble at an air–water interface can be
made to efficiently self-assemble by tailoring the NP surface prop-
erties. This new technique enables massively improved through-
put of submicron NP self-assembly capabilities and has the po-
tential to provide an affordable option for submicron nanoman-
ufacturing.

Lastly, it is important to clarify that this manuscript details
experiments with highly monodisperse and spherical particles
in the 200–1000 nm diameter range. Therefore, the behavior of
anisotropic and/or truly nanoscale (1–100 nm size range) col-
loidal particles may not necessarily follow the same diffusion and
self-assembly characteristics as described in this work. As such,
the compatibility of anisotropic and particles in the 1–100 nm
size range will require additional experimental validation.

2. Results and Discussion

The LB technique[31,32] is the most widely used method to create
ordered NP monolayers at an air–liquid interface. Generally, the
particles of interest are suspended in a spreading agent (often a
low surface tension alcohol when employing an air–water inter-
face) that is continuously introduced onto the liquid surface in
millimeter sized droplets. Impinging particles then spread across
and remain trapped at the liquid surface due to the minimization
of free energy. When the alcohol droplet impinges on the water
surface a surface tension gradient is formed between the low sur-
face tension alcohol and the high surface tension bulk water vol-
ume via the Marangoni force. This repulsive force causes mass
flow along the water’s surface and distributes the NPs radially
away from the impinging site.[42] The number of NPs trapped on
the water surface gradually increases, and these can be eventually
self-assembled into ordered NP monolayers by careful optimiza-
tion of the surface pressure via externally controlled compressive
barriers. LB methods have been very successful in creating low-
defect and large-area NP monolayers; however, the self-assembly
of NP monolayers via LB methods is very slow (mm2 min−1) and
requires careful implementation of various methodologies to en-
sure low-defect self-assembly of NP monolayers.[29] The slow and
sensitive nature of LB and other NP monolayer self-assembly

techniques has greatly limited their throughput and prevented
their widespread use.

In this work, we use a novel technique inspired by LB tech-
niques and aerosolized jet printing. Aerosolized jet printing is
a manufacturing process that has been used to synthesize mi-
croparticles, deposit low volume coatings, and print various inks
with extremely high spatial resolution, repeatability, and great
design flexibility.[43–47] To our knowledge, this technique has
not been utilized to create NP monolayers via self-assembly. By
aerosolizing the NP solution and optimizing interparticle interac-
tions we demonstrate massive improvements to monolayer self-
assembly rates and efficiency, while maintaining highly ordered
NP monolayers. Figure 1 depicts the atomization process and
self-assembly of NP monolayers on an air–water interface uti-
lized in this work. High frequency-oscillation (120 kHz) is used
to create the finely atomized aerosol of aqueous ethanol into
droplets, 15–25 μm in diameter, which are then focused into a
collimated beam via pressurized air (Figure 1a). Colloidal NPs
suspended in an aqueous ethanol solution (1:1 ethanol/water) are
continuously pumped to the atomization nozzle via a computer-
controlled syringe pump (Figure 1b).

The micron-sized droplets generated by the atomizing nozzle
are a departure from the conventional millimeter sized droplets
used in traditional LB systems. Previous work has shown that
falling millimeter sized droplets generate large subsurface vor-
tices which mix the droplet into the bulk water volume within
times on the order of milliseconds.[48–50] This mixing action
greatly limits the efficient transfer of microparticles to the air–
water interface and may contribute to the low self-assembly
speeds and efficiency of traditional LB methods. Instead, by sus-
pending NPs in micron-sized alcohol droplets their kinetic en-
ergy can be reduced proportionally to their volume (roughly six
orders of magnitude reduction relative to mm sized droplets).
The large decrease in kinetic energy prevents the droplet from
rupturing the air–water interface and greatly decreases mixing
and the subsequent loss of NPs to the bulk water volume (Figure
S1, Supporting Information). Additionally, it has been shown
that due to solvent evaporation, micron scale aqueous ethanol
droplets can shrink to 60% of their original size after 1 s of free
fall.[51] The decrease in size from evaporation may further in-
crease the transfer efficiency of NPs to the air–water interface.

After the atomized droplets strike the liquid interface, the
Marangoni force propels NPs radially away from the atomized
beam, which prevents NP aggregation at the site of injection
(Figure 1c). We observe that the radially symmetric spreading of
NPs away from the atomized beams enables the time-dependent
self-assembly of a NP annulus. The continuous introduction of
NPs via the aerosolized beam adds new NPs to the established
annulus, causing it to thicken inwards from the outside perime-
ter of the containing reservoir toward the injection site until the
annulus closes (Figure 1c). A real time video of the aerosolized
self-assembly is presented in Video S1 (Supporting Information).

To understand the physical mechanisms enabling the im-
proved NP self-assembly, we conducted a series of self-assembly
experiments with varying NP flux (Φ) and zeta potential (𝜁). Here
we define Φ as the number of NPs impinging the liquid inter-
face per unit time: Φ = nnpVfluid, where nnp is the concentration
of NPs in the dispensing solution in NPs mL−1 and Vfluid is the
liquid delivery rate to the atomizing nozzle in mL min−1. The
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Figure 1. a) Schematic diagram of aerosolizing nozzle generating micron-scale dispensing droplets carrying submicron colloidal particles. b) Schematic
diagram of monolayer self-assembly system. c) Process flow showing self-assembly of submicron colloidal particles self-assembling at an air–water
interface as a function of injection time. (Left) Atomized droplets of aqueous alcohol dispensing droplets (orange) impinge on the water’s surface
(blue). The alcohol generates a surface tension gradient (orange) which propels submicron colloidal particles (white) radially away from the impact
point. Over time continuous injection causes submicron particles to accumulate into an annulus and self-assemble into an ordered monolayer (Right).

zeta potential is the electric potential at the slipping/shear plane
of a colloid particle moving under an applied electric field and
reflects the potential difference between the electric double layer
of electrophoretically mobile particles and their suspending sol-
vent. In past work, we have shown that 𝜁 can greatly affect the
efficiency of NP self-assembly and the quality of self-assembled
NP monolayers.[13]

NP flux dependent self-assemblies were performed via two dif-
ferent methods. In Method 1 (Figure 2a), the NP concentration in
the atomizing solution, nnp, was kept constant while Φ was var-
ied by changing the liquid delivery rate, Vfluid. Additionally, the
number of atomized droplets generated by the atomizing nozzle
increases as Vfluid is increased. Therefore, tests performed under
Method 1 maintain a dilute concentration of NPs within dispens-
ing droplets and minimize the interparticle interactions between
NPs.

In Method 2 (Figure 2b), self-assembly of NP monolayers was
performed by increasing the NP concentration, nnp, in the at-

omizing solution while the liquid delivery rate, Vfluid, was kept
constant. Under Method 2 the number of dispensing droplets
generated is kept constant while the number of NPs within each
droplet increases. Using Method 2, we can determine if interpar-
ticle interactions affect the self-assembly of the NP monolayer, as
such interactions should become more prominent as the concen-
tration of NPs within a single dispensing droplet is increased. In
all testing methods the zeta potential of NP solutions was modi-
fied by either adsorption (increases |𝜁|) or desorption (decreases
|𝜁|) of anionic sodium dodecyl sulfate (SDS) surfactant molecules
as described in Experimental Section and in earlier work.[13]

In order to accurately calculate the average monolayer self-
assembly rate experimental methods were adapted from Menath
et al.[52]—whose work defines the closing of the self-assembling
NP annulus as the point of highest NP concentration and the
largest self-assembled monolayer area. We reason that the time
it takes the NP self-assembly to reach this event (the closing
of the NP annulus) can be accurately compared between the
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Figure 2. a) Diagram describing self-assembly Method 1. As the fluid delivery rate is increased (Vf) the atomizing nozzle creates a larger number of
aqueous alcohol dispensing droplets (orange). The increasing fluid delivery rate also increases the flux of colloidal particles (white) leaving the nozzle. b)
Diagram describing self-assembly Method 2. Vf is not changed, therefore the number of aqueous dispensing particles is not varied. As the concentration
of colloidal particles (nnp) is increased in dispensing solution, the number of nanoparticles (NPs) within the atomized aqueous alcohol dispensing
particles increases. c) Zeta potential and NP flux dependent average monolayer self-assembly rates for monolayers prepared from 1 μm diameter
polystyrene NPs via Method 1. Values of Φ to the left of the red dashed line did not sustain stable atomization. d) Zeta potential and NP flux dependent
average monolayer self-assembly rates for monolayers prepared from 1 μm diameter polystyrene NPs via Method 2. Data points represent a minimum
of n = 5 measurements for both (c) and (d).

different tested colloidal solutions. Therefore, the monolayer self-
assembly rate is calculated as:

Self-Assembly Rate =
AML

tML
(1)

where AML is constant (169 cm2) and is the final self-assembled
monolayer area and tML is the time until the annulus is fully
closed. A total of five measurements are performed at each value
of Φ.

For experiments performed via Method 1, NP concentrations
of the dispensing solutions were maintained at 6 × 1010 NPs
mL−1 and larger Φ was achieved by increasing Vfluid from 0.10 to
0.15, 0.20, 0.25, and 0.30 mL min−1. For experiments performed
under Method 2, Vfluid was maintained at 0.10 mL min−1 while
NP concentration was increased to attain larger Φ. It was not pos-
sible to maintain stable atomization for liquid dispensing rates
below 0.10 mL min−1. Results shown in Figure 2c,d were per-
formed with 1 μm diameter PS NPs, 1.6 W nozzle power, 120 kHz
nozzle frequency, a 40 mm spacing between the water and noz-
zle, and a 0.8 PSI focusing pressure. Each test was performed a
minimum of five times. NP solutions with |𝜁| = 30 or 70 mV were
tested.

Figure 2c shows the average NP monolayer self-assembly
rate’s dependence on Φ for monolayers prepared via Method
1. The dashed red line denotes values of Φ that were not ac-
cessible via Method 1 due to the lower limit of liquid dispens-
ing rates. As shown, using Method 1 the average monolayer
self-assembly rates are higher for NP solutions with a low |𝜁|
at all values of Φ, and average monolayer self-assembly rates
increase linearly with Φ for both low and high |𝜁| solutions.
The higher |𝜁| solutions have lower monolayer self-assembly
rates because the NPs are more hydrophilic and are therefore
more easily mixed into the bulk water volume. These findings
are consistent with our previous reports detailing similar im-
provements in NP monolayer self-assembly rates using a nee-
dle injection method.[13] Additionally, these results demonstrate
that the self-assembly rate of NP monolayers is simply pro-
portional to the number of NPs being injected onto the sur-
face when the atomized droplets contain a dilute concentration
of NPs.

Figure 2d shows the results from tests performed under
Method 2. As might be expected, the average monolayer self-
assembly rate is higher for the more hydrophobic NPs at al-
most all values of Φ. Similar to Method 1, this may be attributed
to the hydrophobic particles being more efficiently transferred
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Figure 3. a–d) Scanning electron microscope (SEM) images of nanoparticle (NP) monolayers self-assembled via Method 2 at low Φ (a,b) and high Φ
(c,d) and colloidal solutions with low |𝜁| (a,c) and high |𝜁| (b,d). Fourier transform of self-assembled NP monolayers prepared via Method 2 with |𝜁| =
30 mV (e,g), |𝜁| = 70 mV (f,h). All scale bars shown are 5 μm.

to the liquid interface as it is more energetically favorable for
hydrophobic particles to occupy the liquid interface than the po-
lar bulk water volume. Interestingly, the average self-assembly
rates for high |𝜁| solutions sharply diverge from the low |𝜁| so-
lutions at high NP concentrations (Φ = 13.9 × 1010 NPs min−1)
and reaches a maximum average self-assembly rate of 181 cm2

min−1 (Φ = 17.5 × 1010 NPs min−1). All self-assembly rates pre-
sented in Figure 2c,d are averaged over five measurements. These
results demonstrate a 142% increase in average monolayer self-
assembly rate between high and low |𝜁| solutions measured at
the highest NP concentration when self-assembly is performed
via Method 2. Notably, the fastest measured self-assembly rate
for 1 μm PS NPs utilizing Method 2 was 268 cm2 min−1, con-
sumed a total of 63.3 μL of NP solution, and formed a 169 cm2

NP monolayer in 38 s. Additionally, under Method 2, the high |𝜁|
solutions average monolayer self-assembly rate show a nonlinear
dependence on Φ for solutions with Φ > 8.61E10 NPs mL−1. We
attribute this rapid increase in monolayer self-assembly to attrac-
tive interparticle forces that arise from the high concentration of
NPs in the micron sized dispensing droplets. Higher NP concen-
trations were not tested due to difficulties maintaining homoge-
nously suspended NPs in the dispensing syringe which tended to

show NPs settling along the syringe housing at higher NP con-
centrations.

As outlined in our previous work, attractive forces between
NPs increase the probability that NPs are transferred to the air–
water interface and prevent them from diffusing into the bulk
water.[13] Therefore, as nnp is increased each NP within a dispens-
ing droplet can interact with a growing number of surrounding
NPs which we believe explains the nonlinear increase in mono-
layer self-assembly rate observed in Method 2. From this argu-
ment it may be expected for low |𝜁| solutions to have an even
higher average monolayer self-assembly rate since attractive in-
terparticle forces should be more pronounced for hydrophobic
NPs. However, as will be shown, it is instead observed that low
|𝜁| solutions create large, irreversible NP aggregations which pre-
vent long range ordering and lead to sedimentation of NPs into
the bulk water volume.

Figure 3 shows scanning electron microscope (SEM) images
of 1 μm diameter PS NP monolayers self-assembled with via
Method 2. Details of the sample preparation are described in Ex-
perimental Section. Figure 3a,b shows SEM images and Fourier
transforms (Figure 3e,f) of self-assembled monolayers formed
with low Φ. Interestingly, decreasing Φ does not lead to more
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Figure 4. a–d) Photographs of aerosol assisted self-assembly Method 2 of 1 μm diameter polystyrene nanoparticles (NPs) on an air–water interface t
seconds after the start of deposition, a) t = 2 s, b) t = 10 s, c) t = 20 s, d) t = 30 s. e) Photograph of monolayer of 370 nm diameter polystyrene NPs
transferred to a 4’’ silicon wafer. Monolayer was prepared via Method 2. f) Photograph of monolayer of 750 nm diameter polystyrene NPs transferred to
a 4′′ silicon wafer. Monolayer was prepared via Method 2. g) Photograph of a 1 μm diameter polystyrene particle monolayer transferred to a reflective
sphere (diameter = 7 cm). Before deposition the bottom half of the spherical substrate were masked off with Kapton tape to provide better contrast.
Substrate preparation is further explained in Experimental Section.

ordered self-assembly of NP monolayers. It would be reasonable
to assume that a dilute concentration of NPs may enable more
uniform crystal self-assembly as this would decrease entropy in
the local environment surrounding NPs. However, we instead ob-
served that low Φ does not enable monolayer self-assembly with
long-range order for NP solutions with a high |𝜁| (Figure 3b,f) or
low |𝜁| (Figure 3a,e), although local order begins to develop for
|𝜁| = 70 mV NP solutions (Figure 3b). Method 1 did not produce
monolayers with long-range order under any deposition condi-
tions. Photographs of monolayers self-assembled via Method 1
are shown in Figure S2 (Supporting Information).

Figure 3d shows that it is most favorable to form NP mono-
layers with long range order when NPs with a high |𝜁| are intro-
duced to the air–water interface under high NP concentration (Φ
= 17.5× 1010 NP min−1). When using high |𝜁| solutions, this tech-
nique can readily form large single crystal domains (>2300 μm2,
Figure S3, Supporting Information) with minimal defects across
a 158 cm2 substrate area. Defects (point, line, aggregations, and
grain boundaries) become significantly more pronounced as the
|𝜁| decreases (Figure 3a,c). Ultimately, this results in the loss of
long-range order (Figure 3e,g) as the NPs become largely amor-
phously distributed. It was also confirmed that amorphous and
ordered NP monolayers are formed at low and high |𝜁|, respec-
tively, when stabilized with the cationic surfactant cetrimonium
bromide (Figure S4, Supporting Information).

From these results we deduce that the large defect densities
seen in low |𝜁| NP monolayers arise from the decreased col-
loidal stability of the low |𝜁| NPs. As outlined in Figure S5 (Sup-

porting Information), when a new NP with a high |𝜁| is intro-
duced to a previously formed NP crystal (Figure S5a, Support-
ing Information) the NP transfers its momentum to the neigh-
boring NPs via various scattering events (Figure S5b, Support-
ing Information). With a high |𝜁|, NPs are highly stable due
to Coulombic repulsion; therefore, the disturbed NPs can dissi-
pate the energy they acquired from the scattering event (Figure
S5c, Supporting Information) without causing large aggrega-
tions. Additionally, when the atomized deposition is stopped,
the surface tension gradient is lost and the liquid interface con-
tracts, which allows the NPs to reassemble into a higher or-
der configuration (Figure S5d, Supporting Information). How-
ever, for the case of low |𝜁|, the hydrophobic NPs will prefer-
entially stick to each other when they interact with adjacent
NPs after scattering events that are produced upon initial colli-
sion (Figure S5f, Supporting Information) and after the surface
tension gradient is removed (Figure S5g, Supporting Informa-
tion). This ultimately leads to a state of higher disorder (Figure
S5h, Supporting Information) as irreversible NP aggregations are
formed.

Figure 4a–d shows images of the real time monolayer self-
assembly for 1 μm diameter polystyrene NPs self-assembled via
Method 2 (𝜁 = −70 mV, Φ = 17.5 × 1010 NP min−1) at 1 s
(Figure 4a), 10 s (Figure 4b), 20 s (Figure 4c), and 30 s (Figure 4d)
after the start of the aerosolized deposition. As shown, NPs travel
radially away from the center of the retaining reservoir and accu-
mulate on the circumference of the beaker where they continu-
ously grow a NP monolayer. Grown monolayers are directly as-
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Figure 5. a) Scanning electron microscope (SEM) image of self-assembled core–shell SiO2@TiO2@PS nanoparticles (NPs) prepared via Method 2. b)
SEM image of core–shell NPs from a) after 3 min of reactive ion etching in an O2 plasma. c) SEM image of core–shell NPs from a) after 5 min of etching
in an O2 Plasma. Inset shows energy-dispersive X-ray (EDX) analysis of etched core–shell NPs from a) displaying the elemental signatures from silicon
(green, core), titanium (red, inner shell), and carbon (blue, outer polymer shell). Inset scale bare is 100 nm. All other scale bars are 1.5 μm.

sembled into polycrystalline domains as evidenced by the strong
specular iridescent reflection of the monolayer.

To confirm this technique’s potential for use in a broad
range of applications, the self-assembly of smaller diameter
PS NPs, high refractive index core–shell NPs, and the transfer
of self-assembled monolayers to curved substrates were tested.
Figure 4e shows NP monolayers transferred to a four-inch silicon
substrate made from 370 nm diameter SDS-stabilized PS NPs
and 750 nm PS NPs (Figure 4f). In contrast to the high brightness
and iridescence of the well-ordered monolayers self-assembled
via Method 2, Figure S6 (Supporting Information) shows a pho-
tograph of a 1 μm PS NP monolayer transferred to a 4′ silicon
wafer when prepared via Method 1. As shown, the amorphously
arranged monolayer displays a noticeable decrease in brightness
and iridescence. Lastly, a 1 μm PS NP monolayer was transferred
to a 7 cm diameter reflective sphere (Figure 4g) to ascertain this
self-assembly methods capacity to pattern nonflat substrates. Ad-
ditional images of the self-assembly processes on the spherical
substrate are provided in Figure S7 (Supporting Information). Af-
ter transferring to the spherical substrate, the monolayer integrity
and quality is well maintained. The ability to perform lithography
or transfer submicron and subwavelength patterns onto nonflat
substrates may be particularly important in developing the next
generation of flexible and wearable electronics.

This technique can also be used to form well-ordered 2D
monolayers of metal oxide NPs. SDS stabilized SiO2@TiO2@PS
NPs were grown via emulsion polymerization with a SiO2 core

diameter of 300 nm, TiO2 shell thickness of 25 nm, and a 100 nm
thick PS outer shell. Figure 5a–c shows the TiO2 core–shell NPs
after 0, 3, and 5 min of reactive ion etching in an O2 plasma. As
shown, the core particles are not etched by the oxygen plasma, al-
lowing them to be easily distinguished from the polymeric shell.
The different layers of the core–shell NP can be clearly identified
in the energy-dispersive X-ray (EDX) analysis of a single etched
particle (Figure 5a inset). As expected, the elements character-
izing the different shells (titanium and carbon) are found con-
centrically around the silicon oxide core. Monolayers grown from
core–shell NPs show long range order (Figure S8a,b, Supporting
Information); however nonideal synthesis of various larger diam-
eter multicored NPs (Figure S8c–e, Supporting Information) af-
fect the overall array crystallinity. Improved optimization of core–
shell synthesis parameters or additional purification steps could
be implemented to decrease the polydispersity of the aerosoliz-
ing solution. Various NP chemistries such as Au, SiO2, TiO2, and
carbon are compatible with core–shell PS synthesis. By leverag-
ing this platform, it may then be possible to form NP monolayers
from heterogeneous materials and in nonclose packed geome-
tries which is important to creating low-cost, colloidal analogs of
dielectric and plasmonic metasurfaces.[11,53] Lastly, while large-
area NP monolayer self-assembly has previously been demon-
strated for colloidal Au and SiO2, the self-assembly methods have
required the use of toxic, low-polarity solvents such as toluene
and chloroform which are not compatible with various biologi-
cal media.[29,32,33,40] As shown, by growing a thin polymer shell
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over the metal oxide NPs, ethanol can continue to be used as the
spreading agent, enabling development of biocompatible sensing
applications.

In conclusion, we have demonstrated and characterized a
novel self-assembly platform utilized for the high-throughput
generation of high-quality submicron NP monolayers on an air–
water interface. The method presented is simple, easy to imple-
ment, and parallelizable. To the best of our knowledge, this is
the fastest monolayer self-assembly rate of any reported method.
With optimized atomization conditions and NP surface chem-
istry, monolayer self-assembly rates as high as 268 cm2 min−1

are observed and constitute a 93× increase in monolayer self-
assembly rate from previously reported rapid, high throughput
NP self-assembly methods when normalized to a single injec-
tion source.[28] Monolayer formation rates using the technique
reported here could be further increased by using multiple atom-
ization sources in parallel. Similarly, this method demonstrates
extremely efficient transfer of NPs to the air–water interface
(Figure S9, Supporting Information) and reduces the amount
of consumed NP solution per unit area of monolayer formed
by 13.4×.[28] Compared to standard LB methods, which oper-
ate on the 1–10′s mm2 min−1 range, we achieve a three to four
order-of-magnitude increase in monolayer self-assembly rate.
New physical descriptions outlining the mechanisms enabling
the improved self-assembly rates dependence on |𝜁| are described
and analyzed. Additionally, these insights were leveraged to self-
assemble monolayers of multilayered high-index core–shell NP
arrays. We anticipate that this platform will enable highly cost-
effective submicron lithography due to its high-volume through-
put, highly efficient transfer of NPs to the air–water interface, and
broad applicability to NPs of various sizes and materials. With the
physical insights provided, this work can also further the theoreti-
cal understanding of NP crystallization and help create novel new
NP metasurfaces which may benefit from the large manufactur-
ing throughput and the ability to co-assemble heterogeneous NP
mixtures.

3. Experimental Section
Materials: Styrene (SKU: 807679), potassium persulfate (KPS, SKU:

216224), sodium dodecyl sulfate (SDS, SKU: 8.17034), sodium chloride
(NaCl, SKU: S5886), 200 Proof Anhydrous Ethanol (SKU: 459844), 2,2’-
azobis(2-methylpropionamidine) dihydrochloride (AIBA, SKU: 440914),
tetraethyl orthosilicate (TEOS, SKU: 8.00658), ammonia solution-25% in
water (SKU: 1.05428), activated basic aluminum oxide (SKU: 199443),
and 3-(trimethoxysily)propyl methacrylate (MPS, SKU: 440159) were pur-
chased from Sigma–Aldrich—chemical acronyms and product numbers
are provided. High purity deionized (DI) water with resistivity 18 MΩ cm
was used in preparation of any mentioned aqueous solutions and provided
by in house facilities. All chemicals were used as is and without any further
purification unless otherwise specified.

Nanomicroparticle Synthesis: To prepare monodisperse polystyrene
microparticles, styrene monomer was first filtered to remove polymeriza-
tion inhibitors. A chromatography column was prepared with moderately
packed glass wool and basic aluminum oxide. Styrene monomer was care-
fully poured into the chromatography column and filtered through the
basic alumina. Purified styrene was sealed and stored in a refrigerator
for further use. Polystyrene microparticles were synthesized via emulsion
polymerization. For a typical synthesis of 1 μm diameter polystyrene mi-
croparticles, 110 mL of ethanol, 40 mL of DI water, and 15 mL of purified
styrene were combined in a 250 mL three neck flask. NaCl (0.075 g) and
SDS (0.205 g) were added to the styrene solution. The three-neck flask

was sealed, attached to a condensing column, and placed on a magnetic
stirring plate. The styrene solution was purged with N2 gas for 30 min
and stirred at 400 rpm. After purging, the styrene solution was raised to
70 °C and left to equilibrate for 1 h. Lastly, 4 mL of 0.025 g mL−1 (KPS
in water) was added to begin the reaction. After 24 h, the solution was
collected and centrifuged at 8K RPM for 10 min to remove residual syn-
thesis reagents. Low |𝜁| solutions were centrifuged three times in ethanol
to desorb stabilizing surfactants (SDS or cationic surfactant cetrimonium
bromide). High |𝜁| solutions were washed three times in DI water. Smaller
polystyrene particles were made under the same conditions using smaller
quantities of styrene and/or higher reaction temperatures.

Core–Shell Particle Synthesis: To prepare the SiO2@TiO2 particles,
0.09 g of silica spheres were dispersed in a mixture of 100 mL of ethanol
and 0.30 mL of ammonia hydroxide (28 wt%). The solution was then ul-
trasonicated for 20 min and the temperature raised to 45 °C. Afterwards,
0.75 mL of titanium butoxide was added dropwise within 3 min and the
reaction was mechanically stirred using a magnetic stirrer. After 24 h, the
solution was washed three times with ethanol and DI water and resus-
pended in 20 mL of ethanol.[54] 5 mL of MPS was then added into the
SiO2@TiO2 solution and mixed for 48 h. The SiO2@TiO2 solution was
then cleaned with ethanol three times and redispersed in 2 mL of ethanol.
Afterwards, the SiO2@TiO2 particles were dispersed in 32 mL of ethanol
and water mixture; ethanol/water:7/3. After degassing the solution with
N2 for 30 min, 1 mL of styrene was added to the system and the temper-
ature raised to 75 °C. Once the desired temperature was reached, 1.0 ml
of 2.0 wt % KPS (aqueous) was injected to initiate the polymerization pro-
cess. Twenty hours later, the SiO2@TiO2@PS core–shell particles were
separated via centrifugation and cleaned with ethanol three times.

Nanomicroparticle Aerosol Solution: To prepare the aerosolized NP so-
lutions the triple washed particle solutions were mixed into a 15 mL cen-
trifuge tube in a 1:1 ratio of pure ethanol and DI water. Microparticle spray
solutions were sonicated for 15 min at and vortexed for 5 min at prior to
use to ensure NPs were fully resuspended. The concentration of NPs in
the atomizing solution was determined by decanting 1 mL into a 20 mL
glass vial and annealing at 80 °C for 3 h. The mass of the dried NPs was
recorded and used to calculate the NP concentration. Lower concentra-
tion spray solutions were prepared from dilutions of a high concentration
stock solution.

Aerosolized NP Monolayer Self-Assembly: A home built computer-
controlled system was used to trigger an atomizing AccuMist nozzle (120
KHz, Sono-Tek) affixed to a Z-axis translation stage mounted onto a XY
gantry. NP solutions were delivered to the atomizing nozzle via a pro-
grammable syringe pump (Sono-Tek). Dry air was used for air-shaping of
the atomized beam and was maintained below 1 PSI. Nozzle power, fluid
flow rate, air pressure, ultrasonic signal generation, and valve timing and
triggering were controlled via an Arduino Mega communicating with an
ALIGN Precision Ultrasonic Spray Platform System (Sono-Tek).

In a typical spray coat, a 16.5 cm diameter crystallization dish was filled
with 1.5 L of DI water. A 2 mm thick (16.2 cm outer diameter, 14.6 cm in-
ner diameter) retaining ring was 3D printed from a spool of polyactic acid
filament (Hatchbox) and placed on the air–water interface to prevent the
self-assembled monolayer from sticking to the glass sidewalls. The nozzle
head was centered over the crystallization dish and placed 40 mm above
the air–water interface. To begin spray coating a trigger signal was sent to
the ultrasonic nozzle, syringe pump, air valve, and timer to begin simulta-
neously. Spray coating was stopped manually when the air–water interface
was saturated with the NP monolayer which was easily visually recognized
in a procedure outlined by Menath et. al.[52] The bulk water volume was
then pumped out of the crystallization dish with a peristaltic pump which
transferred the self-assembled NP monolayer to the substrate of interest.
Silicon substrates were cleaned with acetone followed by ethanol before
deposition. Spherical substrates were precleaned with ethanol and soapy
water. The bottom half of spherical substrates were then masked off with
Kapton tape to provide contrast. All self-assemblies were performed at 120
KHz atomizing nozzle frequency, 1.5 W nozzle power, 0.1 mL min−1 fluid
delivery rate, and 1.0 PSI unless otherwise specified.

Scanning Electron Microscopy: High resolution electron microscopy
and EDX spectroscopy were performed with a ZEISS Neon 40EsB system.
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When collecting SEM images samples were first coated with ≈4 nm of gold
via a benchtop sputter coated. EDX samples were not precoated.

Zeta-Potential Measurements: The zeta potential of polystyrene and
silica spheres was measured using a Malvern Zetasizer Nano ZS. All re-
ported zeta potential measurements were done with a 0.03 wt% concen-
tration of NPs.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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