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ABSTRACT: Nanofabrication has been utilized to manufacture one-, two-, and three-
dimensional functional nanostructures for applications such as electronics, sensors, and £
photonic devices. Although conventional silicon-based nanofabrication (top-down
approach) has developed into a technique with extremely high precision and integration
density, nanofabrication based on directed assembly (bottom-up approach) is attracting &

more interest recently owing to its low cost and the advantages of additive manufacturing. @

Directed assembly is a process that utilizes external fields to directly interact with z @ o
nanoelements (nanoparticles, 2D nanomaterials, nanotubes, nanowires, etc.) and drive the ey v
nanoelements to site-selectively assemble in patterned areas on substrates to form
functional structures. Directed assembly processes can be divided into four different
categories depending on the external fields: electric field-directed assembly, fluidic flow-
directed assembly, magnetic field-directed assembly, and optical field-directed assembly.
In this review, we summarize recent progress utilizing these four processes and address
how these directed assembly processes harness the external fields, the underlying mechanism of how the external fields interact
with the nanoelements, and the advantages and drawbacks of utilizing each method. Finally, we discuss applications made
using directed assembly and provide a perspective on the future developments and challenges.
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or the past three decades, nanofabrication has been an

effective and efficient approach to manufacture one-,

two-, or three-dimensional (1D, 2D, or 3D) functional
nanostructures.' > These nanostructures have at least one
dimension <100 nm and can be used for a variety of applications
in many fields such as electronics,*™® photonics,g_ll energy,lz’13
biology,M_18 and medicine.'””* In the broadest terms,
nanofabrication techniques can be categorized into two distinct
approaches, namely top-down and bottom-up (Figure 1).**~*°
The top-down approach employs physical (photons,***’
electrons,”® ions,””" etc.) or chemical (acids, bases, etc.)
means to reduce a base material to nanoscopic dimensions.”* It
has been widely adopted by the semiconductor industry to
manufacture integrated circuits for consumer electronics. To
keep pace with Moore’s Law,”"*> which states that the number
of transistors doubles every two years, silicon-based nano-
fabrication has evolved into a manufacturing technology with
extremely high precision (feature size down to 3 nm) and
integration density (around two hundred million transistors per
square millimeter).”” While having experienced massive success
for six decades, top-down nanofabrication has become
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increasingly expensive and complex with hundreds of process
steps and capital intensive, employing state-of-the-art fabrication
facilities which can cost upward of $20 billion™* each.
Furthermore, the top-down fabrication is intrinsically sub-
tractive in nature,”” requiring a high consumption of materials
and adding substantial costs to the fabrication process.
Considering the ultrahigh resolution and level of integration
needed, the high system complexity and high fabrication and
operating cost, the application of top-down nanofabrication
works well but at an extremely high cost and limited versatility in
the materials that could be used in the manufactured devices.
In contrast, bottom-up methods are intrinsically additive and
can typically be employed at a much lower cost and thus have
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Figure 1. Schematic illustration of the top-down and bottom-up nanofabrication methods. The top-down method employs physical (photons,
electrons, ions, reactive ions, etc.) or chemical (acids, bases, etc.) means of lithography, etching, and deposition. The bottom-up method
constructs nanoscale architectures through self-assembly or directed assembly of basic building blocks such as atoms, molecules, and

nanoelements.

attracted great attention in recent years. Inspired by the
formation of complex and multilevel structures and systems
(snowflakes, DNA, proteins, lipid bilayers, etc.) in nature,
bottom-up fabrication constructs nanoscale architectures
through self-assembly®®™*° of basic building blocks such as
atoms,"”*' molecules (DNA,** block copolymers,‘””44 etc.) and
nanoelements* (nanoparticles, 2D nanomaterials, nanotubes,
nanowires, etc.). During self-assembly, disordered building
blocks spontaneously assemble into ordered structures via
interelement interactions driven by the minimization of free
energy.’® The spontaneous self-assembly relies heavily on the
interelement interactions. Because these interactions are
inherently short-range and rather weak,*’™*" close-packed
periodic structures with short-range ordering are typically
obtained.’”*! For instance, colloidal nanospheres tend to self-
assemble into hexagonally close packed (hcp) or cubic close
packed (ccp) structures.””> Unfortunately, the assembled
colloidal crystal structures often result in a very small domain
size of a few micrometers to tens of micrometers and contain
local disorder.”*™>” Another example is block copolymers that
consist of two or more chemically distinct polymer blocks which
are likely to self-assemble into phase-separated microdomains
with periods of 3—50 nm.**”°" The microdomains lack long-
range order and typically exhibit fingerprint patterns.®” Although
the aforementioned periodic nanostructures show promise in
diverse fields such as nanophotonics, solar cells, catalysts, and
data storage,ég'_65 their application in functional devices would
be greatly improved if long-range ordering could be achieved. In
addition, because of the weak interelement interactions, self-
assembly is usually conducted under specific and stringent
conditions to avoid any disturbances. As an example, atomic self-
assembly based epitaxial film growth always takes place in
ultrahigh vacuum (1078—107"> Torr) to avoid collision between
atoms and gases in the chamber. The lattice constant of
substrates should match the interatomic distance of the films to
be deposited to avoid defects like lattice distortion. Besides
short-range ordering, another deficiency of self-assembly is that
it is always nonselective which is undesirable when making
electronic devices where selective assembly in specific areas is a
necessity.

To address the short-range ordering issue of self-assembly, it is
crucial to enhance the interelement interactions. Directed self-
assembly has emerged as an obvious approach to realize this and
it has studied intensively in the past two decades.””®” The
directed self-assembly process relies on the manipulation of the
assembly elements by applying external directing fields (electric,
fluidic, magnetic, etc.). For example, in the presence of an

electric field, nanoparticles become polarized because their
permittivity is mismatched to their surrounding medium,
inducing dipoles across the nanoparticles.”*”"" The adjacent
dipoles tend to attract one another head-to-tail, which results in
enhanced interaction between nanoparticles and thus long-
range ordering for assembled nanostructures. Similarly, a
magnetic field enhances the interelement interactions through
induced magnetic dipole—dipole interactions.”'~"* Utilizing
directing templates with chemically or physically (static charges,
etc.) functionalized pattern areas provides a powerful means to
accomplish selective self-assembly.””’® The pattern areas are
typically designed to interact with nanoelements to enable their
site-specific deposition. By defining the design of the pattern
areas, template-assisted directed self-assembly enables the
fabrication of arbitrarily shaped patterns.

While directed self-assembly has been the subject of
numerous reviews,36’39’48’53’66’67’75_78 almost all the work
reviewed, as discussed previously, focuses on employing external
fields or templates to enhance interelement interactions or
introduce element-template interactions in order to accomplish
self-assembly of nanoelements into ordered structures (Figure
2). Besides enhancing interelement interactions, the external
fields also directly interact with nanoelements as driving forces

\\\ / Directed assembly \

r/ .

Self-assembly

Applying Applying
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Figure 2. Schematic illustration of the self-assembly and directed
assembly processes. During the directed self-assembly process,
external fields are exerted to enhance interparticle interactions and
assist particles to assemble into long-range ordered structures, while
the directed assembly process utilizes external fields to directly
interact with particles and drive the particles to site-selectively
assemble in predefined pattern areas on substrates to form
functional structures.

17642 https://doi.org/10.1021/acsnano.2c07910

ACS Nano 2022, 16, 1764117686


https://pubs.acs.org/doi/10.1021/acsnano.2c07910?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c07910?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c07910?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c07910?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c07910?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c07910?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c07910?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c07910?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c07910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Review

to direct the nanoelements to assemble at specific locations on
substrates. In this case, obtaining ordered structures is no longer
the focus, but rather the focus is on using nanoelements as
building blocks for the fabrication of functional structures. In
many cases, massive nanoelements without a certain order are
assembled.””™®* In other cases, the assembled nanoelements
even fuse into solid structures.”” ™ There has been a dearth of
relevant review in this field, which motivated this current work.
However, it should be noted that the difference between
directed self-assembly and directed assembly is subtle. The
directed self-assembly relies on self-assembly on a surface,
during which external fields are applied to drive nanoelements to
the substrate where short-range interelement interactions create
ordered structures, while directed assembly utilizes external
fields to direct nanoelements to site-selectively assemble onto a
patterned substrate to create functional structures. In other
words, directed assembly consists of two steps, the first is to
create a functionalized substrate where 2D or 3D patterns are
created, and the second step is the application of an external field
to direct particles to assemble only onto or into these patterns.

Directed assembly has been developed into a potentially
powerful tool for the fabrication of electronics and sen-
sors.”" ™% In the directed assembly process, external fields
such as electric,”*™’ magnetic,%_105 optical,m(’_lo8 and fluid
flow'”~""* are applied to nanoelements to generate driving
forces that direct the nanoelements to target substrates that,
when combined with lithography techniques for substrate
functionalization, allows site-selective fabrication of functional
structures (Figure 3).

In this review, we summarize recent progress in directed
assembly of diverse nanoelements under various external forces
such as electric fields, fluidic flow, magnetic fields, and optical
fields. The application and control of the external fields and the
underlying mechanism of how these fields interact with the
nanoelements will be the main focus of this review. In addition,

Figure 3. Schematic illustration of diverse directed assembly
processes: electric field-directed assembly, magnetic field-directed
assembly, optical field-directed assembly, and fluidic flow directed
assembly.

the advantages and disadvantages of utilizing each external field
will be discussed. The scope of this review is restricted to
processes that combine top-down lithography (when necessary)
and directed assembly for the purpose of realizing the area-
selective arrangement of nanoelements into functional struc-
tures. Some of the methods reviewed here do not require the use
of lithography. In the following sections, we will discuss how to
generate and control the external fields and how the external
fields interact with the nanoelements in each directed assembly
approach. Following this, some devices fabricated by directed
assembly will be introduced. Finally, perspectives on the future
developments and challenges facing the directed assembly
process will be discussed. At the end of the main text, tables
summarizing the main directed assembly methods, and selected
references are tabulated for each method showing the types of
materials used, the experimental parameters, and the application
if mentioned in the reference. The tables are not exhaustive, but
instead aim to highlight more recent works to show the typical
materials and parameters used for assembly.

ELECTRIC FIELD-DIRECTED ASSEMBLY

Electrophoretic-Directed Assembly. Nanoparticles sus-
pended in a liquid medium tend to acquire surface charges
caused either by ionization of surface groups, adsorption of
charged species (ions and ionic surfactants) or chemical
functionalization of the nanoparticle."'>""* When an electric
potential is applied within a suspension of charged nano-
particles, the nanoparticles will be attracted toward the electrode
of the opposite charge by the coulomb force, resulting in a
migration of nanoparticles known as electrophoresis (EP)
(Figure 4a). Extensive research''>''>''® has been conducted
using the EP force to assemble ceramic,'’~"" polymer,'*’
metallic,"*""'** and semiconducting123 nanoparticles into films
for broad areas of applications, including light-emittin%
devices,"** supercapacitors,125 solar cells,"*® and sensors.'?
Using patterned substrates, site-specific assembly of nano-
particles into functional structures can be achieved as shown in
Figure 4b,c for the case of polystyrene latex (PSL)
particles.'”*”** The patterns can be made using photoresist
or some other dielectric layer on a conductive substrate, allowing
the nanoparticles to assemble only in the patterned region when
an electric field is applied.

During the EP assembly process, the magnitude of EP force
exerted on a nanoparticle is given by

Fgp = QE (1)

where Q is the effective surface charge of the nanoparticle, and E
is the strength of the electric field. It should be noted that the
effective surface charge of the nanoparticle is different from the
surface charge mentioned above. The effective surface charge
depends on the solvent, pH, and the ionic strength of the
suspension. Charged nanoparticles in a liquid medium are
always surrounded by a cloud of ions with an opposite charge
(counterions). This cloud of ions surrounding a particle will
reduce the electrostatic force between particles, leading to a
decrease of the effective surface charge. This attenuation of the
force between particles due to other ions is known as screening
and has important implications for the stability of colloids and
the solubility of ions.

The electrostatic forces involved in colloidal stability can be
described using the Derjaguin—Landau—Verwey—Overbeek
theory.'””"?" At the surface of a charged particle in solution,
there is a dense layer of counterions called the Stern layer where
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Figure 4. (a) Schematic illustration of EP assembly. (b) 50 nm PSL particles in 260 nm wide trenches. Reprinted with permission from ref 129.
Copyright 2006, AIP Publishing. (c) PSL microparticles assembled as a function of field strength. Reprinted with permission from ref 133.

Copyright 2015, American Chemical Society.

the ions are considered immobilized and move with the particle.
Beyond this is the “diffuse layer” composed mostly of
counterions. These two layers of ions form the “double layer”
and its thickness depends on the concentration of ions in the
solution. The thickness of the double layer is characterized by
the Debye length (k") or the point at which the surface charge
has decreased by a factor of the natural logarithm e. The
molecules of the liquid medium within the diffuse layer are
assumed to move along with the particle where the outer
boundary is defined by the slipping plane. It is the potential
measured at this slipping plane that is known as the zeta
potential ({), which is typically used to characterize the surface
charge of a particle. The effective surface charge of the
nanoparticle can be calculated based on the simplified
Debye—Hiickel approximation as

Q = 4nRe, (1 + kR)¢ (2)
K_—l — lE‘kaT
2N, e’'I 3)

where ¢, is the dielectric constant (permittivity) of the medium,
kg is the Boltzmann constant, T is the temperature, N, is
Avogadro’s number, e is the elementary charge, I is the ionic
strength of the electrolyte, and R is the radius of the
nanoparticle. The { potential quantifies the effective surface
charge of the nanoparticle and can be determined by measuring
the electrophoretic mobility y of the particle experimentally and
then applying the Henry equation:''™

Yo 258 )
371

E

(4)

where v is the velocity of the nanoparticle, 7 is the viscosity of the
medium, and f(kR) is the Henry’s function. The Henry equation
can be simplified as the Hiickel equation:

2
u= 26k (kR < 1)
3 )
or the Smoluchowski equation:
= Ent (kR > 1)
n (6)

depending on the nanoparticle radius and the Debye length. For
nanoparticles suspended in a polar environment, a large {
potential will ensure their stability. Typically, a { potential

17644

greater than 40 mV in magnitude is desirable for well suspended
nanoparticles. A low { potential will result in faster
agglomeration and consequently precipitation of the suspended
particles.

Based on the discussion above, increasing the effective surface
charge and the electric field strength is the key to increase the EP
force and thus the assembly rate. Qian et al."*” investigated the
effect of the electric field strength on the assembly of PSL
microparticles (2 ym in diameter). At a low field strength of S V
cm™!, no PSL particles were assembled, as seen in Figure 4c.
With the increase of the field strength, PSL particles started
assembling within the patterned circles. Until a field strength of
18.5 V cm™! was reached, patterns with diameters from 500 nm
to S ym were fully filled with PSL particles. Upon further
increasing the field strength, over assembly of PSL particles was
observed where a significant number of particles were deposited
outside of the intended area. Yilmaz et al.'** and Xiong et al.'*’
reported a similar trend when they assembled PSL and silica
nanoparticles. Xiong was able to assemble single file lines of 15
nm silica nanoparticles in 30 nm wide trenches using 2 V bias.
Although the applied voltage is relatively low, modeling showed
the effective potential above the patterned trenches to be 200—
300 Vm™', and even as high as 3000—4000 V m™" at a position
15—20 pym from the conductive surface of the pattern. Yilmaz et
al. varied the potential from 2 to 5 V where the lowest voltage
resulted in poor coverage of particles. Coverage increased with
voltage until 100% coverage was achieved at 3.4 V. However, for
higher voltages, over assembly occurred where particles were
deposited outside of the patterned areas.

Yilmaz carried out further modeling of the velocity and path of
a particle as a function of particle size when exposed to an
electric field in proximity of the patterned electrode area.'*> The
velocity of the particle in suspension can be found using the
Langevin equation:

dv 3 C 1 ] E
i d g
= W (v — -1 - S + n(t) +
dt 2d(2S + 1) C, r(vf vp) ( S n(t) m

(7)

where C; is the drag coefficient, C, is the Stokes—Cunningham
slip correction, v, and v; are particle and fluid velocity,
respectively, S is the ratio of particle to fluid density, d is the
particle diameter, n(t) is the Brownian diffusivity, q is the charge
of the particle, E is the magnitude of the electric field, and m is
the particle mass. By solving this equation numerically, the
velocity of a 50 nm PSL particle located 20 and 150 gm from the

https://doi.org/10.1021/acsnano.2c07910
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Figure S. (a) Simulation of the trajectory of 50 and 500 nm PSL particles as a function of distance from the electrode surface. The effects of
Brownian motion are much more significant for the assembly of the smaller particles. (b) Assembly as a function of ionic strength. When the
concentration becomes too great, the screening effect results in lower charge and less assembly. (c) Assembly as a function of pH for 50 nm PSL
particles. Below a certain pH threshold, full assembly would not occur even for extended times.">*

electrode surface was found to be 850 um s~ and 160 pm s,

respectively, when 2 V was simulated at pH 10.1. The greater
velocity near the surface is due to the higher field strength
(Figure Sa). The closer PSL particle reached the surface in 25 ms
while the further particle only moved 10 ym after 50 ms. A third
particle placed at 700 ym from the surface only oscillated around
the starting point and did not approach the surface. These
simulations show the importance of Brownian motion for
particles at the nanoscale. The velocity due to Brownian motion
of a 50 nm particle was calculated to be 886 um s, which is
comparable to the velocity due to the EP force when the particle
is close to the electrode surface. However, when it is farther away
from the surface, the Brownian motion dominates, preventing
small particles from approaching the surface when a field is
applied. This modeling was repeated for a 500 nm PSL particle
where even at a farther distance of 700 ym from the electrode

surface, the 500 nm particle was able to reach the surface in 0.01
s, due to a much weaker effect of Brownian motion on the larger
particle.

Organic solvents (ethanol, propanol, butanol, etc.) and water
are commonly used for EP assembly. The organic solvents
typically have a low dielectric constant below 25, while water has
a high dielectric constant of 80. Because a solvent with a high
dielectric constant has a high dissociative power, nanoparticles
dispersed in water tend to have high surface charge''” and thus
are more appropriate to be used in the EP assembly process. The
pH influences the effective surface charge of the nanoparticle by
affecting the ionization of the surface groups."*°~"** For a
negatively charged nanoparticle, when the solution pH
decreases, the ionization of the surface groups is prone to be
suppressed, resulting in a less negatively charged surface. At a
certain pH value known as the isoelectric point or IEP, the

https://doi.org/10.1021/acsnano.2c07910
ACS Nano 2022, 16, 17641-17686


https://pubs.acs.org/doi/10.1021/acsnano.2c07910?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c07910?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c07910?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c07910?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c07910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Review

—
o
™ ]~—

Intensity (a.u.)

200 500 600 700 800 900
Wavelength (nm)

w
S

Figure 6. (a) Dark-field image of 110 nm gold nanospheres assembled by EP in a 40 X 40 array. Inset is an SEM image of nine assembled
nanospheres. Reprinted with permission from ref 130. Copyright 2018, American Chemical Society. (b) Scattering spectra of a gold nanorod at
different polarization angles and dark-field images of assembled gold nanorod arrays under 0° and 90° polarization. Reprinted with permission
from ref 130. Copyright 2018, American Chemical Society. (c) EP assembly of 200 and 100 nm PSL nanoparticles in 210 and 110 nm circles,
respectively (top); EP assembly of 200 and 50 nm PSL nanoparticles in 225 and 100 nm circles (bottom). Reprinted with permission from ref

131. Copyright 2011, American Chemical Society.

surface charge will be neutralized. Further decreasing the pH will
lead to a buildup of positive H" groups on the particle surface.
Conversely, for a positively charged nanoparticle, increasing and
decreasing the pH will cause decrease and increase of the surface
charge, respectively. This was demonstrated by Yilmaz et al."**
who adjusted the pH of a PSL nanoparticle suspension by
adding ammonium hydroxide solution. When the pH of the
suspension was increased from 9.6 to 11.1, the surface charge per
nanoparticle increased from 1.5 X 1077 C to 2.4 X 107'¢ C
which also increased the assembly yield from ~20% to 95%.
The ionic strength determines to what extent the surface
charge is screened by the counterions."** The surface charge is
more effectively screened with higher ionic strength, leading to a
lower effective surface charge. As a result, the repulsive
interactions between nanoparticles is also decreased, causing
agglomeration of nanoparticles.">’~"*” This is illustrated for the
case of EP assembly in previous work.'”> The pH of a PSL
suspension was held constant at 10.1 while the ionic strength
was adjusted by adding NaCl up to a maximum concentration of
0.05 M. The magnitude of the { potential increased to a
maximum of 63 mV with a salt concentration of 0.01 M. This
resulted in the best coverage of assembled particles, although
there were also particles deposited outside of the desired pattern.
For NaCl concentrations greater than 0.01 M, the { potential
decreased, and the highest concentration of 0.05 M caused salt
crystals to form during the deposition process (Figure Sb).
Besides the aforementioned parameters, the EP assembly
process can be controlled by the nanoparticle concentration and
the assembly time. The influence of these two parameters on the
EP assembly process is comparatively straightforward. When
increasing the nanoparticle concentration and the assembly
time, either more nanoparticles are driven toward the substrate
by the EP force at a constant time or the time spent for the
particle assembly is prolonged, leading to increased assembly
yield. It should be noted that the assembly yield does not always
increase with the assembly time. Instead, the yield may plateau
over time. The plateau phenomenon has been attributed to the

decrease of the nanoparticle concentration and the effective
electric field during the assembly process.''® Barbee et al.'*’
found that full assembly could not be achieved with a single
batch of 0.5 um microparticle suspension even though there
were still plenty of particles left in the suspension. They
attributed this to the depletion of buffer as 100% assembly could
be realized using an additional batch of microparticles. Tiwari et
al."*! present a different view on the plateau phenomenon. They
reported that the local pH near the substrate changed during the
EP assembly process due to the loss of hydrogen ions through
the formation of H, gas at the negative electrode. This decreased
the effective surface charge on the nanoparticle surface and
caused cessation of the assembly after ~30 min of deposition.
The plateau of assembly versus time was also found in our
previous work and was a function of pH.">> When using 50 nm
PSL particles, a threshold pH exists below which complete
particle coverage is not possible, even with extended deposition
times (Figure Sc). This is due to Brownian motion dominating
the small particles when the pH is low, as mentioned previously
regarding the ionic strength. Since the electrophoretic velocity of
the small particles was low at pH of 10.1 and 10.3, the
nanoparticles failed to assemble even at longer assembly times.

When combined with predefined nanoscale patterns, EP
assembly allows positioning of single nanoparticles with
nanoscale precision within a few seconds. Employing box
cavities with dimensions 10% larger than the particle size, Zhang
et al."* assembled individual 110 nm gold nanospheres into a
plasmonic pixel array. The array scattered uniform yellowish
light with minimal defect sites, as shown in Figure 6a,
demonstrating the reliability of the assembly process. Besides
gold nanospheres, Zhang et al."*° also assembled 100 nm X 40
nm gold nanorods using the EP assembly process. Possessing an
anisotropic shape, the optical properties of the nanorods are
anisotropic and polarization angle dependent. When the
polarization direction is orthogonal to the major axis of the
gold nanorods (polarization angle 0°), the transverse surface
plasmon oscillation dominates and the assembled nanorods
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Figure 7. (a) Schematic illustration of the DEP assembly process. A nanoparticle with a higher (left) or lower (right) polarizability than the
surrounding medium is polarized under an nonuniform electric field, inducing a dipole aligning with or opposite to the electric field and causing
a positive or negative DEP force, respectively. (b) DEP assembly of gold nanoparticles between two planar electrodes into a pearl chain (left)
and a fused nanowire (right). Reprinted with permission from ref 164. Copyright 2004, American Chemical Society. (c) Assembly of single
thiol-coated gold nanoparticle for the application of electrically driven optical antenna. Reprinted with permission from ref 90. Copyright 2019,
American Chemical Society. (d) Silicon nanowire assembly on eight 10-finger electrode arrays. Single nanowire was centered between two
electrodes with submicrometer alignment precision. Reprinted with permission from ref 195. Copyright 2010, Nature Publishing Group. (e)
DEP assembly of aligned CNTs with an ultrahigh density of 30 SWCNTSs um™". Reprinted with permission from ref 203. Copyright 2011,
American Chemical Society. (f) DEP assembly of WS, sheets with one of the triangle sides perpendicular to the electrode edge. Reprinted with
permission from ref 204. Copyright 2016, American Chemical Society. (g) Schematic illustration of the parallel plate setup used for the DEP
assembly of 3D nanostructures (left). SEM image of DEP assembled gold nanorods (middle). Sensing of A/G and IgG proteins using the
assembled gold nanorods (right). Reprinted with permission from ref 121. Copyright 2014, American Chemical Society.

appear green in color (Figure 6b). However, when the nanoparticles were assembled in the smaller circles. By doing

polarization direction is parallel to the major axis (polarization
angle 90°), the longitudinal surface plasmon becomes dominant
and the nanorods appear red. Besides positioning single
nanoparticles, the confinement effect of prefabricated patterns
can be utilized to sort nanoparticles with difterent sizes. Siavoshi
et al."®' patterned circles with different diameters and then
assembled PSL nanoparticles (200, 100, and 50 nm) at
designated sites. Larger nanoparticles were assembled first in
the larger circles, which prevented the smaller nanoparticles
from being assembled at the same sites. Then, smaller

this, size-selective assembly of nanoparticles in sites of
comparable sizes has been realized, as shown in Figure 6c.
Both direct current (DC) and alternating current (AC) fields
have been utilized in the EP assembly process. One issue of using
the DC field is that the maximum applicable field strength is
limited. At a high electric field strength, an electrochemical
reaction takes place (electrolysis), causing the formation of gas
bubbles and damage to the assembled structures and even the
electrodes."**™'** However, utilizing a low field strength is
undesirable in most situations because either the particle
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assembly efliciency is limited or no particle assembly happens.
To achieve high field strenigth, pulsed DC field or an asymmetric
AC field is favorable."*" Barbee et al.'*® assembled PSL
microparticles using a pulsed DC field. The pulsed DC field
permitted rapid assembly of the particles at a high voltage of 3V
without bubble formation because the amount of time in which
the electrode and assembled structure were subject to the
electric field was minimized. In the case of an AC field, the
voltage that drives the electrochemical reaction is also applied to
the double layer capacitance at the electrode—electrolyte
interface."*”'** When the frequency of the electric field is high
enough, the impedance of the double layer capacitor decreases,
resulting in the reduction of the driving voltage for the
electrochemical reaction and therefore decreased bubble
evolution. Under the AC field, nanoparticles periodically reverse
their direction of motion and oscillate in the suspension. If the
AC field is symmetric, the nanoparticles travel equal distance
during each half cycle of the electric field. Therefore, no net
movement of the nanoparticles occurs and in turn no
nanoparticles are assembled on the electrodes. However, when
the AC field is asymmetric, nanoparticles can travel a longer
distance during one of the half cycles because the particle
velocity does not have a linear dependence on the field
strength,'™ causing net particle movement and thus particle
assembly. Asymmetric AC fields have been used to non-
selectively assemble nanoparticles into films.'** Selective
assembly of nanoparticles into predefined patterns under
asymmetric AC field is rarely reported.

Dielectrophoretic-Directed Assembly. Besides the elec-
trophoretic force, nanoparticles in suspension may also
experience a dielectrophoretic (DEP) force.'*> The DEP force
originates from polarized charge on the particle surface instead
of static surface charge for the case of EP assembly. Basically, all
matter polarizes when subjected to an electric field."* If the
nanoparticles are more polarizable than the surrounding
medium, the nanoparticles will possess more polarized charge
than the medium at the particle/medium interface (Figure 7a),
which gives rise to an induced dipole across the nanoparticles,
aligning with the electric field. In a nonuniform electric field, the
electric forces acting on the induced dipole are unbalanced. If
the nanoparticles move toward the region where the electric field
density is greater, it is referred to as a positive DEP force. If the
nanoparticles are less polarizable than the medium, they will
have less polarized charge and the induced dipole points in the
opposite direction to the electric field (Figure 7a). Under these
conditions, a nonuniform electric field will drive the nano-
particles toward the region where the electric field density is
lower, which is referred to as a negative DEP force. The
polarizability of a material depends on its conductivity and
dielectric constant. Because a high conductivity or a high
dielectric constant tends to result in a high polarizability,
suspended metallic nanoparticles can be easily polarized and
thus often experience a positive DEP force and move toward the
high electric field region.'** It has been reported that insulating
nanoparticles also experience a positive DEP response. Even
though the insulating nanoparticles have a low bulk con-
ductivity, they always carry surface char$e in the suspension,
which gives rise to a surface conductance.'*’~'>* Because of the
surface conductance, the insulating nanoparticles become highly
polarizable, resulting in the positive DEP response.

The DEP force acting on a nanoparticle as a function of the
conductivity, the dielectric constant, and the frequency is given

byl 54

Fpgp = 27€, RelK(@)IR*V (E?) (8)
€, — &, 3(e,0, — €,0,)
RelK(w)l = - + —
g, + 2¢, TMW(UP +20,)°(1 + @ 13yy)
(9)
. g, + 2¢,
MW = o
o, + 20, (10)

where ¢,, and 6, are the dielectric constant and the conductivity
of the medium, and ¢, and 6, are the dielectric constant and the
conductivity of the nanoparticle, K(w) is the Clausius—Mossotti
factor with RelK(w)! as its real part, @ is the frequency of the AC
field, R is the radius of the nanoparticle, and V(E?) is the
gradient of the square of the electric field.

Like the EP phenomenon, DEP occurs in DC and AC fields, as
long as the fields are nonuniform. However, since the field
strength needs to be very high to generate sufficient DEP force,
the DC field is seldom used in DEP assembly due to undesirable
effects such as water electrolysis.'** This is especially true for
small particles since the DEP force is proportional to the volume
of the particle, as shown in eq 8. For small particles, a significant
DEP force can only be had by increasing the magnitude of the
applied electric field, which can lead to issues related to Joule
heating. Local heating caused by a nonuniform AC field causes
variations in the conductivity and permittivity of the liquid
medium, which gives rise to additional forces in the form of
electrothermal flows acting on the particles.'**"® The electro-
thermal flows can also be used for particle assembly and is
discussed later.

When applying the AC field, there is a significant difference in
particle motion between the EP process and the DEP process.
For the EP process, nanoparticles reverse their direction of
motion when alternating the field polarity, causing an oscillating
motion. While for the DEP process, when the polarity of the field
is reversed, the distribution of the induced charge will be
reversed as well, resulting in a dipole in the same relative
direction with respect to the field and a constant moving
direction of the nanoparticles. Consequently, the independence
of the field polarity is an important characteristic of the DEP
process distinctly different from the EP process.

Besides the conductivity and the dielectric constant, the
polarizability of a material is also dependent on the frequency of
the AC field."*’~"" At a low frequency, the polarization of a
material arises from field-induced redistribution of the free
charge in the material and therefore is dominated by the material
conductivity. A high conductivity gives a high polarizability,
although the redistribution of the free charge is not
instantaneous. It typically ranges from picoseconds to a few
microseconds, depending on the material conductivity.>” With
the increase of the AC frequency, there comes a point where the
movement of the free charge cannot keep pace with the field
alternation. As the frequency further increases, the contribution
of the free charge movement to the polarization of a material
becomes negligible. Instead, the polarization of bound charge
becomes dominant. In this case, a material with a high dielectric
constant possesses a high polarizability. Because of the
frequency-dependent polarizability, nanoparticles may experi-
ence a varying DEP force over a wide frequency range. For
example, considering nanoparticles with a high conductivity and
a low dielectric constant dispersed in a medium of a low
conductivity and a high dielectric constant, at a low frequency,
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the nanoparticles experience a positive DEP force because of
their high conductivity, while at a high frequency, the
nanoparticles experience a negative DEP force due to their
low dielectric constant. The frequency at which a particle
experiences no force from the AC field is known as the crossover
frequency and is dependent on the dielectric properties of the
particle and medium.'**

One application of the DEP phenomenon is the assembly of
various nanoparticles (metallic'®® or semiconducting79’80)
between two glanar electrodes into pearl chains'®" or micro/
nanowires.*>'°* As a consequence of the fringing field effect, the
electric field strength is always high in the vicinity of the
electrode edges.'®® Under a positive DEP force, nanoparticles
assemble simultaneously from the opposing electrode edges
with the highest electric field intensity and finally meet at the
center of the electrode gap, forming a pearl chain structure
(Figure 7b)."°"'** Two mechanisms may contribute to the
formation of the pearl chain: (i) nanoparticles chain together
away from the electrodes under a pearl-chaining force and then
move toward the electrodes due to the DEP force,'®" and (ii)
nanoparticles assemble directly at the electrodes under the DEP
force and then continually assemble at the front tip of the
growing chain.'®® The pearl-chaining force (Fy,,) arises from
the interactions of induced dipoles between two adjacent

nanoparticles'°>'®” and can be calculated by'*°
Eypin = —Cre, Re IK(w)*R°E* (11)

where the coeflicient C ranges from 3 to >1000 depending on
the distance between adjacent nanoparticles and length of the
chain. However, the chaining force is even weaker than the DEP
force. In order to generate a large enough chaining force to
overcome the repulsive electrostatic interaction between
nanoparticles, the electric field strength should exceed a
threshold value (E,):"®"

Eoo ] kT
=l T
‘ RelK(w)! | &,R’ (12)

where kj is the Boltzmann constant and T is the temperature. As
reported previously, for gold nanoparticles 15 nm in diameter,
Ey is as high as 56 V ym™". 198 This high electric field strength is
unlikely to be available away from the electrodes under usual
DEP conditions. Therefore, in the case of nanoparticle assembly,
the chaining force may not be the main force for the formation of
the pearl chain. However, the threshold electric field strength is
inversely proportional to the diameter of the particle, as
indicated in eq 12. When the particle diameter is increased by
100 times, the threshold electric field strength will decrease by a
factor of 10 implying the possibility of utilizing the chaining
force to assemble microparticles. In fact, the assembly of
microparticles into 1D pearl chains and eventually 2D crystals
under the assistance of the chaining force has been
reported.'®”'”® Apart from utilizing the chaining force, nano-
particles can be assembled directly on the electrodes under the
DEP force. Once nanoparticles are assembled, they become part
of the electrode. The tip of the assembled nanoparticles distorts
the electric field distribution between the electrodes and creates
a high electric field in the local region around the terminal
nanoparticle.'*® Nanoparticles in the suspension will be
attracted toward the tip of the nanoparticle chain under the
DEP force such that the chain builds in the direction of the field
gradient until two chains from opposing electrodes meet at the
center of the electrode gap. The assembly parameters should be

well controlled in order to avoid melting of the assembled
nanoparticles.m4 However, under most conditions, the
assembled nanoparticles melt due to the Joule heating, forming
micro/nanowires (Figure 7b),¥7! especially when relatively
small nanoparticles or high voltage is used. Velev et al.'*>'”!
demonstrated how gold nanoparticles can be assembled into
microwires of millimeter length. They found that the microwires
assembled in two different modes, bulk assembly and surface
assembly depending on the assembly parameters. At a high
electric field strength, microwires tend to grow in the bulk mode
and the assembly speed is high. Besides the electric field
strength, other parameters, such as the frequency of the electric
field, the particle size, the electrolyte concentration, and the
viscosity and dielectric constant of the medium, can also affect
the particle assembly. A larger particle size gives rise to a higher
DEP force and thus a higher assembly speed. As the electrolyte
suppresses the repulsive electrostatic interactions between
nanoparticles, the assembly speed increases with the electrolyte
concentration. Moreover, a high dielectric constant or a low
viscosity leads to a rapid assembly. Due to the high polarizability
of the gold nanoparticle, the real part of the Clausius—Mossotti
factor can be taken as 1 (RelK(w)l =~ 1).'"" According to eq 8,
the DEP force should be independent of the electric field
frequency. However, the results demonstrated a frequency-
dependent particle assembly process. The assembly speed
decreases with the increasing frequency. The authors attributed
this to the frequency-dependent polarization of counterions
around the nanoparticles. Besides the free charge and surface
charge, the counterions surrounding the charged nanoparticles
also respond to and polarize under the applied electric field.
Since the mobility of the counterions is relatively low, at a high
frequency, the counterions cannot follow the alternation of the
electric field, causing less polarization and less DEP force. As a
result, the microwires grow slower at a higher frequency. The
frequency-dependent gold microwire formation was also
reported by Liu et al.'”> At a low frequency of 10 kHz,
microwires start assembling from opposing electrodes but
cannot bridge with each other, forming a channel-like structure
with two parallel banks at the center of the electrode gap.
Whereas, at a high frequency of 1 MHz, a thin nanowire 100 nm
in diameter is assembled along the shortest distance between the
electrodes. The authors ascribed this assembly behavior to
frequency-dependent electric field-induced electrohydrodynam-
ic flow. The detailed mechanism of the electrohydrodynamic
flow will be discussed in the next section. When the size of the
gap between electrodes is comparable to or smaller than the
particle size, the DEP assembly process can be used to trap a
single nanoparticle between the electrodes'®"'”* for the
application of single electron transistors.'” "'’ He et al.”’
assembled single thiol-coated gold nanoparticles between two
electrodes for the application of electrically driven optical
antennas (Figure 7c). As the electrode gap shrinks to sub-10 nm,
the electric field strength between the electrodes is strongly
enhanced due to the fringing field effect, resulting in an increase
of 2 orders of magnitude in the trapping force compared to the 1
um gap when a voltage as low as several 100 mV is applied.'”
The ultralow voltage can mitigate the undesired effects such as
heat generation, bubble formation, and electrochemical
reactions that take place when applying high voltages.

Another typical application of the DEP phenomenon is
aligning and assembling 1D materials'”” such as carbon
nanotubes (CNTs),'”*™"* metallic nanowires,'**"** gallium
arsenide (GaAs) nanowires,"™ gallium nitride (GaN) nano-
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Figure 8. (a) Schematic illustration of the EHD flow that entrains a particle toward an assembled particle. The EHD flow arises from the
interaction of a tangential electric field (E,) with induced charge on the surface of an electrode. The streamlines show the pattern of the EHD
flow. (b) EHD flow-directed assembly of TBPe crystals on patterned ITO substrates. Reprinted with permission from ref 234. Copyright 2014,
American Chemical Society. (c) Schematic illustration of the EHD flow induced when utilizing the coplanar electrode setup. (d) EHD flow-
directed assembly of gold nanoparticles into a channel-like structure. Reprinted with permission from ref 172. Copyright 2016, Elsevier.
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wires, indium arsenide (InAs) nanowires,'””
nanowires,l%_195 manganese dioxide (MnO,) nanowires,
nanofibers,'”® and biofunctionalized nanowires.'*” Unlike zero-
dimensional (0D) nanoparticles, 1D materials experience an
anisotropic DEP force, depending on their orientation in the
electric field. When the 1D materials orient parallel to the
electric field gradient, the DEP force can be given by the
relation: "

FDEPH = CSmRelKH(CU)lV(Ez) (13)
& - e
K(w) = ——
&, (14)
* jo
e =e—- —
) (15)

where c is a particle volume-related parameter, RelK;(@)! is the
real part of the Clausius—Mossotti factor (K;(@)) along the
major axis of the 1D material, & and ¢ are the complex
dielectric constant of the particle and the medium, respectively.
Whereas when the 1D materials orient perpendicular to the

electric field gradient, the DEP force needs to be modified as

Fogpy = c&,RelK (0)IV (E?) (16)
() & — &
I<l w) = 2ﬁ
ep + &, (17)

where RelK, (@)l is the real part of the Clausius—Mossotti factor
(K, (w)) perpendicular to the major axis of the 1D material. The
calculation results demonstrate that Ky (@) is orders of
magnitude larger than K (@), im lying that 1D materials
mainly polarize along their major axis™*” and therefore Fpgp is
the determining force for their movement. In addition, the DEP
force generates an electro-orientation torque on the 1D
materials, aligning them along the direction of the electric

field,'””"*" where the torque becomes zero and the system’s free
energy is the lowest. The magnitude of the torque acting on 1D
materials can be calculated as

T= FDEPHL sinf (18)

where L is the length of the 1D materials, and 6 is the angle
between the major axis of the 1D materials and the applied
electric field. Raychaudhuri et al.>” aligned and assembled
individual InAs nanowires between two electrodes. The results
indicate that the percentage of aligned nanowires first increases
with the increasing frequency from 10 kHz to 1 MHz and then
decreases as the frequency is further increased to 10 MHz. The
initial increase in the aligned nanowires may be due to a reduced
effect from the electrohydrodynamic flow, and the following
reduction of the aligned nanowires may be attributed to the
reduced DEP force. By balancing DEP, surface, and hydro-
dynamic forces, Freer et al.'”” precisely assembled aligned single
silicon nanowires arrays at a high yield of 98.5%. Figure 7d shows
the results on eight 10-finger electrode arrays. Single nanowires
were centered between two electrodes with submicrometer
alignment precision (average offset of 99 nm). Instead of
aligning and assembling individual nanowires, Shekhar et al >
assembled ultrahigh density aligned CNT arrays with a density
as high as 30 SWCNTs yum™" (Figure 7e). Besides aligning 1D
materials, the DEP phenomenon can be used to align 2D
materials as well. Deng et al.”** demonstrated assembly of
triangular monolayer tungsten disulfide (WS,) sheets and
proved that the assembled WS, sheets displayed a preferential
orientation with one of the triangle sides perpendicular to the
electrode edge, as shown in Figure 7f.

In the applications mentioned above, coplanar electrodes are
utilized, and the nanoelements assemble between the two
electrodes on the same substrate. However, when the two
electrodes are on separate substrates (such as a parallel plate
setup), the nanoelements will assemble spatially in the bulk
suspension. This phenomenon has been utilized to grow
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complex 3D structures.””>~>'? Yilmaz et al."*' and Chai et al.>*

performed DEP assembly by applying an AC field between a
patterned substrate and a counter electrode kept S mm apart, as
illustrated in Figure 7g. The electric field strength is high around
patterned regions due to the localized electric field, which
generates a DEP force, attracting gold nanoparticles S nm in
diameter to the patterned regions. The assembled gold
nanoparticles fuse during the assembly process because of
Joule heating, forming nanorods perpendicular to the substrates.
The 3D gold nanorods exhibit a polycrystalline structure and
possess an electrical conductivity that is equivalent to electro-
plated gold nanorods. Moreover, these gold nanorods possess a
strong plasmon resonance and thus have great potential to be
used in biosensing applications. Kim et al.”*” used a similar
method to align single-walled carbon nanotubes (SWCNTs)
vertically within a polymer template to form interconnects
suitable for CMOS devices. In the work of Makaram et al.,**°
interconnects between electrodes separated in height by ~700
nm were made through DEP of SWCNTs.

Electrokinetic Flow-Directed Assembly. In addition to
the electrophoretic and the DEP forces, electrokinetic flows such
as electroosmotic flow (EOF) and electrohydrodynamic (EHD)
flow can also be employed for the assembly of nano-
particles.”’ ' ~*'* EOF is a bulk liquid motion that results from
the interaction of an electric field with counterions next to a
charged surface. Since all the particles dispersed in a suspension
possess surface charge with surrounding counterions, EOF can
be generated when an electric field is applied. This flow has been
utilized by Bohmer and Solomentsev et al.”">™>'” to assemble
ordered monolayer PSL microparticle crystals. The authors
proposed a stepwise assembly mechanism. A particle is first
adsorbed onto a substrate, creating an EOF in the surrounding
fluid and carrying an opposite charge to the particle, the fluid is
drawn away from the substrate and then circulates back to the
substrate surface. When a second particle is in the vicinity of the
first particle, the lateral component of the circulating flow will
carry the particle toward the first particle until it reaches its most
favorable position adjacent to the initial particle. As the assembly
progresses, more particles are incorporated into the lattice,
forming 2D colloidal crystals. Using patterned substrates,
assembly of ordered PSL microparticles into strip patterns can
be achieved.”'®

Other than the EOF, Trau et al.>'??*° attributed the ordered
monolayer particle assembly to the EHD flow, also known as
induced charge electroosmotic flow. The EHD flow originates
from the interaction of an electric field with charge induced in
the electrical double layer. When a particle moves close to an
electrode, it perturbs the otherwise uniform electric field,
creating a tangential field component near the electrode. The
action of the tangential field on the induced charge produces the
EHD flow, entraining and carrying nearby particles toward the
first assembled particle as shown in Figure 8a. Ristenpart et
al.**"*** further elaborated this mechanism by modeling the first
assembled particle as a “point-dipole”. They showed that the
magnitude of the EHD flow and the corresponding assembly
rate scale as the square of the applied electric field strength since
the tangential field component and the induced charge are each
proportional to the field strength.”*'™*** Compared with the
electric field strength, the effect of the frequency on the
magnitude of the EHD flow is not straightforward. At high
frequencies, ions in the suspension cannot respond fast enough
to redistribute as the polarity of the field oscillates, causing
negligible induced charge in the electrical double layer and thus

negligible EHD flow.”** Conversely, at low frequencies, the ions
in the suspension have enough time to form the electrical double
layer. In this situation, the applied electric field drops almost
entirely across the electrical double layer, resulting in a near-zero
electric field in the suspension and again ceasing EHD flow.”**
Only at intermediate frequencies, EHD flow exists and hence
particle assembly occurs. In the range of frequency where the
EHD flow is observed, the magnitude of the flow is inversely
related to the frequency,221’224’ 25 causing diminishing particle
assembly as the frequency increases. Besides the electric field
strength and the frequency, the type and the concentration of
electrolytes can also affect the EHD flow-directed particle
assembly.””***” Woehl et al.**® studied the effect of twenty-six
electrolytes and found that the same particles may not always
assemble when an electric field is applied, depending on the
choice of the electrolytes. The experiments showed trends
between ionic strength, pH, { potential, and assembly rate.
When electrolytes that reduce the { potential are used, the
particles tend to be less stable in suspension and thus assemble
easier. For negatively charged particles, acidic electrolytes
facilitate assembly, while for positively charged particles, basic
electrolytes promote assembly. Suspensions with high ionic
strength from spectator ions that do not change the pH resulted
in low { potentials for all particles and yielded a faster rate of
assembly. When the concentration of ions is high, the dense
double layer screens the applied electric field more effectively,
causing diminishing EHD flow and decreased particle
assembly.”****’

In most of the research mentioned above, the EHD flow arises
from the perturbation of the applied electric field via assembled
particles themselves. However, several results have indicated
that inhomogeneity of the current density related to patterned
electrodes can also perturb the electric field and hence induce
the EHD flow.”>°~**? In regions with a high current density, the
induced charge in the electrical double layer is low, and vice
versa, yielding a lateral electric field gradient and resulting in an
EHD flow toward the high current density regions.”*> Gong et
al.”** used microscale photoresist patterns on an indium tin
oxide (ITO) electrode and assembled 2,5,8,11-tetra-tert-
butylperylene (TBPe) organic microparticles under an AC
field. The presence of the photoresist layer creates inhomoge-
neity in the current density on the ITO electrode, wherein the
photoresist covered regions possess a low current density and
exposed regions possess a high current density. Inhomogeneity
of the current density induces an EHD flow directed toward the
regions of high current density, where the TBPe particles are
assembled (Figure 8b). For the case of the organic TBPe
particles, the electrostatic repulsion between particles will result
in the decohesion of any assembled layer if the EHD flow is not
maintained. Therefore, a DC pulse of 12 V was applied for 2 s to
fix the assembled TBPe particles on the ITO electrode.””*
Besides causing nonuniformity in current density, Goel et al.**
showed that the electrode patterning can also lead to
nonuniformity of the electric field. This arises due to the
concentrated field effect and manifests as a tangential electric
field component and a localized high electric field at the edge of
the patterns. The interaction of the tangential field with the
induced charge in the electrical double layer induces an EHD
flow, carrying particles toward the patterned areas.

The EHD flow is also observed when utilizing coplanar
electrodes.”**"**? As illustrated in Figure 8c, the electric field
applied to each pair of coplanar electrodes has a substantial
tangential component. The tangential electric field is unidirec-

https://doi.org/10.1021/acsnano.2c07910
ACS Nano 2022, 16, 17641-17686


www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c07910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Review

[+)
Static surface charges Counterions around particles

P, ©

Induced surface charges Counterions around electrodes

High

Figure 9. Schematic illustration of all electrokinetic phenomena occurring when an electric field is applied. Particles dispersed in a suspension
possess static surface charges due to ionization of surface groups or adsorption of charged species. The polarizability difference between
particles and a surrounding medium causes induced surface charges. In addition, charged particles and electrodes are always surrounded by
counterions with opposite charges. The interaction of the electric field with the static charges on the particle surface, induced charges on the
particle surface, counterions around the particle surface and counterions around the electrode surface causes EP, DEP, EOF, and EHD flow,

respectively.

tional and directs from the positive to the negative electrode.
Since the induced charge is negative on the positive electrode
and positive on the negative electrode, (Figure 8c), the EHD
flows generated from the interaction of the tangential electric
field with the induced charge have opposite directions near each
electrode, flowing along the electrode surface away from the
center of the electrode gap, respectively. In view of the symmetry
property of the coplanar electrode setup, the EHD flows are
canceled at the center of the electrode gap, causing no net fluidic
flow therein. This explains the channel-like assembled structures
at the center of the electrode gap as mentioned above (Figure
3 d).172

It should be noted that the EOF reverses its direction in
concert with the alternating of the electric field polarity, causing
no net fluidic flow and therefore no particle assembly in an AC
field, whereas the direction of the EHD flow is independent of
the field polarity because the signs of the electric field and the
induced charge are coupled.”*" In the situation of a DC field,
both EOF and EHD flow contribute to the particle assembly.
Ristenpart et al.”** demonstrated theoretically that the EHD
flow predominates over the EOF in the far field, while near the
as-deposited particles they are comparable in magnitude.
Though the EOF is always attractive, the EHD flow changes
from attractive to repulsive when moving close to the particles.
However, since the magnitude of the attractive EOF is slightly
larger than the EHD flow, a superposition of the two flows still
exhibits attractive behavior.

Summary and Perspective for the Electric Field-
Directed Assembly. As discussed above, when an electric
field is applied to a suspension of charged particles, electro-

17652

kinetic phenomena such as EP, DEP and electrokinetic flows
(EOF and EHD flow) arise, leading to the assembly of the
particles. In most of the previous studies, particle assembly is
attributed to only one of the electrokinetic phenomena;
however, in reality, all three electrokinetic phenomena arise
simultaneously. The problem lies in the lack of detailed
information about the process influencing parameters, magni-
tude and range of each electrokinetic phenomenon.

The electrokinetic phenomena originate from the response of
the particle and medium to an electric field. Particles dispersed
in a suspension possess static surface charges due to ionization of
surface groups or adsorption of charged species. Besides static
charges, the polarizability difference between particles and a
surrounding medium causes net induced charges on the particle
surface. In addition, charged particles and electrodes are always
surrounded by counterions with opposite charges, forming an
EDL. The interaction of the electric field with the static charges
on the particle surface, induced charges on the particle surface,
counterions in the EDL around the particle surface and
counterions in the EDL around the electrode surface causes
EP, DEP, EOF, and EHD flow, respectively. Figure 9 depicts a
qualitative map about all electrokinetic phenomena exerted on
particles. EP drives particles to patterned electrodes with
opposite charges. DEP drives particles to regions where the
eletric field strength is high (positive DEP) or low (negative
DEP). EOF and EHD flow carry particles along with the flows
through Stokes drag force.

Parameters that can affect the electric field strength, the static
and induced surface charges or the counterions in the EDL, as
listed in Table 1, determine the magnitude and influence of each
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Figure 10. (a) Schematic illustration of two fluidic flow-directed assembly processes: convective assembly and capillary assembly. (b) A
monolayer of PSL particles 500 nm in diameter fabricated by the convective assembly process. Reprinted with permission from ref 246.
Copyright 2007, American Chemical Society. (c) Spaced arrays of PSL nanoparticles 500 nm in diameter fabricated by the capillary assembly
process. Reprinted with permission from ref 246. Copyright 2007, American Chemical Society. (d) Array of aligned gold nanorods assembled
by the capillary assembly process. Reprinted with permission from ref 279. Copyright 2012, Wiley-VCH. (e) Array of aligned nanowires
assembled by the capillary assembly process. Reprinted with permission from ref 280. Copyright 2014, American Chemical Society. (f-g) Arrays
of nanoprisms and concave nanocubes assembled by the capillary assembly process. Reprinted with permission from ref 281. Copyright 2014,
American Chemical Society. (h) Schematic illustration of a gold nanorod assembled in a trapping pattern with a funneled cross-section and an
auxiliary sidewall (top). An array of nearly perfect aligned gold nanorods. Reprinted with permission from ref 285. Copyright 2017, Nature
Publishing Group. (i) Schematic illustration of the forces during the capillary assembly of two particles into one shallow pattern. From ref 287.
Copyright 2016 Ni et al., some rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license http://creativecommons.
org/licenses/by-nc/4.0/. Reprinted with permission from AAAS. (j) Schematic illustration of the sequential capillary assembly of different
particles one by one in line-shaped patterns (left). Sequential assembly of three different fluorescent polystyrene particles into green-red-blue
colloidal chains (right). From ref 287. Copyright 2016 Ni et al., some rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC
4.0 license http://creativecommons.org/licenses/by-nc/4.0/. Reprinted with permission from AAAS.

electrokinetic phenomenon. By increasing the electric field happen which causes damage to the assembled structures. The
strength directly, all the electrokinetic phenomena are enhanced, patterns directing particle assembly have the advantage of
which is beneficial to particle assembly. However, excessive enhancing local electric field strength through the effect of
electric field strength is often undesired as electrolysis may electric field concentration. When decreasing the pattern area,
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the enhancement of the local electric field strength becomes
more significant because of the increased electric field
concentration, resulting in more particle assembly in the
patterned regions. The electric field strength is always high in
the vicinity of pattern corners and edges and decays when
moving away from the patterns, as illustrated in Figure 9. As a
result, the magnitude of each electrokinetic phenomenon varies
according to the spatial position of the particles. The pH and
electrolyte concentration (ionic strength) of the suspension
determines the effective static charges on the particle surface.
The pH affects the effective surface charges via influencing the
ionization of the surface groups. For negatively and positively
charged particles, high and low pH result in more negatively and
positively charged surfaces, respectively. The electrolyte
concentration determines the extent of the surface charges
screened by the counterions. A low electrolyte concentration
leads to sparse counterions in the EDL around the particles
which screen the surface charges less efficiently and cause more
effective surface charges. As a result, the magnitude of the EP
phenomenon which is proportional to the effective surface
charges is enhanced. While the sparse counterions enhance the
EP phenomenon, the EOF phenomenon becomes weak as the
EOF arises from the interaction of the electric field with the
counterions around the particles. Besides around the particles,
counterions also exists in the induced EDL around the
electrodes. Similarly, high and low electrolyte concentrations
cause dense and sparse counterions around the electrodes,
respectively. However, the influence of the electrolyte
concentration on the EHD flow is relatively complex. While a
high electrolyte concentration causes dense counterions, the
applied electric field drops significantly across the EDL, resulting
in diminishing EHD flow. Conversely, at a low electrolyte
concentration, while the electric field does not drop much across
the EDL, the counterions therein become sparse, likewise
leading to diminishing EHD flow. Only at a medium electrolyte
concentration, the EHD flow exists. Besides the electrolyte
concentration, the frequency of the electric field also affects the
amount of the counterions in the induced EDL. At a high
frequency, ions in the suspension cannot follow the rapid
alternation of the electric field, causing negligible amount of
counterions and thus negligible EHD flow, while at a low
frequency, ions have enough time to form dense regions,
resulting in a near-zero electric field in the suspension and again
ceasing EHD flow. Similar to the influence of the electrolyte
concentration, the EHD flow exists only at a medium electric
field frequency. Except for the counterions around the
electrodes, the frequency of the electric field also affects the
net induced charges on the particle surface. The net induced
charges arise from the polarizability difference between particles
and a surrounding medium. At a low frequency, the polarization
is dominated by the material conductivity. With the increase of
the frequency, the polarization becomes dominated by the
permittivity. Because of the frequency-dependent polarizability,
the net induced charges on the particle surface vary with the
frequency, causing varied DEP forces.

Depending on the properties of the electric field, particle
suspensions and patterns, the quantitative magnitude as well as
the effective range of each electrokinetic phenomenon may
differ by orders of magnitude. The direction of different
electrokinetic phenomena may even be opposite, causing
cancellation of the electrokinetic phenomena and thus cessation
of particle movement. However, systematic investigation in
these aspects is currently lacking. Although more than one

electrokinetic phenomenon is considered in some ar-
ticles,”"' 317322423 systematically addressing the effect of all
the electrokinetic phenomena on the particle assembly is
generally lacking. In addition, local Joule heating caused by the
electric field gives rise to an additional electrokinetic
phenomenon in the form of electrothermal flow acting on the
particles.'>>'*® Establishing equations combining all the
electrokinetic phenomena or setting up criteria for judging
which electrokinetic phenomenon is dominant is a fertile field
worthy of in-depth studies.

FLUIDIC FLOW-DIRECTED ASSEMBLY

Convective Assembly and Capillary Assembly. In this
section, the focus will be on solvent evaporation-induced fluidic
flow.”*** A schematic illustration of the fluidic flow-directed
assembly process is shown in Figure 10a. When a drop of
nanoparticle suspension is injected between a patterned
substrate and a stationary coverslip, a meniscus is formed at
the three-phase (air-solvent-substrate) contact line. As the
solvent evaporation rate at the three-phase contact line is
normally higher than that in the bulk suspension, preferential
evaporation of the solvent at the contact line occurs, which
induces a convective flow from the interior of the suspension
toward the contact line to replenish the lost solvent. The
convective flow carries particles to the contact line where they
are then deposited. Depending on the wetting behavior of the
patterned substrate, either convective assembly or capillary
assembly may occur.”*°

In the case of the convective assembly process,
known as slow fluidic assembly,”**~>°° the patterned regions are
hydrophilic with a contact angle below ~20° (Figure 10a).”*°
Because of the high hydrophilicity, the meniscus tends to spread
onto the patterned regions. As the solvent evaporates, the
meniscus becomes thinner and once the thickness of the
meniscus film approaches the diameter of the particle, the
assembly process is initiated. The protrusion of the particles
above the liquid surface acts to deform the surface of the
meniscus film, inducing a so-called immersion capillary
force?>” % between adjacent particles, under which the
particles assemble into ordered mono or multilayer structures
(Figure 10b). To achieve assembly by this method, a solution
can be allowed to dry slowly on the patterned substrate, or the
meniscus can be forced to move at a controlled rate by dip-
coating or through the use of a coverslip that moves relative to
the substrate. The latter method is preferred as it offers better
control over the assembly. The substrate temperature, relative
humidity of the atmosphere, substrate velocity, pattern
dimensions, and ionic strenﬁth are key variables in the
convective assembly process.” ****°" The substrate temper-
ature and the relative humidity affect the assembly process by
influencing the solvent evaporation rate.”*® At a higher substrate
temperature or a lower relative humidity, the solvent
evaporation rate becomes higher, resulting in a greater flux of
nanoparticles toward the contact line and thus a larger assembly
efficiency. Compared with controlling the relative humidity,
controlling the substrate temperature is relatively simple and
therefore it is often used to adjust the assembly process. It has
been recognized that a substrate temperature higher than the
dew point temperature (Tj,.,) is essential to triggering the
assembly process.”*® At the dew point, the solvent evaporation
rate at the contact line is almost zero. The nanoparticle influx
toward the contact line is suspended and therefore the assembly
process stops. Below the dew point, condensation of the solvent
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takes place. Instead of generating a convective flow toward the
contact line, a recirculation flow from the contact line to the bulk
suspension is induced, causing disassembly of nanoparticles. On
the other hand, even though a higher substrate temperature is
beneficial with regard to accelerating the particle assembly, the
temperature should not be excessive since a high rate of
evaporation makes the assembly process uncontrollable.
Typically, the substrate temperature is in the range of 30 to 50
°C.” The velocity of the substrate controls the assembly process
by influencing the solvent evaporation time. At a lower velocity,
there is more time for evaporation to occur and thus greater
particle concentration close to the contact line. As a
consequence, a thicker particle assembly can be obtained. If
the hydrophilic patterns on the substrate are not large enough,
the solvent cannot wet the patterns effectively, causin%
decreased particle assembly with the decreasing pattern size.””

As was the case for electrophoretic assembly, the ionic
strength plays a role in the rate of assembly for fluidic methods.
In this case, however, a greater ionic strength may lead to more
particles being deposited at the receding meniscus. Few studies
can be found that directly investigate the relationship between
the ionic strength and substrate velocity (such as in dip-coating
efficacy). However, there are several that explore the topic of
particle adsorption and agglomeration at increased ionic
strength, and this can be used to surmise the effect of ionic
strength on depostion at a receding meniscus. Bizmark et al.
found that the formation of a layer of hydrophobic ethyl
cellulose nanoparticles at a liquid/air interface was not
influenced by a change in ionic strength when operating in the
range of ionic strength usually found in dip-coating processes.'*”
The particles did become unstable when the NaCl concentration
reached 0.05 M at pH 4. Three other studies that used similar
methods showed that a high ionic strength can allow greater
deposition of nanoparticles onto a submerged surface.'*”>°>%*
For example, Winkler et al. studied the adsorption of gold
nanoparticles on glass and silicon as a function of ionic strength
ranging from 0 to 4.6 M of added NaCL**® Four different
regimes were delineated. In a regime with a concentration <0.5
M, the particles were stable due to electrostatic repulsions, but
agglomerated for concentrations from 0.6 to 1.75 M.
Surprisingly, for higher concentration from 2 to 3 M, the
particles became stable once more due to hydration forces
brought about by the Na* and CI™ ions. This regime also showed
much greater particle deposition on the submerged substrate
surface. For even higher concentration, the particles were stable,
but did not deposit on the substrate. These studies point to the
possibility of using a high ionic strength to advantage when using
convective and fluidic assembly methods to increase the amount
of particles deposited. Due to the screening effect of a higher
ionic strength, the repulsive force between particles is
diminished, leading to less steric hindrance when depositing in
the absence of an electric field, although the high ionic strength
may be detrimental for dip-coating due to the precipitation of
salt during the drying process.

Using the fluidic/convective assembly process, Abbasi et a
fabricated silver grid electrodes with a high resolution (line
width 2 pm) over centimeter-sized flexible poly(ethylene
terephthalate) (PET) substrates. Because of the narrow line
width, light can pass through with a high average transmittance
of >92% in the visible light range. To test the scalability and
precision of the fabrication process, a grid electrode with a line
width down to 300 nm on a glass substrate was also
demonstrated. Chai et al.'” assembled highly aligned SWCNT's
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using the fluidic assembly process. The authors found that the
degree of alignment depends on the relative size between the
length of the SWCNTs and the width of the channel patterns.
Only when the channel width is smaller than the SWCNT
length, unidirectional alignment of SWCNTSs can be achieved.
The pattern geometry-dependent alignment was ascribed to the
curvature of the contact line as the assembled SWCNT's typically
align along the contact line of the meniscus. Due to the contrast
in wettability between the pattern and photoresist, the contact
line is not linear across the channel, but rather it is parallel to the
channel wall at the edge of the channel and perpendicular to the
channel walls in the center. For a channel width much larger
than the SWCNT length, the orientation of assembled
SWCNTs resembles the shape of the contact line, while for
channels with width smaller than the SWCNT length, the
assembled SWCNTs align mainly along the channel. Besides the
contact line confinement, the capillary force is deemed to be
responsible for the SWCNT alignment. For narrow channels,
anchoring one end of the SWCNTs in the pattern areas while
leaving the other end floating in the suspension is likely to
happen. The capillary force exerted by the meniscus can stretch
the floating end of SWCNTs, resulting in their alignment.

As the hydrophobicity of the patterned regions increases, the
assembly process comes into the capillary assembly regime
(Figure 10a).”**7*"" For the capillary assembly process, the
contact angle typically ranges between 50° and 60°.>”"*"* At
such a high contact angle, the meniscus does not spread on the
patterned regions and the particles are no longer confined to a
thin meniscus layer. In this case, the meniscus moving over the
substrate acts as a doctor blade, exerting a lateral capillary force
on the particles and dragging the particles to move along with it
until the particles are trapped by the recessed areas of the
patterned substrate (Figure 10c). Other than forming close-
packed ordered mono or multilayer structures as the convective
assembly process, the capillary assembly process is also capable
of accurately placing individual particles or a few particles in the
patterned regions (Figure 10c).””>~*"” The assembly efficiency
as a function of the parameters is similar to the convective
assembly process. A higher substrate temperature, a lower
relative humidity and a lower substrate velocity result in a higher
assembly efficiency. The formation of an accumulation zone at
the frontier of the contact line is deemed to be critical for the
initiation of the capillary assembly process.”*>*”® The
accumulation zone consists of highly concentrated and close-
packed nanoparticles of solid or liquid-crystalline nature.
Because of the high particle concentration, mutual confinement
between adjacent particles becomes strong, suppressing the
effects of Brownian motion. As a consequence, the mobility and
fluctuations of the nanoparticles in the accumulation zone is
drastically reduced, causing an increased trapping efficiency in
the assembly sites. Dedicated geometric design of the trapping
patterns plays an important role in controlling the capillary
assembly process. By tailoring the trap geometry, controlled
assemblzf of nanoparticles with various shapes, such as rods,”””
wires,”® cubes,””"*®! and nanoprisms,281 can be achieved on
the single particle level (Figure 10d—g). The assembly efficiency
and the angular distribution of these anisotropic nanoparticles
are very sensitive to the lateral dimensions of the trapping
patterns. For efficient particle assembly, the lateral dimensions
of the patterns should be large enough to house an individual
nanoparticle enveloped by surface ligands or its electrical double
layer.”®*™*** In addition, large patterns not only result in a
sufficient capillary force to trap the nanoparticles but also
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Figure 11. (a) Schematic illustration of the convective/fluidic assembly and fast fluidic assembly processes which work in the evaporation
regime and Landau—Levich regime, respectively. (b) Photoirradiation and chemical polarization treatments to the substrate in order to
enhance the surface adhesion force. As a result, a 600 nm high resolution was achieved. Reprinted with permission from ref 303. Copyright
2021, Wiley-VCH. (c) Utilizing the strong chemisorption between the carboxylate groups and bare silver nanoparticles to increase the adhesion
force. A line width of 800 nm was obtained. Reprinted with permission under a Creative Commons CC BY 4.0 License https://
creativecommons.org/licenses/by/4.0/ from ref 305. Copyright 2016, Nature Publishing Group.

provide extra space for the nanoparticles to adjust their
orientations.”*”**" However, patterns of larger size capture
multiple particles and do not allow for control of particle
orientation.”®* In order to achieve high efficiency in assembly
and a narrow angular distribution, the pattern dimensions must
be optimized. Besides optimizing the pattern dimensions,
Flauraud et al.”® enhanced the assembly efficiency and the
particle orientation through adjusting the pattern geometries.
Four trap geometries; straight-edged, funneled, straight-edged
with auxiliary sidewall, and funneled with auxiliary sidewall, were
designed and used to investigate the assembly behavior of gold
nanorods. For the commonly used straight-edged traps, a larger
pattern width gave a higher assembly yield at the expense of a
wider angular distribution. When adding a funnel structure to
the straight-edged traps, the acceptance area for the nanorods
enlarged, which increased the probability of particle capture.
Additionally, as the bottom trench was narrower than the
nanorod diameter, the nanorods were mechanically locked at the
center of the trap during solvent evaporation. These two
geometric factors resulted in a greatly increased assembly
efficiency and a much narrower angular distribution. One
problem is that the assembled nanoparticles are prone to
removal when they lie nonparallel to the receding contact line. In
order to counter particle removal during the assembly, the
authors placed a vertical barrier along a single edge of the
funneled traps, as shown in Figure 10h. By doing so, the optimal
assembly yield and angular distribution were achieved. Other
than the lateral dimensions and the pattern geometry, the
vertical dimension can also affect the capillary assembly process.
Ni et al.”****” demonstrated that the pattern depth plays an
important role in determining how many particles can be
assembled in individual trap sites during a single assembly step.
As depicted in Figure 10i, when assembly occurs over shallow
patterns, the nanoparticles at the front of the contact line
(particle 1) interacts directly with the meniscus, experiencing a

downward capillary force perpendicular to the meniscus. This
capillary force is partially transmitted to the nanoparticle at the
rear of the contact line (particle 2), applying an upward force to
particle 2 and pushing particle 2 out of the pattern. Particle 1 is
then deposited at the rear of the pattern. When the pattern depth
increases, the upward force applied to particle 2 is not
sufficiently strong to push the particle out and therefore both
particles 1 and 2 stay in the pattern. This phenomenon was
subsequently utilized by the authors to sequentially assemble
different particles in the shallow patterns to form hybrid
nanoparticle clusters during a multistep capillary assembly
process (Figure 10j).”*7*%%

Fast Fluidic Assembly. The capillary and fluidic assembly
processes rely on a convective flow induced by solvent
evaporation to direct particle assembly. To match the rate of
evaporation, extremely slow motion of the substrate at a few
micrometers per second is required,”” which poses an enormous
obstacle to the scalability and consequently the practical
application of these two processes. If the velocity of the
substrate is much greater than the rate of evaporation, a
transition from the evaporation re§ime to the Landau—Levich
regime takes place (Figure 11a).”*~*** In the Landau—Levich
regime, the adhesion force, also known as the static friction
force, imposed by the substrate on the nanoparticle suspension
becomes dominant. As a consequence, a film of the suspension is
entrained on the surface of the substrate that will then dry and
leave behind the nanoparticles within. Utilizing a substrate with
patterned wettability, site-selective assembly of nanoparticles
can be achieved. This is referred to as the fast fluidic assembly
method by Busnaina and co-workers.””* The fast fluidic method
requires suspensions with a high concentration of solids if an
even coating is desired once the suspension dries. In the previous
sections on the topics of electric field and fluidic flow driven
assembly, the concentration of the suspensions can be relativeley
low, typically 0.5 wt % or less. However, the suspensions used in
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Figure 12. (a) Schematic illustration of the interfacial convective assembly process. (b) Assembly of silica nanoparticles into an array of vias 600
nm in diameter, forming a microscale world map. (c) Assembly of 5 nm silver nanoparticles into arrays of sintered nanowires and nanorods
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(bottom, right). Reprinted with permission from ref 317. Copyright 2020, Wiley-VCH.

the fast fluidic method often have solids in excess of 10 wt %.
The viscosity and surface tension of the suspensions are similar
to inks used for inkjet printing, although liquid media of a wide
range of viscosities can be used from water to ethylene glycol or
even much higher. This often necessitates the use of organic
solvents, binders, and surfactants in the suspension that can
dissolve the photoresists typically used as templates for
nanomaterial assembly. Because of this limitation, a surface
functionalized with a hydrophobic self-assembled monolayer
(SAM) can be used instead of a photoresist as a template. The
SAM provides a high contrast in wettability between the pattern
and the surrounding substrate area and allows confinement of
assembly solely within the patterned hydrophilic areas.”****>>%¢
The detailed process of functionalizing the substrate with a SAM
can be found in previously published articles.””” > Currently,
the fast fluidic assembly process is mostly used to fabricate
patterns with dimensions in millimeter or submillimeter
scale.””*~*°% This is because the viscous force from the substrate
diminishes with the dimensions of the pattern.”***** Li et al.>*
enhanced the surface adhesion force through photoirradiation
and chemical polarization treatments to the substrate. As a
result, a submicrometer (600 nm) resolution was achieved
(Figure 11b). Yamada et al.”®” functionalized a patterned surface
with carboxylate groups and utilized the strong chemisorption
between the patterns and bare silver nanoparticles to increase
the adhesion. A line width of 800 nm was obtained (Figure 11c).
Besides the physical and chemical properties of the substrate,
adjusting the properties of the nanoparticle suspension and the
speed of the meniscus could be another solution to increase the
adhesion force. According to a modified Landau—Levich—

Derjaguin equation, the maximum thickness of the entrained
film on a substrate can be calculated by*° 3%

By = kwCa'’? (19)
where k is a constant depending on the assembly set up, w is the
width of the pattern, Ca = yV/y is the capillary number, y and y
are the viscosity and surface tension of the nanoparticle
suspension, and V is the speed of the meniscus. By increasing
the viscosity and meniscus velocity and decreasing the surface
tension, the thickness of the entrained film increases.’*”'°
However, the realization of high resolution assembly by
adjusting those three parameters is rarely reported.

Contrary to other assembly methods covered in this review,
fast fluidic assembly suffers from the coffee ring effect where the
rate of evaporation at the edge of the deposited liquid film is
greater than at the center.’'’ The preferential solvent
evaporation induces a flow of the suspension toward the edge
to compensate for the lost solvent and results in greater
deposition of nanoparticles at the edge. The existence of the
coffee ring effect can influence the uniformity of thickness as well
as the consistency of electrical properties of the fabricated
electronics and sensors. The coffee ring effect can be minimized
through adjusting the composition of the nanoparticle
suspension.” > Kim et al.’"> added ethylene glycol (EG) with
a high boiling point and low surface tension to a water-based
nanoparticle suspension and studied the drying behavior of a
droplet under ambient conditions. At the edge of the droplet,
preferential evaporation of water takes place, leaving behind
increased fraction of high boiling point EG and decreased
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surface tension therein, while the center of the droplet has more
water with a high surface tension. The surface tension gradient
induces an inward Marangoni flow from the edge to the center of
the droplet which cancels the outward capillary flow and thus
reduces the coffee ring effect. In addition, adding surfactants to
the nanoparticle suspension can also induce the Marangoni flow
and reduce the coffee ring effect.’’ "¢

Interfacial Convective Assembly. In order to improve
throughput, Chai et al.’'” used a fluidic flow-directed assembly
process known as interfacial convective assembly that uses a
substrate heating-induced convective flow to drag nanoparticles
toward patterned substrates where particles are bound to the
patterned areas through van der Waals interactions and
geometrical confinement (Figure 12a). Isopropyl alcohol and
an aqueous nanoparticle suspension are mixed during the
assembly process to generate a solutal Marangoni-dominated
convective flow. The authors demonstrated both experimentally
and theoretically that the solutal Marangoni convective flow is at
least 2 orders of magnitude stronger than a thermal Marangoni
convective flow generated from a monocomponent solvent
(water), enabling efficient assembly of the nanoparticles over
centimeter scale substrates within a few minutes (2 orders of
magnitude faster than the conventional convective assembly
process). Increasing the substrate temperature, the particle
concentration and the assembly time can lead to an increased
assembly yield. Using the interfacial convective assembly
process, various nanoparticles such as PSL, silica, gold, and
silver were assembled in patterns with a variety of geometries
such as trenches, diamonds, or circles (Figure 12b) with a high
resolutions down to 25 nm. This method is particularly useful for
the scalable production of electronics with multiple layers of
materials. Vias are a critical component of multilayer electronics
that serve as connections between layers, and they can be
assembled using this method on any substrate regardless of
conductivity. The solutal Marangoni convective flow can obtain
a high velocity in the range of meters per second. When
nanoparticles are carried by the flow to circulate in the
suspension, collision and coalescence of the nanoparticles
occurs. The authors found that self-annealing occurs during the
assembly of 5 nm silver nanoparticles, forming sintered
nanopillars and nanorod structures (Figure 12c). The silver
nanorods exhibited a single crystal structure with a low resistivity
of 8.58 X 10™° Q cm, showing great potential to be used as 2D
and 3D interconnects in complementary metal—oxide—semi-
conductor (CMOS) devices. Although high assembly efficiency
and self-annealing to produce single crystal structures using the
interfacial convective assembly process have been demonstrated,
more in-depth studies of the mechanism and the controlling
parameters of the solutal Marangoni flow are still needed to
develop a better understanding and control of the process.

Self-annealing was also observed during electrophoretic
assembly.'”" In this case, the phenomenon occurred when
assembling 5 nm gold nanoparticles. By considering the contact
radius caused by deformation during assembly and the current
passing through the particles, it was calculated that the
temperature can increase by nearly 600 °C for S nm gold
particles during DEP assembly with typical parameters of 12
Ve, 2 Vpc offset, and 50 kHz. When these parameters were
applied to particles 20 nm in size, only partial fusing was
observed, while 50 nm particles showed no fusing at all. It was
also calculated that for such small particles, even the van der
Waals force between them is enough to cause a large
deformation.

Summary and Perspective for the Fluidic Flow-
Directed Assembly. Although the convective and capillary
assembly processes are applicable to all kinds of nanomaterials
and have demonstrated controlled assembly on centimeter scale,
their practical application faces two main problems. First,
assembly only happens at the three-phase contact line where the
particle concentration is high. Second, a very slow motion of the
substrate at a few micrometers per second is required in order to
match the slow solvent evaporation.”> The solvent evaporation
can be accelerated by increasing the substrate temperature.
However, a high temperature increases the particle concen-
tration in the bulk suspension during the assembly process and
thus makes the assembly process uncontrollable.”*® Although a
high particle concentration may also allow a fast assembly, the
particle concentration has an upper limit if the stability of the
nanoparticle suspension is to be maintained. Therefore, the
throughput of the convective assembly and capillary assembly
processes is a major challenge. A possible resolution to this issue
will be explored in the next section which covers the topic of
assembly through combined use of electric fields and fluidic flow
methods.

The fast fluidic assembly process can realize a high efficiency
of tens of millimeters per second. However, typically, the
dimension of patterns fabricated is in the millimeter or
submillimeter scale. The reason lies in insufficient adhesion of
the nanoparticle suspension to the patterned areas. Through
adjusting the physical and chemical properties of the substrate, a
high resolution in submicrometer scale has been achieved.
Further increasing the resolution by tuning the properties of the
nanoparticle suspension and the meniscus moving speed is
highly desirable. Another issue of the fast fluidic assembly
process is that it is almost impossible to fabricate loop
structures.”'® This is because the three-phase contact line
cannot dewet in the enclosed hydrophobic areas. Therefore,
loop structures must be avoided.

The interfacial convective assembly process has shown
promise for rapid assembly of various nanoparticles in arbitrary
patterns. However, the interfacial convective assembly method
is still in the initial stage of development. More in-depth studies
of the origination and the controlling parameters of the solutal
Marangoni flow are needed to develop a better understanding
and control of the process.

Combined Use of Electric Fields with Convective
Fluidic Flow. The methods of electric field driven assembly and
fluidic assembly can be combined to increase the rate of
assembly. While it is true that any sample submerged in
suspension while using EP or DEP must be removed from the
suspension after the assembly takes place, it is assumed that any
fluidic assembly that occurs during removal of the sample is
negligible. For the combined method, a bias can be applied while
a patterned substrate is undergoing convective or capillary
fluidic assembly to increase the forces of assembly. This can help
to circumvent the slow speeds usually required for convective
and capillary assembly, and also leads to improved assembly
efficiency overall. Using this electro-fluidic approach, Sirman et
al. demonstrated the controlled assembly of nanomaterials that
are conducting, semiconducting, and insulating including
nanoparticles and SWCNTs in different patterns down to 100

m."***'? This assembly can also be accomplished on insulating
substrates by using a gold layer with a thin coating of patterned
SiO, serving as the assembly surface, although highly doped
silicon can also serve as the conductive layer. The bias leads to
accumulation of the particles near the substrate surface, thus
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Figure 13. (a) Measurements of assembly efficiency as a function of voltage, pH, and withdraw speed. Reprinted with permission from ref 122.
Copyright 2017 American Chemical Society. (b) Assembly of aligned SWCNT's using the electro-fluidic assembly process. In contrast to fluidic
assembly, the alignment of the SWCNTs in electro-fluidic assembly is geometry-independent. Reprinted with permission from ref 179.
Copyright 2018, American Chemical Society. (c) Assembly of aligned single Si or InAs nanowire between patterned electrodes by combining
the DEP assembly and capillary assembly. Reprinted with permission from ref 320. Copyright 2015, Wiley-VCH.

increasing their concentration and allowing for increased
deposition during capillary assembly. The efficiency of assembly
for the PSL particles was measured as a function of applied
voltage and pH at three different withdraw speeds (Figure
13a).”"” The results show that even for the relatively fast speed
of S mm min ™", an assembly efficiency of greater than 70% can
be achieved. Near 100% assembly can be achieved at lower
speeds, but overassembly can occur at higher voltages. This
demonstrates that the electro-fluidic method could be a pathway
for scalable assembly of nanoscale devices using EP. In similar
fashion, Cho et al. used the electro-fluidic method to assemble
various particles and CNTs by dip coating at 3—15 mm min~"
with an applied bias of 2—5 V.>*' Chai et al. also used this
method to assembled multiwalled carbon nanotubes
(MWCNTs) and SWCNTs, with the added benefit of aligning
the SWCNTs.'””** The electric field polarized the SWCNTs in
the suspension and exerted a DEP force which anchored the
SWCNTSs to the patterned substrate with a perpendicular
orientation (Figure 13b). When the substrate was withdrawn
from the suspension, the free ends of the SWCNTs were held by
the capillary force, thus aligning the SWCNTs parallel to the
pulling direction. SWCNTSs with an average length of 1.5 ym
were assembled and aligned in channels with widths from 1 to
100 um. Similarly, Collet et al.’** assembled and aligned single
silicon and InAs nanowires at large scale by combining DEP and
capillary assembly (Figure 13c). Because of the additional DEP

17659

force, the assembly yield was improved by S-fold and the
alignment accuracy was improved by 8-fold.

Assembly on an insulating substrate. Thus, far it has
been assumed that a conductive substrate is required for EP, but
this is not true. Work has been done on conducting EP assembly
on an insulating SiO, layer (Figure 14 (a))'***"" The caveat is
that the SiO, must have a conductive layer beneath it with which
to produce an electric field. SiO, layers of 50, 150, and 1000 nm
in thickness were evaluated. The assembly was conducted at 3V,
pH 11.1, and a withdrawal speed of 3 mm min~" using PSL
particles. Using these parameters, the 50 nm SiO, layer showed
over assembly while the 1000 nm SiO, layer had little assembly.
However, the 150 nm SiO, layer showed good assembly.

Through the experiments on insulating substrates, it was also
confirmed that the combined electro-fluidic method works well
even if the pattern to be filled is not withdrawn along its major
axis. This was demonstrated for patterns withdrawn at 0°, 90°,
(represented by a cross) and 45° with respect to the withdraw
direction. The speed was set to 3 mm min~' and the pH was
maintained at 10.9. Figure 14 (b) shows that each of the patterns
were well filled when a bias of 3.3 V was applied. The cross was
found to be problematic in that the central area was more
difficult to fill than a linear pattern, but 3.3 V was sufficient to
ensure full assembly.

Directed Assembly and Transfer. Busnaina and co-
workers’>' 7> used directed assembly methods for a nanoscale
offset printing process, as shown in Figure 15a. In this process, a
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Figure 14. (a) Cross sectional depiction of the substrate used for field-driven assembly on an insulating surface. High efficiency of assembly was
found for an SiO, thickness of 150 nm at a voltage of 3.3 V. (b) SEM images of assembly performed while the pattern was withdrawn at certain
angles from the PSL suspension. The dark areas show a high density of particles. Reprinted with permission from ref 122. Copyright 2017,

American Chemical Society.

substrate with patterned conductive and hydrophilic areas is first
fabricated using conventional lithographic methods. When an
electric field is applied, elements are assembled on the patterned
areas under an electrophoretic force. The assembled elements
are then transfer printed onto a flexible substrate with the
assistance of elevated temperature and pressure, forming
functional micro/nanoscale structures. The offset printing
process was utilized by Chai et al.”** to fabricate organic field
effect transistors with source/drain electrodes fabricated from
CNTs via directed assembly and subsequent transfer printing
(Figure 15b). Wang et al. used this method of transfer printing
to create all carbon FETs where the channel is composed of
semiconducting SWCNTs and the source/drain electrodes are
composed of MWCNTs (Figure 15c). More than 70% of the
devices tested had an on/off ratio of 10° or greater and some
showed mobilities of 8.84 cm® V™' s™!, which is comparable to
other devices made from printed CNTs. A recent analysis of the
cumulative energy demand for this printing method has also
been made.*** The analysis by Abbasi et al. considers the energy
required to produce FETs using typical lithography and
deposition methods of a modern fabrication facility compared
to the energy required to produce the same FETs using
nanomaterials. The analysis shows that electronics made using
bottom-up methods such as offset printing nanomaterials can
reduce energy consumption by an order of magnitude or more.

Here, we have only considered the interaction of electro-
phoretic forces with fluidic flow. However, in most studies
nanoparticle assembly is attributed to only one field-induced
effect, such as EP, dielectrophoresis, or electrokinetic flow. In
reality, each effect mentioned above contributes to the motion of
the nanoparticles. Although more than one effect is employed or
considered in some articles,”'*¥'7*** systematically address-

ing the influence of all the effects on the particle assembly is
generally lacking. The significance of each force under various
assembly parameters, such as electric field strength, frequency,
particle size, dielectric constant and conductivity of the
nanoparticles and the medium, solvent type, pH, electrolyte
type and concentration, and pattern geometry, is a fertile field
worthy of in-depth study.

MAGNETIC FIELD-DIRECTED ASSEMBLY

Magnetophoretic-Directed Assembly. Magnetic fields
are another widely used means of particle assembly.”*>~*** In
the presence of an external magnetic field, particles in a
suspension experience a magnetic force because of the

: 335—338 _ 1 - .
magnetophoresis phenomenon, which arises from a
combined effect of the magnetic field gradient and the mismatch
in magnetic susceptibility between the particles and the
surrounding medium (Figure 16a). For a superparamagnetic
nanoparticle that is only magnetized in the presence of a
magnetic field, the magnetophoretic force acting on a particle in

) 338-340
suspension can be calculated as

Viy —
= M(B'V)B
Hy (20)

where 4, is the permeability of free space (47 X 1077 T-m A™"),
V, is the volume of the particle, B is the magnetic flux density,
and y, and y,, are the dimensionless volume magnetic
susceptibilities of the particle and the medium, respectively.
Nanoparticles with permanent magnetic dipoles can also be
manipulated by this method, though they will tend to cluster
together even in the presence of a strong external field, thus
making them less suitable for precise assembly.

mag
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Figure 16. (a) Scheme of calculated magnetophoretic force profiles for a patterned nickel grid embedded in a thin film of PDMS. The
magnetophoretic force positions paramagnetic particles (red) onto the nickel grid and diamagnetic particles (blue) in the voids of the grid
(top). The inset illustrates the magnetic field strength profile above the nickel grid placed on a permanent magnet. Paramagnetic particles 2.85
pm in diameter assembled on a square grid of nickel islands (bottom, left). Diamagnetic particles 1.2 gm in diameter assembled in the voids of a
hexagonal grid of nickel rings (bottom, middle). Paramagnetic particles (red, 1 gm in diameter) and diamagnetic particles (green, 1.2 gm in
diameter) assembled into an AB lattice on the underlying square grid (bottom, right). Scale bars, 10 gm. Reprinted with permission from ref
365. Copyright 2013, Nature Publishing Group. (b) Simulated magnetic field distribution around a nonmagnetic PU template immersed in a
magnetized ferrofluid (top). Schematic illustration of magnetophoretic assembly of colloidal spheres on the PU template (middle). SEM image
of the PU template before (bottom, left) and after (bottom, right) particle assembly. Reprinted with permission from ref 366. Copyright 2013,

American Chemical Society.
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A difference in magnetic susceptibility is a prerequisite for the
induction of the magnetophoretic force. When the magnetic
susceptibility of the particle (y,) is greater than that of the
medium (y,,), such as a magnetic particle suspended in a
diamagnetic medium, a positive magnetophoretic force is
induced, which drives the particle toward the maximum of the
magnetic field. On the other hand, when a diamagnetic particle is
suspended in a magnetic medium, a negative magnetophoresis
occurs, in which case the particle is drawn toward the magnetic
field minimum.**"*** A diamagnetic particle is supposed to have
no magnetic field effect due to its negligible induced magnetic
moment. However, when suspended in a magnetic medium, the
diamagnetic particle serves as a magnetic hole with an effective
magnetic moment in the opposite direction of the magnetic
field.”* Typical magnetic fluids are ferrofluids (such as
magnetite (Fe;0,) nanoparticles with a diameter in the range
of 10 to 20 nm suspended in water) and paramagnetic salt
solutions (such as manganese chloride (MnCl,)).”**** The
terrofluids are superior to the paramagnetic salt solutions in that
they require much smaller magnetic fields for effective
manipulation.**'

Based on eq 20, the magnetic field gradient is another
requirement for the induction of the magnetophoretic
force.**™*** The magnetic field gradient can be generated by
utilizing patterned field modulators or photolithographically
patterned micromagnets.”**~>*® Kimura et al.”’ > used
magnetic field modulators consisting of alternating aluminum
and iron sheets 100 or 300 ym in thickness during particle
assembly. As the magnetic flux is selectively absorbed by the iron
layers, the flux density over the iron layers is lower than that over
the aluminum layers. When placing the modulators in a uniform
horizontal magnetic field, a modulated magnetic field with a
higher magnetic flux density over the aluminum layers is created,
generating a magnetic field gradient. Under the magnetic field
gradient, various particles such as PSL and mouse osteoblast
cells were successfully assembled. Because the thickness of the
aluminum and iron sheets used for the modulator fabrication
ranges up to several hundred micrometers, the modulated
magnetic field pattern generated is also on the scale of one
hundred micrometers, which limits the resolution of the
assembled structures. High-resolution magnetic field-directed
assembly can be achieved using patterned micromagnets.”**~>**
In this circumstance, ferromagnetic microstructures are defined
using standard photolithography and lift-off processes on
diamagnetic substrates such as silicon and glass wafers. Demir6rs
et al.”® fabricated nickel patterns embedded in a poly-
(dimethylsiloxane) (PDMS) film with a dimension down to
~1 pm (Figure 16a). The patterned nickel microstructures alter
the otherwise uniform external magnetic field in their vicinity,
generating the desired magnetic field gradient to drive particle
assembly. Using the modulated magnetic field, the authors
assembled both paramagnetic and diamagnetic particles
simultaneously. A paramagnetic salt (Ho(NO,);) with a fine-
tuned concentration was added to the particle suspension so that
the magnetic susceptibility of the suspending medium is smaller
than that of the paramagnetic particles and larger than that of the
diamagnetic particles. By doing so, the paramagnetic particles
were attracted to the nickel patterns where the magnetic field
strength is high, while the diamagnetic particles were attracted to
the PDMS regions where the magnetic field strength is low, as
shown in Figure 16a. Patterning micromagnets on solid
substrates takes several steps and requires the use of
sophisticated instruments. To avoid this, He et al.**° utilized a

soft lithography process to fabricate nonmagnetic polymer
templates. An oligomer solution was poured onto a PDMS
master and then cured by UV-polymerization, creating polyur-
ethane (PU) patterns that replicate the design of the PDMS
master. The nonmagnetic PU patterns in a ferrofluid behave as
reverse micromagnets when exposed to an external magnetic
field owing to the mismatch of the magnetic susceptibility,
inducing a large magnetic field gradient at the edge of the
patterns (Figure 16b). The magnetic field gradient provides an
attractive magnetic force that allows controlled placement of
particles on the top of the patterned features during assembly.
The authors demonstrated that the pattern geometry
determines the assembly behavior through affecting the local
magnetic field distribution. For a pattern with a small diameter
of <9 pum, the magnetic field minimum appears at the center of
the pattern, while for a pattern with a large diameter, two areas of
magnetic field minima are located at the edge of the pattern. Asa
consequence, particles are trapped at the center of the small
pattern and at the edge of the large pattern under the negative
magnetophoretic force. For patterns with the same shape and
aspect ratio, a larger pattern affects the magnetic field
distribution over a greater range, causing a more efficient
particle assembly.

Besides interacting directly with the magnetic field, a particle
in a suspension interacts with adjacent particles due to the
magnetic dipole—dipole interaction.””” Upon exposure to an
external magnetic field, a magnetic dipole is induced in a
magnetic particle along the direction of the magnetic field (the
direction of the induced magnetic dipole is opposite to the
magnetic field in the case of a diamagnetic particle). The dipole
force experienced by a second particle induced by the first
particle can be expressed as®>**®”

_ 3r(1 - 3cos” Ct!)m2
Fmag—dip - d4 (21)

where « is the angle between the direction of the external
magnetic field and the line connecting the centers of the two
particles, r is the unit vector pointing from the first particle to the
second, d is the center-to-center distance between the two
particles, and m is the induced magnetic dipole moment. The
magnitude and direction of the magnetic dipole force depends
on the angle between the dipole moments of the two particles,
where m of the first particle is taken as parallel to the external
magnetic field. At the critical angle of a = 54.09°, the magnetic
dipole force is zero. For 0 < a < 54.09°, the dipole force is
attractive and for 54.09° < a < 90°, it is repulsive. The dipole—
dipole interaction tends to cause a chaining together of the
particles similar to the effect seen in DEP where assembly is
aligned along the dipole moment. These 1D particle chains have
potential applications in optical devices where the orientation of
the particle chain can be controlled by varying the magnetic field
direction.***™*7°

Typically, magnetophoretic assembly will rely on the use of
superparamagnetic nanoparticles where a particle behaves as if it
is a single magnetic domain. This is an important property for
the particles to possess if they are to properly respond to the
applied magnetic fields used for assembly, but there is an upper
size limit beyond which the particles lose their super-
paramagnetic properties. For example, the superparamagnetic
size limit of Fe;O,, one of the most commonly used particles for
magnetic assembly, is ~30 nm, beyond which the property fades.
Because of this, there is an imposed size limit on the particles
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Figure 17. (a) Schematic illustration of the optical force-directed assembly process. (b) Optical tweezer-based manipulation of individual gold
nanoparticles into a “U of C” pattern. Reprinted with permission from ref 391. Copyright 2010, American Chemical Society. (c) Optical
printing of individual gold nanoparticles into “CeNS” and “nim” patterns. Reprinted with permission from ref 398. Copyright 2010, American
Chemical Society. (d) Schematic illustration of the optical force stamping process and various stamped patterns comprised of single gold
nanoparticles 80 nm in diameter. Reprinted with permission from ref 400. Copyright 2011, American Chemical Society.

used for assembly. If larger particles are desired, the limitation
can be overcome by synthesizing a superparamagnetic core
particle with a shell of a different material such as SiO,.

One method that could prove very amenable to nano-
manufacturing is the assembly of particles through use of the
magnetic bits used for storing data.”*”*”'~*”* Magnetic storage
media, such as a hard disk drive or magnetic tape, is composed of
bits with a spatial region as small as 25 X 25 nm* with the
boundary between bits being ~3 nm.**” This small separation
between magnetic domains creates a very strong magnetic field
gradient that can be used to attract magnetic particles to the lines
which separate the domains. The pattern of the magnetic field
imprinted into the storage media can be written using
commercially available read/write heads such as those used to
record information to a hard disk. By writing the desired pattern
onto the storage media, magnetic nanoparticles can be made to
form any pattern that is desired simply by submerging the
medium into a suspension of magnetic particles. Patterned lines
less than 100 nm wide can be made with relative ease using this
method without the need for lithography. Chains of single
particles could also be made if the deposition parameters are
properly optimized.”*’ Once assembled, the particles can then
be printed onto a different substrate for practical applications.
Henderson et al. have demonstrated this by first assembling
particles on the magnetic storage medium and spin-coating the
surface with polymer to yield a film of 200—500 nm in
thickness.””* After curing, this thin film can be removed while
retaining the deposited particles, yielding thin-film diffraction
gratings in this case.

Magnetophoretic assembly can also be combined with electric
fields to improve the precision of assembly. Singh et al.’”

assembled aligned single nickel nanowires between patterned
electrodes with a high positioning accuracy of 25 nm by
combining magnetic and electric fields. The electric field exerted
a DEP force on the nickel nanowire and attracted the nanowire
close to the electrodes where the magnetic field took effect,
capturing the nanowire and placing the nanowire precisely on
top of the electrodes.

Summary and Perspective for the Magnetic Field-
Directed Assembly. As overviewed above, magnetic field-
directed assembly utilizes magnetophoresis to direct particle
assembly. Typically, the particles to be assembled should be
either magnetic or suspended in a magnetic medium. The
magnitude of the magnetophoretic force depends on the volume
of the particles, the susceptibility contrast between the particles
and the surrounding medium, and the magnetic field gradient.
Although magnetic field-directed assembly has been extensively
studied, most of the studies focus on the assembly of micro or
submicron scale particles.”*® This is because the magneto-
phoretic force is a function of particle size. Since the
magnetophoretic force scales with the particle volume, micro-
scale particles with a large diameter tend to possess a large
magnetophoretic force and thus are more easily manipulated.
According to eq 20, one way to increase the magnetophoretic
force is to increase the difference in magnetic susceptibility
between the particle and the suspending medium. This method
has been attempted by He et al. for the assembly of nanoscale
diamagnetic particles.”’” The authors employed magnetite
nanoparticles with a high surface charge and produced a stable
and highly concentrated ferrofluid. As the high magnetite
nanoparticle concentration increases the magnetic susceptibility
of the medium, a high contrast in magnetic susceptibility is

https://doi.org/10.1021/acsnano.2c07910
ACS Nano 2022, 16, 17641-17686


https://pubs.acs.org/doi/10.1021/acsnano.2c07910?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c07910?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c07910?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c07910?fig=fig17&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c07910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Review

Y rzanopartlcle

* . Highy ° .
Ll . L] .
(c)
5 -
T T |
Convective,

o 24 ﬂOW\‘\\
g s

o

o

o

§
(=

he}

Q

)

A\ ~‘Bu6yan‘cy
Drag
| | force

(b)

e

Convective
¢ flow
L]

force

GNP

I Gravity \ \
force \

Figure 18. (a) Schematic illustration of the bubble printing process. The SEM image shows an array of ring structures composed of quantum
dots fabricated by the bubble printing process. Reprinted with permission from ref 405. Copyright 2011, American Chemical Society. (b)
Fabricated 3D hollow structures replicating the whole microbubbles. Reprinted with permission from ref 406. Copyright 2016, American
Chemical Society. (c) Schematic illustration of the natural convective flow-directed particle assembly and the resulting array of gold nanorod
assemblies. Reprinted with permission from ref 420. Copyright 2018, Wiley-VCH.

created, leading to a large magnetophoretic force. Using this
approach, assembly of nanoparticles with a diameter down to
185 nm has been demonstrated. Further increasing the
concentration of magnetite nanoparticles in the ferrofluid may
allow the assembly of even smaller nanoparticles. Another way
to increase the magnetophoretic force is to increase the
magnetic field gradient. This may be realized by tuning the
magnetic field distribution via adjusting the design of the
micromagnets. It remains to be seen which method could yield
nanoscale particle assembly under a magnetic field.

Many of the magnetic assembly methods previously
mentioned are not amenable for applications related to
electronics and sensors. For example, applying a magnetic field
to a colloidal suspension of magnetic particles is useful for
creating photonic crystals, and using magnetic fields can be
useful for separating particles for biological applications, but this
is not as useful for assembly where particles need to be arranged
into patterns which have no periodicity. To do this, magnetic
substrates must be prepared which demonstrate strong magnetic
field gradients when an external field is applied. This could prove
difficult for assembly at scale where an entire wafer would need
to be exposed to a uniform magnetic field within a ferrofluid.
The most promising method for electronics and sensors is
assembly via magnetic recording media which can be used for
transfer printing. Additionally, this method does not require the
use of photolithography or etching. With further development,
this method could allow single-file lines of nanoparticles to be
assembled.

OPTICAL FIELD-DIRECTED ASSEMBLY

Optical Force-Directed Assembly. In addition to flow,
electric, and magnetic fields, light can also provide a force to
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direct particle assembly.*”®~*” The manipulation of particles by
optical force was used by Ashkin et al. at AT&T Bell
Laboratories in 1986.°* The authors demonstrated that
dielectric particles with size from 10 ym down to ~25 nm
could be successfully trapped by the optical field. Since then,
interest in the optical manipulation of particles has been
growing. In 1994, Svoboda et al.*®' demonstrated that metallic
nanoparticles could also be manipulated through the optical
force. Gold nanoparticles 36 nm in diameter were shown to
experience a larger optical force than dielectric latex nano-
particles 38 nm in diameter. Later on, Hansen et al.”** expanded
the size of trapped gold nanoparticles to 18—254 nm in
diameter. The manipulation of silver nanoparticles,”**** Au
nanorods,”® Au bipyramidal nanoparticles,**® and quantum
dots®®” was also demonstrated.

The optical force, including the scattering force and the
gradient force, arises from the interaction of strongly focused
light on the particles (Figure 17a).”** For particles with
diameters much smaller than the wavelength of the light,
electric dipole moments are induced across the particles in
response to the light's electric field.”®*** Because the incident
light is focused using an objective lens of large numerical
aperture, the local electric field is very nonuniform, resulting in
the gradient force that directs the polarized particles toward the
focal point where the light intensity is greatest. Moreover, the
incident light can be absorbed or re-emitted by the particles. The
momentum of the light is thus partially transferred to the
particles, causing the scattering force and pushing the particles
along the direction of light propagation. The gradient force is
proportional to the gradient of light intensity, while the
scattering force is proportional to the light intensity.
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When the wavelength of the incident light is far above the
surface plasmon resonance wavelength of the particles, the
optical force is dominated by the gradient force, which tends to
attract the particles toward the focal region.”*””** As soon as the
position of the focal point is changed, the particles move to the
new focal point promptly. This technique of using highly
focused light for the manipulation of particles is often called
optical tweezers or an optical trap. Guffey et al.*”" utilized the
optical tweezer method to place single gold nanoparticles 40 nm
in diameter on glass substrates with a subwavelength precision
(~100 nm standard deviation). Single particles were first
trapped in a bulk suspension by a highly focused light, and then
brought into contact with the substrates by manually changing
the fine focus of the microscope. By controlling the sample
position using a piezoelectric translation stage, a “U of C”
pattern made of gold nanoparticles was fabricated in ~1 h
(Figure 17b).

To enhance the interaction between the incident light and the
particles, light of a wavelength comparable to the plasmon
resonance of the particles can be utilized for particle
manipulation.””* As the incident light is mostly absorbed by
the particles, the scattering force becomes dominant.’*****
Instead of attracting particles, the scattering force pushes the
particles along the beam path away from the focal area. The
fabrication process using the scatterin% force as the driving force
is termed as optical printing.””*">” Employing the optical
printing method, Urban et al.”*® fabricated“CeNS” and “nim”
patterns by sequentially printing individual gold nanoparticles
80 nm in diameter (Figure 17c). The authors noticed that using
a lower laser power led to a higher positioning precision with a
compromise of a lower printing throughput. In order to achieve
a higher fabrication throughput, a spatial light modulator (SLM)
is used to split a single beam into several beams for manipulating
multiple nanoparticles in parallel.**® The fabrication of a § X 5
array of equally spaced 80 nm gold nanoparticles took only 10 s
(Figure 17d). As a parallel process, the time needed to fabricate a
pattern is almost independent of the pattern size. Fabricating an
8 X 8 pattern took roughly the same time (11 s). By modifying
the image displayed on the SLM, rapid and precise fabrication of
arbitrary patterns can been achieved.

Compared with the optical tweezer method, optical printing
allows for rapid fabrication but has limited control over the
particle orientation. Do et al.*’" utilized two lasers with different
wavelengths to achieve orientation control of gold nanorods.
The laser that is not resonant to the surface plasmon resonance
of the nanorods was used to trap and align the nanorods, while
the other laser that is resonant was used to rapidly deposit the
aligned nanorods. This two color optical printing process
enabled gold nanorod patterns with an angular orientation of
+16°.

Optofluidic Flow-Directed Assembly. Besides generating
the optical force, the interaction of an incident light with
particles or substrates can cause an optofluidic flow that can be
used to direct particle assembly.*”>~** Fujii et al.**® utilized the
Marangoni convection flow around a laser-induced microbubble
to assemble nanoparticles (Figure 18a). The microbubble can be
generated by using a continuous wave laser to heat a light
absorbing substrate such as a 10—30 nm-thick gold film. There
must be a target to absorb the heat of the incident laser such that
the bubbles may form. This can be implemented in the form of a
thin metal film or adsorbed plasmonic nanostructures that have
strong absorbance at the wavelength of incident light. The
formation of the microbubble is accompanied by a temperature

gradient, hotter at the base of the bubble and cooler at the top.
As the hotter medium has a lower surface tension, a surface
tension gradient along the surface of the microbubble is
established, inducing a Marangoni convective flow that drives
the medium to flow toward the top of the microbubble. To
compensate for the upward Marangoni convective flow, a flow
toward the bottom of the microbubble is generated, carrying
nanoparticles toward the substrate-liquid-bubble interface
where they assemble. The assembled structures resemble the
shape of the microbubble. When the optical power is low and the
assembly time is short, a small number of particles are assembled
and a ring-shaped structure is formed (Figure 18a). By
increasing the optical power or the assembly time, more
particles are assembled and a 3D hollow structure reéylicating the
whole microbubble is generated (Figure 18b).*°° Given the
microbubble involved, the photothermal Marangoni convective
flow-directed assembly process is usually referred to as bubble-
pen lithography (BPL)**® or bubble printing.*"”**® The
resolution of the bubble printing process depends on the bubble
size.*”® According to the power of the incident laser, the bubble
size can vary from submicrometer to a few micrometers,
implying a submicrometer resolution of this process. Bubble
generation is also a function of the liquid components. Kim et al.
included perfluoropentane in water to create a biphasic mixture.
The perfluoropentane micelles have a much lower boiling point
than water and have a higher gas solubility, so they act as sites of
facile bubble generation requiring much less incident power.*"”
The lower power input was ideal for capturing proteins that
would otherwise be damaged by an intense laser. This method
has been used to good effect for the creation of plasmonic
aggregates of nanoparticles for biosensor applications.”'**"!
Degassing the nanoparticle suspension before the bubble
printing process could be a solution to achieve a smaller bubble
size and thus a higher resolution.*’” By translating the
microbubble or the sample stage, continuous patterns of
nanoparticles can be created according to the trajectories of
the bubble or the stage movement.*””*'**'* Armon et al.
modulated the intensity of the laser incident on the moving
substrate to create a continuous deposition of silver nano-
particles. They achieved a minimum line width of 1.4 ym at a
translation speed of 30 yum s™'. The particles were sintered
following deposition to create conductive pathways.

In addition to the Marangoni convective flow,*>~*? another
optofluidic flow, natural convective flow, can be induced when
heating plasmonic particles or substrates.*”’ The convection
originates from the buoyant force generated by the density
difference across the suspension in the temperature gradient.
Utilizing the natural convective flow, Jin et al.**° demonstrated
the assembly of three types of colloidal gold nanoparticles with
various shapes (rod, star, and sphere) at the focal point of the
incident light (Figure 18c). Controlling the size of the assembled
structures was achieved by adjusting the light intensity and the
illumination time.

Summary and Perspective for the Optical Field-
Directed Assembly. The optical force-directed assembly
enables direct fabrication of arbitrary patterns without the
need for a template on the substrate. However, the patterns
fabricated by optical force-directed assembly are often confined
to arrays consisting of isolated individual nanoparticles, which
limits its versatility. In addition, the optical force-directed
assembly process usually requires a strongly focused laser with a
high power, which may damage the nanoparticles and thus
further limits its capabilities.
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Figure 19. Sensors fabricated utilizing directed assembly processes. (a) Fabrication of flexible biosensors using SWCNT's and the electro-fluidic
assembly process. Reprinted with permission from ref 321. Copyright 2015, Wiley-VCH. (b) Fabrication of arrayed gold nanoparticles by
combining capillary assembly and transfer printing processes for SERS detection of BPT monolayer. Reprinted with permission from ref 436.
Copyright 2020, American Chemical Society. (c) Fabrication of gold antenna array by DEP assembly process for optical trapping. Reprinted
with permission from ref 208. Copyright 2011, AIP Publishing. (d) Fabrication of GaAs nanowire-based photodetectors using the DEP
assembly process. Reprinted with permission under a Creative Commons CC BY 4.0 License https://creativecommons.org/licenses/by/4.0/

from ref 189. Copyright 2020, IOP Publishing Ltd.

Like the optical force-directed assembly process, the
optofluidic flow-directed assembly allows direct fabrication of
arbitrary patterns without prepatterning of substrates. One
advantage is that the optofluidic flow-directed assembly can be
realized through a weakly focused laser with a low laser power
which avoids damage to the colloidal nanoparticles. However,
the resolution of the optofluidic flow-directed assembly is
limited to micro or submicroscale. This could be addressed by
combining the method with physically or chemically patterned
substrates.

Other methods for particle manipulation are available which
rely on thermal flows caused by optical heating, but these will
not be covered here as they require the use of elaborate methods
that are not amenable to scalable production. These methods
can be found in other review articles specifically about the
optical manipulation of nanoparticles.””® The optical methods
discussed here can achieve molecular precision and can be used
to assemble particles in arbitrary shapes without the need for
conventional lithography, which is useful for the creation of
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sensors that rely on a plasmonic response. For instance, BPL can
produce rings of particles that display a precise plasmonic
resonance to be used as sensors.”'> However, the scalability of
the optical methods is hindered by the in-series nature of the
laser-guided assembly and the complexity of the apparatus
involved. The scalability can be improved somewhat through the
use of beam splitters as demonstrated by Nedev et al.** Also at
issue is the requirement of the proper substrate for optofluidic
methods that rely on heating and cavitation for particle
manipulation. These methods require a substrate than can be
heated through absorbing the incident laser light, and thus must
be made from a metallic thin film, plasmonic assembly of islands
or particles, or have plasmonic particles in close proximity to the
surface. Resolution may be limited to ~300 nm between
particles due to the optical absorbance and heating of previously
deposited particles causing repulsive photothermal flows which
could be overcome if the substrate is very eflicient at spreading
heat.*”* The heating itself may be an issue if biological molecules
are involved that can be damaged by the laser. Overall, the
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Figure 20. Electronics fabricated utilizing directed assembly processes. (a) Schematic illustration of a TFT consisting of a semiconducting
channel, source/drain electrodes, a dielectric layer and a gate electrode. TFT arrays were fabricated via sequential assembly of each layer. An
OTFT active-matrix array assembled on a paper substrate was also demonstrated. Reprinted with permission from ref 443. Copyright 2014,
Wiley-VCH. (b) Fabrication of LEDs via EP and DEP-directed assembly of p/MQW/n InGaN nanorods between planar electrodes. Reprinted
with permission from ref 446. Copyright 2017, American Chemical Society.

optical assembly methods can be very useful for producing
sensors that rely on plasmonics. It is also possible to print metal
using the optothermal methods shown here,"*' but we have
chosen to focus on methods that demonstrate the assembly of
particles as opposed to the photochemical reactions.

Devices Made Using Directed Assembly. In this section,
we give examples of devices fabricated using the assembly
methods reviewed above in addition to the examples already
mentioned in brief.

Sensors. Owing to the merits of high surface-to-volume ratio,
high surface energy, and high reactivity, nanoelements have
stlmulated increasing interest in the constructlon of gas
sensors, "> chemical sensors,"** and biosensors.”*"*** Jung et
al.**? fabricated hydrogen sulfide (H,S) sensors using assembled
SWCNTs as active layers. A concentration of H,S in the range of
10 to 100 ppm were successfully detected. They found that the
2,2,6,6-tetramethylpiperidine-1-oxyl used to functionalize the
SWCNTs and water in the humid air were significant in
promoting redox reactions that allowed detection of the H,S. At
a relative humidity of 60%, a very high sensitivity of 420% was
achieved. Similarly, Yilmaz et al.'"** used assembled SWCNTS to
detect nitrogen dioxide (NO,) with a concentration down to 1
ppm. Cho et al.””’ fabricated flexible biosensors using SWCNTs
as active layers (Figure 19a). The SWCNTs were assembled via
the electro-fluidic assembly process and then functionalized with
lactate oxidase (LOD). The LOD can oxide lactate into
pyruvate, producing an electrocatalytic current which is
transferred to the SWCNTs and affects their conductivity. By
detecting the change in conductivity, the concentration of

lactate in the range of 1—5 g L ™" was detected. The three types of
sensors mentioned above are all based on assembled SWCNTs.
However, detection of a particular substance was achieved due
to functionalization of the SWCNTSs, meaning the possibility of
fabricating an integrated platform capable of sensing many
different chemicals for the emerging applications of wearable
healthcare- related devices. Besides CNTs, tin oxide (SnOZ)
nanoparticles, " palladlum nanopartlcles, InAs nanowires,'
tungsten oxide nanowires,””® and graphene oxide nanostruc-
tures*® have been assembled and employed as sensing layers.
Nanoelements composed of noble metals, especially gold and
silver, exhibit strong light scattering and absorption on account
of their localized surface plasmon resonance properties.*”’
Assembly of individual nanoelements into clusters such as
dimers, trimers, and ohgomers267 1275428 Jaads to enhanced light
scattering and absorption as well as a shift of plasmonic
resonances because of near-field coupling of LSPs between
adjacent nanoelements, while assembly of individual nanoele-
ment or their clusters into ordered arrays with spacing
comparable to the wavelength of the incident light leads to
drastic narrowing of plasmon resonances due to far-field
coupling of LSPs.**”***% The optical properties of the
nanostructures have drawn enormous attention in applications
such as surface-enhanced Raman scattering
(SERS),”" 78028143832 aptennas,” %" plasmonic pixel ar-
rays,"**** and information encryption.”’”*** Lee et al.**
fabricated arrayed gold nanoparticles by combining capillary
assembly and transfer printing for SERS detection of a biphenyl-
4-thiol (BPT) monolayer (Figure 19b). A BTP coated gold film
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Figure 21. NEMS fabricated utilizing the directed assembly process. (a) Fabrication of NEM switches using DEP assembled gold nanorods as
active components. Reprinted with permission from ref 448. Copyright 2021, American Chemical Society. (b) Fabrication of bistable switches
using DEP assembled aligned SWCNTs as active components. Reprinted with permission from ref 185. Copyright 2020, IOP Publishing. (c)
Fabrication of optical switches via assembly of colloidal particles between the magnetic and electric potential minima. Reprinted with
permission from ref 360. Copyright 2017, American Chemical Society. (d) Fabrication of ultrahigh-speed rotary nanomotors utilizing
assembled Au/Ni/Au nanowires as rotors. Reprinted with permission from ref 451. Copyright 2014, Nature Publishing Group.

Table 1. Selected References Regarding Influencing Parameters of Each Electrokinetic Phenomenon

Influencing parameters

DC or AC
Electric field parameters Field strength
Frequency
Particle size
Conductivity and permittivity of particles
Conductivity and permittivity of a medium
pH

Electrolyte concentration

Suspension properties

Pattern geometry

EP DEP EOF EHD flow
140, 144 146 N/A 220, 240
122,133 171, 173 119 221, 224, 235
142, 143 83,171, 173 N/A 172, 224, 235
131 161, 169 N/A 224,234, 235
N/A 148, 205 N/A N/A
N/A 171, 241 N/A N/A
122, 138 N/A N/A 228
117, 130 N/A 119, 242 224,229, 235
129,133 121, 161, 176 218 224, 234,235

sample was used as a comparison. The results revealed that two
characteristic peaks for BTP at 1580 and 1600 cm™' were
detected when the array of gold nanoparticles was present. Cetin
et al.>*® fabricated gold nanopillar antenna arrays using the DEP
assembly process (Figure 19¢). The authors demonstrated that
the resonance behavior of the nanopillars depends strongly on
the height, radius and periodicity of the nanopillars.

As sensors for light detection, photodetectors can have
numerous applications including thermal imaging, remote
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sensing, night vision, medical imaging as well as virtual reality
and augmented reality displays. Fabrication of photodetectors
using the directed assembly process has also been demon-
strated."*'%>*743% Garcia Nafiez et al.'® used DEP to
fabricate photodetectors from GaAs nanowires (Figure 19d).
Individual GaAs nanowires 35—50 nm in radius and 3—$ ym in
length were assembled between patterned electrodes at a high
assembly yield of >90% and alignment yield of >95%. One end
of the GaAs nanowires were capped with gallium which formed
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Table 3. Selected References in Electrophoretic Assembly

Ref Type Material Assembly parameters Application
123 aligned nanorods, 40 nm in length CdS, CdSe, in toluene 30—50 V for 10—15 min
124 Quantum dots CdSe/ZnS 20 V for 5 min LED
125 Aligned nanorods MnO2 800 V for 30 s Redox capacitors
126 Quantum dots CdSe 200V for2 h Photovoltaics
127 Particles 150—450 nm in size PSL 5—20V for 1—10 min Sensor, oxygen
128 Quantum dots, microtrenches ZnO 20—100 V for 1—60 min

129, 256 Nanoparticles, microtrenches PSL and silica 2 Vfor90s
130 Nanoparticles and nanorods, nanoscale patterns Au 0.5-2.5Vmm™ up to 16 s
131 50—200 nm in size, nanoscale patterns PSL 2—-3V for 1-2 min Sensor, bio
132 10—20 nm in size, film Au 1.2V SERS platform
133 2 pm particles, microscale patterns PSL 10-17.5Vem™
136 10 nm particles, film ZnO <S5V
140 0.5 and 1 ym particles, microscale patterns PSL 270 V cm™ for ms pulses Sensor, bio
141 80 nm particles Alumina 20—100 V cm ™ for 10—70 min

an ohmic contact with Al-doped ZnO (AZO) electrodes, while
the other ends were bare GaAs which formed Schottky contacts
with the AZO electrodes. The fabricated photodetectors
exhibited rectifying behavior. Under illumination with visible
light, the forward current increased by 2 orders of magnitude
due to the photogeneration of charge carriers.

Electronics. Thin film transistors (TFTs) are used in many
applications such as flat-panel displays, radiofrequency identi-
fication (RFID) tags, etc."’” TFTs consist of four layers,
including a semiconducting channel, source/drain electrodes,
a dielectric layer and a gate electrode (Figure 20 (a)),**" and
require precise alignment between the layers. So far, directed
assembly based fabrication of TFTs focuses mainly on the
semiconductin§ channel. The assembly of 0D (CdSeS/ZnS
quantum dots,”" etc.), 1D (SWCNTs, ******* silicon nano-
wires,"”¥'** InAs nanowires,”*’ etc.), and 2D (graphene,88
molybdenum disulfide (MoS,),*"" etc.) semiconductors has
been extensively studied though layer-by-layer fabrication of
TFTs was rarely demonstrated in the literature. Minari et al.***
fabricated large-area TFT arrays via sequential assembly of gold
source/drain electrodes, a dioctylbenzothienobenzothiophene
(C8-BTBT) semiconducting channel layer, and a gold gate
electrode (Figure 20a). The fabricated TFTs exhibited on/off
ratios of >10° and average field-effect mobilities of 7.9 cm? V™'
sL.M3* An organic thin-film transistor (OTET) active-matrix
array assembled on a paper substrate was also demonstrated.***
More studies on the fabrication of TFT's using directed assembly
are highly desirable in the future.

Besides TFTs, light—emittin§ diodes (LEDs) are another
extensivly studied application.'****~*7 Eo et al.** fabricated
LEDs via EP and DEP-directed assembly of p-GaN/InGaN
multiquantum-well/n-GaN (p/MQW/n-InGaN) nanorods
between planar electrodes (Figure 20b). A DC offset was
added to the AC electric field to controll the orientation of the
nanorods. Around ~74% p-GaN ends contacted with the
positively charged electrode after assembly, which was
significantly higher than ~40% when only an AC field was
applied. Due to the alignment of the nanorods, the intensity of
the electroluminescence was improved by 1.8 times. Although
LED devices were demonstrated,*® site-selective assembly of
single color, precisely aligned, and single nanorod arrays
between prepatterned electrodes will bring the devices closer
to practical applications.

Nanoelectromechanical systems (NEMS). The continuous
miniaturization of CMOS field-effect transistors (FETs) faces

17670

challenges related to off-state current leakage and power
dissipation.”*® NEM switches have attracted attention in recent
years due to their merits of near zero off-state current, steep
subthreshold slopes, and robustness in extreme environ-
ments.***7*° Han et al.**® fabricated NEM switches using
DEP assembled gold nanorods as active components (Figure
21a). Single gold nanorods were bridged between a pair of gold
electrodes with self-assembled molecular spacers between the
nanorod and electrodes. Applying a drain voltage induced
electrostatic attraction between the gold nanorod and the gold
electrodes, compressing the molecular spaces and leading to a
tunneling current. As a consequence, the switch functioned with
an on/off current ratio of several orders of magnitude. In some
occasions like nonvolatile memories, switches need to remain on
when the applied voltage is turned off. To realize this goal,
Abbasi et al.'® fabricated bistable switches using DEP
assembled aligned SWCNTs as active components (Figure
21b). The SWCNT bundles were assembled between two
electrodes (T1 and T4) while being suspended over a different
set of electrodes (T2 and T3) positioned perpendicular to the
SWCNT bundles. When applying electric potential between T1
and T2 electrodes, the SWCNT bundles would bend and adhere
to the lower electrode establishing a connection between the T1
and T2 electrodes. This conncection state (state I) was
nonvolatile because the SWCNT bundles and T2 electrode
remained connected even after the applied potential was off.
Under State I, when a sufficient potential was applied between
T3 and T4 electrodes, the SWCNT bundles would leave the T2
electrode and connect with T3 electrode (state II), establishing
connection between T3 and T4. Again, the state II connection
was also nonvoltile. The bistable swiches worked under a low
actuation voltage of 5 V and exhibited a on/off ratio of >10°. The
initial assembly of the SWCNT's was only possible by driving an
AC voltage through both sets of electrodes, but with a phase
difference of 180°.

Besides electronic switches, Demirdrs et al.>*® fabricated
optical switches via assembly of colloidal particles between their
magnetic and electric potential minima (Figure 21c). Substrates
with micropatterned gold electrodes and nickel micromagnets
were fabricated and utilized to direct the assembly of
magnetodielectric colloidal particles. The dielectric constant of
the particles is smaller than that of the surrounding medium.
When an electric field was applied, the particles assembled to the
voids on the gold film where the electric field is low under the
DEDP force, while when a magnetic field was applied, the particles

https://doi.org/10.1021/acsnano.2c07910
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Table 4. Selected References for Dielectrophoretic Assembly

Ref type Material
79 ~9 nm particles in 60 nm gap ZnO
80 4 nm particles in 2 ym gap CdTe
160 10—120 nm particles in 20—500 nm gap Au
161 S, 10, 20 nm particles in 20 nm gap Au
162 2.5 nm particles in 200 gm gap Au
85 30X 11 nm rods in 100 ym gap Au
164 5—30 nm particles in 1 gm or 15 ym gap Au
168 5, 10, 20 nm particles in 3 gm or 100 ym gap Au
173 20 nm particles in 15—150 nm gap Au
175 20 nm particles in 200 nm gap Au
176  Particles in 9 nm gap PSL, nanodiamonds, CdSe QDs
179 1.5 pm nanotubes, 1—100 ym channel mixed CNTs
180  Nanotubes in 2 ym gap SWCNT
181  Nanotubes in 5 ym gap SWCNT
182 0.2—2 pm nanotubes in 0.8 ym gap SWCNT
184  Nanotubes at edge of electrode SWCNT
185  Nanotubes in 500 nm gap SWCNT
186 S0 pm nanowires with 30—500 nm nanotubes in 10 Ag/ZnO
or 25 ym gap
187  Nanowire in 0.4—3 ym gap Au
188  3—5 um nanowires in 3 yum gap Au, Pt, SnO
189 35—50 nm X 3—$5 um nanowires in 2 ym gap GaAs
190 0.1 X 10—80 um nanowire, simulation GaN
191 5—10 ym nanowire in 4 ym gap GaN
192 Nanowire in 2 or S um gap InAs
193 22 pm nanowire in 150 ym gap Si
194 1-20 pm nanowires in 10 or 20 ym gap Si
195  ~1S pm nanowire in 12 ym gap Si
196 1—12 um nanowires in 600 nm gap MnO,
197 3 ym nanowires in 800 nm gap MnO,

Assembly parameters

2 Vpp, 30's, 150 kHz
4-10 Vpp, 20 MHz

1-2 Vpp, several seconds to 1
min, 1 MHz

2-3 Vpp, 1 MHz, 1 s
5—10 Vpp, 100 Hz to 10 MHz
60 Vpp, 100—400 kHz

3—8 Vpp, 0.02—1 MHz
7.5 Vpp, 10 Hz to 1 MHz
1-6 Vpp, 1 MHz, 120 s
3 Vpp, 1 MHz, 1-2 s

up to 1 Vpp, MHz range
2V DC during dip coating
S Vpp, 500 kHz

5 Vpp, 300 kHz, 1S s

2 Vpp, 300 kHz

S Vpp, 400 kHz, 4 min

2 Vpp, 1 MHz

30 or 50 Vpp at 100 kHz

2-10 Vpp, 2—20 MHz
0.01 Vpp, 100 kHz, 1—6 min

7 Vpp, 10 kHz to 1 MHz, 2 min
20 Vpp, 1 kHz

1- 20 Vpp, 10 kHz and 20 MHz
S or 10 Vpp, 1 kHz to 1 MHz
10 Vpp, 1 kHz to 20 MHz, 60 s
5—20 Vpp, 4 kHz to S MHz
150—450 mVpp, 500 Hz

1-2 Vpp, 1 MHz, 0—60 s

1 Vpp, up to 10 MHz, 1 min

Application

UV photodetector
UV photodetector

Nanowires

Microscale
interconnects

Single-electron
transistors

Strain sensor
FETs

FETs

Electromechanical
switch

Photodetector

Photodetector

p—n junction

Sensor, gas

FETs, selectivity

198  Nanofibers in 5 ym gap Coronene tetracarboxylate and dodecyl 2 Vpp, 500 Hz Supercapacitor
methyl viologen
199 8 um nanowires in 3 ym gap DNA coated wires 4.2 Vpp, 1 MHz
200 ~1S pym nanowire in 10 ym gap InAs S Vpp, 10 MHz
203  nanotubesin 2, 5, 10 ym gap SWCNT S Vpp, 300 kHz, 30 s FETs, aligned arrays
204 2D sheet in 3 ym gap ws, 15 Vpp, 100 kHz
205 20 nm particles in 20—200 nm vias Silica 2 Vpc, 12 Vpp, 50 kHz, several Plasmonics, printing
min
206  15—100 nm particles collected on AFM tip or 80  Ag, Au 1-20 Vpp, 1 MHz Tip-enhanced
nm gap Raman
207 50 nm particles in 100—500 nm vias Au 2 Vpc, 12 Vpp, 10 kHz, 90 s
208  Particles in 50—250 nm vias Au 2 Vpg, 12 Vpp, 50 kHz Plasmonics

assembled at the nickel micromagnets under the magneto-
phoretic force. The intensity of the fluorescence of the
assembled particles varied as the electric and magnetic fields
switched, behaving like optical switches.

Kim et al.”" fabricated ultrahigh-speed rotary nanomotors
utilizing Au/Ni/Au nanowires as rotors, patterned Au/Ni/Cr
nanomagnets as bearings and quadrupole microelectrodes as
stators (Figure 21d). The nanowires 150—400 nm in diameter
and 800—1000 nm in length were precisely assembled on the
nanomagnets by using “electric tweezers”**> (based on EP and
DEP forces). When applying four AC voltages with a phase shift
of 90° on the quadrupole microelectrodes, the assembled
nanowires rotate with speed up to 18,000 rpm. By rotating
continuously for 15 h, over 240,000 cycles were achieved.

17671

SUMMARY

This review documents recent progress in the directed assembly
of nanomaterials (nanoparticles, nanorods, nanotubes, nano-
wires, etc.) for making nanoscale devices and structures. Unlike
the directed self-assembly process which utilizes external fields
to enhance interelement interactions, the directed assembly
fabrication process utilizes external fields to directly interact with
nanoelements and direct them into predefined patterns on a
substrate to form nanoscale functional structures. This review is
focused on four main external fields used in directed assembly:
electric, fluidic flow, magnetic, and optical. The underlying
mechanism of how these external fields interact with the
nanoelements to generate the driving forces, the influencing
parameters and control of the driving forces, and the advantages
and disadvantages of each external field-directed assembly

https://doi.org/10.1021/acsnano.2c07910
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Table S. Selected References for Electrokinetic Flow

Ref
211

212
213

214
225
231
232
233

234

235

Type

40 nm particles, 5 mm spacing, monolayer

~6 nm particles, 340 ym spacing, monolayer

4—7.5 pm particles at electrode surface

4.2 pm particles, 4—12.5 pm spacing, monolayer

2 pm particles, colloidal crystal

210 and 440 nm particles, S mm gap, colloidal crystal

2.4—2.7 pym particles in 100—500 m channel

580 nm particles, 0.6—50 ym channels, colloidal
crystal

0.6, 1.4, and 2.5 ym organic crystals in S ym
microchannels

17 nm, 130 nm, $ gm, and 10 ym particles in 10—50
pm wells

Material
Au

Au, Ag

Polystyrenesulfonate, polystyrene
amine

PSL
PSL
PSL
PSL
Poly(methyl methacrylate)

Tetra-tert-butylperylene

Au

Parameters

1.2V, 10 min

2-20 Vpp, 300 kHz

up to 8.8 kV m™', 40 Hz to
10 kHz

0.73—-1.8 V um™"

S Vpp, 100 Hz to 4 kHz
10 and 40 V cm™
28—33 Vem™!

400 Vem™,90's

0—20 Vpp, 0—5 MHz,
1—-2 min
10—20 Vpp, 50—1000 Hz

Application

Plasmonics/chemical reaction
platform

Annealing colloidal crystals
Colloidal crystals

Colloidal crystals

Sensor, strain

Table 6. Selected References for Capillary and Fluidic Flow Assembly

Ref

244
246

248

249

253

254
256

266

267

268

271

419

275
277

280

284

285
109

319

321

322

323

Type
50 and 500 nm particles on Si substrate

100 nm gold and 500 nm PSL particles, templated
surface

PDMS patterned substrate
Nanorods in SiO, patterned substrate

320—970 nm silica particles in microchannel
patterned substrate

2—3 pm nanotubes in 3—9 um wide channels

2—3 pm nanotubes in 4 ym wide channels

77 and 83 nm particles on flexible patterned substrate,
120 nm holes

55 nm particles in hexagonal assemblies on patterned
substrate, (59 nm PMMA)

Rods on patterned substrate

Particles on flexible substrate

100 nm particles on high aspect ratio (deep)
patterned substrate

Core—shell particles on patterned flexible substrate

Particles on flexible patterned substrate

Aligned rods on flexible substrate for microcontact
printing

aligned rods on flexible substrate for microcontact
printing

110 X 40 nm rods in patterned substrate

50 nm particles in 2 m channels on flexible substrate

Particles in channels

Particles and tubes in 0.5—100 ym wide channels on
patterned gold substrate for printing

nanotubes on patterned substrate for printing

Nanotubes on patterned substrate for printing

Material

PSL
Au and PSL, PDMS

Fungal spores
Au

Silica particles in etched silicon
wafer channels

SWCNTs on Si substrate

SWCNT on flexible parylene-C
substrate

Au particles on PDMS
Au on silica substrate

Au rods on
poly(phthalaldehyde)

patterned substrate
Au particles, PDMS substrate

Ag

Silica/Au on PDMS

PDMS substrate for
microcontact printing

Au and Ni nanowires on PDMS
substrate

Au nanorods on PDMS
substrate

Au nanorods

Ag on flexible PET
PSL

PSL, silica, Agy MWCNTs,
SWCNTs

CNTs on gold, printed on p-
type silicon

SWCNTs, MWCNTs, flexible
substrate

Parameters

Studies coffee rings
0.05—200 pm s~" rate

Up to 115 um s™" on
patterned substrate

Evaporation from stationary
substrate

Evaporation from stationary
substrate

0.1 mm s~* dip coating

0.1 mm s~" dip coating
1 ym s~ capillary slide
8 um s™" capillary slide

Stationary evaporation of

droplet

0.5—200 pum s™" capillary
slide

22-220 ym s~

Speed not mentioned
1 um s~" capillary slide

drying front on stationary
substrate

0.1 um s~ capillary slide

1-2 pum s™" capillary slide

0.25—1 mm min~" dip
coating

1-5 mm min~" with 2.4-3.6
V bias

3—15 mm min~" with 2—-5V
bias

100 mm min~" dip coating
with applied 4 V bias

0.05 mm min~" dip coating
for SWCNTs,

Application

Transfer printing

Immobilization of micro-organisms

for liquid phase AFM
Plasmonic arrays of aligned
nanorods
Planarized photonic crystals

SWCNT circuits and devices
SWCNT circuits and devices

Plasmonic structures on flexible

substrates

Polarized plasmonic structures

High-resolution offset printing
Nanoscale grid electrodes

Plasmonic clusters
SERS platform

Arrays of aligned nanorods
Nanoscale circuits

Nanoscale assembly
Grid electrodes

Particle assembly

Printed components for circuits
and sensors, lactate sensor

Printed source/drain electrodes for

FETs
Printed all-carbon FETs

process are discussed. A summary of the four main directed

assembly techniques is listed in Table 2.

Electric field-directed assembly utilizes electric field-induced
electrophoretic and DEP forces as well as electrokinetic flow to
direct particle assembly. By controlling the applied electric field,
the nanoparticle suspension, and the pattern geometry, scalable

and high-throughput assembly of various nanomaterials is

possible at single nanoparticle resolution. Many of the previous
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studies of nanoparticle assembly attributed to one of the three
electrokinetic phenomena. However, there is a need to
systematically address the influence of all the electrokinetic
phenomena on the particle assembly offering a fertile field

https://doi.org/10.1021/acsnano.2c07910
ACS Nano 2022, 16, 17641-17686
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Table 7. Selected References for Magnetophoretic Assembly

Ref Type

331 2.7 um particles in ferrofluid
333  Template assisted Fe;0,, CoFe,0,
334 12 nm articles Fe;0,

335 35 nm particles Au-coated iron oxide
339 S and 10 pm particles

347 30 nm particles in 30—60 nm wide lines Fe;0,

356 10 nm particles
354 20 ym magnets in array
particles

360  4.69 and 2.85 um particles in 5 ym square
wells

Material

Superparamagnetic beads

MnCl, ferrofluid, diamagnetic polystyrene

Nickel mask, magnetite particles

cancer cells functionalized with magnetic

Ni squares with superparamagnetic particles

Parameters Application
Plasmonic particle rings
200 mT Magnetic shapes

Stamp for transfer printing
periodic designs

Manipulation
Particle separation

SMT m™'at25S nmabove Particle manipulation

surface
1860 T m™
1-6 T> m™ Capture of cancer cells
2-3mT Bistable switch

241 5 pm rods and platelets in grid pattern with  Ni grid, diamagnetic silica rods, paramagnetic ~ 0.44 T permanent magnet Assembly

50 ym pitch

365  Nickel grids of 1—10 ym pitch in
paramagnetic fluid

alumina platelets

PSL, silica, bacteria

366  4.5—8.4 ym nonmagnetic particles on
polymer in ferrofluid

367  Superparamagnetic and nonmagnetic
particles
368  Superparamagnetic particles in resin Fe 0,

370  Nonmagnetic particles in ferrofluid PSL in ferrofluid

PSL, silica, 2 vol % Fe;0, ferrofluid

Fe;0, and ferrofluid from Fe;O,

0.44 T permanent magnet Assembly
Assembly
Colloidal photonic array

Colloidal photonic array

Photonic array

Table 8. Selected References in Optical Assembly

Ref Type Material
392 Glass substrate

assembly
405 Au thin film substrate CdSe QDs

407  Plasmonic gold island substrate

409  Perfluoropentane/water biphasic mixture. ~ Proteins
Plasmonic gold island substrate

410  Glass substrate Au nanorods

411 Focal point in liquid Au nanorods

413 Glass substrate
butyl ether

414 Glass substrate

418  Glass substrate with oxo-metalates
MoO, nanotubes

Au nanorods, 2—10 um aggregates after 785 nm diode laser

Semiconductor QDs patterned on
plasmonic substrate (Au islands)

silver nanoparticles in diethylene glycol 532 nm diode laser, 25 mW, 1.4 yum

phosphotungstic acid oxometalate and 1064 nm diode laser, 70—80 mW at
perylene composite particles

oxo-metalates, dyes, carbon nanotubes, 1064 nm diode laser, ~4 ym line

Parameters Application

SERS, biosensor

1064 nm Nd:YAG laser

~1 cm s~ scanning speed, ~510 nm  Particle assembly
line width

532 nm diode laser

Ring formation

Low-power bubble
generation for protein
capture

632 nm He—Ne laser, 638 and 660 SERS, biosensor

nm diode lasers
SERS, biosensor

Continuous deposition of

! particles

line width at 30 ym s~

Sensor, bio, particle assembly
surface

particle assembly

width, up to 1 ym in thickness

worthy of future in-depth study. In addition, the electric field-
directed assembly process requires conductive substrates to
generate the electric field, which limits the choice of the
substrates and applications. Studies have shown, however, that
directed assembly on an insulating substrate is possible if a
conductor is underneath that substrate. In addition, combining
the electric field-directed assembly with a transfer printing
process shows promise in resolving this challenge, and practical
applications of this method in electronics and sensors fabrication
are promising.

Magnetic field-directed assembly utilizes magnetophoresis to
direct particle assembly. However, the particles to be assembled
should be either magnetic or suspended in a magnetic medium.
Moreover, because the magnetophoretic force scales with the
particle volume, only micro or submicrometer-sized particles
could experience sufficient magnetophoretic forces necessary for
assembly. Increasing the susceptibility contrast between the
particle and the suspending medium or increasing the magnetic
field gradient is key to enhancing the magnetophoretic force and
should be investigated further.

Optical field-directed assembly utilizes light-induced optical
force and optofluidic flow to drive particle assembly. The optical
force allows the manipulation of individual nanoparticles into
arbitrary patterns without prepatterning of substrates. Despite
the high resolution, the fabricated patterns are often composed
of isolated nanoparticles, which limits the versatility of the
process and the application of the fabricated structures.
Furthermore, to get a high optical force, a strongly focused
laser with a high power is usually required, which may lead to
nanoparticle damage. Like the optical force-directed assembly,
the optofluidic flow-directed assembly does not require
prepatterning of substrates either. The difference is that a
weakly focused laser with a low power can be employed.
However, the resolution of the optofluidic flow-directed
assembly is limited to micro or submicron scale. Combining
the optofluidic flow with physically or chemically patterned
substrates could be a potential solution.

Convective assembly, capillary assembly, and fluidic assembly
utilize solvent evaporation-induced convective flow to drive the
particle assembly. Although these assembly processes are highly

https://doi.org/10.1021/acsnano.2c07910
ACS Nano 2022, 16, 17641-17686


www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c07910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

EVE

scalable and applicable to all kinds of nanoparticles and
substrates, it often takes hours to assemble over centimeter-
sized substrates due to the low rate of solvent evaporation, which
poses a barrier to their practical application. However, one
method known as fast fluidic assembly is much faster, taking
around one second to assemble over centimeter-sized substrates.
The structures fabricated using the fast fluidic assembly process
are mostly in the millimeter or submillimeter scale although
submicrometer scale resolution was recently achieved by a few
groups. More studies are needed to increase the resolution via
tuning the properties of the substrate, the nanoparticle
suspension, and the velocity of withdrawal. Although high-
resolution and high-throughput assembly has been demon-
strated by the interfacial convective assembly process, in-depth
study of the assembly mechanism and understanding of the
governing parameters of the solutal Marangoni convective flow
are needed to further increase the assembly efficiency.

PERSPECTIVE

Even though the directed assembly processes have their
limitations, their potential applications in making electronics
and sensors, such as field effect transistors, diodes, intercon-
nects, plasmonic pixel arrays, and plasmonic sensors, have been
demonstrated. These directed assembly techniques have a very
promising future as an additive, scalable, and sustainable method
for making electronics and sensors in the fields of medicine,
optics, and energy.

One of the main advantages of directed assembly-based
nanofabrication is the fact that it is based on physics and physical
chemistry and does not require etching or chemical reactions
and thus any nano building block can be used if it can be
suspended in a liquid. Unlike conventional nanofabrication,
directed assembly allows the users to utilize any material based
on their properties and not based on it its compatibility with the
chemical reactions used. For example, one could envision using
organic and/or inorganic semiconductors, conductors, and
dielectrics as well as 1D and 2D materials in the same circuit
without affecting any of the materials used. This would allow
researchers and entrepreneurs to use whatever material they
deem necessary for their device based solely on their electrical,
magnetic, optical, thermal, or mechanical properties.

The key to the success of any nanofabrication technique is
scalability. A technique could be considered a viable
manufacturing technique if it is high volume and high rate.
For example, a technique where the directed assembly is done
using a tip to guide the assembly cannot be considered a high-
volume nanofabrication technique. For a technique to be
successfully utilized to make electronics, it needs to be
temporally and spatially scalable. This implies that an assembly
process must be applied over the entire substrate (such as a
silicon wafer) in a very short time span such as minutes. Several
of the directed assembly approaches reviewed here meet that
criterion while others do not. Table 2 addresses the scalability of
each technique covered in this paper. We show that there are
already hundreds of studies focused on directed assembly
techniques, but more studies are needed to establish process
repeatability and precise control for scalable directed assembly
techniques which will be necessary to obtain high yield
fabrication of nanoelectronics.

Semiconductors are essential for making electronics, and a
high-performance electronic device depends on the crystallinity
of the fabricated semiconductor structure. For example, a
fabricated metal or dielectric structure could be used in a high-

performance device even if it is not a single crystal or even
crystalline. That is not the case for a semiconductor structure
which needs to be at least crystalline, and to get the best
performance, it needs to be a single crystal. This requires
sintering of the assembled particles which is difficult since it
often requires precise heating to temperatures in excess of 1100
°C. Recent research has shown that directed assembly can sinter
particles in situ at room temperature and pressure to yield a
single crystal metallic structure using only directed assembly and
short-range forces.>'” However, more studies are needed to
show how single crystal structures can be made using other
materials.

Although scalable techniques have been studied and many
have been used to make several devices using organic or
inorganic based electronics, they have not been adopted for use
in production yet, and most are still in the research and
development stage. This is an issue that relies on the application
or product to be made using this technology. For example, to
design an electronic circuit be it a processor, memory, or even an
amplifier, the designer needs to know how each material can be
fabricated and which process will be used and what material
properties can be obtained, and the process conditions needed
to obtain such properties. This requires what the semiconductor
industry calls a process design kit (PDK). The industry uses this
kit to model a fabrication process for designing integrated
circuits. This PDK requires a certain level of maturity which is
essential to the adoption of directed assembly or any other
additive manufacturing technology for making nano and
microelectronics. There is a need for researchers to develop
such data such that certain semiconductors, conductors, and
dielectrics can be made using directed assembly processes with a
predictable and repeatable outcome with or without sintering to
provide a PDK that anyone could use to build devices using
directed assembly.
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VOCABULARY

nanofabrication, the approach to manufacture one-, two-, or
three-dimensional functional nanostructures with at least one
dimension <100 nm; top-down approach, employing physical
(photons, electrons, ions, etc.) or chemical (acids, bases, etc.)
means to reduce a base material to nanoscopic dimension;
bottom-up approach, constructing nanoscale architectures
through assembly of basic building blocks such as atoms,
molecules, and nanoelements; self-assembly, spontaneously
assembling disordered building blocks into ordered structures
via interelement interactions driven by the minimization of free
energy; directed self-assembly, employing external fields or
templates to enhance interelement interactions or introduce
element-template interactions in order to accomplish self-
assembly of nanoelements into ordered structures; directed
assembly, utilizing external fields to directly interact with
nanoelements and drive the nanoelements to site-selectively
assemble in predefined pattern areas on substrates to form
functional structures
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