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Abstract

To reali ¢ full potential of nanocrystals in nanotechnology, it is necessary to integrate
single nanocrystals into addressable structures, for example arrays and periodic lattices. Here,
the current methods for achieving this are reviewed. It is shown that a combination of top-
down lith&techniques with directed assembly offers a platform for attaining this goal.

The most paemising of these directed assembly methods are reviewed: capillary force
assembly,tatic assembly, optical printing, DNA-based assembly, and electrophoretic
deposition. W@ last of these appears to offer a generic approach to fabrication of single

nanocr;f.
e
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1. Introduction

Over the last two decades, nanocrystal science has blossomed into one of the most important
fields iM science due to the remarkable size effects such materials can exhibit. For

example, nanocrystals have unique plasmonic,' catalytic,”® electronic and optical™
properties semiconductor nanocrystals exhibit quantum confinement effects with
potential app in display technologies and solar energy conversion.”! However, it
has bed8 singly evident that a major bottleneck in the application of nanocrystals is
their asse ile it is straightforward to fabricate films or composites from nanocrystals,

it is much gmoregdifficult to position single nanocrystals on a surface. This is a pre-requisite
for applicdtions gh single molecule detection, high-density data storage, as single photon

sources, an quantum computation. A new form of nanofabrication is required that can
facilitate aBle single nanocrystal positioning.

Nanofabrigati ols,' born from rapid developments in microelectronics from the 1960s
through to the 1§90s, are now routinely accessible at institutions across the world. The
specific t gy that relates to pattern replication at the nanoscale is termed lithography
and enco electron-beam lithography, photolithography, and nanosphere lithography,
amongst ] We can broadly classify nanofabrication methods into two categories. The

first is self-assembled, template-based nanofabrication, where a self-assembled superstructure

cture fabrication,® sol-gel structures for creating porous templates,”” fast
ing hollow structures,"'” and DNA-scaffolding.!'"! These template-based
ly used due to their simplicity, low fabrication cost, and readily controlled

patterns and offer little control over the final nanomaterial morphology.® The second
category we call “arbitrary unit nanofabrication”. This refers to any process that is based on a
hard tem ich 1s patterned “arbitrarily” using electron beam lithography (EBL) or
focused ion b lithography (FIB). Due to the independent and deterministic fabrication of
ry unit nanofabrication enables the construction of more sophisticated
an soft-templated processes — in terms of dimensions, morphology,
materials, her-order structures. Many studies have demonstrated the power of such
arbitrar it-based nanofabrication for applications such as plasmonic coupling,'?! optical

and displa deviis,[13 I'and sensors.!'¥

Both of t nanofabrication strategies (soft template fabrication and lithograph-based
fabrication) typidally produce templates through which material is deposited via top-down
evaporativ ocesses, e.g. physical vapor deposition (PVD). However, such deposition
processe nly a limited range of possible material combinations and there is no control
ity and only poor control over the nanocrystal morphology. The converse is
true for nanocryStals synthesized in solution where there is a high degree of control over
nanocrystal size, morphology, and crystallinity. Furthermore, complex materials such as core-
shell nanocrystals are impossible to make via PVD processes but are easily synthesized

chemically. Therefore, combining top-down lithography nanofabrication tools with “bottom-
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up synthesized” nanocrystals appears to combine the best of both approaches, offering near-
endless possibilities for nanofabrication and providing a robust platform for breaking the
current bgttlenegks in nanomaterials assembly. However, unifying both approaches
introduHk of challenges.

In this re\%mmarize recent progress in the directed assembly of single nanocrystals.
We begin ing some recent developments in standard, top-down nanofabrication
method§, "HE™We introduce various directed assembly methods for creating single
nanocryst : capillary force assembly, electrostatic assembly, optical printing, DNA-

based asscmablymgand electrophoretic deposition. Of these, the last one has the potential to
become a fobust Mniversal method for assembling single nanocrystals directly from solution.

SCI

2. The Role of Eabrication in Nanotechnology

3

2.1 Thed nt of arbitrary unit nanofabrication
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Figure 1. Fabrication of arbitrary nano-unit arrays. (a) Schematic of the general fabrication process.
(b) EXSples of three commonly used nanolithography techniques. (c¢) Examples of three

commo aterial deposition methods.

In this se introduce the process of arbitrary unit nanofabrication, which combines

multiple ( ablished) steps including resist coating, pattern lithography, nanostructure

deposiEst-fabrication development (figure la). We will focus mainly on the

developméits around pattern lithography methods and nanomaterial deposition.

Top-do“aphic tools are normally used to generate the mold of the nano unit by

applying change or break the structure of the resist coating, as illustrated in Figure
1b. While photols)hography is widely used to form microstructures and alignment markers, it

is not suit I generating accurate patterns at the nanoscale. In order to achieve sub-100
nm featy ctron or (Ga, He) ion beams are normally used, and with cutting edge,
electro lithography (EBL) tools it is now possible to obtain a spatial resolution of less
than 10 nm. However, EBL requires sophisticated and expensive equipment and it is a

relatively slow process for large scale patterning. For example, in our experiments, a 6 cm®
area containing 50 nm features requires around 5 h of EBL time, not including resist
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development. Nevertheless, it is invaluable as a primary prototyping method due to its high
reproducibility and resolution.

Nanoim“ography (NIL) overcomes the Ilimited scalability of EBL-based
techniques L is a secondary fabrication technique, whereby the template is transferred
from a m @ p to a substrate, as shown in Figure 1b. The master stamp is normally
fabricated "0y EBL with designed concave-convex structures in a relatively hard material.
This m%t used to stamp the pattern into a thin film of a curable polymer by applying
pressure. Ehe master stamp is removed after the imprinted pattern is fixed by photo-
or thermalggurimg of the polymer."”’ A large number of nanostructures can be fabricated
rapidly and simulfaneously. In addition, NIL can be readily adapted to roll-to-roll processes,
thus overco i the inherent scalability issues with EBL.'® One concern with NIL,

particular ngle nanocrystal deposition, is that due to the nature of the stamping
process, T resist will often be left at the bottom of imprinted nanostructures, which
complicat ber of the assembly methods that we describe later in this review.

Scanning ithography (SPL) provides another approach to the generation of nanoscale

features. c idea behind SPL is to induce changes to the coating layer using the
scanning m.m] This probe alters the coating resist through the application of thermal,
mechanica mical interactions with the substrate. For example, heated probes can be
used to sm induce local oxidation of the substrate, and these regions then act as
binding si
deposi

anocrystals. Alternatively, the probe can carry chemical species that are
substrate when in contact — termed dip-pen SPL.*" SPL opens up the
e inclined structures and thus generate nanostructures in greyscale —
Iy challenging to achieve via EBL.*" Like EBL, SPL is a process where the

nanostructures are patterned in a serial manner and thus the technique cannot be readily
scaled up. However, patterns generated by SPL can be transferred via etching to a substrate
for use in us allowing directed nanocrystal assembly to be prototyped with EBL or
SPL templa d then scaled up via NIL.

-down process such as physical vapor deposition (PVD) as shown in Figure
Ic, follo ift-off of the underlying resist to leave only the nanostructures on the
substrate.vmnstance of PVD, the target material is evaporated under ultrahigh vacuum
by heating the et material with a large current, or by heating with an electron beam. The
osits and solidifies on the surface of the substrate with nanometer thickness
etals and a large number of alloys and metal oxides have been successfully
methods.” However, the choice of binary materials and molecular

vapor
control.
deposited by P
compounds is still comparatively limited and there is also little potential for creating more
complicated 3D nanostructures. Additionally, there is poor control over the crystallinity of
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deposited materials and most metal structures are polycrystalline while most metal oxide
layers are amorphous.

Anothe“m method, which has far lower production costs, is electrochemical
i . The basic principle of ECD is to flow an electric current through a
ate, which reduces ionic species in solution or oxidizes the substrate or
reduced ntateria blution, leading to nucleation and growth of material on the substrate.>
ECD is%is ny industry fields for large scale surface coating or plating. Combining this
with nanmed lithography, ECD method has been developed into an effective and
convenientgmethed for the scalable deposition of nanostructures.>¥ However, as with PVD,
the choicefof mag@rials in ECD is limited due to the range of dissolvable precursors. It is also

challenging 16 Control the crystallinity and quality of the deposited nano-unit.

S

Recently, layer deposition (ALD) has become a widely used technique for the

fabricatio plex nanostructures. ALD constructs materials conformally on surfaces by

sequential injecti@n of a first precursor into a vacuum chamber that reacts with the substrate

U

in a self- ing fashion followed by injection of a second reactive precursor.*” This
builds up s one atomic layer at a time. A major advantage of ALD is the excellent,
ultra—thin,m:al coating it generates, i.e. pin-hole free, as well as the wide range of
available and reasonable control over crystallinity. One complicating factor is that

the precun§or often react with both the substrate and any resist. Hence the chemistry of
the resist M€ed¥¥o be considered. In some cases, the ALD precursors can be deliberately
design ert the resist into other compounds, termed sequential infiltration

ol

synthesis.

\Y

2.3 Applications of fabricated nanostructures
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This article is protected by copyright. All rights reserved.



spacing leads to different coupling across the arrays and results in a full-RGB plasmonic
pixel. Adapted with permission.m] Copyright 2015, American Chemical Society (b) EBL patterned
and Eﬁ deposition of aluminum nanostructures for fabrication of a polarization-sensitive

plasmo in CMYK. Adapted with permission.”® Copyright 2016, American Chemical
Society. otolithography patterned silver nanoparticles arrays selectively embedded in
polyme & ng the air-polymer patterning, the array can function as a single-focus lens or even

multi-plan® s. Adapted with permission.ml Copyright 2019, American Chemical Society (d)
patterned gold nanoparticle arrays fabricated as a lasing device. A sharp and
narrow ission is generated when the IR-140 dye emission overlaps with lattice plasmon

resonances o gold nanoparticle array. Adapted under the terms of the CC BY license.™”
Copy Nature Publishing Group. (e) Oxidative SPL patterned silicon microcircuit. The
flexibili allows complex patterned structures to be realized. Adapted with permission.'®
Copyright 20108 Institute of Physics. (f) Thermal SPL generated fluorescence pattern and
corresp M characterization. Adapted under the terms of the ACS AuthorChoice license.*
Copyright 'American Chemical Society. (g) Thermally evaporated gold mushroom arrays as

ex sensors with high figures of merit. The array structure gives rise to a strong and
nance and increases the refractive index sensitivity. Adapted with permission.m]
Copyright 2013, Nature Publishing Group. (h) Electric field and electrochemically deposited silicon
and rhodium nanowires clamped by a gold electrode. The nanowires were coated with peptide
nucleic acid probe sequences for hepatitis C detection. Adapted with permission.”*! Copyright 2008,

Nature Publishing Group.
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The goal of nanofabrication is to open up new applications that can be achieved only through
structuring with nanometer resolution. This includes fabrication of plasmonic structures,

quantized fluoresgcent nanostructures, and structural materials which exhibit chiral color.”*
Nanofa#s also widely used for advanced electronics and novel sensing devices.?*”!
Most of plications have been reviewed elsewhere. Here, we selective a few
representames to briefly introduce the applications of nanofabrication.

One afa ™WHETE" single nanocrystal assembly is gaining importance is the design and
constructi aterials with structural color. For example, researchers often couple the
plasmonic garopetties of metallic nanocrystals with periodic metamaterials to generate new
and inter@ting @ptical effects.**) In order to achieve this coupling, highly accurate
fabrication to0lS are needed to ensure the plasmonic resonances of individual elements in the
array arew narrow.”® In 2015, Olson et al. reported the fabrication of high-
chromatici§#”al@ninum plasmonic pixels in RGB color, composed of individual aluminum
nanorods, ed by EBL and electron-beam evaporation of the aluminum through the
resist masmown in Figure 2a.%”) In 2016, James et al. reported the fabrication of a
plasmonic pi ased image exhibiting CMYK gamut colors over large areas by arranging
aluminun:ganoparticles in a Babinet screen structure as shown in Figure 2b.1**! Both EBL
and NIL onstrated to be effective methods for plasmonic pixel fabrication meaning
this is a s pproach for formation of materials with structural color. The efficacy of
these pla@xels relies on the generation of highly reproducible and accurate resist
masks. In addition, another important group of nanofabricated structures are helical
metam 2737 These are mainly fabricated through top-down fabrication methods or
via DNA-assi assembly methods. The resulting structures exhibit strong, structurally
i ptical properties and these can be used as chiral nanoresonators™® and
asymmetric optics.[3 % While most plasmonic metals can be deposited via PVD, fabrication of
more comglex core-shell structures, single crystal nanocrystals, and plasmonic metal oxides
still nec:Le use of colloid synthesis. Therefore, we expect even more plasmonic pixel
architecturgs®®@@uld be fabricated by combining EBL/NIL of masks with bottom-up assembly

of these p @ nanocrystals.

The man of optical devices such as nanoantennas, metalenses, I and lasing
devices.*®8has been widely impacted by the development of nanofabrication methods. The
accuracy @f thegnanofabrication tools, the choice of material, and the quality of the
nanofalMl significantly affect the resultant properties of the final optical device. A
typical ex the manufacture of metalenses for optical imaging, as shown by Hu et al.,

mh reconfigurable meta-lenses (figure 2c).*”) These were fabricated by
n a PDMS mask followed by PVD of 50 nm Au and Ag nanoparticles. The
resonances of coupled nanoparticle arrays were tuned by altering the local

[40] [29

who repo
photolithogra
surfac

refractive on each nanoparticle, leading to optical phase and intensity differences. The
resulting pattern enabled production of images in multiple planes for 3D and multifocal
imaging. A recent type of optical device that has attracted much attention is that of coupled
plasmonic lasers. Yong et al. reported a refractive index sensitive, real-time tunable
plasmonic lasing system via nanofabrication of Au nanoparticles (figure 2d).*” The device
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was fabricated by photolithography of a mask followed by PVD of plasmonic metals
combined with IR-140 dye molecules. Due to the plasmon-exciton energy transfer between

lattice mqies ofihe nanoparticle array and excitation of the molecular dye, a sharp and
intense as generated.

Nanoelecﬁeld, has rapidly expanded with applications beyond computing such as
informatidfSrorageroptoelectronics, and biosensing.!'**2**!J One of the main challenges for
the coffét of nanoelectronic devices is the ability to precisely fabricate various
materials mly semiconductors) at the nanoscale with a high degree of structural
flexibility. gScamping probe lithography is one technique that can help to address this
challenge § SPL a robust and flexible probe-driven fabrication method that enables
nanomaterialS to be “written” on demand. Martinez et al. reported SPL-based oxidative
fabricatioff off§1®on nanowires with 10-20 nm channel widths transistors (figure 2¢).°? In
their studyy¥@bi@ed SPL probe locally oxidized a silicon-on-insulator substrate thus forming
an oxide h sub 20 nm resolution, resulting in thin silicon wires after etching. Besides
this, SPero induce intermolecular changes for patterning of materials other than
semiconduc immermann et al. reported the use of SPL to pattern fluorescent polymers
by selectiSly quenching the fluorescent polymer with heat (figure 2f).°" These fluorescence
patterns

extended oscale for generation of latent (hidden) optical features.

An impomﬁcation for single nanocrystal arrays is the burgeoning demand for new

ies with the potential to solve global challenges in health. As part of this

to write QR codes as shown in figure 2f, and this concept can be easily

demand, a scii®mg technology should possess good sensitivity, fast response time and high
selectivity.”*”! As an example of how nanofabrication can help achieve this goal,
Shen et al. reported the fabrication of mushroom-like gold nanostructures as transducing
elements by photolithography followed by PVD (figure 2g).**! The coupling between closely
packed a ents and the mushroom morphology greatly enhanced the plasmonic
response of the device. The resulting reflection spectrum of the array is very sensitive to
changes 1 pcal refractive index resulting from the binding of targets. In another
. reported the fabrication of nanowire arrays for hepatitis C detection by

example, IS 2
photolitho, nd ECD (figure 2h).**! The nanowires were functionalized with peptide
nucleic ac¥d probe molecules and suspended above a gold thin film and clamped with a gold
electrode. gl'he nanowire and Au thin film formed a resonator system. When the nanowire
array WM‘[O a fluorescently labeled oligonucleotide, complementary to the hepatitis
C probes, escence signal was observed on each of the nanowires. This approach
allowed am«ement in the selectivity and sensitivity of hepatitis C detection due to the
fabrication of rray of resonators with individual analytics on each of the single resonator

monstrated the potential for arrays of selectively functionalized nanocrystals

de of targets on each of the nano units.\
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2.4 The Challenges and Opportunities of Nano Fabrication in Nanotechnology

Maorphology Control b

T =

Surface Functionalization

%

c Structural Construction

Figure ZiChallenges and opportunities for current arbitrary nanofabrication. The schematic image in

four types of potential arrays that are challenging to fabricate by conventional
ethods. In turn these are: (a) Assembly of nanocrystals arrays with controlled
pted with permission.*! Copyright 2008, American Chemical Society. Adapted
4] Copyright 2013, The Royal Society of Chemistry. Adapted with permission.*”
Wiley-VCH. Adapted with permission.*® Copyright 2016, American Chemical
mbly of surface functionalized nanoparticles arrays. Adapted with permission."*”
, American Chemical Society. Adapted with permission.*®! Copyright 2015,
cal Society. (c) Assembly of arrays with complex morphologies. Adapted with
permission. Copyright 2009, American Chemical Society. Adapted with permission.””
Copyrigg 2010, American Chemical Society. (d) Assembly of arrays of nanoparticles with complex

Society.
Copyri

[49]

internal e.g. core-shell nanocrystals. Adapted with permission.”"! Copyright 2013,
Americal ical Society. Adapted with permission.” Copyright 2013, American Chemical
Society,

As summarj bove, both lithography and material deposition techniques are necessary
componerifs in the process of arbitrary unit nanofabrication. Each has specific advantages and

limitati ifferent techniques chosen as needed. However, challenges remain with the
use of described so far, and consequently there are opportunities for development
in this are

Challenge bricate arrays of single nanocrystals with complex morphologies.

ithography methods, it is nearly impossible to fabricate nano-units with
res such as ultra-smooth spheres,” polyhedrons,*** 145470 op
core-shell particlds.” These nanocrystals have desirable physical and chemical properties.
For example, the gold nanostars shown in figure 3a exhibit extremely high Raman scattering
intensities but cannot be created by conventional top-down processing and deposition.

nanostars,

Challenge 2: To assemble pre-functionalized single nanocrystals.
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Nanocrystals with controlled surface functionalization are widely used as selective sensing
elements.[*** > Typically, these materials are randomly deposited onto substrates and
studied ag a rapdom ensemble. If a controlled array of these surface-functionalized
nanocr)H be fabricated, then each unit could be individually addressed and, if they

possessed chemistries, they could be massively multiplexed. However, conventional
depositio imit the possibility to achieve this.

Challeff6c ™ 8 semble single nanocrystal patterns as demanded in multiple dimensions.

Coupling Betw nanocrystals often leads to the rise of new exotic properties that are
challenginfg to adhieve with a single nanocrystal. This coupling effect between particles is
highly dep on how the coupling units are constructed*”), such as the coupling distance

between j 6 the geometry of the building blocks,'? and the materials they are
construct

However, most reports on nanocrystal coupling have been limited to two-
lane) coupled systems. Therefore, there is an opportunity to develop other
ols to scalably and reproducibly generate coupled nanostructures in three

Challengeg: To assemble nanocrystals of any material or composite.

Top-dow es are limited in terms of the materials that can be deposited. However,
nanocrystals been synthesized from the majority of elements of the periodic table and in
a plethora of cOmbinations. Depending on their composition, size, and molecular structure,
they ¢ 1bit outstanding and unique properties. For example, cadmium selenide (CdSe)
nanocrystals xhibit size-dependent, high quantum yield luminescence but this effect

cannot ced using top-down deposition. Metal-organic-frameworks (MOF) are also
[52,

promising materials that could benefit greatly from inclusion into nanofabricated devices.
%1 With panofabrication, MOF nanoparticles can enable further progress in catalysis,
u] and targeted bio-absorption.[59] Again, these materials, in their most

[57]
energy st

efficacious cannot be deposited via conventional, top-down PVD tools.

In summa ave shown in the above sections that while modern lithography tools offer
arbitrary ] f nanostructures, current top-down deposition techniques are limited to a
small r@terials and the challenges outlined above do not seem to be solvable via
current mgthods. _Instead nanofabrication approaches are required which enable the direct
assembMynthesized single nanocrystals. These nanocrystals can be fabricated from

many ele d should be deposited in a controllable process with nanometer precision,
be compatj 3D structure development, and have the potential for scale up. Directed,

single nanocrystak assembly is one of the best approaches to achieve these goals.
3. Dir sembly

3.1 The principle of directed assembly of nanocrystal arrays
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Colloidal Nanoparticle External mask and cavity.

driving force

Assembly Cell Manoparticle Arrays

A4 4

Figure 4 iew of directed assembly processing. The wet-chemically-synthesized nanocrystals
and lithographidally patterned templates are assembled together in a cell. To achieve nanocrystal
assembl ernal force is required to drive the nanocrystals to deposit on the template. To

achieve e deposition into the wells, physical or chemical or biological contrast between the
wells and the resist is required.

Directed
nanomateria ould be preserved after the assembly. The most important factor for practical

is the selection of the proper external force (Figure 4).% In addition,
lithography tools, as discussed previously, provide the possibility to

nanomaterials with patterned templates, a cell is usually required to ensure reproducible
assembly. The external force needs to fulfill the following requirements: 1) It needs to induce

an interac ween the substrate and nanoparticle with sufficiently different contrast to
the resist/substtate. 2) It needs to have enough strength to overcome Brownian motion,
particle-s @ epulsion, and particle-particle interactions. 3) It needs to be a force that
can be modWla®®d so that the assembly parameters can be optimized according to the target

nanocryst e and size and it must be able to accommodate differences in the pattern
structumubstrate. 4) To be scalable, any method must be able to assemble single
nanocrystis extﬁmely quickly in a serial manner or to act across the entire ensemble of
nanocrystals 1n parallel. There are several promising external forces which we assess in the
following .

3.2 Capillary orfe Assembly

This article is protected by copyright. All rights reserved.



a Principle
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Figure 10verview of capillary force assembly (CFA). (a) A nanopatterned resist is created by FIB
or EBL. vaporation of the solvent leads to the steady migration of the three-phase contact
uplate. The dynamic, receding contact angle leads to a residual downward tension
es into the cavities.”’. (b) Assembly of gold nanorods into rectangular cavities by
ay exhibits excellent cavity-dependent, orientation properties. Adapted with
pyright 2012, Wiley-VCH. (c) CFA of gold-nickel-gold nanowires arrays. This
Iso shows excellent cavity-dependent orientation and the approach has been extended to
other nanomaterials. Adapted with permission.'®”! Copyright 2014, American Chemical Society. (d)
AsselHarly perfect oriented gold nanorod arrays by capillary force assembly. The funnel

shaped j well were designed to improve the degree of alignment of the gold nanorods

within the caviti@s. Adapted with permission.[* Copyright 2017, Nature Publishing Group

One of the m tudied methods for alignment and assembly of discrete, single nanoscale
objectsg lary based assembly. The principles of this process are outlined in Figure 5.[Y
A templa repared, consisting of a PMMA coated substrate, in which wells are

constructed by EBL followed by development of the PMMA. The wells are usually designed
to accommodate a single nanocrystal of a particular shape. The resolution and quality are
therefore limited primarily by the EBL tool and particles down to 10-20 nm in diameter can
be assembled. A solution of the nanocrystals is applied to the template and drawn over the
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surface by two methods. In the first case, the solvent simply evaporates while in the second it
is actively drawn across the surface. At the three-phase contact line, there is a residual
downward,_ force _due to surface tension that acts to push particles into the cavities. By
controlHed of the interface and the contact angle, the template may be almost
quantitati d. The capillary assembly method has been applied to a number of micron
scale part as latex®), as well as gold nanospheres!®® and gold nanorods.[" %
There iﬁawmnt control over the numbers or arrangements of nanocrystals placed into
each unit gell, this can range from single nanocrystals up to close-packed superstructures.'®”
of partimhortance is that the assembly force can be applied to a wide range of
nanocryst@ganic, organic, or hybrid, as well as to nanocrystals with different shapes

and sizes. een successfully used to orient particles on surfaces as well,'™ as shown in

Figure 5. m

While it is'@#at#factive method, in practice CFA has a number of critical drawbacks that have
prevented ale implementation. Firstly, the range of contact angles that yield high
filling fractions ig/quite small, usually around 40-45 degrees. This is a function of the surface
tension of t tting liquid. Hence the choice of particle, substrate (PMMA) and solvent

must be ¢hosen carefully. Both complete wetting (contact angle < 10°) and non-wetting
(contact a °) do not allow efficacious deposition. In many cases water has been used
since its ngle with PMMA is close to the desired range. The PMMA can be made
more or | ng by plasma treatment or chemical oxidation, or by adsorption of a thin
polym wever, the contact angle is highly sensitive to the presence of surfactants
and po which both reduce the solvent-air surface tension. Considerable effort to purify
nanocrysta ons is therefore needed in order to maintain a reproducible interfacial
tensio i rawback is capillary pinning. Depending on the exact profile of the cavity
rims, the three-phase contact line can readily become pinned on cavities. This is also
exacerbatgd by any impurity (e.g. dust) on the surface or surface roughness from the initial

lithograph¥# r these circumstances, the contact line becomes pinned, while the main
solvent fr inues to recede across the surface. The solvent interface near the pinned
region th , often tens of microns in order to restore the contact line, resulting in large

areas of unfilled cavities. Scale up has been a major impediment for this method.

L
e

-
<C
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Source Contact Contact Line Maximum Array Mini_mum InFer—
Angle Speed Area Cavity Spacing
LH 10" to 30° Not stated 100 x 100 pm? 1 pm
Pinedo-a] 24" to 37 1.7 to 3.3 pm/s Not stated 2 um
Pined ¥R Frevamees| (") 30° ~1to 3 pm/s) Not stated 4 um
Kueminet aLl" 56 2 um/s ~ 80 x 80 pm’ 1 pm
Fanlgt al.[ 25° 0.6 um/s Not stated 2 um
Rey et alZl 50° 0.1 pm/s Not stated Not stated
Kue al B 35 0.5to 1 um/s 50 x 60 pm’ 500 nm
Krau, = 50" to 60° 0.3 um/s ~ 80 x 80 pm’ 280 nm
Lidd 10" to 30° 0.17 pm/s Not stated 1 um
Gordon a‘:iem] Not stated 0.1 to 2 um/s 100 x 100 pm® 850 nm
Malag B 30" to 60° 0.2 to 10 um/s Not stated 100 nm
74]

Mehra 12° 1.7,5 and 17 pm/s N/A N/A
Asbalfet 12 10 pm/s 5.4 x4 pm’ 27 nm

T .1: Table of relevant published nano-CFA experimental parameters.

Table 1.1 lists some of the works where all the relevant parameters can be extracted from the

areas larg few 100 pm” are difficult to achieve. Although individual cavities may be
g in diameter, the cavities need to be spaced quite far apart (> 1 um) for
1y @ ;. High density assembly is not possible due to the difficulty of obtaining
the necessa ature of the contact line.

The theorf§ of CFA is still in its infancy. Double layer interactions between the particles and
betwee les and the substrate are not included in the current models. Furthermore,

hydrod#ects that occur as the particle displaces the solvent in the well have been
neglected , while Marangoni effects at the contact line due to the rapid changes in
surfactant and sdlt concentrations have also not been incorporated into modelling to date.
However, progress in improving the deposition efficiency using more elaborate, funnel-
shaped i as been reported (see Figure 5d). A further challenge is understanding the
transiti een single particle filling and multiple particle filling. It will be extremely
useful to be able to generate well-defined clusters in these arrays as demonstrated by
Mapperson but this process has not been modelled to date. Mapperson has also argued that
the receding contact angle is poorly defined in these dynamic systems and needs to be
determined for each individual system under study.!®!

CFA expeiiments. It shows that deposition speeds of 1-100 um/s are most efficacious but that

This article is protected by copyright. All rights reserved.



3.3 Electrostatic Assembly

Sm
Oty

Figu@aw of electrostatic assembly. (a) Schematic image to illustrate the principle of
elec mbly. The nanoparticle is firstly functionalized with ionic charges, typically
through ligand adsorption. Then the substrate cavity is functionalized with the complementary
charge. gnally, it is useful where possible to ensure the PMMA substrate has the same surface

charge nocrystals. Due to the electrostatic attraction between the nanoparticle and the
cavities, 2 g surface charge contrast between the PMMA and the nanocrystals, the nanoparticle
will pre @ diffuse (migrate) to the cavities and will adsorb within the cavities. (b) Numerical
simulatio e force fields acting during deposition of gold nanocrystals in ethanol. Reproduced
with permissi 76] Copyright 2011, Institute of Physics. (¢) An array of gold nanoparticles
assembl@d by electrostatic forces. The surfaces of the gold nanoparticles were functionalized with
nega d bis(p-sulfonatophenyl) phenylphosphine (BSPP) while the surface of the silica
subst ctionalized with positive charges by salinization with aminopropytriethoxysilane.
Reprod ith permission ") Copyright 2018, American Chemical Society. (d) Binary,
electrostatic ass@mbly of nanogels. The substrate pattern was made by depositing either positive or
negativ via Kelvin force microscopy (KFM). Nanogels with different functional groups
(carboxylic s for negative charge, amide moieties for positive charge) could be selectively

produced with permission 7*) Copyright 2018, American Chemical Society.

The first use terned electrostatic charges to print oppositely charged particles dates back
to 1938 when xerography, originally coined electrophotography, was invented by Chester
Carlson.” In this process, charge contrast on a photoconductive surface was generated by
illumination through a negative mask (i.e. the document to be copied), and this surface then
attracted the dry toner particles. Here, we consider the liquid-phase equivalent, where a
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patterned surface charge is used to attract oppositely charged nanocrystals in suspension, as
shown in Figure 6a.

ElectroMes can be immobilized on the surface of, or trapped within, a substrate by
various megheds. One of the earliest applications used short voltage pulses between a
conductivi @ force microscopy (AFM) probe and an insulating substrate to locally
arge, positive or negative. (301 These charges can be immobilized in
insulat8ts SHCH"EE PMMA,*” sapphire crystals,'®® native oxides on silicon,™™! and PTFE,®**
among ot is is commonly referred to as AFM nanoxerography and can be performed
in parallelgusing electrode stamps, inspired by microcontact printing soft lithography.™®!
While theftesolufion of these stamps is limited by the standard of the lithographic technique
used to makC them, advances in focused particle beam technologies suggest this is a
promisingffo high resolution arrays of single nanocrystals.®"

An alternati cess is to use conventional lithography to fabricate a pattern with some
form of chemicdl contrast, and then to selectively functionalize the pattern with charged
functional . As an example, aminopropyltriethoxysilane has been used to functionalize
a silicon urface. Patterned PMMA films provided the electrostatic contrast.””
Altemativmd probes can be used to selectively oxidize the surface of a silicon wafer

which proy

glectrostatic contrast with high resolution — sufficient to assembly single
ferritin m@led in rows.®™ In another example, polylysine was shown to preferentially
bind to a g¥asS8tbstrate coated with a PMMA mask providing binding sites for negatively
charge als in suspension.*®!

A numbe irements must be met for high-resolution, deterministic single nanocrystal
assem atterned charges should be deposited with high spatial resolution, ideally
similar to the size of the material being deposited. Note the effective size in solution includes
the doubl@layer thickness (i.e. Debye length), and the surface charges need to be relatively
immobile. dielectric strength of the suspending media should be high enough to
ensure thef€lcCtiical fields on adjacent patches of surface-bound electrical charges do not
signiﬁcan ap. 3) The nanocrystals need to carry sufficient charge to overcome
Brownian ion and deposit on the patterned substrates. 4) There should be enough
repulsion @etween the suspended nanocrystals and the background substrate to avoid non-
specifi

Kinnear g al. recently demonstrated electrostatic assembly where an SiO, surface was
functionalize h amine groups and patterned with PMMA via EBL (Figure 6¢).""! The

PMMA fi a slight negative charge in the aqueous media and thus high electrostatic
contrast wa rated between the background and the pattern enabling the deposition of
single rs of negatively charged gold nanocrystals, from 10 to 120 nm. Addition of
salt screene the interparticle electrostatic repulsion and the repulsion from the PMMA

thus leading to clusters of spheres depositing within each pattern. In a similar approach,
electrostatic focusing has been shown to work for silver and gold nanocrystal aerosols, and
deposition with extremely high resolution was achieved when there was differential charging
between the photoresist and electrode.”®”! The concept of focusing also applies to planar
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electrostatic patterns where single negatively-charged gold nanorods were assembled onto
positive stripes of polymer despite the pattern being large enough to accommodate more than
one nanorgd.®™ In this example, repulsion between neighboring rods, through control of the
ionic stH used to alter the number of printed rods per stripe.

Highly ld and immobilized charges can also be readily obtained by AFM
nanoxerograpny. shown in Figure 6d, Ressier and coworkers used nanoxerography to
write VAt es on a PMMA film, which were then developed when exposed to cationic
or anioni M nanoparticles.’® In this example, nanoxerography was used to attract

clusters ofgnangparticles in order to detect hidden patterns in a concentration-dependent
encryptiothmethgfl. However, if the charges are written with the highest possible resolution,
then single nahocrystals can be adsorbed. In an earlier paper, Ressier et al. showed this by
writing 1ifles rising single charge dots, which act as anchor points for the adsorption of
slightly ne@afively charged gold nanowires in hexane.'*” Lines composed of dots spaced 200
nm apart \mith either +70 V or +55 V pulses led to deposition of linear bundles of gold

nanowires er, when the voltage pulses were decreased to +30 V and spaced 50 nm
apart, they d deposition of a single gold nanowire, only 1.7 nm in diameter, elongated
along thef{line of charged dots proving that even the smallest of nanocrystals can be
electrosta inted with extremely high resolution. While this works well for AFM-

the scalab lent, electrical NIL, is still limited by the large size of the stamps used to

b, 83d, 83e, 91

based nau@phy, as well as surface charging with electron beams or ion beams,* **!
transfer charge. ' We are not aware of any example in the literature where a
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mary of optical printing of single nanocrystals. (a) Optical printing of single gold and
silver nan@pasticles. A focused laser was used to guide and drive the nanoparticle to deposited onto
the surface. Repfoduced with permission.”* Copyright 2017, American Chemical Society. (b) A 8
x 8 array (left) and a “smiley face” (right) pattern assembled with single 80 nm gold nanoparticles.
Reproduced with permission.””! Copyright 2011, American Chemical Society.
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In addition to electrostatics and convective-capillary forces, the electromagnetic fields
generated from tightly focused laser light enable trapping and printing of single nanocrystals
with high irecisi? and accuracy — this process is termed optical printing. The Nobel Prize in

Physics was awarded for work in the field of laser physics, in part for the
developm tical tweezers. While this technique was widely used for trapping dielectric
micropart lls, it was discovered in 1994 that it could also be utilized to trap sub-

waveleagtWetallic nanocrystals. " The physical mechanism behind this phenomenon
has been well described in other reviews. ). Laser printing of single nanocrystals is carried
out by ﬁr&ng them, and then using the radiation pressure of the trap to direct them
close to ubStrate where van der Waals forces take over and irreversibly bind the
nanocryst surface, as shown in Figure 7a. Urban et al. used this phenomenon to laser
print 80 nnag g anocrystals with a cationic polyelectrolyte (pDADMAC) onto a positively
charged sifale with 50 nm precision, at a rate of roughly 5 s per particle.” They found that
the printing precision was affected by laser-induced heating, Brownian motion, and the ratio
of axial (towardSjthe substrate) to radial (towards the center of the optical trap) forces in the

optical tr ulo et al. recently studied these effects for 60 nm Au and Ag nanocrystals
and foun(]ijlg ilam levels of precision with radial standard deviations of around 38 nm. This
was indep@ndent of laser polarization and resulted in a printing time of around 5 s per
nanocrystal. hey also described the role of illuminating on or off-resonance: on-
resonancefpr d high resolution printing only at low powers, whereas the precision was
slightly poegeRgif-resonance and independent of the laser power.”*!

as also been used to print Au and Ag nanocrystals in close proximity to one
their LSPRs are offset.””) When there is no offset, the focused laser heats
| printed first, which leads to thermophoretic repulsion, which in turn

Laser
another, as 1
up the
prevents the deposition of a second nanocrystal nearby. Thermodiffusion coefficients are
normally pesitive meaning particles move from hotter regions to colder ones. In some cases,
however, harged nanocrystals in solutions of high ionic strength diffuse towards

ig this effect was used by Lin et al. to laser print clusters of plasmonic
Others have used phase masks to tune the optical beam shape in order to

deposit lines and arrays of nanocrystals.[99] Two lasers are employed to control the orientation
of printed‘oE nanorods and then deposit them within 1 s,!'® while a spatial light modulator

enable imbimg of an 8 x 8 array of 80 nm Au nanocrystals in 10 s (figure 7b),"”*! while
in anot lective printing of differently shaped gold nanocrystals from mixtures in
suspensio monstrated.!'”") While these experiments all represent significant advances
in the optical Yrinting of single nanocrystals from suspension, challenges remain.
Specifical 8 techniques have been widely applied only to plasmonic materials such as
Au and A studies of its application to insulating or semiconducting materials are
neede thods to facilitate parallel printing are also needed for this method to reach
commercia pgation.

3.5 Directed Chemical Assembly with DNA
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Figure ry of directed chemical assembly with DNA. (a) DNA assisted direct assembly.
Single sg#hd BAA was functionalized on the surface of gold nanocubes. The complementary DNA
strand selegfively functionalized at the bottom of the template cavities. The bonding between
two DNA Stfands drives the particles to assemble as designed. Adapted with permission.!""”
Copyright 2 merican Chemical Society. (b) Scanning electron microscope and corresponding
schematigyd tion of 1D gold nanoparticle superstructures assembled by DNA. Adapted with
permissigae- s Copyright 2018, American Association for the Advancement of Science (c) DNA-
assisted temperdfure dependent direct assembly of oriented gold nanorod arrays. Adapted with
permissi opyright 2019, American Chemical Society.

A numbe@rent chemical functionalities have been used to achieve directed chemical
assembly, s diblock copolymers, amide coupling chemistries, and thiolated self-
assemble yers,!'®) but DNA offers exceptional versatility albeit at the higher cost of
synthesis.dm

One o selective and versatile chemical binding motifs for directed assembly is
between nuCMigy acids in the DNA molecule.'® Over the past two decades, DNA
nanote y has rapidly grown into one of the most powerful tools for constructing
assemb ocrystals for use in applications ranging from optical devices!'’” to drug-

delivery.!'” To assemble discrete structures in solution, there are two common approaches:
Firstly, th&nanocrystals of interest are functionalized with ssDNA that only binds to specific
er a DNA scaffold or ssDNA on another nanocrystal.!'® Secondly, the
nctionalized with ssDNA that assembles with other ssDNA where the
nanocrysta a part of the lattice, i.e. they are the tiles in a lattice."'” These structures in
solution, atively single ssDNA functionalized nanocrystals, can then be bound via
specific DA motifs, or electrostatically, to lithographically defined patterns on a substrate to
realize highly accurate printing of higher-order nanocrystal assemblies.!'?”!

One met facilitate the DNA-mediated and deterministic assembly of single
nanocrystals in 2B arrays is to use lithographic templates to define binding nodes for DNA-
coated na als."'" The Mirkin group has recently described this method in a number of
publicatio *1 Briefly, they used electron-beam lithography to write patterns in a thin
PMM n a gold surface which was functionalized with rigid and thiolated DNA

strands. Metallf@@nanocrystals in suspension were functionalized with the complementary
DNA strand, which resulted in their hybridization and assembly into the cavities in the
PMMA substrate. These pores were lithographically defined such that only one nanocrystal
could assemble at each node. This resulted in high assembly yields (>98%) with minimal
non-specific adsorption of gold nanocubes and nanospheres.!''**! As an example of an
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application for this technique, they assembled nanocubes of two different sizes in two

overlaid patterns and when viewed at the two different resonance wavelengths of the cubes,

the two spictralli-encrypted patterns were extracted.''?"

As a first appmeximation, the adsorption of nanocrystals to substrates can be modelled via the
Langmuir isotherm, where the surface coverage is determined only by the
concentraffol ot Matocrystals as well as their adsorption and desorption rate constants.!'"]
When e SWB8Hte is composed of binding nodes within a polymer pore, it has been shown
that the kinetics still obey the Langmuir adsorption model.''*) However, the
kinetics diastically change, depending on the pore depth and rapidly slows down with
increasingf§depth §Thus, rapid assembly necessitates a pore with thickness around the same
dimension aS the nanocrystal. However, one advantage of a deep pore and DNA-based
assembly,manocrystals of alternating complementary strands can be vertically stacked
inside the ith remarkable control.l'” '*! Figure 8b shows this for the case of
nanocubemanospheres of various dimensions, vertically stacked via DNA-based

assembly i graphic patterns.

The technj scribed in this section, and the preceding sections 3.2 and 3.3, largely rely
on the fam of a template with confined patterns, often via electron beam lithography.
While this j ber scalable nor economical, advances in both nanoimprint lithography and

@ ithography promise a potentially scalable and economical route towards
ioNMof these templates. However, to date the studies describing DNA-based
rystal arrays on 2D substrates require long equilibration times, typically

assem
12-24 hours ich means these methods will apply predominantly to high-value niche

4. Electrophoretic Deposition and Single Nanocrystal Array Assembly

4.1 The P of Electrophoresis and Electrophoretic deposition

Electrophyg @ pposition (EPD) is a method used to deposit charged materials onto an
electrlcall Ictive surface. It has been extensively studied since the 19th century!''*.!!!%!
selves must bear a net surface charge. This is commonly the case since
surface charge is usually employed to stabilize the particles against aggregation in polar

media (su ter). Zeta potential () is the most important particle parameter and in the

simples function of the charge on the surface of particle, the particle radius, the salt
concentra temperature 1] For a particle in aqueous solution, surface charges may
arise on t e due to redox reactions (e.g. on gold or silver nanocrystals), surface acid-
base reactions . on silica or latex) or adsorption of ions, polyelectrolytes and surfactants
from s 1 The zeta potential can be determined experimentally by measuring the
particle in a DC electric field and applying Smoluchowski’s equation!''™ [1]:

4

=5 =225 () (1]

E
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Here 1 is the mobility the particle and defined as its velocity v, divided by the strength of the
applied electric field, E, gyis the vacuum permittivity, €,is the relative permittivity of the
solvent, nds the gviscosity of the solvent and f(kr) is a function, which depends on the
particle and the electrical double layer thickness (ic_l).[mb] In turn, the double
layer thic 1) is determined by [''*):

-1 _ r&réo -
= e 2]
Here k is hzmann constant, z is the ion charge, e, is the elementary charge and c is the

concentraion of %1 electrolyte. Importantly, equations [1] and [2] explain the key parameters
that deterri velocity of a particle in an electric field. These parameters are (1) the

electric fi gth, E; (2) the salt concentration, ¢, which determines «, and (3) the zeta
potential, igh controls the susceptibility of the particle to the applied field. The particle

size also Mmplex role through f (kr).
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Figu ematic image to illustrate three aspects affecting the motion of nanoparticles during
patterned- e, electrophoretic deposition. Electrophoresis is driven by the electric field

generated externally between two electrodes. An induced dipole on a particle can control orientation
and induce asymmetric nanoparticle assembly. Dielectrophoresis (DEP) is driven by the interaction
of an induced or permanent dipole in a nanocrystal with an electric field gradient. DEP directs the
particle towards regions of higher electric field strength.!''®!
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In reality, the applied electric field can influence nanocrystals in the solvent by two distinct,
mechanisms: electrophoresis and dielectrophoresis. The first describes the direct Coulomb
interaction, betwgen the charged nanocrystal and the electric field E, generated on the
electroa“

where @, ffective charge of the nanocrystals, approximated by:

Qeff = reol (4]

ithiwity, and r is the radius of the nanocrystal.

where { i@ta potential, €, is the relative dielectric constant of the solvent, &, is the
vacuum pe
r

The secon
generated urface charge patterns. This field induces a dipole in the nanocrystals by
distorting the sufbunding electrical double layer. The interaction of this dipole with the non-

is dielectrophoresis, which originates from the non-uniform electrical field

uniform electrical field results in dielectrophoretic forces, given by:

Fpep = PG [5]

can be exptes S:

where p,f ield induced dipole. For spherical nanocrystals the dielectrophoretic force
Fpgp = gr&oRe[K|VE? [6]

where 1s the real part of the Clausius—Mossotti factor K:

K = (enc" - &)/(enc™ + 2&7) [7]

where eNh* are the complex permittivities of the nanocrystals and the solvent,
respective

The aboveQ)ns show that if the nanocrystals are more polarizable than the solvent they

are dispe Mthey will always be attracted to regions of high electric field gradient,
irrespective of the sign of their surface charge. Conversely, if the nanocrystals have a lower

polarizability tha@ the solvent then they will be repelled from regions of high electric field

gradient. us, metallic and most semiconducting nanocrystals are attracted by
dielectrop orces to the edges of charge patterns where the changes in the electrical
field stren, eatest.!'>"!

ectrophoretic force is longer ranged and stronger than the dielectrophoretic
hly charged nanocrystals. However, weakly charged nanocrystals may
experience strofi@er dielectrophoretic forces and be attracted to surface charges of either
polarity. This was shown by Palleau, Sangeetha and Ressier for the case of 14 nm gold
nanocrystals (figure 6b) in ethanol (strong electrophoretic forces) and 10 nm silver
nanocrystals in hexane (stronger dielectrophoretic forces), where in both case the electrostatic
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force was more than sufficient to overcome drag forces, van der Waals forces, and forces
associated with Brownian motion.’ Figure 9 shows the simulated electric field distribution
between g cavity, electrode at the bottom and a flat counter electrode at the top. It also
illustra‘Hrent behaviors of nanoparticles in such electric field systems. For distances
relatively g8 tr@in the cavity electrodes, the potential distribution is parallel to the plate
electrodes, particles experience an electric force normal to the target electrode and
their mlm can be determined from the electrophoretic mobility, given by
Smoluchosski’s equation [1]. Once the particle migrates closer, the electric field distribution

starts to bl ed, due to the cavity geometry. The highest electric field is located at the
cavity elegffod¢@nd decreases with distance in a complex radial fashion. The decay length is
determine double layer thickness (Equation [2]). Such electric field gradients lead to
translation, agration of the particle. At small separations from the cavity, DEP may

become aflipdpogtant factor for precise positioning into the cavity. For non-spherical particles
another important factor is the induced torque which may determine the orientation of the
particle. The towque on an elongated prolate ellipsoidal particle can be described as

follow!!??!

Tzﬁxiz (ao-ﬁ)xﬁz —Aag cos@sinf E? [8]

£ icle”€ i

particle”¢medium

axis \@ 'um+Laxis(Sparticle_emedium) [ ]
2 1-Liong

Liong ) B Ze] and Lynore = — 0]

ity tensor of the particle, Aay = Qong — Aspore 18 the difference between the
longitudinil and transverse polarizabilities, &pqrticte and Emeqium are the relative

permittivi

the depo factor along the long or short axis, and e =/1— (b?/a?) is the

e particle and medium respectively, V is the volume of the particle, L5 1s

eccentricit particle (a = length and b = width).
This tor rated by the external electric field can be used to orient elongated
nanopagti ing EPD. Apart from these three forces discussed above, there are other

factors t;t als, play a role in direct EPD assembly, such as electroosmosis and
electrohydfodynamic flow which also affect the fluid motion around the particles and near
the electr face, and both translational and rotational Brownian motion are critical
contribut net particle motion during EPD assembly. However, these have not been

quantifgle nanocrystal deposition to date.

4.2 Electrophoretic Deposition of Single Nanocrystal Arrays
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Figure 10: Summary of current development of single nanocrystal EPD. (a) Assembly of micron-
sized polystyrene latex (PSL) particle arrays with nearly 100% assembly yield. Adapted with
permisss.[m] Copyright 2009, The Royal Society of Chemistry. (b) Template controlled size-
selective assembly of different sizes of PSL nanoparticles. Adapted with permission."** Copyright
hemical Society. (c) Electric field-controlled assembly with specific orientation of
poparticles. The induced dipole results in a vertical orientation. Reproduced with
permission. Copyright 2012, American Chemical Society. And optimization of the
electropfioretic forces and rotational diffusion due to Brownian motion results in an oriented close
packi rface of the electrode. Adapted with permission.!"**) Copyright 2012, Wiley-VCH.
(d) Elecgic fielggcontrolled deposition process for PSL particles. Reproduced with permission.'*”
CopyHAmerican Chemical Society. (e) Large scale assembly of single gold nanorod
arrays t 100% alignment. The polarization dependent color changes of the letters A and u
is achleved duclio the high degree of alignment. Adapted with permission.!"”® Copyright 2018,
Americ ical Society.

The st ect EPD assembly for nanocrystals dates back to the early 1990s. Giersig et al.
reported t tion of hexagonal close packed gold nanoparticle monolayers by EPD.!*!
A graphite electrode and Al-foil counter electrode were used and an applied potential of 50
mV across a 2 mm spacing was used to deposit tri-sodium citrate stabilized colloidal gold
nanoparticles. This work demonstrated that controlled deposition of nanoscale particle by
EPD method was possible and that dense monolayers with well-defined particle spacings
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could be achieved, Thereafter, there has been considerable investigation of the possibilities
of EPD for both micron sized particles as well as nanoparticles.!'*"’

Initial Md in closely packed particle patterns on the substrates. In 2009, Barbee et.

al. demonsguated direct EPD based assembly of latex (PSL) nanoparticles.'*” Single PSL
particles @ precisely controlled and deposited into the photolithography patterned
substrate. CIt teport, a template with sub-micrometer size cavities were patterned by
photolifh nd carefully assembled into a cell for EPD assembly. Hundreds of millions
of PSL m s were precisely deposited into cavities with the help of a DC electric field

experime em@nstrated the potential of direct EPD for single particle assembly. Following
their work, 1 11, S. Siavoshi and A. Busnaina et. al. investigated the effect of the cavity
size for difec P assembly.!"* Unlike earlier work, they used polystyrene particles with
sizes of 2 nd 50 nm as assembly targets. A dual-cavity template was fabricated by
EBL withm of cavities with dimensions close to those of the PSL particles. Assembly

in less th@r:\ute. More than 99% of cavities were filled with single particles. Their
d

was perfo applying a DC electric field. The larger particles were firstly deposited
followed b maller particles. With careful control of the applied potential and the
depositioriitime, the two different size particles could be sorted and deposited into different
sized cavities he same template. They also reported that multiple small particles could be

deposited m large cavity.

Singh et aW reported the assembly of vertically aligned 20 nm CdS nanorods by
d the property that elongated particles experience a torque derived from the
n external electric field and this orients the particles along the direction of
ectric field. Up to 9 layers (~400 nm) of closely packed, vertical nanorod arrays

were deposited over 3 minutes. Solomon has discussed the interplay of the parameters that
determine the quality of EPD assembly of nanomaterials."** *'1 They used ellipsoidal
polystyre icles in a study of EPD onto a plate electrode. Their results revealed that
there is a critical electric field range in which the ellipsoids packed regularly onto the surface
@ e or below this electric field range, the ellipsoids packed more randomly.

at deposition is strongly determined by the colloid Peclet number. This
accounts mpeting forces due to electrophoresis, which tends to align particles with
the applidd field and Brownian motion which tends to randomize the particles. The
competiti; and ialance between electric field generated movement and Brownian motion
can lea rent positioning and can be controlled by the colloid properties and electric
fields. A ontrollability and quality study of direct EPD assembly for single particles
was perfom F. Qian and T. Y. Olson in 2014.1"*") They carefully studied the effects of
the electric ficldgand template size during EPD assembly. Following optimization, they were
able to e multi-particle unit arrays.

4.3 Perspective in Electrophoretic Deposition Assembly
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Figure s: TEe potential of EPD assembly. (a) Nanorods may be deposited both vertically and

horizon characterization and height profile of an array of vertically oriented gold
nanorods of an array of quantum dots. (c¢) Statistical studies of large numbers of single
nanocrygtal cilitated by array formation. SEM image and polarization-dependent gold nanorod

scatteringgin y from an array of gold nanorods. Adapted with permission.””! Copyright 2018,
Amegi ical Society.

f EPD assembly has been underway for a decade. It has evolved from the
ose packed particle assemblies to the controlled assembly of single
nanocrystal arrays with arbitrary shape and size and spacing and even orientation.
Particularly exciting is that the external field induced dipole in a nanocrystal results in a

Lto align a nanocrystal with the applied electric field. The torque is also

The investiga

torque th

amehiarged rod. As a result, it is possible to deposit rods either vertically or
@ e 10a). EPD also has the potential to be a universal assembly method. As
C@fgct particles carry a charge and are colloidally stable in solution, then in
principle, per optimization, they can be assembled via EPD. Figure 10b shows a
Wide-ﬁmcopy fluorescence image and fluorescence spectra of an array of
semiconductor Se/CdS/ZnS) quantum dots. The quantum dots were synthesized in an
organic sOlvent and phase transferred into the aqueous phase with negatively charged
polymers. This @gmonstrates that both conducting and insulating materials are amenable to
EPD.

5. Con

Fabrication ingle nanocrystal array holds great potential as a platform to create
addressable and functional materials. It offers nanometer spatial resolution, the ability to
deposit a wide range of materials, multiplexing, and relatively easy scalability. In this review,
five of the most promising, direct assembly methods have been discussed. Each of those
methods has proved to be useful for a certain type of direct assembly.
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CFA has the potential to be adapted to most kinds of nanocrystal assembly since the
assembly is driven by the capillary force between liquid, air, solid interface. But CFA
assembly is sensitive to the ambient humidity, surface roughness of the template, temperature
of the ystem and the presence of excess surfactant in the solution. Electrostatic
assembly advantage that it requires a simple set-up and is amenable to large scale
processin&, deposition is limited by diffusion, and consequently, electrostatic
assembhl mquires a long time (2 - 24 h) for complete deposition. An additional
disadvantgge of electrostatic assembly is the complex surface chemistry and surface
functiona&eeded to direct nanocrystals into the cavities. Optical printing assembly
methods d@ notgquire a prefabricated substrate as the assembly template. The laser driven
assembly vides a high degree of freedom in terms of array construction. However,
spatial resglutgem of the printed arrays is only micron-scale at best. Directed chemical
assembly wA cedes nanoscale precision in terms of nanocrystal positioning and also
offers accurate "assembly of three dimensional structures. However, as with electrostatic

assembly, sisted assembly is also a relatively slow process while the complexity and
cost of s A functionalization also limits its applications. Finally, we note that for
EPD asse assembly time is as short as a few seconds to minutes and it offers high

accuracy Qyer relatively large substrate areas. It also has the potential to be applied to most
kinds of nanomaterials which can be stabilized in aqueous solution. However, EPD assembly

requires ting template which does limit the choice of substrate. Furthermore, the
high field &gr s may damage particles on contact with the electrode during deposition.
TherefQuemi ins to be seen which methods can yield single nanocrystal arrays which are
durable a st enough for archiving and for commercial implementation. At the very
least the ods offer an approach to more systematic studies of single nanocrystals, a
field ampered by the difficulty of carrying out statistically meaningful
measurements.
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This erides an overview of the direct assembly methods used to
fabricategsi nanocrystal arrays. Five principal methods used as well as the
advantages d disadvantages of each are discussed. Potential future
developmentsgin the field are also presented.
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