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Abstract

The advance of nanotechnology is firmly rooted in the development of cost-effective, versatile,
and easily accessible nanofabrication techniques. The ability to pattern complex two-
dimensional and three-dimensional nanostructured materials are particularly desirable, since they
can have novel physical properties that are not found in bulk materials. This review article will
report recent progress in utilizing self-assembly of colloidal particles for nanolithography. In
these techniques, the near-field interactions of light and colloids are the sole mechanisms
employed to generate the intensity distributions for patterning. Based on both ‘bottom-up’ self-
assembly and ‘top-down’ lithography approaches, these processes are highly versatile and can
take advantage of a number of optical effects, allowing the complex 3D nanostructures to be
patterned using single exposures. There are several key advantages including low equipment
cost, facile structure design, and patterning scalability, which will be discussed in detail. We will
outline the underlying optical effects, review the geometries that can be fabricated, discuss key
limitations, and highlight potential applications in nanophotonics, optoelectronic devices, and
nanoarchitectured materials.

Keywords: colloidal particles, self-assembly, nanosphere, 3D nanolithography, 3D
nanostructures

(Some figures may appear in colour only in the online journal)

1. Introduction biomimetic surfaces [38—42], energy storage [43, 44], and bio-

medical devices [45—49]. Among the various structural types,
Nanostructures and their fabrication techniques have remained  three-dimensional (3D) nanostructures are especially interesting
highly active research areas in both industry and academia and have enabled a number of key innovations in nanoscience
due to their unique properties that are not found at the macro-  and nanotechnology in recent years. However, fabricating 3D
scopic scale. Combining both material composition and structure  structures over large area remains challenging, and most work
geometry, nanostructured materials have novel applications has been limited to small-scale laboratory demonstrations.
in nanophotonics [1-31], mechanical metamaterials [32-37], Improving feature resolution, patterning precision, geometry
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complexity, and system throughput have been the central chal-
lenges in nanomanufacturing [50]. The ability to fabricate
nanostructure in a scalable, cost-effective manner would greatly
accelerate nanotechnology research, enable macroscale imple-
mentation, and facilitate the transition to commercialization.

Existing ‘top-down’ lithography approaches share a
common hardware approach to patterning, which relies
heavily on expensive optical, electrical, and mechanical
components [51-86]. These include electron-beam litho-
graphy [51-53], focused ion beam lithography [54-56],
probe-based methods [57-61], and two-photon polymeriza-
tion [62—-65]. Another advantage of these techniques is arbi-
trary geometry patterning, which is critical for small-scale
device demonstration. They also can have high resolution, but
are generally serial processes with low throughput. Similar to
writing with a pen, scaling over large area becomes increas-
ingly problematic as feature size reduces, thereby increasing
patterning time significantly. While there are efforts to adopt
multiple-probe architectures, existing prototypes have yet to
show the same precision as single-probe systems [57]. Recent
advances in nanoimprint lithography using thermal and UV-
curable processes [66—70] have also dramatically improved
the ability to pattern high resolution features with nanoscale
precision [71]. However, these techniques rely on the repli-
cation of a high-quality master pattern, which still require the
use of probed-based techniques mentioned above. These
techniques are also mostly planar in nature, and layer-by-layer
processing is required to patterned 3D geometry where
overlay accuracy and multiple patterning can increase pro-
cess cost.

Laser interference lithography [72-79] is an effective
method for patterning of periodic 3D nanostructures due to its
parallel nature. However, these systems require sophisticated
hardware, extensive system realignment when changing lat-
tice parameter. While these efforts are well suited in labora-
tory setting, they are difficult to scale for manufacturing.
Another 3D patterning method is phase mask lithography
using a transparent prism or mask [80-86]. These techniques
rely on the interference of light to create periodic nanos-
tructures. However, the patterns generated in these systems
are tied to system configuration or prism and mask geometry,
which need to be altered when new pattern geometries are
required. Therefore, like the previous techniques, it relies on
complicated hardware to generate the original pattern. This
can be cumbersome and expensive for prototyping, since
changing the desired 3D structure would require new masks.
Therefore, the versatility of these approaches is limited.

In addition to ‘top-down’ lithography, spontaneous self-
assembly of elementary components into organized geome-
tries is a promising ‘bottom-up’ nanofabrication method
[87—-122]. The assembly geometry reflects the most energy-
favorable configuration using inter-element forces in the
absence of complex system hardware. Such assembly systems
have led to high-density nanostructures, and examples include
block copolymers [8§7-92], DNA [93-95], and colloidal par-
ticles [96—109]. Monodispersed colloids with spherical geo-
metry, also known as micro/nanospheres, are particularly
interesting, and can form 2D hexagonal close-packed

structures when dispersed on a planar surface. Colloidal
spheres can also assemble into 3D geometry known as the
opal structure [97-99]. However, defects and yield over
whole substrates are still problematic in comparison with 2D
monolayer assembly. While these elegant systems can orga-
nize nanoscale structures at low cost, current methods provide
limited geometry control for 3D architectures. For example,
assembly of nanospheres can only yield hexagonal close-
packed structures in 2D and opal/inverse-opal structures in
3D. Therefore, while self-assembly systems have low cost,
the lack of geometry control has presented limitations in
terms of pattern versatility.

It can be seen that both ‘top-down’ and ‘bottom-up’
approaches have their own distinct advantages and limita-
tions. This review will focus on a hybrid approach that
examines the interaction of light and self-assembled colloidal
elements for near-field nanolithography. This class of tech-
niques is based on simple optical phenomena, such as light
focusing, scattering, diffraction, and other near-field effects,
and are inexpensive compared to conventional lithography
techniques. The simple elegance of these nanolithography
techniques allow for scalability and high throughput in the
production of complex 2D and 3D nanostructures. This
approach takes advantage of the pattern resolution, precision,
and versatility of the lithography approach, while retaining
the low cost and scalability seen in self-assembly system. In
this review, a brief history of using colloidal nanospheres for
lithography will be reviewed. The focusing and scattering of
light from a single sphere and their applications for nano-
lithography will then be discussed. The diffraction and
interference of light from an array of nanospheres will also be
examined, which can lead to scalable 3D nanolithography.
The scalability and challenges are analyzed for these two
techniques. Applications of these near-field patterning tech-
niques will be highlighted, and a conclusion and outlook will
be given at the end of this review.

2. Colloidal assembly and its interactions with light

The self-assembly of monodispersed micro/nanospheres on a
planar surface has been a promising technique to generate a
periodic structure array, and was first used as a tool for
nanopatterning using the term ‘natural lithography’ [110]. In
this work 500nm polystyrene (PS) nanospheres were
assembled into a hexagonal array on a silicon wafer using
spincoating. Later the term nanosphere lithography (NSL)
was adopted [111, 112], and the assembled nanospheres were
used as a lift-off mask for metal evaporation. This process
then creates the inverse pattern, generating an array of trian-
gles. The nanosphere array can be used as a physical mask for
subtractive processes, such as plasma and reactive ion etching
processes often used in standard micromachining. Using these
methods, nanostructures in a variety of substrates and devices
have been demonstrated [113-120]. While these techniques
are effective in creating surface structures, these additive and
subtractive processes do not increase the pattern complexity.
In other words, the geometries obtained are either the same or
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Figure 1. Configurations for near-field 3D nanolithography using light interactions with colloidal nanospheres. Exposure using (a) a single
nanosphere, (b) an array of self-assembled spheres, and (c) a hierarchical sphere array. A diverse range of nanostructures can be patterned,
including (i) nano-volcano, (ii) parallel trenches, (iii) porous microchannel, (iv) hierarchical structures, (v) 3D photonic crystals, (vi) chiral
metamaterials, (vii) hexagonal array of posts, (viii) array of microneedles, and (ix) pores from ablated metal surface. (i) Reproduced with
permission [152]. Copyright 2013, American Chemical Society. (ii) Reproduced with permission [151]. Copyright 2017, American Chemical
Society. (iii)—(iv) Reproduced with permission [170] with permission of The Royal Society of chemistry (RSC) on behalf of the European
Society for Photobiology, the European Photochemistry Association and the RSC. (v) Reproduced with permission [174]. John Wiley &
Sons. © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (vi) Reprinted by permission from Macmillan Publishers Ltd: Scientific
Reports [167]. Copyright 2013. (vii) Reproduced with permission [163]. Copyright 2015, Optical Society of America. (viii) Reproduced with
permission [154]. John Wiley & Sons. © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (ix) Reproduced with permission
[145]. (2001) (© Springer-Verlag 2000). With permission of Springer.

the inverse image of the sphere assembly. Therefore, the
patterning versatility of these methods are limited by the
initial assembly geometry.

One effective way to introduce patterning versatility is to
use the nanospheres for optical lithography, as shown in the
schematic in figure 1. The general approach involves illumi-
nating the colloidal assembly with light, which can then
create near-field intensity patterns that can be recorded by an
underlying photoresist. In this manner, the nanospheres are
used as an optical element as opposed to a physical mask,
which can create new geometries that are entirely different
from the spheres. This approach also adds an element of
design, since the patterned structures depend on the illumi-
nation conditions in addition to parameters of the colloids.
The light interactions with different colloidal assembly, such
as (a) single sphere, (b) periodic array, or (c) hierarchical
assembly can be studied, as illustrated in figure 1. Some

examples of complex 2D and 3D structures that can be fab-
ricated, including (i) nanovolcanoes, (ii) direct-write trenches,
(iii) porous microchannels, (iv) hierarchical structures, (v) 3D
photonic crystals (PhC), (vi) chiral metamaterials, (vii) hex-
agonal posts array, (viii) microneedle array, and (ix) ablated
pores on a metal surface. The optical effects that led to the
formation of these nanostructures will be discussed in detail.

Harnessing the near-field light interactions with colloidal
assembly has a number of key advantages: first, it does not
require elaborated precision optics, electronics, and other
mechanical components that typically form the foundation of
a nanolithography system. Second, high-coherence laser
sources are not required since the light interactions harnessed
are in the near field. Third, the process is parallel, allowing
uniform patterning over large area using a single exposure.
Fourth, optical lithography allows accurate structure model-
ing and inverse design using computational lithography.
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Figure 2. Intensity profiles for a dielectric sphere with various ¢ parameter simulated using Mie theory. The plane wave propagates in the
positive z direction. Reproduced with permission [129]. Copyright 2017, Optical Society of America.

Fifth, harnessing the near-field optical effects enables sub-
wavelength patterning. Sixth, this new approach is based on a
traditional material, namely colloidal nanospheres, where
different sizes, materials, geometries are widely available at
low cost. Seventh, the process requires simple 2D colloidal
assembly that can be obtained with relatively low defects.
Lastly, the concept can be applied to other self-assembly
systems such as block copolymer, DNA assembly, and non-
spherical colloids.

3. Light scattering from a single nanosphere

Colloidal nanospheres is an interesting class of microscale
optical elements, which can result in complex optical phe-
nomena when illuminated by plane wave [123—141]. The
light scattering field by a sphere is well understood and can be
predicted using Mie theory [129]. The scattering depends
strongly on the relative ratio of sphere radius (R) to the
wavelength (\), which can be defined by the normalized
parameter ¢ = 2wRn/\, where n is the refractive index of the
medium. The electric field intensity distributions can be
plotted for different g values for a dielectric sphere
(ng, = 1.5) when illuminated by a monochromatic plane
wave at normal incident angle, as shown in figure 2. For
spheres much smaller than the wavelength, the Rayleigh
scattering limit (R < \) can be observed. Example of scat-
tering in this regime can be seen for g = 0.1, where the field
pattern resembles an electric dipole. For sphere sizes similar
to the wavelength (R ~ )), the scattering generates an angular

scattering profile with a strong central intensity lob, as shown
for ¢ = 27. Increasing the sphere size further (R > )), a
pronounced focusing resembling a jet can be observed near
the sphere surface of the shadowed side. This has been named
a ‘photonic nanojet,” which can form in the near field of a
colloidal element. This optical phenomenon has been well-
studied over the last few years, will be examined further in the
following sections.

Here two optical regimes can be identified based on the
relative ratio of sphere size to the illuminating wavelength.
These are (1) the photonic nanojet regime (R > ) where the
central focal spot is used for direct-write patterning, and (2)
the general Mie scattering regime (R ~ \) where the angular
intensity distribution is employed to pattern more complex
geometries. These two optical effects have been studied
extensively in literature, and here the emphasis will be on the
key parameters to consider in nanolithography.

3.1. Photonic nanojet from illumination of a single nanosphere

Photonic nanojet is the near-field optical focusing of light
when the spheres have diameters similar or larger than the
illuminating wavelength [123—-129]. Such interactions can
generate a focused beam with substantial light intensity
enhancement, beam waist below the diffraction limit, and
propagation length of several wavelengths. Since this effect
was observed in early 2000 [129] and the term ‘photonic
nanojet’ was adopted in 2004 [123], it has been an active
research field [120-141]. In one research direction, efforts
have been concentrated in the fundamental understanding and
engineering of photonic nanojets in terms of beam waist,
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intensity enhancement and propagation length [124—128]. For
example, core—shell microspheres have been used to generate
long photonic nanojets up to 22 wavelengths long and with
enhanced intensity [130, 131]. Other microscale geometries
such as cuboid, elliptical microcylinders, and truncated
microspheres have also been examined to show increased
ability to control the properties of photonic nanojets
[132-134]. In another research direction, potential applica-
tions of photonic nanojets have been explored. One of the first
application is for the detection of objects as small as 5 nm by
examining backscattering enhancement [123, 124]. Photonic
nanojets have also found applications in low loss waveguide
[135], data storage [136], high-resolution microscopy
[137, 138], and optical tweezers [139-142]. These applica-
tions derive from the benefits of the nanojet having a narrow
beam waist below the diffraction limit. More discussion on
the formation of photonic nanojets and their properties is
extensively described in a recent in-depth review arti-
cle [129].

The current review is mainly focused on the application
of photonic nanojets in nanolithography. This regime has also
been referred to as spherical lens lithography in the literature
[118]. The key features to be examined are patterning sub-
wavelength features, increasing pattern complexity, and
extension to 3D nanolithography. Here we will give a brief
overview to the optics of photonic nanojet. The important
parameters for lithography will be discussed, namely the
nanojet width, length, and the intensity enhancement. The
nanojet width can be defined as the full width at half max-
imum (FWHM) of the intensity profile at the focal plane. This
parameter defines the patterning resolution, which is
approximately A/3n for the nanojet [124-129] and smaller
than the far-field Rayleigh diffraction limit of A/2n. The
nanojet length is also critical, since it describes the depth of
focus (DOF) when used in lithography. This is typically in the
range of 5\, which allows patterning of thick resist. Lastly,
the enhancement factor governs the peak intensity at the
focus, which is important to achieve high exposure dose and
reduce patterning time.

Here it is important to examine how these parameters
change with the sphere index. For lithography applications
the nanojet forms in the underlying resist layer, which typi-
cally has an index of n ~ 1.6. Therefore, the relative indices
of the sphere and the ambient environment must be con-
sidered, namely ng,/n [129]. This is similar to applications
when the nanosphere is illuminated in a liquid environment
for biological trapping and imaging applications [139-142].
The FWHM generally decreases with ng,, which increases the
sphere focusing effect. However, increasing ng, also brings
the focus towards the sphere surface. At the limit of
negp/n > 2, the nanojet focus can be brought within the
nanosphere [123, 129]. In the other limit when nsp/ n~ 1,no
light focusing is possible and the focal plane approaches in-
finity. On the other hand, the nanojet length has the opposite
effect, which decreases to reduce the DOF as ny, is increased
[125, 129]. The intensity enhancement is also critical, and
generally scales with ng,. This can be attributed to higher
focusing, leading to smaller nanojet width and length and

higher intensity at the focus. Another important parameter
that controls the shape of the nanojet is the sphere diameter,
which can be described by the aforementioned normalized
size parameter g. Increasing g generally increases the nanojet
length and width, but leads to significant intensity enhance-
ment. The focal plane will also shift towards the sphere sur-
face with increasing g [129]. The exact relationships between
these parameters have not been analytically derived and are
based on numerical observations, which can offer some
design constraints when implementing the photonic nanojet
for nanolithography.

3.2. Two-dimensional nanolithography using photonic nanojet
from a single nanosphere

The photonic nanojet generated by illumination of a colloidal
nanosphere is an excellent candidate for nanolithography
since it has sub-diffraction-limit resolution, long DOF, and
high intensity enhancement at the focal spot. The simulated
intensity profile of a typical nanosphere using finite-different
time-domain (FDTD) method is shown in figure 3(a) [124].
Here a sphere with 3.5 um diameter (ng, = 1.59) is illumi-
nated by 400 nm wavelength light in air, generating a pho-
tonic nanojet with 190 nm FWHM focus. The nanojet length
is around 1 pm, and the intensity enhancement is around 160.
The focal width can be further reduced to 130 nm by using a
sphere with 1 um, yielding features below the diffraction-
limit. The nanojet can then be used for nanolithography to
create isolated holes, periodic patterns using sphere arrays, or
arbitrary patterns by scanning the nanosphere. It must be
noted that since this is a near-field effect and the nanojet is
generated within a few wavelengths from the sphere, the
material to be patterned needs to be in close proximity. The
choice of pattern material is quite versatile, and can be pho-
tosensitive materials such as positive or negative photoresist.
At high energy doses the nanojet can also be used for focused
laser ablation, which can be directly used to pattern the
substrates.

Early demonstration of harnessing the photonic nanojet
for patterning is in laser ablation of metal surfaces [143—148].
An example is shown in figure 3(b), where an atomic force
microscope (AFM) image depicts the depth profile of a hole
patterned on an Al surface using photonic nanojet [146]. Here
an isolated SiO, (ny, = 1.45) particle with 0.47 ym diameter
was illuminated by a single laser pulse with dose of
300 mJ cm . This creates a crater-like profile with 5nm
depth and 86 nm diameter. Direct laser ablation of other
patterns in different substrates have also been demonstrated
[144-148]. The near-field focusing have also been used to
clean contaminants on the particle surface [143].

Another advantage of utilizing colloids for nanolitho-
graphy is their microscale size, which can be readily trapped
and manipulated using optical tweezers. This allows the high-
precision location control and scanning of the nanosphere,
which enables the generated photonic nanojet to pattern
arbitrary geometries. This is demonstrated in figure 3(c),
where a dual-beam system is illustrated [149]. Here a 532 nm
wavelength laser is used to optically trap a PS nanosphere
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Figure 3. 2D nanopatterning using photonic nanojet generated by a single colloidal particle. (a) Simulated nanojet profile using FDTD
methods when a 3.5 ym diameter microsphere with index of 1.59 is illuminated with X = 400 nm. Reproduced with permission [124].
Copyright 2005, Optical Society of America. (b) Measured AFM depth profile of a hole formed on Al surface after illumination of isolated
0.47 pm diameter SiO, particles. Reproduced with permission [146]. Copyright 2002, with the permission of AIP Publishing. (c) Laser
ablation using photonic nanojets generated from a single nanosphere. The particle is trapped by optical tweezer and move in a programmed
path to fabricate arbitrary 2D patterns. Reprinted by permission from Macmillan Publishers Ltd: Nature Nanotechnology [149]. Copyright
2008. (d) Scanning probe photonic nanojet lithography where a single particle is attached to a tip of an atomic force microscope. (d1) The
focus of the nanojet can create a subwavelength pattern that can be scanned to (d2) pattern 2D features. (d3) Cross-section image of patterned
structures. (d) Reproduced with permission [151]. Copyright 2017, American Chemical Society.

(nsp = 1.62), which is illuminated by a 355 nm wavelength
pulsed laser to generate photonic nanojet for surface ablation.
Here the FWHM focus is approximately 100 nm, which is
roughly ~\/3n when considering the index of the water
(n = 1.33). The nanosphere can be scanned to programmed
paths, leading to the patterning of arbitrary patterns as shown
in figure 3(c). Some challenges of this approach are that
higher resolution is achieved with smaller spheres with dia-
meter of 500 nm, which is more prone to Brownian motion
and can reduce pattern precision.

Another technique called scanning probe photonic
nanojet lithography has also been introduced to move the
photonic nanojet in a programmed path [150, 151]. In this
approach, a nanosphere is integrated at the tip of an AFM
cantilever, as shown in figure 3(d) [151], which can be raster
scanned to pattern arbitrary patterns. In contrast to existing
work in AFM-based nanolithography approaches, this tech-
nique is non-contact and does not require sharp probes that
may wear over time. The simulated intensity pattern using

FDTD method is shown in figure 3(d1), where a tight focus of
around 250 nm beam width can be generated from a silica
microsphere (ng, = 1.46) with 3.5 um radius. The sphere tip
can then be scanned to pattern trenches with 290 nm width, as
shown in the top-view and cross-section view scanning elec-
tron microscope (SEM) images shown in figures 3(d2), (d3).
This technique can be used in a cost-effective manner with the
mature position control systems established for AFM.

3.3. 3D nanolithography using scattering from a single
nanosphere

While most work on photonic nanojet utilize the central
highly focused beam for subwavelength patterning, light
scattering in the vicinity of the nanosphere is also interesting
to study. Light scattering is a ubiquitous phenomenon and can
exist whenever there is a heterogeneity, from molecular to
macroscopic scale, in an optical system. In particular, for Mie
scattering that occurs when the sphere size is comparable to
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Figure 4. 3D nanopatterning using light scattering from a single nanosphere. (a) Simulated Mie scattering of single particles under normal

incidence. (b) Cross-section micrograph of fabricated ‘nano-volcano’

with hollow structures with different exposure parameters. The

diameters of PS spheres used for exposure are (b1) 450 nm, (b2) 750 nm, and (b3) 1.9 um. (c) Three distinct types of ‘nanovolcanoes’ can be
achieved by tuning the sphere diameter to wavelength ratio. Reproduced with permission [152]. Copyright 2013, American Chemical

Society.

illumination wavelength (R ~ )\), the angular intensity pat-
tern can be quite complex. This is at the boundary of the
typically operating configuration that is used for generating
photonic nanojet, which generally employs spheres that are
larger than the light wavelength. Under this condition, the
light scattering has a directional angular intensity distribution
with multiple side lobes in addition to the on-axis nanojet
focusing. One example is illustrated in figure 4(a), where a
spherical particle with 500 nm diameter is illuminated by
325 nm light [152]. Here the intensity distribution is simu-
lated using FDTD methods, and consists of multiple sym-
metrical side lobes. Such complex intensity pattern can be
readily recorded in photoresist to fabricate 3D nanostructures
in single exposures.

Some representative 3D nanostructures are shown in
figure 4(b), where the cross-section SEM images depict the
patterned conical hollow ‘nano-volcano’ structures [152].
Here figures 4(b1)—(b3) correspond to spheres with diameters
of 450 nm, 750 nm, and 1.9 pum, respectively, all of which are
illuminated by a HeCd laser with 325 nm wavelength. The 3D
structures can be further controlled by the ratio between
particle size and wavelength, as shown in figure 4(c), where
three types of hollow nanostructures can be identified. An
array of nano-volcanos can also be fabricated using a non-
close-packed assembly of PS nanospheres. One application of
these hollow 3D nanostructures is trapping of nanomaterials,

and a vacuum loading method has been demonstrated to load
50 nm silica particles into the 3D hollow nanostructure [152].
The nano-volcano array can potentially be used as a nano-
material delivery platform with high spatial resolution, and is
the subject of on-going research.

3.4. Oblique and multiple exposures of a single nanosphere

From the previous section, it can be seen that the scattering
patterns are in general more complex than the focusing of the
main lobe in photonic nanojet. The scattering pattern can be
even more complex when the illumination is off axis, as illu-
strated in the rendering shown in figure 5(a) [153]. Here it can be
observed that the angular distribution is highly asymmetric,
resulting in structure with spatially varying periodicity. The
comparison between normal and oblique exposures can be
observed in figures S(al)—(a3), where 2D structure fabricated in
photoresist are depicted. Here the near-field ripples are sym-
metric for the normal illumination case, as expected, but are
extended with varying density under oblique illumination. The
inset diagrams depicted the simulated scattering pattern, which
accurately predicts the fabricated planar structures.

Light scattering from oblique illumination of a single
nanosphere can also be used to pattern asymmetric 3D
nanostructures. This process is shown in figure 5(b), where a
thick photoresist layer is used to capture the scattering pattern
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Figure 5. Nanolithography using oblique illumination of single microsphere. (a) Oblique illumination on a large particle can generate ripple-
like 2D patterns in photosensitive materials. (al)—(a3) Patterned planar structures in photoresist using normal and oblique illumination. The
simulated scattering intensity pattern are illustrated in the inset diagrams. (a) Reproduced with permission [153]. John Wiley & Sons.
Copyright © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Oblique illumination can also be used for 3D nanolithography.
(b1) Fabricated slanted hollow-core structure. (c) 3D nanostructures from multiple incoherent oblique exposures using a single nanosphere.
(b), (c) Reproduced with permission [154]. John Wiley & Sons. © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

[154]. In this manner, a tilted hollow conic structure with a
sharp tip can be fabricated, as shown in figure 5(bl). Here a
390 nm diameter nanosphere is illuminated with 325 nm laser
with transverse magnetic (TM) polarization at 30° incident
angle. The effects of illumination angles and polarization
states were also examined, which can result in a diverse range
of 3D nanostructures. It was found that TM polarization has a
higher impact on the geometry of the 3D nanostructures than
the transverse electric polarization due to the larger change in
the direction of the electric field direction. This nanolitho-
graphy process can also be implemented using nanosphere
arrays, resulting in an array of asymmetric hollow-core
nanostructures that resemble miniature needles, as shown in
diagram (viii) of figure 1.

Another way to further increase the pattern complexity is
to use multiple off-axis exposures that are either incoherent or
coherent. For incoherent illumination, the intensity distribu-
tion can be summed by exposing the nanosphere in sequential

fashion without interference effects. This can create 3D
nanostructures with higher-order symmetry, as shown in
figure 5(c) [154]. Here the sphere is exposed using two, three,
and four incoherent exposures, resulting in doublet, triplet,
and quadruplets structures as shown in figures 5(c1)—(c4).
Different polarization states and incident angles were
used, as denoted in the diagrams. The symmetry of these
structures is solely determined by the configuration of the
sequential illuminations, which adds another degree of control
in structure formation. However, incoherent illuminations
usually degrade the intensity contrast as more exposures are
implemented, leading to shorter nanostructures. This is due to
the summation of the background intensity, which is not
present in coherent illuminations.

Another approach for off-axis exposures is coherent illu-
minations, where multiple mutually-coherent light beams are
simultaneously incident on the sphere so that interference can
occur. A dual-beam exposure configuration is shown in
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Figure 6. Nanolithography using coherent illumination of a nanosphere. (a) Twin photonic nanojets from two off-axis coherent exposures of
a single sphere. (b) Simulated intensity profile from two plane waves (A = 325 nm) with 7-phase shift and incident angle of § = 5°. (c) Top-
view micrographs of two-beam exposure at 9.4° with (c1) 0, (c2) /2, and (c3) m-phase offset. (d) Cross-section micrograph of patterned
structure with incident angle at 4.7°. The null at the focal plane can pattern a feature of 70 nm. (a), (b), and (d) Reproduced with permission
[155]. Copyright 2018, Institute of Physics. All rights reserved. (c) Reproduced with permission [156]. Copyright 2017, Institute of Physics.

All rights reserved.

figure 6(a), where two symmetric photonic nanojets, or ‘twin
photonic nanojets,” can be generated [155]. The resultant twin
nanojet can be seen as the coherent summation of two scat-
tering fields, and figure 6(b) depicts the simulated characteristic
intensity pattern. Here a 3.25 psm diameter sphere (ny, = 1.5) is
illuminated with two plane waves (A = 325 nm) at 5° incident
angle and with relative w-phase shift. The phase difference
between the two beams and the incident angles determines the
properties of the twin photonic nanojets, which can lead to
smaller FWHM focal spot and higher intensity enhancement
factor [155]. Such coherent illuminations of a nanosphere can
be implemented in a Lloyd’s mirror interferometer, where the
twin photonic nanojets can be recorded by photoresist [156].
Figure 6(c) depicts fabricated structures using this approach,
where the incident angles are 9.4° and the patterned 3D
structures have strong dependence on the relative phase shift
between the two beams. The background linear interference
pattern serves as a reference to determine the relative phase of
the two beams. Here it can be observed that when the beams
are in-phase, the two nanojets merge to generate a wider central
lobe and results in a single hollow chamber, as shown in
figure 6(cl). However, when the beams are out-of-phase, the
twin photonic nanojets form and create a two-chamber struc-
ture, as shown in figure 6(c3). A more pronounced twin
nanojets can be observed when the incident angle is increased
to 4.7°, as shown in figure 6(d) [155]. Here it can be seen that
the intensity null at the center has high gradient, which allows
the patterning of a 70 nm wide structure. Note for this relatively
large sphere diameter the typical nanojet width is about
160 nm. This can be attributed to the fact that the coherent
illumination of nanospheres results in symmetric photonic
nanojets with an intensity null at the center. This creates high

intensity gradient, which has been demonstrated for sub-
wavelength patterning and can find other applications in light

trapping.

3.5. Limitations, scalability, and other considerations

The nanolithography techniques described in this section rely
on the properties of photonic nanojet and angular scattering
patterns generated by illumination of a single nanosphere.
This approach is solely based on the interactions of light with
the nanosphere, which is a simple and cost-effective approach
to generate complex subwavelength light intensity patterns.
By using different illumination conditions, this can result in
subwavelength patterning with feature size around \/3n. This
technique can also be used for patterning of 3D hollow-core
structures with higher-order symmetry, which would not be
easy to fabricate using other lithography methods. One sig-
nificant advantage is that the colloidal element that generates
the photonic nanojet is extremely small, and can be readily
manipulated in a liquid environment using optical tweezers or
in air with traditional mechanical translation stages. This
allows the patterning of arbitrary patterns. Note that the
technology and hardware involving both of these scanning
approaches are relatively mature, and can be readily updated
to implement a photonic nanojet direct-write nanolithography
system. Multiple nanospheres can also be used to allow par-
allel writing, which can improve patterning throughput at the
expense of higher hardware costs.

However, there are also some limitations associated with
this technique that must be considered. First, this is a near-
field approach, which means that the colloidal elements must
be brought in close proximity to the photoresist layer,
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typically in the order of the wavelength. Since the DOF
associated with the nanojet length is typically in the order of a
few wavelengths, poor height control can lead to time-
dependent fluctuations in feature resolution and exposure
dose. This might increase the demand for height control
sensors and electronics that can increase the fabrication cost.
Another method is to use a higher index sphere so that the
focal plane is in direct contact, but issues such as sphere
damage and contamination would need to be considered.
Brownian motion is also a concern for smaller size spheres
that reduce feature size, leading to a compromise between
pattern resolution and precision.

4, Light diffraction from colloidal assemblies

This section describes using a monolayer of ordered colloidal
assembly as an optical element for near-field nanolithography.
The self-assembly of nanosphere for direct pattern transfer
has been widely studied [116-119], and can form hexagonal
close-packed lattice when assembled on a planar surface. In
this configuration, the sphere array functions as a periodic
phase element, which results in diffraction in the Fresnel
regime when illuminated. The key image formation mech-
anism depends on the sphere size D, which determines the
array period A = D+/3 /2. Two operating regimes can be
identified. When the spheres are large (A > ), the periodic
spheres generate a parallel array of photonic nanojets. When
the spheres are similar to the wavelength (A ~ )), the peri-
odic array can lead to diffraction effects, generating 3D
intensity pattern in the near field. This is also known as the
Talbot effect [157, 158], a widely studied optical effect that
leads to repeating intensity pattern along the optical axis. The
key mechanisms and applications for nanolithography will be
described in the following sections.

4.1. Focusing by an array of large spheres: parallel photonic
nanojets

A powerful method to scale up nanolithography in the pho-
tonic nanojet regime is to employ an array of nanospheres.
When illuminated, the spheres generate a nanojet array in the
underlying resist, enabling parallel patterning that can be
potentially scalable for manufacturing. These techniques
generally involve spheres that are larger (A > )), so that
other diffraction effects are negligible. Here the patterning
plane of interest is at the focal plane of the nanojets, which is
in close proximity to the sphere surfaces. This leads to the
patterning of subwavelength holes and pillars using positive
and negative photoresist, respectively. A number of techni-
ques can also be used to increase the patterning versatility of
this approach, namely oblique illumination, multiple expo-
sures, and extended light source. These techniques will be
described further in the following sections.

4.1.1. Normal illumination of periodic sphere array. A typical
nanolithography process using an array of nanospheres is
shown in figure 7(a) [159]. Here the spheres are assembled
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directly on photoresist to form a hexagonal close-packed
lattice. Upon normal illumination, the focused light intensity
exposes the underlying photoresist to yield an array of holes
in positive-tone photoresist. The structure is patterned by the
high intensity focus of the photonic nanojet, as illustrated in the
simulated intensity profile using FDTD shown in figure 7(al).
The cross-section SEM image shown in figure 7(a2) depicts
a high-resolution profile of the hole patterned using 1 um silica
particle array (ng, = 1.45). The sample was exposed with a
dose of 9mJcm 2 at a center wavelength of 405 nm using
standard photolithography tool, which ensured that only the
resist at the focus can be fully exposed. The patterned hole
has a diameter of 300 nm and height of 600 nm, showing high
aspect ratio. Similarly, an array of posts can be patterned for
negative-tone photoresist.

Using this method, different hole array geometry can be
designed. By using larger sphere sizes, the lattice spacing
between the holes can be controlled. As seen previously when
examining the optics of photonic nanojets, spheres with larger
sizes do not lead to dramatically larger FWHM beam spots.
However, larger hole diameter can be obtained by increasing
the exposure dose, since the intensity profile has finite
contrast. Figures 7(a3)—(a6) depicts top-view SEM images of
patterned hole array with different sphere diameters and
exposure dose. The structures in figures 7(a3)—(ad4) are
patterned using 1 um diameter silica spheres, while the lower
density structures in figures 7(a5)—(a6) are patterned using
2 pum diameter silica spheres. The hole diameters can be
independently controlled from 300 to 500 nm by increasing
the exposure dose, as illustrated in figures 7(a4) and (a6).
Hole arrays with diameters of 300—700 nm and 500—4000 nm
have also been demonstrated [159], illustrating the versatility
of this patterning process. Similar process uses direct
subwavelength patterning of other substrates using high-
intensity pulsed lasers [144-148, 160, 161]. More complex
unit-cell geometry such as star-shaped patterns can also be
patterned using a single normal exposure by employing Mie
resonance of the spheres [162].

4.1.2. Off-axis illumination of periodic sphere array. Another
method to increase the pattern complexity is through off-axis
illumination of the assembled sphere array [163—167]. In this
configuration the incident light is at an angle, resulting in a
lateral shift of the photonic nanojet focus. FDTD simulations
of the intensity profiles produced when a 2 ym diameter
sphere is illuminated at different incident angles are shown in
figure 7(b) [163]. When the illumination is normal, the
nanojet focus is on the optical axis. When the illumination
angle is increased to 20° from the optical axis, the focus shifts
laterally towards the angle direction. This can lead to
additional pattern versatility, which enables the nanojet
focal spot to be stepped or scanned by using multiple off-
axis exposures. Changing the incident angle can also change
the focal plane, which might result in increase of nanojet
width [163]. At large incident angles the focus may be shifted
out of the resist layer, however, in these cases a lower index
particle can be used to increase the focal plane. Note since the



Nanotechnology 30 (2019) 352002

Topical Review

UV Exposure

@ i

Glass

‘ﬂ"

Y (Micron)

20 25 30

- Y (Mi-cron) . X (.Micron)

300 rym
— 300 nm

Figure 7. Patterning periodic 2D nanostructures by illuminating an array of nanospheres. (a) Nanospheres assembled on photoresist and
exposed using UV laser, generating an array of holes. (al) The simulated intensity profile in the photoresist. (a2) Cross-section image

of hole patterned using silica spheres. (a3)—(a6) Top-view SEM images of patterned resist using different particles and exposure doses.
(a) Reproduced with permission [159]. Copyright 2007, Institute of Physics. All rights reserved. (b) Optical effect of off-axis illumination for
0° and 20°. Reproduced with permission [163]. Copyright 2015, Optical Society of America. (b1)-(b3) Fabricated structures with multiple
oblique exposures. Reproduced with permission [164]. Copyright 2012, Elsevier. (c) Optical effect of extended source. The resulting
intensity pattern is elliptical, with the long-axis aligned to the lamp direction along the y axis. (c1)-(c6) Different unit-cell geometry can be
patterned using multiple exposures. Reprinted by permission from Macmillan Publishers Ltd: Scientific Reports [167]. Copyright 2013.

nanojet will also be an array, oblique illumination enables the
direct patterning of the unit-cell geometry for the periodic
structure.

Multiple exposures at oblique illumination can result in
more complex structures, as shown in figures 7(b1)—(b3)
[164]. Here hole-pair array was patterned using double
exposure of an array of 1um PS spheres using 442 nm
wavelength HeCd laser at 45° incident angle, as shown in
figure 7(bl). A quad-pair array can be fabricated from two
additional exposures, as shown in figure 7(b2). By further
increasing the number of exposures, a ring array can be
patterned as shown in figure 7(b3). Here the continuous
intensity pattern is constructed from a superposition of
multiple discrete exposures. Continuous structures can also
be fabricated using angular scanning, where the illumination
angle is changed over a broad range. It has been demonstrated
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to fabricate periodic arrays of straight and curved lines [161].
Other more complex 2D nanostructures can also be patterned
by using different exposure conditions [165, 166].

Another method to implement off-axis illumination is to
use an extended light source [167]. In previous treatment of
the photonic nanojet, the sphere is assumed to be illuminated
by a plane wave. However, an extended light source that is
not collimated consists of a superposition of plane waves at a
wide range of incident angles. This has the effect of
elongating the nanojet along the extended source direction,
resulting in an elliptical focal spot. This is illustrated in
figure 7(c), which depicts the FDTD simulated intensity
profile of a 1 um diameter PS sphere being illuminated by an
extended light source that is longer in the y axis. This
approach enables single-exposure of periodic arrays of
elliptical holes where the alignment of the major axis can



Nanotechnology 30 (2019) 352002

Topical Review

be independently controlled. The ratios of the major to minor
axis can be tuned between 1 and 3 by the particle diameter
and exposure dose. Using extended light source and multiple
exposures at different rotation angles can greatly increase
flexibility to design the unit-cell geometry, as illustrated in
the range of patterned structure shown in figures 7(c1)—(c6)
[167].

4.2. Diffraction from an array of small particles: the Talbot effect

Ilumination of a nanosphere array can result in parallel
photonic nanojets, which can greatly increase the scalability
of this technique. However, additional optical effects can be
exploited in the other regime when the sphere diameters are
similar to the wavelength of illuminating light. In this case,
the 2D monolayer of sphere array behaves as a diffractive
element, which diffracts the incident light into discrete orders.
These diffraction orders can then interfere in the near field,
creating a 3D intensity pattern on the shadow side of the
spheres. Known as the Talbot effect [157, 158], this is a near-
field diffraction phenomenon created when a periodic optical
element is illuminated by a monochromatic source. The
intensity pattern repeats along the optical axis, recreating the
original image at the primary Talbot plane as well as higher-
order images at secondary planes. This optical mechanism
and its application in direct patterning of 3D periodic
nanostructures will be described in the following sections.

4.2.1. Optics of the Talbot effect. The Talbot effect generates
a 3D intensity pattern on the shadow side of a periodic
structure when illuminated with a plane wave. The axial
period of the intensity distribution is given by the Talbot
distance z;, and can be derived by setting the optical path
difference between the Oth and 1st propagation orders in the
axial direction to 27r. Consider a structure with lateral period
A and incident wavelength A, the normalized Talbot distance
is given by [168-170]

it

A

~y
1 — 1 —472

Here v = A\/nA is the normalized length scale parameter, and
n is the index of the propagating medium. This expression
describes the axial period as a function of the structure period,
incident wavelength, and background index. High z,/A can be
obtained by having small v, or A > ), where the diffraction
angles are close to the optical axis and results in long
interference period in the axial direction. Note that the lower
limit of z,/A ~ 1 cannot be achieved to yield structures with
equal lateral and axial periods, since no propagating
diffraction orders can exist when A = nA.

The Talbot effect can be better interpreted by examining
the wave vectors of the propagating modes, as depicted in
figure 8. Here a square array of spheres in the space domain
and the normalized wave vector in the spatial-frequency
domain, are illustrated in figure 8(a). Note for a square lattice
the lattice period is the same as the sphere diameter (A = D).
Here 8 first-order diffraction modes (m = 1) can be observed,
corresponding to £1st in the k, and k, directions, as well as
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the cross orders at 45°. The magnitude of the shortest wave
vectors are 1 for m = 1, 2 for m = 2, and so forth, all located
along the k, and k, axes. The light circle is also depicted,
having a normalized wave vector of nA/\. It can then be
observed that when lattice period is smaller than the incident
light, or nA/\ < 1, the pattern is subwavelength and no
propagating orders can exist. When nA /X > 1, the first-order
modes are propagating and can interfere in the near field to
create a 3D intensity distribution. For nA/\ > 2, the higher
orders m > 2 are also included, leading to more complex
interference patterns. The fabrication of 3D nanostructures
using lithographically patterned phase masks with square
lattice has been demonstrated, where larger period of the mask
leads to more complex unit-cell geometries [81, 86, 171].

The Talbot effect induced from normal illumination of a
monolayer assembly of nanosphere is similar. For self-
assembly of nanosphere, the lattice geometry is most
commonly hexagonal close packed. The assembly geometry
and normalized wave vectors are illustrated in figure 8(b). It
can be observed that there are six first-order modes,
corresponding to the six-fold symmetry of the hexagonal
lattice. Here the noted k has magnitude of 1 and is aligned
along the k, axis. Therefore, the necessary condition to create
the 3D intensity pattern is nA/\ > 1, which can also be
expressed in terms of the -y parameter as v < 1. For m = 2,
the shortest wave vector /22 has magnitude \/§ , as denoted in
figure 8(b). Similar to the square lattice case, for this order to
be propagating nA/\ > /3, which yields v < 1/+/3. Here
the Talbot interference pattern will include a secondary axial
modulation with a normalized period of z;/3, which is the
source of the Talbot sub-planes. By selecting v < 1/+/3 to
allow second-order diffraction, more complex unit-cell
geometries can be fabricated. In contrast, a simpler lattice
can be fabricated by restricting v > 1/+/3 so that only first-
order diffractions are propagating. The same analysis can be
done to show that third and higher-order diffractions occur
when v < 1/4/7, yielding additional Talbot sub-planes.

To examine the accuracy of this analytical model, the z, is
plotted versus the v parameter for a number of experimental
fabrication data, as illustrated in figure 9. The cross-section
SEM images of these structures are taken from the literature
[168—170], and are shown in later sections. Here the measured
data agree well with the analytical equation for the Talbot
distance. A numerical plot using FDTD method is also
included to further validate the model. Here it can be
observed that the normalized z, exists for v < 1, which is the
condition for Talbot effect to occur. It is also important to
note that the axial and lateral period of the intensity pattern
cannot be the same, since z,/A = 1 only when -y approaches
1. For most cases, the axial period would be larger than the
lateral period, resulting in taller structures. The different ~y
parameter regimes are also highlighted, corresponding to
m =1, 2, or higher orders that can contribute to more
complex unit-cell geometry.

The effect of the Talbot sub-planes on intensity pattern
for different + parameter can be validated using numerical
simulation, as shown in figure 10 [169]. Here the intensity
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(a)

Figure 8. Self-assembled nanosphere array for Talbot effect. Assembly geometry in the space domain and corresponding wave vector in the
spatial-frequency domain for (a) a square and (b) a hexagonal lattice.

profiles across the y—z plane (as denoted in figure 8) are
simulated using FDTD methods. The unit-cell geometries
with normalized z axis are also depicted in the bottom
diagram. Here the spheres have index of 1.67 and the
wavelength is varied for the same particle diameter to obtain
intensity pattern for different « parameter. It can be observed
that at high v ~ 1, the intensity pattern is relatively simple
with a few repeating images. This is evident in the unit-cell
intensity, which consists of only the phase-reversed image.
This corresponds to the case where only the m = 1 orders are
propagating and contributing to the formation of the
interference pattern. For v < 1/+/3, the intensity pattern
becomes more complex, where secondary Talbot sub-planes
can be identified. This is evident in the unit-cell intensity
pattern, where planes with frequency multiplication can be
observed. For v~ 0.1, the image is highly complex and
multiple higher-order sub-planes can be identified. The unit-cell
profile also resembled the typically ‘Talbot carpet’ that depicts
a fractal-like pattern with decreasing features [157, 158].

The optical analysis in this section describes the key
image formation mechanisms for the Talbot effect, which
shows the key advantage of using a sphere array for
nanolithography. Among the most critical is versatility, as a

13

range of 3D intensity pattern from simple to complex can be
generated by simply controlling the wavelength to sphere
diameter ratio. This can include different period z,, which can
be designed independently of the sphere period. Another
powerful tool is to make the use of higher-order diffraction,
which can further allow the design of the unit-cell geometry
by including multiple Talbot sub-planes.

4.2.2. Patterning of 2D nanostructures using nanosphere
array. The 3D Talbot intensity distribution generated by
normal illumination of nanosphere array can be an effective
method to pattern 2D structures. The unique property in this
system is that different 2D unit-cell geometry can be obtained
by controlling the distance between the spheres and the
photoresist. Effectively, this takes planar slices of the 3D
intensity distribution, resulting in different 2D intensity
patterns. There is a key difference between this method
versus direct replication of the array geometry using additive
or subtractive process, or having the photoresist in close
proximity of the spheres as in the case of photonic nanojets. In
this configuration, the light diffraction from the sphere array
results in patterns that are more complex than the geometry of
the array. The 3D intensity generated by the Talbot effect can
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Figure 10. Simulated Talbot intensity pattern in the photoresist layer along the y—z plane for different  parameter using FDTD methods. The
corresponding unit-cell pattern is also shown, illustrating more complex Talbot carpet at low ~ due to higher propagation orders. Reproduced
with permission [169]. Copyright 2016, Optical Society of America.

also be precisely modeled to control the lithographic process, substrate for contact microlithography. In this process, an
allowing the design of the fabricated structures. additional thin PDMS layer is used to control the distance

Early work using this technique was reported by Wu et al  between the PS spheres and photoresist, as illustrated in
[172], where microspheres were embedded in a PDMS figure 11(a). By controlling the PDMS spacer layer, a range
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Figure 11. Designing unit-cell geometry of 2D patterns using Talbot effect. (a) A finite gap can be introduced to control the distance between
the spheres and photoresist plane. (al) Optical micrograph of self-assembled 10 pm diameter PS spheres. Observed optical images produced
by the spheres with distances of (a2) 4.6 and (a3) 0 um from the focal plane, respectively. (a4) Patterned photoresist corresponding to the
position shown in (a3). Reproduced with permission [172], Optical Society of America. Copyright 2002.. (b) Near-field slicing using 450 nm
diameter PS nanospheres, overlaid with intensity profile simulated using FDTD. A thin photoresist layer is placed at the z-planes noted using
a HSQ spacer layer, resulting in the fabricated results shown in (b1)—(b5). The inset diagrams are simulated intensity profile for each plane.
Reproduced with permission [168]. Copyright 2011, American Chemical Society.

of structures can be patterned when the mask is illuminated
with UV light. The optical micrograph of the mask with
embedded 10 yum diameter PS spheres are shown in
figure 11(al). When the spacer distance is small, the pattern
structure is an array of holes, similar to the results in the
photonic nanojet regime. As the distance increases, however,
holes with smaller features start to form at the interstitial sites,
as shown in the microscope image of the light pattern in
figure 11(a2), where the distance is 4.6 ym. The smaller holes
are the result of the spatial-frequency multiplication effect
from the higher-order Talbot sub-planes, resulting in 2.1 pm
diameter features. This can be used to pattern structures with
smaller feature size than the sphere diameter, as shown in the
microscope image of the light pattern and top-view SEM of
patterned structures in figures 11(a3) and (a4), respectively.
Here the patterned holes have diameters down to 1.3 pm,
which is smaller than the sphere diameter of 10 um. It is
important to note that embedding the PS spheres (n,, = 1.6)
within PDMS (n = 1.4) reduces the refractive index contrast,
which is critical to induce phase modulation to create the
Talbot effect. Spheres with index lower than carrier substrate
can also be used, which results in defocusing of light and can
lead to different patterns [172, 173]. This approach is
favorable for scale-up production, since the sphere-embedded
PDMS mask can be reused. More discussion regarding
scalability and manufacturing will be described in section 4.4.
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More recent work aims to assemble the sphere array
directly on a photoresist stack that includes a transparent
space layer for nanolithography [168]. This process involves
using a spin-on oxide such as hydrogen silsesquioxane
(HSQ), which can be spincoated on top of the photoresist and
temperature treated to form silicon oxide. This approach is
attractive in that the array of self-assembled nanospheres
functions as the microscale optical phase element to diffract
light and no physical mask is needed. This approach has a
number of advantages, including higher index contrast of the
spheres with ambient air. This can result in stronger
diffraction amplitudes and contribute to higher contrast of
the Talbot intensity pattern in the near field.

The fabrication process of this approach is illustrated in
figure 11(b), where an array of 450 nm PS nanosphere array is
under normal illumination (A = 325 nm) [168]. The near-field
intensity pattern as a result of the Talbot effect is simulated using
FDTD method, as overlaid in the diagram. The HSQ spacer can
then be controlled from 40 to 650 nm, resulting in a wide range
of photoresist structure with different unit-cell geometry, as
shown in figures 11(b1)—(bS). For z = 40 nm, a hexagonal array
of holes similar to the photonic nanojet regime can be obtained,
as shown in figure 11(b1). For z = 260 nm, another set of holes
associated with the Talbot sub-planes appears to increase the
spatial frequency of the pattern, as shown in figure 11(b2). For
z=>540nm, the pattern is the phase-reversed image of the
sphere array, or an array of pillars, as shown in figure 11(b3).
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Figure 12. Patterning 3D nanostructures using the Talbot effect. (a) The nanosphere array is assembled directly on a thick photoresist layer.
(al)—(a3) SEM images of fabricated nanostructure in photoresist using 350 nm nanospheres with A = 351 nm. Reproduced with permission
[168]. Copyright 2011, American Chemical Society. (b) PS nanospheres can also be embedded in a conformal PDMS mask, which under
normal illumination can pattern (b1l) 3D periodic nanostructures. Reproduced with permission [174] John Wiley & Sons. © 2013 WILEY-

VCH Verlag GmbH & Co. KGaA, Weinheim.

For z = 560 nm, this is another Talbot sub-plane where the
intensity pattern at the interstitial sites can be enhanced, as
shown in figure 11(b4). For z = 650 nm, a hexagonal array of
rings can be patterned, as shown in figure 11(b5S). Using the
near-field Talbot effect is a powerful technique, where the same
sphere and exposure wavelength can lead to different 2D
patterns by simply altering the distance between the photoresist
and the spheres.

4.2.3. Patterning of 3D nanostructures using nanosphere
array. In addition to fabricating 2D patterns with different
unit-cell geometry, the intensity distribution generated by the
Talbot effect can also be used to directly pattern periodic 3D
nanostructures. In this approach, as shown in figure 12(a), the
nanosphere array is assembled directly on a thick photoresist
layer [168]. The spheres array can then be illuminated with
UV light, generating the 3D intensity pattern that is then
recorded by the underlying photoresist. This approach has a
number of key advantages. First, this near-field light
diffraction creates a volumetric intensity distribution,
allowing the patterning of periodic 3D nanostructures with
a single exposure. Second, as described in section 4.2.1, the
intensity pattern is well-described by the Talbot effect and can
be precisely designed by controlling the ~ parameter. Third,
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direct assembly on the photoresist ensures close contact,
which leads to uniform patterning of the structures over large
areas.

Experimental demonstration of this approach is illu-
strated in figure 12(al), where SEM images of the patterned
periodic 3D structures are depicted. Here an array of 350 nm
diameter PS nanospheres was exposed using a laser with
351 nm wavelength. This results in a v parameter of 0.67 and
calculated z, = 780 nm. Figure 12(a2) depicts a higher
magnification cross-section, and the structure can be seen to
be periodic in all three directions with measured z, = 750 nm.
The smaller experimental value can be attributed to the out-
of-plane sagging of the porous structure after development.
The top-view image in figure 12(a3) reveals layers that are
consistent with those predicted at a single distance to the
spheres. Recent work has also demonstrated that different ~y
parameter can be obtained by using different sphere diameters
and exposure wavelengths, which can lead to different z; and
unit-cell geometry [168—170]. Note there is also a polarization
effect, and the electric field is aligned with the [100] direction
for the structure depicted in figure 12(al). For non-polarized
light the patterned structures would reflect a six-fold
symmetry corresponding to the sphere array [168]. Note this
method does not require the use of a coherent light source,
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Figure 13. Patterning of hierarchical nanostructures using template-directed colloidal assembly. (a) Assembly of nanospheres using silicon
substrate with (al) an array of square holes and (a2) trench. Reproduced with permission [106]. Copyright 2001, American Chemical Society.
(b) Sample preparation for hierarchical patterning using (b1) photoresist with surface relief grating that can be used to (b2) selectively

assemble nanospheres. (c) Patterning of 3D hierarchical nanostructures. (c1) Simulated intensity pattern using FDTD and (c2) cross-section
SEM image of fabricated microchannels with 3D nanostructures. (b), (c) Reproduced with permission [170] with permission of The Royal
Society of chemistry (RSC) on behalf of the European Society for Photobiology, the European Photochemistry Association and the RSC.

and a Hg lamp with narrowband filter at 405 nm has been
used to pattern 3D periodic nanostructures.

In addition to direct assembly of the sphere array on the
photoresist, the spheres can also be embedded within a PDMS
substrate for contact 3D lithography [174-181]. This is
illustrated in figure 12(b), where PS spheres are assembled on
a layer of PDMS carrier [174]. Another thin layer of PDMS
can then be used to fully contain the spheres, resulting in a
PDMS mask with embedded array of PS nanospheres. This
colloidal phase mask can then be brought in direct contact
with thick photoresist, which can be patterned with 3D
periodic nanostructures when illuminated. An example of the
patterned structure is shown in figure 12(b1), where the SU-8
nanostructure is periodic in all three directions. Using
different sphere diameters, nanostructures with different
lattice geometries can be patterned. This approach has several
key advantages, the most attractive being that the colloidal
phase mask can be reused repeatedly. This is especially
attractive for scale-up manufacturing, which will be described
further in section 4.4.

4.3. Hierarchical array using template-directed self-assembly

In previous section, we describe the patterning of 3D periodic
nanostructures using a uniform array of nanospheres. In those
experiments that key is to get large-area patterning of the
structures, which can then be used for photonics, ordered
cellular solids, and other applications of nanostructured
materials. However, for device applications it may not be
desirable to have uniform nanostructures, but instead only in
selected regions. Examples include photonic waveguides with
3D PhCs [107], or microfluidic channels [40, 41], and
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hierarchical electrodes for energy storage [43, 44]. It is then
important to pattern microscale strips that consists of 3D
periodic nanostructures, which results in a hierarchical array.

The key to enabling hierarchical patterning is to control
the self-assembly of the nanospheres to selected regions. This
can be achieved by using a physical template, which is also
known as template-directed self-assembly, a powerful tech-
nique in ‘bottom-up’ nanofabrication [106—-109]. An early
example of this approach is illustrated in figure 13(a), where
silicon templates are used to trapped nanospheres in a square
array of holes or a long trench [106]. Using this concept, a
physical template can also be created on the photoresist sur-
face, which can then direct the assembly of the spheres to
regions where the 3D nanostructures are desired, as shown in
figure 13(b). Using solvent-assisted soft lithography, a shal-
low surface topography was created on the photoresist layer
[170], as shown in figure 13(b1). This process is performed at
low temperature, leaving the photosensitivity of the resist
unchanged. Note the template geometry is relatively large
with microscale features, and can be patterned into arbitrary
shape using standard microlithography techniques.

The photoresist template can then be used to direct the
self-assembly of the nanospheres to only the trench areas, as
illustrated in figure 13(b2) [170]. Upon normal illumination,
the assembled nanospheres create 3D intensity pattern as
governed by the Talbot effect only in regions where there are
colloidal assembly, as illustrated in figure 13(c). The intensity
pattern can be simulated using FDTD method and is shown in
figure 13(cl). Here it can be observed that in regions with
spheres, 3D patterns similar to those from a uniform sphere
array can be generated. However, some edge diffraction effects
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can be observed, where the fields below the last sphere are not
perfectly periodic. For the regions without the spheres, the
intensity pattern is much higher and does not form obvious 3D
patterns. The fabricated structure for the corresponding case is
shown in figure 13(c2). Here the spheres remained after devel-
opment, precisely marking the regions with the assembly. It can
be observed that 3D periodic nanostructures are patterned under
the sphere array, and the resist is fully exposed in regions without
spheres. This result demonstrates that using template-directed
assembly, 3D nanostructures can be patterned in prescribed
regions. This enables the formation of microscale patterns of
periodic 3D nanostructures, which can lead to applications in
photonic circuits and porous microchannels.

4.4. Limitations, scalability, and other considerations

The illumination of an array of nanospheres, through either
the photonic nanojet regime or the Talbot effect, is an
effective tool for nanolithography. This approach has a
number of advantages, the key being that the intensity pattern
is formed solely through the interactions between light and
the nanosphere, greatly reducing hardware complexity. The
pattern geometry can also be precisely designed by control-
ling the ratio between the sphere diameter and incident
wavelength, resulting in significantly more complex patterns
than the sphere array used. In addition, this light-colloidal
interaction is scalable to smaller wavelength, which can
potentially allow 3D pattern of sub-100 nm period structures
using EUV radiation.

Another important aspect is the selection of the illumi-
nation source for this method. Since the optical effect is
induced by diffraction from a periodic structure, a light source
with high coherence is not required. However, it is important
that exposure light be as monochromatic as possible, since a
broad wavelength band can lead to a wide range of Talbot
distances. This can reduce the intensity contrast and degrade
process latitude. Therefore, a narrow bandpass filter should be
utilized for exposure using a broadband source such as arc
lamps. High optical power is also not required since the
background vibration is not a significant issue. This can be
attributed to the fact that the spheres and photoresist surface
are in direct contact and the resulting intensity profile is
spatially phase-locked. Other low-coherence, non-polarized
sources such as laser diodes have also demonstrated to work
well, greatly reducing the hardware costs for this approach.

However, there are a number of key limitations that must
be considered. First the formation of high-quality structures,
especially for the Talbot effect case, requires spheres that are
ordered in a periodic array. Therefore, any assembly defects
such as point vacancy, grain boundary, or aggregation can
lead to poor exposure. Various studies have been performed
to prescribe process conditions to reduce defect density,
including using monodispersed nanospheres that have narrow
size distribution and optimal assembly conditions. Second,
when using nanosphere array as a phase element, the sphere
height and period are coupled. This leads to limited degrees of
freedom in designing the periodic modulation, which can
result in fewer unit-cell geometry and lower exposure contrast
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when compared with using a lithographically patterned 2D
phase mask [86].

However, one of the greatest advantages of this approach
is the low process and equipment cost, which poses great
potential for scalable nanomanufacturing. Direct assembly of
the nanosphere on the photoresist surface is attractive for
many reasons. Namely it eliminates the need for a ‘physical
mask,” and the substrates are illuminated with the self-
assembled elements. To improve scalability, various assembly
scheme can be considered [115]. A promising method is
convective assembly [101, 102], where colloidal nanospheres
in the suspension withdraw to the dry edge by the flux to
compensate for the evaporated solvent. Spincoating is also an
effective method, and have demonstrated full-wafer assembly
with the number of assembly layer controlled by the spin
speed [103]. Langmuir—Blodgett (LB) method can also be
used to assemble colloidal elements on an air—water interface
and then transferred to a carrier substrate [104]. The com-
pression process of LB method can be implemented by a
moving carrier fluid, leading to a continuous roll-to-roll col-
loidal assembly system [105]. One limitation with these
techniques is that since self-assembly is an energy balance
system, it can be extremely difficult to achieve defect-free
assembly. A possible solution would be the integration of
template-directed self-assembly techniques in the manu-
facturing chain, since it has been demonstrated as a viable
technique to reduce defect density [109]. However, this could
require extra capital to design and manufacture the templates.

Another way to improve scalability is to embed the
nanospheres within a conformable, transparent polymer sub-
strate such as PDMS [172—181]. The substrate then serve as a
carrier medium, which can be cleaned and reused repeatedly.
The spheres can either be used directly as the phase element,
or further micromachining such as etching can be performed
to transfer the pattern directly into the substrate [180, 181].
This approach has been demonstrated for patterning of both
2D and 3D nanostructures. However, one drawback of this
approach is that the index contrast between the spheres and
substrate material is small, which reduces the phase-shift
induced by the element [172—-174]. This can potentially lead
to lower exposure contrast for some particle diameters. In
addition, there may be close contact issues such as in-plane or
out-of-plane mask distortion and strain gradients that can lead
to birefringent effects. Other issues such as particle con-
taminants and mask wear must also be mitigated.

5. Applications

Harnessing the light interactions with nanospheres can lead to
a wealth of 2D and 3D nanostructures that would otherwise
be prohibitively expensive to fabricate. More importantly, the
patterned geometry can be significantly more complicated
than those that can be obtained using traditional micro-
machining of nanosphere assemblies. Having periodicity in
two or three-dimensions and complex unit-cell geometries,
these structures can find many applications in nanophotonics,
nanoarchitectured materials, and micro/nanofluidics. Here we
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Figure 14. Planar plasmonic elements fabricated using an array of nanospheres. (a) Using illumination from an extended UV source, (al) an
array of Au nanoellipses can be patterned. (a2) FTIR spectra of Au nanoellipse arrays with varying long-axis length and array period. (a3)
Polarization-dependent FTIR spectra of nanoellipse arrays (long-axis length of 1.15 pm and period of 1.5 um. Reprinted by permission from
Macmillan Publishers Ltd: Scientific Reports [167], Copyright 2013. (b) Metal-insulator—metal (MIM) nanodisk array with hybridized
plasmon modes. Reproduced with permission [182]. Copyright 2012, American Chemical Society. (c) Off-axis illumination of nanosphere
arrays can be used to pattern (cl) split-ring resonators. (c2) The simulated field distribution of resonant modes for light polarized in the
vertical (left) and horizontal (right) directions. (c3) The reflectance spectra indicate the resonant modes are at A = 4.8 and 7.8 ym.
Reproduced with permission [187]. Copyright 2017, Optical Society of America.

will highlight a few applications in plasmonics and metama-
terials, light-extraction photonic nanosturctures for solid-state
lighting, and multifunctional nanolattice materials.

5.1. Plasmonics

Plasmonic devices are based on the interactions of light at a
metal-dielectric interface, and have been attracting significant
research interests given the recent advances in nanofabrica-
tion [10-14]. This has led to exciting advances in optical
metamaterials, which have physical properties that cannot be
found in macroscale materials. Near-field nanolithography
using colloidal nanospheres is an ideal fabrication technique
for planar metamaterials [167, 182—187], where the devices
are typically periodic with a uniform (as oppose to meta-
surfaces [13, 14]) but complex unit-cell geometry. One
example is shown in figure 14(a), where a hexagonal array of
aligned Au ellipses are depicted [167]. These structures are
patterned using photonic nanojet generated by illuminating an
extended light source on a 1 um diameter array of spheres and
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then coated with Au. These anisotropic nanostructures are
polarization sensitive, and can be used as a platform for
surface enhanced infrared absorption in biosensing. The
alignment of the structure results in preferential absorption
along the major axis due to localized surface plasmon reso-
nance. The peak absorption wavelength can be tuned by
controlling the length and period of the major axis during
exposure, as illustrated in the measured Fourier-transform
infrared spectroscopy (FTIR) spectra shown in figure 14(a2).
The absorption versus polarization alignment angle to the
major axis is also plotted for Au nanoellipse array with
1.5 pm period and 1.15 pm major axis length, as shown in
figure 14(a3). Here it can be observed that a significant
absorption enhancement can be achieved for light that is
within 15° of alignment.

Another example of a plasmonic nanostructure fabricated
using photonic nanojet patterning is shown in figure 14(b),
where a metal-insulator-metal (MIM) nanodisk array is used
to study plasmon hybridization modes [182]. In this work, an
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array of 500 nm diameter spheres were illuminated to pattern
an array of holes in photoresist. Thin layers of Ag and SiO,
with 15 nm thickness were then deposited to construct the
MIM nanodisk structure using a lift-off process, as shown in
figure 14(bl). Distinct from the typically dipole resonant
mode observed for a single metal disk, the measured extinc-
tion spectra illustrate energy levels were two distinct hybri-
dization modes, as shown in figure 14(b2). Here the lower
energy mode exhibits anti-phase charge distribution that
corresponds to the dark plasmon mode, which differs from the
resonant mode at higher energy. The use of photonic nanojet
for patterning can enable the large-scale manufacturing of
such MIM plasmonic structures.

Other plasmonic devices include split-ring resonators
(SRR), an important element in the construction of metama-
terials and metasurfaces, as illustrated in figure 14(c) [186].
Here the structures were patterned using photonic nanojets
created by off-axis illuminations of 3 ym diameter micro-
spheres with 30° incident angle. The samples were con-
tinuously rotated by 345° to pattern the split-ring geometry. A
100 nm thick aluminum film is then deposited to construct the
IR plasmonic device using a lift-off process. The FTIR
spectra of the SRR device is shown in figure 14(c3), which
has distinct reflectance response depending on the alignment
of the electric field. When illuminated with IR radiation with
polarization along the gap, the electric field is concentrated
near both tips to generate a dipole response. The field dis-
tribution contours for the resonant modes for A = 4.8 and
7.8 um are shown in the inset diagrams. These results
demonstrate that nanolithography using colloidal particles is a
versatile, low-cost method to fabricate a wide range of plas-
monic nanostructures.

5.2. Light-extraction nanostructures

Solid-state lighting such as light emitting diode (LED) and
organic LED are promising approaches for energy-efficient
lighting. However, one significant challenge that limits their
efficiency is the trapping of light in the high-index active
material medium. The light-extraction efficiency can be
greatly enhanced using photonic nanostructures, as demon-
strated in the recent literature [27-31]. However, most of
these techniques require the use of expensive lithographic
techniques, which can increase the production cost. In addi-
tion to the processing cost, it is also important for the efficient
light-extracting nanostructures to be well-ordered and can be
readily designed to have different geometries.

Near-field lithography using nanosphere array is an ideal
approach for fabrication of light-extraction nanostructures
that are highly efficient and low cost [188—190]. Examples of
recent work in this area are shown in figure 15(a), which are
the top-view SEM images of nanostructures on InGaN/GaN
LEDs [188]. Fabricated using the Talbot effect with different
spacer layer thickness, the 2D structure geometry includes
hexagonal array of (i) holes, (ii) rods, (iii) rings, and (iv) anti-
ring. In this experiment, an array of 1.2 ym diameter PS
spheres were used to make a metal hole mask, which was then
illuminated with 365nm wavelength laser to pattern
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photoresist separated by a transparent spacer layer. The
photoluminescent (PL) measurements of the samples are
shown in figure 15(al), where the emissions are all centered
around 460 nm. The normalized PL (PL.j/Acy) and the
absolute light-extraction efficiency (LEE,,) are also plotted
for the reference planar and the nanostructured surfaces,
which demonstrated the highest enhancement for the array of
nanorods and nanorings.

Light-extraction nanostructures can also be fabricated in
the photonic nanojet regimes using an array of larger nano-
spheres [189]. This technique is ideal for structures that
require angular symmetry in the unit cell, which can be
accomplished using multiple off-axis exposures. Examples
are illustrated in figure 15(b), where the fabricated structures
on GaN-based LEDs consist of hexagonal array of (bl) sin-
gle, (b2) doublet, (b3) triplet, and (b4) quadruplet of holes. In
these experiments, an array of 1.2 yum diameter PS spheres are
illuminated with 365 nm wavelength light using multiple off-
axis exposures. The electrical characterization of the device is
shown in figure 15(b5), where the output light power and
external quantum efficiencies for the different devices are
plotted versus different device current. For injection current
of 350 mA, the enhancement of output power when compared
with LED with planar surface are 14.8%, 36.0%, 53.7%, and
44.9% for the single, doublet, triplet, and quadruplet struc-
tures, respectively. Here it can be observed that the light-
extraction structures with higher-order unit-cell symmetry
result in higher efficiency, with the maximum occurring for
the triplet structures. The normalized far-field emission pat-
tern for LEDs with planar and light-extraction structures are
shown in figure 15(b6), which shows that the planar LED has
a broader divergent angle. This is due to trapped light within
the high-index substrate, which then escapes through multiple
scattering events at oblique angles. It can be observed that the
triplet structures have the lowest divergent angle, which
indicates that light is most effectively diverted to the light
escape cone.

5.3. Photonic crystals

Nanostructures that are periodic in three-dimensions, known
as 3D PhCs, can have high narrowband reflectance efficiency,
or perfect reflectance for lattice geometry with complete
energy bandgap [1-4]. PhC can find applications in photonic
circuits [107], optical sensors [5], and iridescent display
[6, 7]. Consisting of complex 3D geometry, these typically
require expensive fabrication methods using layer-by-layer
processes or multiple beam interference lithography [2-5].
The Talbot intensity distribution generated by normal illu-
mination of an array of nanospheres is also an effective
method to fabricate 3D PhCs.

Fabrication of 3D PhC was demonstrated by Jeong et al
[174] using UV illumination of PDMS mask embedded with
PS nanospheres, as illustrated in figure 16. Here PhC with
slightly different axial period z, can be obtained by increasing
the exposure dose, as shown in figures 16(a)—(c). This can
result in a red shift in the reflected wavelength peak of the
PhC, as illustrated in the measured reflectance spectra of the
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samples in figure 16(d). This can be attributed to higher
crosslinking density, resulting in more rigid structures with
less out-of-plane sagging. The structure can reflect ~50% of
the light at the peak, illustrating strong PhC effect but an
incomplete energy bandgap. Structures can also be patterned
using different sphere diameters from 360, 420, to 490 nm,
resulting in structures with increasing z, as shown in
figures 16(e)—(g). The reflectance spectra for these samples
are shown in figure 16(h), which shows a blue shift for the
smaller lattice period from 1350 to 750 nm, as expected. It is
also interesting to note that the PhC with smaller period also
has a narrower reflectance spectrum, which is desirable for
many applications.

Nanolithography using colloidal nanosphere is especially
well suited for patterning PhC since the Talbot effect can lead
to 3D structures using a single exposure, greatly reducing
patterning time. In addition, the unit-cell geometry can be
readily designed by the v parameter, allowing PhC with dif-
ferent lattices to be fabricated. It is also possible to inde-
pendently design the lateral and axial periods, since the
former depends solely on the sphere diameter while the later
can be tuned by the exposure wavelength. The ability to use
physical templates to direct the colloidal assembly can also
lead to photonic circuits with embedded PhC, as discussed in
section 4.3. However, there are some drawbacks that must be
considered. Since the wave vectors of the propagating modes
in the photoresists are linked to the sphere array, they cannot
be arbitrarily prescribed. This is in contrast to multiple beam
interference lithography, in which all 14 Bravais lattices can
be patterned [75]. It is also difficult to obtain structures with
exactly the same lateral and axial lattice periods, which
requires the v parameter to approach 1. This limits the lattice
structures that can be produced, which makes generating
PhCs with complete energy bandgap difficult.

5.4. Multifunctional nanoarchitectured materials

Mechanical properties of periodic 3D nanostructures have
also attracted significant research attention. These are some-
times known as nanoarchitectured materials or mechanical
metamaterials [32-37], where they can exhibit unique phy-
sical properties that do not exist in nature. For example, recent
work have demonstrated micro/nanolattices with negative
Poisson’s ratio [32], ultralow density [35, 36], and large strain
recovery [37]. This research area is strongly dependent on the
advancement of nanofabrication techniques, which need to be
versatile, controllable, and scalable with high resolution. Most
existing work in this field is done with two-photon litho-
graphy, which can pattern arbitrary 3D geometry for rapid
prototyping but have low throughput. It is also highly desir-
able that these materials can exhibit multiple functionalities in
different physical domains. For example, by creating nano-
lattices with period smaller than the wavelength of visible
light, optical scattering can be minimized to render the mat-
erial non-observable.

The 3D nanolithography using the Talbot effect is well
suited to fabricate such multifunctional nanoarchitectured
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materials. It can be combined with atomic layer deposition
(ALD) to create a new class of lightweight nanolattice mat-
erial, as shown in figure 17(a) [191]. Here the 3D periodic
nanostructures in photoresist are designed and patterned by
illuminating a nanosphere array. Thin layers of materials can
be deposited on the polymeric templates using ALD, which
can be controlled with atomic precision. The polymeric
templates can then be thermally decomposed or plasma
etched to yield highly porous nanolattice materials. We have
demonstrated a wide range of materials, such as Al,O5, ZnO,
TiO,, W, and Pt. Figure 17(b) depicts Al,O; nanolattice
material with 6.0 nm ALD coating thickness. The combina-
tion of 3D nanolithography and ALD enables the versatile
control of lattice architecture and material composition, which
in turn enables the design of the physical properties.

The nanolattice materials possess both superior optical
and mechanical properties [191-193]. Demonstrated using
spectroscopic ellipsometry as shown in figure 17(c), the
nanolattice film can have refractive index as low as 1.025
[191]. Index up to 1.3 can also be fabricated by controlling
the ALD film thickness and material composition, filling the
index gap where no naturally occurring solids exist [194]. The
periodic architecture and small period of this material can also
reduce light scattering, leading to high optical clarity. The
sample is placed next to a bare glass in the inset image, and
no additional scattering can be visually observed. Such low-
index films are especially useful in nanophotonics, where
index contrast is desirable to enhance device performance
[194-197]. The nanolattice film can be integrated into mul-
tilayer films to enhance total internal reflection [193], which
can potentially improve light trapping in integrated photonic
devices. This work demonstrates the feasibility of using
nanolattice materials in multilayer photonic devices while
maintaining the low-index behavior.

The nanolattice materials also exhibit superior mechan-
ical property scaling at low density when compared with
random porous structures [192]. Using nanoindentation with
cyclic loading, the mechanical properties were characterized
for Al,O; and ZnO nanolattice films, as shown in
figure 17(d). It was found that the tubular architectures give
rise to favorable modulus-density scaling (power of ~1.1).
The scaling outperforms or is comparable to previous reports
where micro/nanolattices with micrometer lattice periods
were studied [35-37]. The film also exhibits enhanced energy
dissipation and high hardness at low density. At 95.6% por-
osity, the nanolattice film has demonstrated modulus of
1.19 GPa and specific energy dissipation of 325.5kJkg ',
among the highest reported to date. The deformation mech-
anism of the film is dominated by buckling of the tubular
elements, which shows a remarkable ability to fully recover
for shell thickness less than 10 nm. This can be attributed to a
transition between brittle fracture and ductile behaviors below
the critical length scale. Such multifunctional nanolattice film
can be used as a robust, air-like insulating layer for integrated
photonics, optoelectronics, and microfluidic chips.
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Copyright (2017).

5.5. Other potential applications

Beyond the demonstrated applications described in the pre-
vious section, near-field nanolithography using colloidal
particles can also have an impact in other areas. One direction
is 3D functional nanostructures, which are generally achieved
by coating or infiltrating functional materials within a 3D
nanostructured template. The intrinsic properties of the coated
materials can be combined with the 3D structure to enable
unique functionalities. Here a few potential applications are
provided to serve as a guide for future development of the
nanolithography techniques described in this review.

One potential direction is stretchable conductors with
electrical and mechanical properties that can be independently
designed. Porous polymer material with 3D architectures can
be embedded with conductive materials to have superior
sensor performance in terms of stretchability, cyclability, and
sensitivity [198]. Here the 3D template was fabricated by
phase lithography and replicated in PDMS, which is then
infiltrated with carbon nanotubes to enable strain sensing.
Polymer template can also be coated with ALD to enable
nano-accordion structures that can be simultaneously
stretchable, transparent, and conductive [199]. In photonics
area, 3D ZnO hollow shell structures have been demonstrated
using prism interference lithography and ALD [200]. This
work demonstrates a tunable photonic bandgap that can be
achieved using different ZnO coating thicknesses. Tuning of
the photonic bandgap has also been demonstrated by coating
tungsten or hafnium diboride in 3D colloidal assemblies to
achieve inverse-opal structures [201]. In energy areas, ZnO
nano-shell structures have shown anomalous thermoelec-
tricity behavior, a significant improvement in figure of merit
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over bulk ZnO [202]. Electroplated nickel replicated from 3D
opal templates have also shown ultrafast charge cycle as
battery electrodes [43]. The 3D lithography methods in the
above examples are based on free-space interference of light,
which can also be achieved using the techniques described in
this review. Therefore, it is logical to use colloidal assembly-
based near-field nanolithography to produce large-area 3D
functional nanostructures cost-effectively without complex
hardware and costly templates.

6. Conclusion and outlook

This review summarizes the recent developments in 3D near-
field nanolithography using colloidal nanospheres. The
emphasis is on the optical interactions that can be harnessed
with the inclusion of colloidal elements in lithography sys-
tems. For a single nanosphere, Mie scattering can result in a
highly focused central beam known as a photonic nanojet for
subwavelength patterning. Angular scattering from smaller
spheres can also generate unique 3D intensity distributions.
The use of off-axis and multiple exposures can also lead to
precise control over the unit-cell geometry and novel hollow
3D nanostructures with complex symmetries. For self-
assembled nanospheres, two regimes can be identified. For
large spheres the focusing effect dominates, generating an
array of photonic nanojets that can be used for parallel direct-
write patterning. For smaller spheres, near-field diffraction
dominates, leading to the creation of 3D periodic intensity
distribution as known as the Talbot effect. This allows the
direct printing of periodic 3D nanostructures using a single
normal exposure. Note that for all of these techniques, the
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intensity pattern can be precisely designed by controlling the
relative sphere size and illuminating wavelength. This
approach employs widely available colloidal particles and
does not require extensive hardware, greatly reducing the
process cost of 3D nanolithography. This can be implemented
in a table-top system, which can be readily accessible for
small businesses and university laboratory. On the other hand,
this process is also highly scalable and can be potentially
implemented in a roll-to-roll manufacturing production line.

There are a number of unsolved challenges associated
with this technique, the most critical being the assembly yield.
For existing techniques, it is still difficult to obtain defect-free
assembly across whole wafers, and most assemblies are poly-
crystalline with vacancies, grain boundaries, and dislocations.
Such defects can degrade the exposure contrast, leading to
structural collapse in the photoresist. One viable option to
mitigate defect is to use microscale assembly templates,
which can be patterned using standard microlithography
approaches. There are also some limitations to the geometries
that can be patterned, since the image formation mechanisms
must obey the physics of scattering and diffraction. More
efforts in computational lithography can potentially solve the
inverse problem and lead to more patterns. Beyond exploring
the lithography capabilities, post-processing can also broaden
the impact of this technique. One approach is the deposition
of other functional materials within the patterned 2D and 3D
nanostructures, which can further expand applications in
nanophotonics, optoelectronic devices, energy systems, and
multifunctional nanostructured materials.
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