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Nano-imaging enabled via self-assembly
Euan McLeod and Aydogan Ozcan

SUMMARY

Imaging object details with length scales below approximately 200 nm has been historically
difficult for conventional microscope objective lenses because of their inability to resolve features
smaller than one-half the optical wavelength. Here we review some of the recent approaches to
surpass this limit by harnessing self-assembly as a fabrication mechanism. Self-assembly can be
used to form individual nano- and micro-lenses, as well as to form extended arrays of such lenses.
These lenses have been shown to enable imaging with resolutions as small as 50 nm half-pitch
using visible light, which is well below the Abbe diffraction limit. Furthermore, self-assembled
nano-lenses can be used to boost contrast and signal levels from small nano-particles, enabling
them to be detected relative to background noise. Finally, alternative nano-imaging applications of
self-assembly are discussed, including three-dimensional imaging, enhanced coupling from light-
emitting diodes, and the fabrication of contrast agents such as quantum dots and nanoparticles.
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1. INTRODUCTION

Nano-imaging, the process of imaging object features at length scales below ~200 nm, or
approximately one-half the wavelength of visible light, is a burgeoning field with many
applications in biomedical imaging [1-3], electronics and materials inspection [4,5], and
fundamental physics such as plasmonics [6]. Progress in nano-imaging generally attempts to
either improve sensitivity to particularly small objects, or to improve resolution in order to
discriminate two closely-spaced small objects. Implementations of nano-imaging often
require structuring devices at the nanometer length scale.

Self-assembly is the process of individual dispersed components naturally adopting desired
configurations without being directly positioned. It is a popular area of current research for
its potential in fabricating large numbers of structures in parallel, and in fabricating nano-
scale structures in particular [7]. Self-assembly has been used to synthesize structures out of
individual atoms [8], molecules [9,10], and larger components such as spherical microbeads
[11]. Generally, the term self-assembly is only used when specialized structures with
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nanoscale or microscale dimensions are formed. In contrast, the simple crystallization of a
solid material from molten form would typically not be called self-assembly.

Despite the significant overlap in the size scales involved in nano-imaging and self-
assembly, it is only recently that the two fields have converged. In this review, we highlight
the nature of this convergence. To place these developments in context, we begin with a
quick overview of the most popular existing nano-imaging systems, followed by a quick
review of the most popular self-assembly techniques. We then discuss in more depth the
synergy between nano-imaging and self-assembly, focusing on the use of self-assembly to
fabricate micro- and nano-lenses and other imaging tools. We also briefly discuss the use of
self-assembly in fabricating nano-scale contrast agents such as nanoparticles and quantum
dots for use in conventional fluorescence microscopy, and in the use of self-assembled nano-
scale features in coupling LED emission to the far-field, which is not an imaging problem
per-se, although it shares much of the same physics.

1.1 Nano-imaging

Due to diffraction of light, conventional microscopy has a “practical” resolution limit of ~A/
(2NA), called the Abbe diffraction limit, where A is the free-space optical wavelength and
NA is the numerical aperture of the microscopic imaging system. When operating in air, NA
< 1, and therefore for the shortest visible light (i.e., A =400 nm), the corresponding
diffraction limit is approximately A/2 = 200 nm. For small isolated structures, an added
challenge in optical microscopy is capturing a strong enough signal to detect them relative to
the background noise found in any imaging system. Depending on the nano-imaging
application, sensitivity to isolated nanoscale features may be sufficient, and nano-scale
resolution may not be needed.

The diffraction limit also applies to optical lithography. In lithography, the problem is
however reversed in that diffraction limits into how small of an area light can be focused, as
opposed to the ability to generate a sharp magnified image, as is the case in microscopy.
Despite this difference, there is much overlap between the two fields, and strategies (such as
self-assembly) that work well for nano-lithography can often also be successfully applied to
nano-imaging, as will be detailed below.

One of the oldest ways of improving resolution beyond 200 nm is to increase the lens NA
beyond 1.0 using an immersion medium between the object and the objective lens, as NA is
proportional to the refractive index of the immersion medium. Most commonly, the
immersion medium is an oil with refractive index equal to that of glass, or about 1.5.
However other types of immersion liquids may be used [12], as well as solid materials,
which are called solid immersion lenses (SILs) [4,13,14]. These SILs, if they are of
wavelength size scale or smaller, can also improve resolution through additional shape-
dependent and size-dependent nanophotonic mechanisms, as discussed in greater detail
below.

Another early method of nano-imaging is the near-field scanning optical microscope
(NSOM or SNOM) [15-18]. This device is practically similar to an atomic force microscope
(AFM) in that a sharp probe tip is mechanically scanned across a surface while maintaining
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contact (or a very small gap of < 100 nm) with the surface. In contrast to an AFM, however,
the NSOM is used to concentrate or collect/probe light via its sharp tip. Several different
schemes have been used to do this, many of which involve a hollow tip with a small aperture
at the apex with diameter below the diffraction limit. Because the tip is maintained close to
the object, the exponential decay of higher spatial frequencies that make up the object’s
spatial spectrum is significantly mitigated compared to far-field optical microscopy. Unlike
lens-based traditional microscopy, the resolution limit in NSOM is mostly determined by (i)
the tip aperture size plus twice the skin-depth of the optical field inside the NSOM tip
material (e.g., aluminum), and (ii) the 3D precision with which the tip can be positioned and
scanned relative to the object topology. With tip apertures of 50 nm and smaller, NSOM can
achieve a high spatial resolution (typically ~50-500 nm), although often at great
inconvenience due to the tradeoffs of very low transmittance through such small apertures,
slow image acquisition time as a result of scanning, complications in 3D alignment, and the
need for physical access within ~100 nm of the object features. The same conclusions, by
and large, hold for all three modes of operation for NSOM systems, i.e., illumination,
collection and scattering (or apertureless).

In the past decade, a host of methods have been developed to provide sub-diffraction limit
resolution that can potentially resolve some of the problems associated with NSOMs. One
approach that can provide an improvement in diffraction-limited resolution is a synthetic
aperture approach, which is typically combined with interferometric microscopy or digital
holography [19-23]. In conventional microscopy, the resolution is determined by the
numerical aperture, which is proportional to the physical aperture size at the exit pupil plane
of an imaging system. This aperture function, acting like a low-pass spatial filter, rejects the
high spatial frequency information that is carried by travelling waves, corresponding to
some of the unresolved details of an image. In the synthetic aperture method, a grazing-
incidence (or evanescent in some cases [19]) off-axis light illumination may be used to shift
the high-spatial frequency content of the specimen into the pass-band of the imaging system
[20], or an additional element may be inserted in the optical train that scatters high spatial
frequencies and redirects them back inside the physical aperture of the pupil function [21-
23]. In the latter case, the recorded image is no longer a true image of the object due to
frequency mixing, however the true image can be computationally synthesized using the
recorded image.

Another super-resolution approach is to develop metamaterial hyperlenses and super-lenses
[24-27]. This approach involves making a lens out of a man-made material that is structured
at sub-wavelength scales, typically with alternating layers of metals and dielectrics. When
designed appropriately, these materials can have a negative index of refraction, which
inverts the effects of diffraction, amplifying the higher spatial frequencies that would
normally follow an exponential decay in free space. Such lenses still require placement in
the near-field of the object similar to an NSOM, however depending on the design, they may
not require scanning to form an image. On the other hand, a scanning-free operation also
means it is very challenging to have a space-invariant transfer function since such
metamaterial based lenses would have difficulty to exactly follow the 3D topology of an
“arbitrary” object, limiting their potential use to 2D (i.e., flat) objects. Another limitation of
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such an approach is the aberrations created by fabrication imperfections as well as undesired
modulation and degradation of lower spatial frequencies of the object.

A highly successful fluorescent nano-imaging technique is stimulated emission-depletion
(STED) microscopy [3,28]. Here, a high-intensity laser beam is used to temporarily bleach a
doughnut-shaped region of the fluorescent sample of interest. A second, lower-power laser
beam is used in parallel to the first beam to fluorescently excite the same spot of the object.
Although both laser beams are diffraction-limited, the resulting image has resolution beyond
the diffraction limit because the power of the first beam can be controlled in a nonlinear
fashion so as to only leave an arbitrarily-small region at the center of the doughnut
unbleached, i.e., fluorescent. In other words, although the full-width at half-minimum of the
doughnut is of order A/(2NA), the full-width at bleaching threshold can be significantly
smaller. Both laser beams are then scanned together across the whole sample to form a full
fluorescent image of the object.

Other fluorescent nano-imaging approaches also depend on fluorophores that can be turned
on and off (e.g., by bleaching). Such techniques are in general referred to as
photoactivatable or photoswitchable fluorescent microscopy [2]. Two particularly prominent
examples are photoactivated localization microscopy (PALM) [29] and stochastic optical
reconstruction microscopy (STORM) [30]. In these methods, fluorophores are initially
prepared in a dark (i.e. non-fluorescent) state, and then a random fraction of these
fluorophores are converted to a bright (fluorescent) state for a short period of time by laser
irradiation. If only one fluorophore in a small region is activated at any given time, then its
location can be determined with nanometer-level precision by calculating the centroid of its
point spread function. Through multiple cycles of this procedure, a complete mapping of all
of the individual fluorophores can be performed dot-by-dot, thereby generating a full-field
high-resolution image. The success of these techniques is critically dependent on the type of
fluorophore used; it must have the capability to be optically activated, excited, and
subsequently deactivated, or bleached. Depending on the type of fluorophore, these three
steps may all be driven by the same light source, or may be controlled via separate sources.
In recent years, various new fluorophores have been developed, including those based off of
standard laser dyes, as well as genetically-encodable fluorophores such as green fluorescent
protein (GFP).

1.2 Self-assembly

Self-assembly approaches rely on random motion of the individual components in order for
each component to explore its energy potential landscape and find a thermodynamically
(meta-) stable configuration. Most often, this random motion is driven by Brownian motion,
the random thermal fluctuations in liquid environments. For such fluctuations to be
significant, individual components need to have length scales below ~10 um. There is no
practical lower limit on the size scale of the individual components, and indeed, self-
assembly has been used to form desired structures out of individual atoms and molecules
[8,10]. In addition to Brownian motion, other types of random motion may be used to allow
components to find optimal configurations, such as convection [31] or vibration [32]. These
other forces can enable the self-assembly of even larger scale objects [7]. Sometimes it is the
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interplay between these random forces and a body force (e.g., gravity or applied electric
fields) that leads to the self-assembly of regular structures [11,33]. Many different self-
assembly approaches exist. Below, we introduce a few of the most common examples.

Volmer-Weber and Stranski-Krastanov growth, the methods by which quantum dots may be
grown on smooth, flat substrates is a form of self-assembly [34]. Here, individual atoms
from the vapor phase adsorb on a surface. Due to surface energy effects, these atoms may
tend to cluster in isolated islands (or layers and then islands), which can become InAs/GaAs
quantum dots, for example [35].

Biologically-inspired self-assembly methods are also used. One of the most popular is to use
complimentary DNA strands to bind objects together. In this process, aptamers (short
segments of DNA) with a specific sequence are bound to one component. Aptamers with the
complementary sequence are then bound to the other component. Upon mixing, the two
components will spontaneously bind together through the DNA-DNA interaction [36]. This
principle has been used to fabricate rather complex structures from a smaller library of
simple building blocks [37]. DNA-DNA interaction can also be used to self-assemble larger,
micro-scale structures, for example out of hydrogel building-blocks [38]. Hydrogels and
their assembly into complex structures are particularly useful for tissue engineering
applications because of their biocompatibility and potential for housing embedded cells [39].
Antibody-antigen interactions can also be used in a similar way as DNA-DNA interactions
to self-assemble structures [40].

Self-assembly has been frequently used to create a highly uniform single layer of molecules
on a surface, called a self-assembled-monolayer. Typically, the molecules used are carbon
chains with a functional group at the free surface and either a thiol group (for adsorption to
gold) or a silane group (for covalent bonding to oxide) at the substrate [41].

Diblock-copolymers form another frequently-used medium for self-assembly [9]. Diblock
copolymers are two different types of polymer chains that are covalently linked end-to-end.
Due to the difference in intermolecular interaction energy between the two different types of
polymers, they tend to self-assemble into nanoscopic domains that are primarily composed
of only one type of polymer. However, the fact that the two types of polymers are covalently
bound to each other prevents macroscopic phase separation and limits the length scale of
these domains. Depending on the types and relative lengths of the chains, a number of
different microscopic phases are possible.

Surface tension can also be a useful driving force for the self-assembly of structures [42].
When a liquid spans two solid objects, the force of surface tension can be used to pull the
two objects together. If the objects’ shapes are designed intelligently, and the liquid is
located at the correct place, complex assemblies can be formed, even of large-scale objects.
At smaller length scales, surface-tension is important for ensuring smooth surfaces on self-
assembled structures. Smoothness is an important optical consideration because smooth
surfaces tend to be low-loss and exhibit reduced scattering, which are very important for
e.g., waveguides, optical cavities, or resonators. Improving the smoothness in pre-fabricated
structures is possible by thermal reflow, where the structure is heated just barely above the
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melting point (or glass transition temperature, depending on the material), enough so that
rough areas will smoothen due to surface tension, but the structure itself will not completely
flow away.

In the self-assembly of arrays of spherical particles, the most common approach is via
evaporation of the solvent from a suspension of micro- or nano-spheres [43,44]. Due to
surface tension, spheres naturally self-assemble into hexagonally-close-packed arrays at the
boundary of the evaporation front. Other more complicated methods also exist for forming
self-assembled arrays of microspheres, such as self-assembly during spin-coating, self-
assembly at air-liquid interfaces, and self-assembly in electric fields [11].

The self-assembly of arrays of spheres is particularly relevant in this review because of their
use as imaging lenses. Individual micro-lenses and micro-lens arrays have numerous
applications, including sensitivity enhancement for CMOS and CCD image sensors [45],
imaging of light-fields in Shack-Hartmann sensors [46] and computational photography
[47-49], as well as surface patterning and lithography [11]. Micro-lenses have also been
naturally self-assembled in biological organisms such as insects [50] and brittlestars [51]. In
one example, bordering on nano-imaging, Huang, Lu, and Yeh used dielectrophoresis and a
templated substrate to produce a particularly low-defect array of particles in non-close-
packed geometries. Although their results did not provide sub-diffraction-limit imaging,
they nonetheless demonstrated a relatively good resolution of ~400 nm, corresponding to an
effective NA of 0.8 [52].

2. APPLICATIONS OF SELF-ASSEMBLY TO NANO-IMAGING

2.1 Signal enhancement in nano-imaging via self-assembled micro and nano-lenses

One application of micro/nano lenses in nano-imaging is to aid in the detection of nanoscale
objects, either via scattering or fluorescence. For these applications, the critical factor is
typically not resolution, but instead signal enhancement or signal-to-noise ratio (SNR).
While manual positioning methods have been used to position or scan lenses across a
substrate [13,14], self-assembly can greatly simplify the alignment between the lens and the
nanoscale object of interest.

An early example of this concept was demonstrated by Brody and Quake where they used
self-assembly via a biotin-streptavidin interaction to attach a 200 nm fluorescent particle to a
1.1 um microsphere, which acted as a lens (Figure 1) [53]. This two-particle assembly was
then used to measure rotational diffusion rates in liquid solutions by observing the blinking
signal caused by enhanced fluorescence when the larger sphere happened to be correctly
aligned to direct the fluorescent emission toward the microscope objective. This provided
intensity enhancements of approximately 9-fold when using a 0.4 NA objective. This same
concept has more recently been applied to the detection of single molecules, where the 200
nm fluorescent bead has been substituted with a single, fluorescently-labeled molecule
tethered to a substrate (Figure 2) [54]. Here, the use of the large microsphere provided
several benefits, including the ability to enhance the photostability of the fluorophore, and
the ability to use lower numerical aperture lenses (20X, 0.5 NA) which increased the field of
view and working distance. The long working distance allowed the substrate to be
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maintained at a different temperature relative to the objective. Without the colloidal micro-
lenses, a 1.43 NA objective was required to obtain comparable signal levels.

Achieving the strong signal levels necessary to see small particles has also been a recent
focus in holographic on-chip microscopy. Holographic microscopy records the interference
between a reference wave of light and the wave scattered from the object under
investigation. Of particular recent interest is lensfree holographic computational microscopy,
where no imaging lenses are necessary [55-59]. In this method, interferograms are recorded
directly on a CCD or CMOS imaging chip, and images of the original objects are
reconstructed computationally. When the object is particularly small, the amplitude of the
scattered wave is much weaker than that of the reference wave, and the resulting
interference signal may be lost within the background noise. Two new approaches to solve
this problem have been to form either self-assembled liquid catenoid-shaped nano-lenses
(Figure 3) [60,61] or a continuous liquid wetting film [55,62,63] around the target particles
on a chip. These two approaches serve similar purposes in that they greatly increase the
scattering cross section of the nanoparticles, and thereby improve the threshold for detection
in these holographic systems from approximately 300 nm to below 100 nm. This has
enabled lensfree holographic microscopy techniques to reach the domain of imaging single
viruses across very large imaging fields-of-view, e.g., >20-30 mm? or >10 cm?, using
CMOS or CCD imaging chips, respectively [60,61].

2.2 Resolution enhancement in nano-imaging via self-assembled micro- and nano-lenses

Despite their conventional material composition and typical illumination schemes, dielectric
lenses with wavelength-scale dimensions can also provide spatial resolution in the sub-200
nm regime [64—68]. Much of this effect is due simply to the higher refractive index of the
lens medium (the immersion lens effect). However, some added bonus appears to occur due
to the geometrical shape and wavelength-scale size of the lens. Most commonly, these
effects are investigated by looking at the inverse problem: how small of a focal spot is
possible when coupling far-field light into the micro- or nano-lens. This approach applies
best to the case where these lenses are used for lithography [69-71], but it is naturally
expected that measurements of focal spot size will correlate with imaging resolution. In one
such study, Fletcher, Goodson, and Kino showed using Mie theory that wavelength-scale
microspheres can generate focal spots as much as 25% smaller than that predicted by vector
diffraction theory, which is valid for larger length scales [72]. Mason, Jouravlev, and Kim
found a similar result, showing through finite-difference time-domain (FDTD) simulations,
that the width of the focal spot behind a wavelength-scale solid immersion lens can be as
much as 25% smaller than that generated by a macroscopic SIL of equal refractive index
[64,73]. Using both ray tracing and FDTD simulations, Guo et al. investigated what size and
refractive index of microspheres generated the smallest spot sizes behind the microspheres
[67]. They found that the optimal refractive index contrast between the sphere and medium
lay between 1.5 and 1.75, while the optimal sphere radii lay between 1.125 A/ng and 1.275
Alng, where ng is the background medium refractive index. The smallest focal spot width
they could obtain using 400 nm light was 104 nm FWHM using a 900 nm diameter sphere
and a refractive index contrast of 1.75.
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Studies that investigate the use of micro and nano-lenses specifically as imaging devices are
rarer. Based on Mie theory, Duan, Barbastathis, and Zhang concluded that the best
resolution such spherical lenses could theoretically achieve was between 100 and 150 nm —
somewhat smaller than the Abbe limit [74]. They also acknowledge that other effects not
included in the Mie theory (e.qg., surface roughness, plasmonics, different geometrical lens
shapes) could further enhance resolution.

With strong theoretical evidence of the potential for sub-diffraction-limit imaging using
dielectric micro-lenses, the challenge becomes fabrication of the optimal lens geometry.
Self-assembly has proven to be an attractive way to fabricate these individual dielectric
nano-lenses. Lee et al. self-assembled spherical cap-shaped nano-lenses out of calix [4]
hydroquinone (CHQ) (Figure 4). This molecule can be used to construct a variety of
nanostructures, including nanotubes, nanospheres, and plano-convex structures, which have
displayed the most promise as nano-lenses [73,75]. They used these lenses to resolve lines
with a pitch (period) as small as 220-250 nm in conjunction with a 0.9 NA 100X objective
lens. The Rayleigh resolution limit for the same objective lens without nano-lenses is

A . .
0.61——=320nm. Here, these nano-lenses provide enhanced resolution through a
combination of the solid immersion lens effect (CHQ has a refractive index of 1.5), and the
nano-lensing effect due to the wavelength-scale size of the lens.

In addition to molecular self-assembly from molecules dissolved in a solvent, surface
tension at an air-liquid interface can also be used to drive self-assembly. This technique has
been used successfully by many groups to form extended and highly regular micro-lens
arrays, typically by fabricating a regular array of polymer pillars using photolithography,
and then heating this array above the melting temperature to allow thermal reflow
[65,66,76]. Thermal reflow can also be used on adsorbed colloidal spheres to fabricate
plano-convex lenses [52,77]. Depending on the temperature and annealing time, surfaces
with nonuniform curvature across the curved face are possible (Figure 5). In one study, such
lenses performed better than either complete spheres or spherical caps, enabling spatial
features as small as 170-180 nm to be resolved [77].

Perfectly spherical beads have also been successfully used as nanoimaging lenses. In
contradiction to the previous results, Wang et al. found complete spheres to perform better
than the typical plano-convex SIL shape. They used 3 um spheres assembled on a surface to
image patterns on the substrate with a half-pitch as small as 50 nm (Figure 6) [68]. Here,
evaporative self-assembly has been harnessed to enable closely-packed monolayers of
microspheres. As this is one of the best experimental resolutions demonstrated to-date, it is
apparent that perfectly spherical lenses perform well as high-resolution nano-imagers.

The use of surface tension to drive self-assembly has recently been extended to the realm of
nano-scale lenses using dip-pen nanolithography [71]. In dip-pen nanolithography [78], a
sharp tip similar to an AFM cantilever is dipped in a liquid material, and then lightly
touched to a target substrate. When performed correctly, a small amount of material is
transferred from the tip onto the substrate. Jang et al. used this technique to form arrays of
900 nm nano-lenses out of poly ethylene glycol (PEG) which were subsequently used for
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focusing in near-field nanolithography to form features with length scales of approximately
100 nm. Although used only for lithography here, such lenses could also be used for
imaging applications in the future in a scheme similar to that presented in [75]. It is also
possible to fabricate liquid nano-lenses at room temperature using methods such as dip-pen
nanolithography and then subsequently photopolymerize them to form permanent solid lens
structures [79,80].

Similar to dip-pen nanolithography, a PDMS stamp with lithographically-defined
nanopillars can also be used to transfer liquid nano-lenses from a liquid reservoir to a
substrate (Figure 7). Kang et al. used this method to form spherical-cap liquid nano-lenses
with diameters ranging from 481 nm to 15.5 pm and contact angles ranging from 9.8° to
90.9° [81]. These lenses could be made from UV-curable polymer to ensure long-term
stability. Using 3 um diameter lenses with 90.9° contact angle, in conjunction with a 150X
0.9 NA microscope objective, they were able to resolve nanoscale gaps as small as 130 nm.

Liquid droplets have also been used as lenses for light propagating parallel to a substrate
instead of perpendicularly to it. Smolyaninova et al., used droplets of glycerin on a substrate
as nano-magnifiers in this fashion [82,83]. For metal substrates, they invoke plasmonics and
surface plasmon polariton physics to explain the observed imaging behavior and their ability
to achieve resolution on the order of /8 [83]. However, they also observe similar results on
non-plasmonic substrates, where they argue that these lenses perform analogously to the
metamaterial fish-eye and Eaton lenses, without the need for metallic components [84].
They showed that theses lenses on non-plasmonic substrates were capable of imaging and
magnifying light from an NSOM probe tip, however they did not quantify the resolution.

Another approach to the self-assembly of liquid nano-lenses is to harness dewetting to
transform an originally continuous film into an array of individual nano-lens droplets. In this
process, a thin polymer film is spun-coat from a binary solution of polymer molecules and
solvent. As the solvent evaporates, a solid continuous polymer film is left behind. When this
film is heated above the polymer glass transition temperature, the film may spontaneously
break up into individual droplets, driven by either van der Waals interactions [85-87] or
temperature gradients [88,89]. The nature of the break-up and morphology of the droplets
depends on the surface energy of the substrate and the original film thickness (Figure 8). If
some sort of lithographic patterning is used to provide a periodic initial configuration of the
film, then a highly regular array of droplets may be formed. Verma and Sharma have used
this procedure to produce ~90 nm and larger diameter nano-lenses [86,87]. In a later study,
they used self-assembled dewetted lenses as immersion lenses to enable imaging of 500 nm
wide stripes in conjunction with a 50X NA 0.5 microscope objective [85,87]. The Rayleigh
resolution limit for such an objective is 0.61 //NA = 4.90 nm, which places their
experimental results right at the resolution limit.

2.3 Other applications of self-assembly in nano-imaging and light-emission

Beyond 2D imaging, nano-lenses have also been used as integral imagers to capture 3D
light-field information about microscopic objects [47]. Rajasekharan et al. used
electronically-controlled liquid crystal arrays of lenses to capture 3D information of
microscopic objects and then re-project magnified versions of this information using a 3D
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display [90]. Although the lenses were particularly small (micron scale or smaller), spatial
resolution was not quantified. The fabrication of this lens array is particularly interesting
because regular arrays of bundles of carbon nanotubes were used as seeds to direct the
formation of the liquid-crystal nano-lenses under an applied voltage [91]. In another use of
liquid-crystals, self-assembled focal conic domains exhibit nano-lens-like properties over
large arrays, however they have not yet been applied to any practical devices [92]. The
ability to dynamically control the shape of liquid crystal structures is likely to enable
advanced imaging and/or sensing applications.

The use of shape-memory materials also provides a unique approach to fabricating nano-
lenses. Although Jeon et al. used conventional methods (photolithography and replication
molding) to initially form a nano-lens array, they fabricated the array out of a shape-memory
polymer [93]. After deformation and subsequent re-heating, the nano-lens array “self re-
assembled” to its original state. This approach may be used to fabricate particularly robust
nano-imaging devices in the future.

Self-assembled nanostructures with morphologies other than lens-shapes can also be used
for nano-imaging. Khokhra et al. have shown that nano-sheets of ZnO self-assembled from a
solution can be used to create a turbid lens with an effective NA of ~2.0 [94]. A turbid lens
is a highly scattering but transmissive film. The scattering enables the collection of photons
leaving the sample at high angles, although it also scrambles these photons so that a direct
image of the object cannot be formed using conventional optics. However, by performing a
detailed characterization of the scattering properties of the film, the nature of the scrambling
can be deduced (or calibrated), and the scrambled image might be computationally
descrambled [95,96]. Although Khokra et al. did not actually perform this unscrambling or
resolve nano-scale objects, they demonstrated the effective increase in NA by angularly
scanning a laser beam and measuring at what angles scattered light could be collected by the
microscope objective. In this experiment, the initial microscope objective NA was ~0.9,
which became approximately 2.0 with the addition of the turbid lens element.

In addition to their uses in imaging and lithography, the self-assembly of nano-lenses has
been used to increase the emission efficiency of light-emitting diodes (LEDs). Zhang et al.
used spin-coating to deposit a self-assembled monolayer of nanospheres on the surface of
LEDs, which were subsequently used as lithographic masks for depositing ITO nano-lenses
on top of the surface [97]. This improved the overall efficiency of the LEDs by up to 63.5%,
and also improved the directionality of the emission. Ee et al. used self-assembly to deposit
close-packed micron-scale diameter silica spheres, in some cases with an additional polymer
layer to fill the interstitial regions up to the equator of the microspheres [98]. This provided
light extraction efficiencies up to 2.6 times greater than without the lens arrays. Sun et al.
grew self-assembled GaN nanolenes on blue InGaAs LEDs using a multi-step lithography
and etching procedure using CsCl islands as a mask [99]. The surface of the LED in this
experiment was also covered by nanocones in the interstitial regions between the
hemispherical lenses. Of the sizes they tried, hemispherical lenses with 800 nm diameter
performed best, with an enhancement in emissivity of 1.9-fold. Son, Jung, and Park
performed a similar study, although they particularly investigated the difference between
nanocone and nanohemisphere morphologies. They fabricated different types of ZnO
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nanostructures on GaN green LEDs by self-assembly in aqueous solution [100]. They found
that ~1 um (but with much dispersion in size) hemispherical nano-lens-shaped ZnO
structures enhanced emission by approximately 7-fold. Nanorod and nanocone ZnO
structures did not provide as much of an enhancement.

2.4 Contrast agents

There are many studies involving the use of nanoparticles and assemblies of nanoparticles as
contrast agents for biological imaging. As this work has already been covered extensively in
various reviews, e.g. [1,101-104], we will only briefly mention here some of the ways self-
assembly is used to form contrast agents without providing an exhaustive review of the
studies involved.

Self-assembled colloidal quantum dots are often used as contrast agents in place of
fluorophores in fluorescent microscopy. Quantum dots provide higher brightness and greater
long-term stability, and better spectral characteristics than fluorescent molecules, however
they can also exhibit blinking which can result in unstable image brightness [105,106]. Self-
assembly plays an important role in the use of quantum dots because it provides a
mechanism for their initial formation through the interaction of the individual atomic
components and surfactants, as well as the potential later clustering of the quantum dots into
larger assemblies [101].

Metallic nanoparticle agents form another contrast option. Here, the plasmon resonance of
these particles endows them with unique optical properties that can be identified when using
a broadband, or frequency-scanning source. When these particles cluster (possibly due to a
self-assembly process), their plasmon resonance can shift, changing their apparent color
(Figure 9) [107,108]. When the nanoparticles are biochemically labeled, clustering-induced
color changes can be used to identify regions with high concentration of a specific biological
or chemical marker/agent [101,107,109]. Self-assembled metallic nanoparticles can also be
used in Raman imaging, which interrogates the vibrational modes of molecules [110].

3. CONCLUSION

Many approaches to imaging below the diffraction limit require the fabrication or
positioning of structures at length scales below ~10 pm. Self-assembly has been found to be
an excellent fabrication method for these applications, as it also typically functions at these
length scales. The use of self-assembly techniques in nano-imaging applications has led to
new avenues for nanoscopy, including signal enhancement for the detection of small objects,
resolution enhancement through near-field focusing for half-pitch resolutions as small as 50
nm, 3D imaging capabilities, and emissivity enhancement. By and large, these approaches
have relied on easily available common dielectric materials. It is likely that future studies
building on these approaches will bring further enhancements including finer resolution,
larger fields of view, and better control over the relative positioning between these self-
assembled nano-imagers and their 3D nano-scale targets. One avenue of significant
improvement in the near future is likely to come from the self-assembly of nano-imagers
made out of multiple material components. The large majority of the nano-imagers
presented here are fabricated out of a single functional material. Through the use of multiple
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material components, more complicated optical systems that can provide precision photon
guidance are possible, as well as the fabrication of intelligently-designed metamaterial
devices. We expect these innovations to provide even finer resolutions and higher optical
sensitivities.
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Figure 1. Self-assembled rotational probe
In this probe, a large micro-lens is used to enhance the captured fluorescence signal from a

single nanoparticle. When suspended in a fluid, the probe will freely rotate and the observed
signal will fluctuate depending on the orientation of the probe, providing a mechanism to
measure probe rotation rate in different fluids. Image reproduced with permission from [53].
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Figure 2. Microspheres used to enhance the signal from single fluorescent molecules
Individual Cy3 molecules coupled to streptavidin (a) or DNA (b) molecules are detected in a

fluorescent microscope. Typically these nano-scale individual fluorescent molecules would
not produce a strong enough emission to be imaged by low-NA wide-field microscope
objectives. However, the incorporation of microspheres as signal enhancers makes this
possible. Image reproduced with permission from [54].
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Figure 3. Self-assembled catenoid nano-lenses for nano-particle and virus imaging in lensfree
holographic microscopy
(a) Typical lensfree holographic setup where a partially-coherent light source generates an

in-line holographic image of the sample directly on the image sensor without the use of
lenses. (b) Minimal surface catenoid lens shapes of the self-assembled nano-lenses formed
around spherical particles. (c) Experimental verification that self-assembled nano-lenses
enable otherwise undetectable 95 nm particles to be imaged. (i) and (ii) show the
holographic reconstructions of 95 nm particles without, and with, nano-lenses, respectively.
(iii) and (iv) show optical microscope comparisons that confirm the presence of particles in
the samples. (d) Single adeno viruses imaged using self-assembled nano-lenses (i), with
SEM verification of particle locations and sizes (ii). Image reproduced with permission from

[60].
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Figure 4. Self-assembled nano-lenses grown from CHQ molecules
Plano-convex nano-lenses are fabricated and used to image features below the diffraction

limit. (a) Hlustrates the fabrication procedure. (b) shows the resolution of 250 nm pitch lines.
At the right is an SEM image of the same structure. (c) shows the resolution of 220 nm pitch
(period) lines, with an SEM comparison. Reproduced with permission from [75].
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Figure 5. Various lens shapes self-assembled via thermal reflow and used for nano-imaging
(a) shows oblique SEM images of the lenses. (b) Simulated results for focused light intensity

distribution. (c) Experimental results for the imaging of 180 nm holes placed at a pitch of
330 nm. Scale bars 1 um. Image reproduced with permission from [77].
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Microsphere

Figure 6. Self-assembled microspheres used as superlenses
In (a), 490 nm pitch lines are resolved in the regions below the microspheres. The SEM

comparison is shown on the left, and the optical image on the right. In (b), microspheres
enable the resolution of 50-nm half-pitch structures. Image reproduced with permission from
[68].

Nano Today. Author manuscript; available in PMC 2015 October 01.



duosnue Joyiny vd-HIN duosnuey Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

McLeod and Ozcan

Page 24

(a)
1. Apply a PDMS mold

PDMS mold

Top : thin viscous layer

P
Partial cured ponmer substrate

2. Transfer to a PDMS mqldl'

-’

Arbitrary rough surface

3. Direct contacton a sub;tréfe

4. Dewetting

Figure 7. Nano-lens material transfer using a PDMS stamp followed by lens-shape self-assembly
In this study, surface treatments were used to form a variety of lens shapes with different

contact angles, which manifested after dewetting. The overall procedure is depicted in (a),
with zoom-ins of individual steps in (b) and (c). These lenses were used to resolve features
with half-pitches as small as 250 nm. Image reproduced with permission from [81].
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Figure 8. Various nano-lens shapes fabricated using dewetting
Here, a method of fabricating lenses of different shapes and sizes is illustrated. In all

subfigures, the lens material is polystyrene and the substrate is silicon. However, different
initial film thicknesses, temperatures, and annealing times lead to different lens shapes.
These types of lenses may be suited to various applications requiring different resolutions
and fields of view. Scale bar is 200 nm. Image reproduced with permission from [85].
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Figure 9. Clustering-induced changes in nano-particle plasmonic resonance
(a—c) show the gold nanoparticle configurations simulated using FDTD methods, along with

the field levels found between the particles. (d) and (e) quantify the results of these
simulations, which show that the extinction spectra of theses assemblies shifts toward the
red at higher cluster densities. (€) shows the shift in the center-of-mass (CoM) wavelength of
the extinction spectra. This shift can be used to identify nanoscopic domains in biological or
chemical samples with higher densities of nanoparticles. Image reproduced with permission
from [107].
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