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Colloidal Surface Assemblies: Nanotechnology Meets

Bioinspiration

Tobias Kraus, Daniel Brodoceanu, Nicolas Pazos-Perez, and Andreas Fery*

This Feature Article discusses two biomimetic aspects of functional particle
surface assembly: the fabrication of biologically inspired structures from
particles and the arrangement of particles on biomimetic templates. The first
part discusses the creation of primary patterns by convective assembly and
adsorption of particles that can be modified by a combination of etching and
growth steps. Resulting structures mimic moth eyes, Lotus leaves, and the
Gecko’s adhesive structures, for example. The second part focusses on tem-
plate assisted self-assembly (TASA) of particles. Herein, biological examples
are inspiring in terms of structure formation related processes, rather than
in terms of functionality. Template formation is a major bottleneck TASA.

It is illustrated how bio-inspired wrinkling processes help overcoming this
problem and can be employed for forming highly ordered functional nanopar-

Small unit cells are sufficient because
the functionality emerges at small length
scales. They are set, for example, by the
wavelength of electromagnetic radiation
or by contact points between the func-
tional surface and a liquid. Often, one
or two length scales—usually the particle
size and the spacing-dominates desired
behavior. The unit cell is simply multi-
plied to create a macroscopic, “far-field”
effect from this microscopic, “near-field”
interaction.

It is possible to create such structures
with conventional methods of microfab-
riction. However, the conventional combi-

ticle assemblies.

1. Introduction

In this Feature Article, we discuss particle-based routes to
microstructured surfaces. Many of these surfaces are inspired
by naturally occuring structures. We also discuss structures that
do not occur in nature, but can be fabricated using biologically
inspired processes that involve particles.

Bioinspired functional surface microstructures often exhibit
simple, more or less regular unit cells that are repeated over
macroscopic length scales. The structures lead to functionality,
for example (see Figure 1)

1. control of wetting, with the contact angles of liquid on the
surfaces ranging from superhydropobic!!?l and olephobicl?!
to superhydrophilic,

2. catalytic self-cleaning,P

reduced reflection of light,!°!

4. enhanced coupling of light out of!’! or intol® an underlying
active layer.
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nation of optical or electron beam lithog-

raphy with silicon micromachining devel-

oped and perfected by the semiconductor

industry in the last decades!! is optimized
to create arbitrary, planar structures from a very limited set of
materials over small areas. It becomes expensive and compli-
cated when used for three-dimensional sub-micron structures
on large areas.

Moreover, functional surface microstructures rarely profit
from the precision and flawlessness of bulk surface microma-
chining. Many functional microstructures tolerate deviations in
geometry with only moderate loss in performance. If the unit
cells function independently, flaws do not severely impede func-
tionality, either: in contrast to semiconductor circuitry, where a
single defective transistor may render the entire device useless,
a Gecko will retain its adhesion to the wall when a microscopic
spatula breaks of its feet. A biomimetic adhesion device does
therefore not profit from a perfectly precise and flawless struc-
turing technique. The effort required to reach this level of per-
fection is wasted.

In contrast, it is easy to create large quantities of sub-micron
particles if some deviations from the average size are accept-
able. Particles can be arranged on surfaces using efficient pro-
cesses that do not yield flawless results but provide large pat-
terned areas with little equipment.

Particles

« are easy to prepare in large quantities using simple setups
once a protocol is established,'%

« cover diameter ranges from single nanometers to hundreds
of micrometers,

« can be composed of core materials suitable for microfabrica-
tion, including polymers,"'l metals!'>13 and oxides,"* !

« are well-established components of commercial surface coat-
ings such as wall paint, finishes and protective coatings.
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On the downside, particles usually exhibit

- some degree of distribution in size and shape over the popu-
lation,

. atendency to agglomerate into less well-defined objects,

- variations of the internal structure.

Most importantly, particles are randomly dispersed after
synthesis. Assembly is required to arrange them into func-
tional surface microstructures. If the desired microstructures
have high aspect ratios (which are hard to create using par-
ticles), the particle arrangements can be processed further
using standard micromachining techniques such as etching or
deposition.

Particle assembly without templates only provides a limited
set of arrangements—usually dense, hexagonal or loose, disor-
dered packings. Such arrangements are useful for certain bio-
mimetic applications: similar hexagonal particle packings can
be the basis for antireflective and for superhydrophobic sur-
faces, for example, or combinations of both.[1617]

Other particle arrangements require tuning of the assembly
process with a template. Templated particle assembly pro-
vides a broad range of particle arrangements. If lithography
is required to create the template, however, we lose some of
the advantages of particle-based processing and again rely on
demanding fabrication steps. Here, we review strategies to
avoid this by

. combining template-less particle assemblies with particle ad-
sorption, etching and deposition steps,

« assembling particles on biomimetic templates that can be
created without microtechnology: wrinkles that form sponta-
neously (Figure 1).

In other words, surface microstructuring with particles can be
biomimetic in two ways:

« by creating surfaces that imitate naturally occurring struc-
tures such that structure related functionalities are trans-
ferred (biomimetic function) and

« by using biomimetic structure formation processes to arrive
at functional microstructures that may have no natural equiv-
alent (biomimetic process)

The first approach is more familiar than the second. Most
current examples of bioinspiration rely on dense particle
packings to mimic similar, natural structures. Many useful,
functional surface microstructures do not occur in nature,
however. Others are only loosely inspired by biological coun-
terparts, but deviate from the biological example in order to
optimize their function in specific applications. Even for non-
biomimetic structures, bioinspiration can be useful: natural
structure formation inspires new fabrication schemes. Biolog-
ical structure formation processes fundamentally differ from
traditional technology. They do not require vacuum processes,
have a modest thermal budget and consume less energy
than standard technology. Biomimetic fabrication schemes
exploit their principles to create functional microstructures
efficiently.

The first part of this Feature Article discusses which biomi-
metic surface microstructures have been created from particles

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Structures found on surfaces of plants and animals (left side) and biomimetic, particle-based microstructures (right side). Natural inspiration
is based, for example, on the surface microstructures of a) the antlreﬂectwe wings of the cicada Cryptympanaatrata Fabricius. Reproduced with permis-
sion.['®] Copyright 2006, WILEY-VCH; b) The superhydrophobic leave of the taro Colocasiaesculenta. Reproduced with permission.['®] Copyright 2011,
ELSEVIER; c) lenses in the peripheral layer of the dorsal arm plate of the brittle star Ophiocomawendtii. Reproduced with permission.®% Copyright
2001, Macmillan Magazines Ltd; and d) the optically grated corneal nipple arrays of the peacock butterfly Inachisio. Reproduced with permission.l°"]
Copyright 2005, The Royal Society. Particle-based biomimetic microstructures include a’) antireflective silicon cone arrays. Reproduced with permis-
sionl® Copyright 2009, American Chemical Society; b’) superhydrophobic, raspberry-like arrangements. Reproduced with permission.ll Copyright
2007, American Chemical Society; c’) microlenses from calcium carbonate (that show the magnified letter “A” here). Reproduced with permission.[%2
Copyright 2012, Macmillan Publishers Limited; and d’) superhydrophilic, self-cleaning titania nanocolumns. Reproduced with permission.Fl Copyright
2008, American Chemical Society. The wrinkles of the Paeoniaceae shown in (e) (reproduced with permission.l®3] Copyright 2012, Published by The
Company of Biologists Ltd) have inspired an assembly process for nanoparticles that yields lines as shown in e’).Adapted with permission.[3l Copyright

2010, The Royal Society of Chemistry.

without using templates. It focuses on the convective assembly
and sequential adsorption of particles to create primary patterns.
We discuss how standard fabrication steps have been combined
with the resulting particle arrangements to create biomimetic
structures and which structures may be accessible in the future.

The second part focuses on functional surface microstruc-
tures that have been created using biomimetic wrinkles as tem-
plates. We introduce the principles of wrinkle formation as they
also occur in nature, discuss how the resulting wrinkles can be
used to arrange particles and which functional microstructures
have been created on this route.

The field of biomimetic surface microstructures based on
particles is young. Only comparatively simple structures have
been created. In the final part, we discuss how more complex
structures can be fabricated in the future using multi-level
wrinkles and advanced particles that interact in complex, well-
defined ways.

2. Particle-Based Routes to Biomimetic Structures

The fabrication of biomimetic surfaces requires reliable routes
for nanometer-scale patterning of large areas with reasonable

Adv. Funct. Mater. 2013, 23, 4529-4541
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effort. During the last decade, colloidal lithography has emerged
as a promising technology capable of generating ordered arrays
of diverse features at scales often smaller than standard photo-
lithography can achieve. Different colloidal lithography routes
have been suggested to address the needs of a broad range of
applications such as antireflective coatings,['®!% self-cleaning
surfaces,?>2! biomolecular detection by surface-enhanced
Raman scattering (SERS),?d catalytic surfaces,?*?* biomate-
rials?®’! and other powerful templates for surface nanostruc-
turing.26%7] The strategy exploits self-assembled spherical
particles with diameters ranging from several microns down to
few tens of nanometers and represents a promising alternative
to standard fabrication technologies, especially where periodic
nanometer-sized features need to be scaled-up and where few
defects do not affect the overall characteristics and function of
the achieved structure.

There are several methods to generate self-assembled layers
of hexagonally close-packed (hcp) particle arrays, such as dip
coating,?$2°! spin coating,331 electrophoretic deposition,323*l
assembly at air/liquid®*3% and liquid/liquid®® interface, as well
as convective assembly.?”38 The latter permits fabrication of
two-dimensional hcp arrays with fewer crystal defects due to
a better control of the self-assembly deposition process.l3>40l

wileyonlinelibrary.com 4531
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Figure 2. The three regions of convective particle assembly: In region I,
the meniscus, free particles are convectively transported to the particle
film. In region I, the particles are arranged to the particle film struc-
ture. In region 111, the particles form a wet particle film with pronounced
evaporation. Reproduced with permission.*4l Copyright 2012, American
Chemical Society.

Figure 2 illustrates how a droplet of colloid suspension trapped
between two plates is dragged with constant velocity over a
substrate surface during which the particles are transported to
the edge of the growing crystal, driven by the flux of the liquid
compensating for the evaporation from the crystal surface. The
process has the potential for scale-up to large areas and for long
operation time by continuously injecting colloid suspension
into the moving meniscus.

A classic approach of colloidal lithography template is using
the monolayer as a shadow mask for standard
physical deposition. After removing the col-
loidal mask, ordered quasi-triangular metal
islands result which can be converted to dots
by subsequent annealing treatment.*!]

Often, applications require non-close-
packed (ncp) templates.?**2l One common
technique to achieve ncp monolayers use
reactive ion etching (RIE) by which the poly-
styrene (PS) particles from hcp monolayer
are etched to increase the spacing between
particles.[** The process allows for tuning
the diameter of the etched particles by var-
ying the plasma power and etching times.
Following the plasma etching treatment, the
long-range order of the resulted ncp particle
layer is preserved, provided that parameter
optimization or additional treatments are
performed.[*4¢l Li and co-workers proposed
an unconventional method for generating a
spaced particle array by exposing the hcp PS
monolayer to electron irradiation and subse-
quent annealing treatment.*’] Another effi-
cient route to ncp particles arrays uses core-
shell particles which consist of a core metal
nanoparticle (NP) surrounded by a polymer
shell. They can be deposited as hcp mon-
olayers by convective assembly on virtually
any smooth surface. Their shells are then
thermally decomposed or plasma etched,
leaving the metal NP cores in a regular hex-
agonal array (Figure 3d).8%1 A slightly dif
ferent approach was described in recent

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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work by one of us,P% in which the fabrication of metal nan-
oparticle arrays was achieved by controlled decomposition of
polymer particles. Polymer spheres with submicrometer diam-
eters were convectively assembled into crystalline monolayers,
coated with noble metal and annealed in a resistive furnace
or using an ethanol flame. The thermal decomposition of the
polymer microspheres converted the metal layer into particles
arranged in hexagonal arrays that preserved the order of the
original monolayer. Both the particle size and the interparticle
distance were adjusted via the thickness of the metal coating
and the sphere diameter, respectively. Isa and co-workers
reported on a method for the deposition of ncp regular arrays
using electrostatically charged colloidal nanoparticles self-
assembled at liquid/liquid interface.’!! Both particle size and
spacing were independently controlled within a large range by
changing the area fraction of the particles injected at the inter-
face (Figure 3a). An interesting approach by which individual
micro-sized islands of close-packed monolayer can be control-
lably transferred to a substrate was proposed by Palla-Papavlu
and co-workers.”? The method relies on laser-induced-for-
ward-transfer (LIFT) where the size of polystyrene bead pixels
depends on the laser parameters. Kraus et al. developed a
novel printing process that enables positioning individual par-
ticles of sub-100-nm in diameter with high placement accu-
racy (Figure 3c).’3 Such colloidal particle arrays often serve
as templates for 3D material nanostructuring with periodic

Figure 3. Examples of ncp arrays fabricated via different routes a) ncp polystyrene particles
deposited on SiO, by colloidal self-assembly at liquid-liquid interface. Reproduced with permis-
sion.P™l Copyright 2010, American Chemical Society. b) Pattern produced by etching a polysty-
rene monolayer in O, RIE plasma. Reproduced with permission.l*l Copyright 2004, American
Chemical Society. c) Particle Array formed by a meniscus of a colloidal suspension containing
60-nm Au particles moving over a patterned PDMS surface. Reproduced with permission.l>]
Copyright 2007, Nature Publishing Group. d) Array of Pt nanoparticles fabricated by oxygen
plasma treatment and thermal annealing of metal-complex containing latex particles. Repro-
duced with permission.[*8l Copyright 2011, The Royal Society of Chemistry.

Adv. Funct. Mater. 2013, 23, 4529-4541
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Figure 4. Three-dimensional structures from self-assembled particles and subsequent processes. a) Silicon pillars achieved via reacting ion etching
(RIE). Reproduced with permission.['®l Copyright 2008, WILEY-VCH. b) Silicon cone array by RIE. Reproduced with permission.’l Copyright 2009,
American Chemical Society. c) Holes array fabricated by sequential passivation reactive ion etching (SPRIE). Reproduced with permission.l?’] Copyright
2013, WILEY-VCH. d) Si nanowire array by metal-assisted chemical etching (MACE). Reproduced with permission.?®l Copyright 2007, WILEY-VCH.
e) Nanopillar arrays grown by glancing angle deposition (GLAD). Reproduced with permission.’”] Copyright 2005, Elsevier. f) ZnO pillars grown using
a wet chemical route. Reproduced with permission.'®l Copyright 2009, American Chemical Society.

nanofeatures. The patterns are transferred to substrates via
specific routes which involve processes like reactive ion etching
(RIE),[16*4 metal-assisted-chemical-etching (MACE),26>4 elec-
trochemical etching,” vaporliquid-solid (VLS) growth,>®
graftingl’! or molding.”® Figure 4 shows examples of surfaces
structured based on self-assembled particles used in combina-
tion with the aforementioned processes. Other routes based
on controlled annealing of hcp PS layers,’>% jon milling!®!l
or Glancing Angle Deposition (GLAD)P’) allow for fabricating
of novel patterns. Replicating methods use master templates
to reproduce the original structures via molding.® With this
approach, polymers such as polydimethylsiloxane (PDMS)
can be rapidly nanostructured.’®6263 Figure 5 illustrates an
example of replicating route based on self-assembled particles.

Such particle-based methods have been successfully
applied by many groups to fabricate bioinspired surfaces with

[18,64] [2,65,66]

antireflective and superhydrophobic properties.
Antireflective coatings have technological applications, e.g., to
increase the conversion efficiency for solar cells,/®”) but also for
anti-glare flat panel displays or automobile windshields. The
nanometer-scale structure of the moth eye has inspired mate-
rial scientists in their quest to build effective antireflective coat-
ings. Close-up images of the moth eye reveal both the periodic
nature and the main physical characteristics of its structure. To
avoid light scattering, the structures need to be smaller than
the wavelength of the incident light. Photolithography, e-beam
lithography or focused ion beam have been used in the past
for fabrication of these structures. Such methods, however, are
expensive, challenging to scale-up and only suitable for flat sub-
strates. In contrast, colloidal particle assembly overcomes these
constraints and allows large-scale patterning with submicrom-
eter features on both flat and curved substrates.

Figure 5. Schematics and flow chart of the biomimetic nanostructure making processes. a) Si mold fabrication using the colloidal lithography and
duplication of the Si mold with PDMS; b) reversal nanoimprint lithography; and c) illustration of surface textured crystalline Si solar cell with nano-
structured PMMA AR coating. Reproduced with permission.’8 Copyright 2011, Optical Society of America.

Adv. Funct. Mater. 2013, 23, 4529-4541
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Figure 6. SEM images of dual-size-rough surface. a) Array of micro-
spheres, each composed of 300 nm silica nanospheres; b) Close-up view
of (a). Adapted with permission.l'l Copyright 2006, Elsevier.

Another famous example of a natural functional surface is
represented by the lotus leaf, which exhibits remarkable hydro-
phobic properties. In contact to a lotus leaf surface, water drop-
lets assume a nearly spherical shape.l®®%] A closer look at its
surface reveals densely packed papillae with the diameter in
the range of 3-10 um, each of them decorated with nanometer-
scale protrusions.”®’! Inspired by this natural nanoarchitec-
ture, researchers were able to fabricate functional materials
with similar hydrophobic properties.l'”? Figure 6 shows SEM
images of hexagonal packed microspheres composed of silica
nanospheres with a diameter of 300 nm, achieved using a
PDMS template with honeycomb structure.

Colloidal lithography holds great promise for realization of
powerful hierarchical templates in silicon for molding poly-
mers (e.g., PDMS) that is expected to mimic the nanostruc-
ture found on Gecko toes. The strategy relies on a sequence of
technological steps, starting from ncp particles array defined
by oxygen RIE followed by an etching process such us metal
assisted etching or deep reacting ion etching to generate dense
arrays of straight holes with aspect ratio ranging from 3 to 6. By
stacking additional patterned layers of thick photoresist (SU-8),
hierarchical templates can be fabricated which can be inverted
and transferred into PDMS via molding.

3. Surface Microstructures from Particles
Assembled on Biomimetic Wrinkled Surfaces

For many technical applications colloidal arrangements are con-
sidered promising building blocks for the realization of novel
devices including sensors, waveguides or solar cells among
others.”3l Therefore, great effort has been dedicated towards
understanding and controlling particle assembly during the
past years.’+77]

One of the most successful approaches towards controlling
particle assembly on surfaces is template assisted self-assembly.
Here, particles are “guided” by chemically or topographically
structured substrates. For instance, chemically prestructured
substrates have been use to produce micropatterned photonic
crystals.l’”#80 Convective assembly as described in the first sec-
tion of this article provides access to highly regular one- and
two-dimensionally ordered particle arrays when structured tem-
plates are employed. Alternatively, Khanh et al. introduced dry
assembly®! obtaining quasi-two-dimensional colloidal arrange-
ments which could further be used to direct particle assembly
by colloidal epitaxy.®>%4 However, topographical templating

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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introduced by Xia and co-workers.®! is more common and
allows organization of particles of different shapes with excep-
tional precision.B®% Often unusual crystal structures which
differ from close-packed monolayers result from the prestruc-
turing of the template.8>1-%]

While template assisted self-assembly shows an impres-
sive control over positional order and provides access to com-
plex, almost arbitrary patterns covering several length scales,
the main drawback is the need for specifically designed tem-
plates. These templates are usually produced by photolithog-
raphy and if submicrometer dimensions should be approached,
even more complex procedures like extreme UV interference
lithography,®®%7! e-beam lithography (EBL)® or focused ion
beam (FIB)® etching are required. The employed processes
are rather expensive and energy consuming, especially when
structuring in the submicron regime is required. Up-scaling is
as well problematic especially for techniques which are locally
invasive like EBL and FIB. While nanoimprint techniques sim-
plify replication, they as well require first masters formed by
the techniques mentioned above. Thus, template formation
turns out to be a bottleneck for both fundamental research
and applications of template assisted colloidal self-assembly.
This is the main reason why template assisted self assembly
approaches are generally seen as difficult to up-scale and of
high complexity/cost.”*

At this point, it is instructive to review surface patterns
found on biological and especially plant surfaces, since they
point towards a possible solution of this problem. As shown for
the example of plant surfaces in Figure 7, natural surfaces dis-
play an abundance of various topographical patterns. Patterns
often display periodical lines-features with periodicities down
to micron dimensions. In many cases, the underlying structure
forming process for these so-called cuticullar folds is wrinkling,
which is a general mechanical instability phenomenon: sur-
faces composed of an elastic layer and a stiffer top coating start
to buckle forming periodic sinusoidal structures upon appli-
cation of mechanical strain.'%! This process is of course not
limited to biological interfaces, but is as well found on various
artificial surfaces.[191:102]

The physics of wrinkling processes has been investigated in
great detail (see Ref. [103]). Wrinkling phenomena are based on
so-called buckling instabilities of thin films10104105] meaning
that when a compressive in-plane strain is applied to a thin
membrane it will respond with low deformations. It will bend
out of plane developing a wrinkle, as frequently observed for
cloth, skin, or paper. Although the formed wavelengths of a free
sheet are generally scattered over a broad range, the situation
changes as the sheet is coupled to an elastomeric substrate. In
this situation, wrinkle-wavelengths become well-defined and
can be used for templating.[1%°!

Biot and Landaul'”’-'% developed the buckling mechanics
which Voliinsky et al.l'' used for the study of this phenom-
enon. The basic underlying principle is that there are—in
contrast to the free sheet situation—two main contributions
towards the total mechanical deformation energy of the system.
One is related to the deformation of the thin sheet, as in the
free sheet scenario. This contribution is minimal if sheet
bending is low and thus favors large wavelengths. The other
contribution is related to the deformation of the substrate and

Adv. Funct. Mater. 2013, 23, 4529-4541
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Figure 7. Cryo-scanning electron microscopy (cryo-SEM) micrographs of cuticle folds on plant surfaces. A) Upper (adaxial) leaf surface of “Malus
domestica Borkh” (Rosaceae). B) Main vein on the lower (abaxial) leaf side of “Rumex obtusifolius L” (Polygonaceae). C) Lower leaf surface of “Polygo-
natum multiflorum (L.) All.” (Asparagaceae). D) Upper leaf side of “Rheum rhabarbarum L.” (Polygonaceae). E) Stem of “Rheum rhabarbarum L.”
(Polygonaceae). F) Lower leaf side of “Solanum tamii Hawkes and Hjert” (Solanaceae). G) Upper flower surface (petals) of “Paeonia Hybr.” (Paeo-
niaceae). H,J) Upper flower surface (petals) of “cardamine pratensis L.” (Brassicaceae). I) Upper flower surface (petals) of “Taraxacum officinale L.”
(Asteraceae). Adapted with permission.l%3l Copyright 2012, The Company of Biologists Ltd.

favors minimal amplitude of the sheet deformation, which cor-
responds to minimal wavelength at fixed relative deformation.
The sum of both contributions becomes minimal at a finite
wavelength, defining preferred periodicity.

Continuum mechanical considerations quantify the impor-
tant parameters and their relation to geometrical and mechan-
ical quantities: A critical relative deformation & (Equation (1)) is
required to observe wrinkling where Erand E are the Young's
moduli and v and vy the Poisson’s ratio of the film and the
substrate, respectively. The wavelength (A, (Equation (2)) and
amplitude (A) (Equation (3)), are directly related to the thick-
ness of the film (hy).

1
‘. < 9(1 — v2)’E2 )3 0
64(1 — v2)?E2

- (1—v2)Er \3
Ae = 2hy <—3(1 _V%)ES> 2)
N
w5 -) g

However, these equations are only valid for low values of the
strain (). Huang and Jiang et al.11}112] studied the influence of
high stresses on thin film buckling. They found that the wave-
length decreases for higher strains as shown in Equation (4)
and Equation (5).

A’C[AO]
AA]= — fetbol
A (1+e)ia+e)l )
5e(1+ ¢)
°T T n ®)

The fact that topographical features of wrinkling patterns like
periodicity and amplitude become well-defined and controllable

Adv. Funct. Mater. 2013, 23, 4529-4541
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by film thickness and elastic properties of film and substrate
opens a (bio-inspired) route towards topographical patterning:
wrinkling has consequently been exploited for topographical
structuring of artificial systems. The first example was reported
by Whitesides et al.l'! who deposited a thin metal layer on
a thermally expanded elastomeric polymer. Due to the con-
traction of the underlying elastomer upon cooling, periodic
wrinkles with wavelengths of 20-50 um were formed. Due to
the isotropic expansion of the elastomer, the wrinkles formed
vermiculate patterns with no preferred orientation. Both the
missing long range orientation and the rather large periodici-
ties have been massively improved by alternate approaches.

If the isotropic stress is replaced by a uni-axial mechanical
stress, parallel macroscopically oriented wrinkles are formed
upon relaxation. Thus wrinkle orientation becomes well-
defined on macroscopic areas. As the underlying mechanism
is based on mechanical deformation properties and geometrical
features, the process can easily be generalized to a wide variety
of other material-combinations. In particular, while PDMS is
by far the most widely used substrate, the nature of the thin
film was varied by many groups: for instance using various
polymers films,[113-17] polymer brushes!!®l or thin oxide layers
prepared by oxidation either with plasma,l'* UV-ozone!'?% or
via chemical treatment,'?!l leading to various structure types
and wrinkle dimensions.[100:106.122-124] [n terms of periodicities,
plasma oxidation of PDMS is most widely used for approaching
the low-wavelength limit. Periodicities of 300 nm and less have
been reported in the literature.!1!

Additionally, wrinkles based on elastomeric systems can be
used as a mold to transfer the well-defined structure on sub-
strates with various surface chemistries, which was first intro-
duced by Schweikart and co-workers.'”] The approach was
recently expanded to templating of inorganic materials.['2¢]
Replication may increase the stability of the surface against sol-
vents and mechanical impacts, which broadens the applicability
of surface wrinkles.

If one compares wrinkle type structures to structures formed
by lithography, one major difference is the nature of defects
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that occur in the process. In lithographic techniques, patterning
arises due to the fact that part of a substrate is removed by
etching. Ideally the transition between etched and non-etched
regions is infinitely sharp, in reality it has a finite width and
roughness, which is determined by processing parameters. The
aim of process optimization is to reduce these non-idealities. In
contrast, structure formation based on wrinkling is not a locally
invasive process. Rather, mechanical response towards a macro-
scopic deformation causes the morphological changes. Defects
can arise from mechanical failure, mechanical inhomogenei-
ties, but they can as well be a consequence of metastable states
in mechanical deformation energies. Defects that are caused
by mechanical failure are, for example, cracks which are fre-
quently observed in cases where brittle layers are used for wrin-
kling. Efimenko and coworkers,['?”] reported crack formation in
samples of PDMS covered with a layer of silica-like material,
which were uniaxially strained. Cracks were oriented perpen-
dicular to the wrinkle direction and could be explained by trans-
verse deformation. Similar effects are frequently encountered.
In many cases, they pose no fundamental problem, since they
occur at typical distances much larger than the wavelength of
the wrinkles. If cracks should be avoided, more elastic layers
have to be used for wrinkling. For example Chen and cow-
orkers report on a crack-free controlled wrinkling method,
based on a bilayer film system with a vertical gradient in mate-
rial stiffness.?8] The observed reduction of crack formation and
delamination are caused by a reduced stress intensity factor of
the system which results in increased resistance of the system
to structural failures. However, cracks can as well be used for
adding complexity/additional levels of hierarchy to wrinkle
patterns. For example, Crosby and co-workers illustrated that
cracks can serve as ordering elements for wrinkles.['2%130 The
second class of defects are minutiae, “Y”-type junctions of wrin-
kles. As in human finger-prints, minutiae occur at random
positions. The density of minutiae depends on the mechan-
ical homogeneity of the system and on the process of wrinkle
formation. Even if a system is mechanically perfectly homog-
enous, minutiae can form as metastable states.'3! Again, they
can serve as interesting symmetry breaking elements, which
will be further discussed in the final part of this section.

An important consequence of both defect mechanisms is that
long range order is very difficult to achieve using a wrinkling
approach in contrast to lithographic techniques. Lithography
defects are not disturbing long range order, since they are local
and not “additive”, cracks or minutiae disturb long range order.
Thus, wrinkling is most attractive for applications, where only
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local order is required—such as optical effects—while it is ill-
suited for “high definition patterning” as is required in data
storage applications. This already defines a first scope of possible
applications. In the following section, we will focus on the appli-
cation of wrinkles as templates for particle assembly. However,
there is a broad range of other possible applications of wrinkles
related to other surface aspects like optical properties, friction,
adhesion, etc. which are covered by recent reviews.[132-134

There are many examples in particle-based microstructuring,
where micrometer- or even sub-micrometer periodicities,
but no extreme long range order are desired such as optical
bandgap or plasmonic coupling.'*138 The first use of wrin-
kled surfaces for particle alignment and formation of periodic
structures was presented by Lu et al.13% In this proof-of prin-
ciple, particles were deposited onto a wrinkled surface by dip
coating. This process has been demonstrated in the following to
be very versatile in terms of particle type used by Hyun et al.l'40]
However, dip coating has limitations in terms of up-scalability.
Spin coating has been shown to be an alternative. During the
rotation cavities are filled with particles and the excess are spun
away by centrifugal forces.[1*1-143]

Schweikart et al. showed that particle suspensions can be
ordered by confinement between a flat substrate and wrin-
kles. In this confined state the particles are trapped in the
formed microchannels during drying. One advantage of this
approach is that the organized particles are directly transferred
to the used substrate after removing the wrinkles. Another
advantage of this approach is that different structures can be
achieved, ranging from single lines, double lines to pyramidal
like assemblies by tuning particle concentration and wrin-
kles wavelength. Additionally, grid like structures can be also
achieved by confining the particle solution between two wrin-
kled surfaces.[100123144145] Any improvement on particle organi-
zation using wrinkles was developed by Fery and co-workers
using a combination of these two last approaches (spin coating
and confinement; see Figure 8). In this technique, the spin
coated particles fill the cavities of the wrinkles and are further
release to glass slides under confined conditions using a water
droplet.[145:14]

Wrinkling does not only provide an access towards topo-
graphical templates, as well, wrinkle patterns can be translated
into chemical patterns as introduced by Pretzl et al.'*”] In this
work, wrinkled elastomers were used as microcontact printing
stamps and polymers could be patterned with sub-microometer
periodicities. Similar microcontact printing approaches were
subsequently used by many authors for transferring particles

SERS Detection

Figure 8. Schematic representation of the spin coating and confinement combination approach to organize particles (left). SEM, TEM and digital
picture images showing gold stars coated with PNIPAM organized into parallel lines (center). SERS spectrum of pyrene showing the ability of this
structure for sensing (right). Reproduced with permission. 146l Copyright 2012, American Chemical Society.
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assembled in wrinkles onto other substrates.'"1-146l An inter-
esting alternative is the printing process introduced by Hyun
and co-workers, which have shown that wrinkles made of PS
coated PDMS can be reversible buckled by thermal recovery,
due to induced buckling by strain and release by glass transi-
tion of PS layer. Therefore, the deposited particles can be easily
transferred to other substrates by undergoing the buckled to
flat transfer.

Mostly spherical colloidal particles, like silica*®#1 or
PS[139.140.144149 have been aligned. However, not only spherical
or inorganic particles can be organized. Efinmenko et al.l'*’]
and Horn et al.'*!l showed respectively, that also life entities
like zoospores or tobacco mosaic virus with anisotropic mor-
phology, can be organized using wrinkles. Besides particle
organizations, wrinkles have been demonstrate to be useful for
other particle applications as Efinmenko et al. demonstrated
the use of wrinkles as microfluidic sieves using two different
periodicities.['%”]

In contrast to “classical” template assisted particle assembly
schemes, two facts make wrinkle assisted assembly very attrac-
tive. First, the process appears to be robust enough to work
well for sub-micrometer particles, for which many alternate
approaches as reported by Velev fail.”¥ Using wrinkle-sub-
strates as templates, assembly of sub-micrometer particles
is routinously reported. For example Lu and co-workers used
polystyrene particles of 380 nm,3% Mueller and co-workers
used 250 nm Au@PNIPAM (poly-N-isopropylacrylamide) par-
ticles,'* or Pazos-Perez et al. used 66 nm gold particles!'?”]
Second, the assemblies can easily approach macroscopic areas
while maintaining nanoscale control on particle order and
distances between particles (see Figure 8). These two aspects
are of particular relevance for technological applications: the
organization of nanoparticles into ordered or even hierarchical
structures is one of the current challenges in nanotechnology.
Many novel electronic, optic, mechanic or magnetic properties
arise only in such assemblies where interparticle coupling or
long range cooperative behavior can be tailored by a controlled
short and/or long range order. Typical examples are struc-
tures with metamaterial properties or controlled plasmonic
properties.[150-159

Regarding this aim, various functional particles had been
used to produce periodic organized structures. One of the
most used particles are metallic nanoparticles because of their
interesting optical properties which are the focus of interest in
controlling interparticle surface plasmon coupling. Organized
surfaces of Au NP using wrinkled substrates, had been mainly
performed either via printing,'*) dry confinement,371% or
spin release.['*’]

In this context, particle organization has not been only
restricted to hard particles. Also soft colloids like thermore-
sponsive microgels had been organized as shown by Hyun
et al.1% Keeping in mind the applicability of these structures,
the use of core shell particles where the cores provide function-
ality, Mueller et al.'*] used silver and gold NP as cores with
PNIPAM shells showing that the soft shell acts not only as
spacer, thus controlling plasmon coupling by tuning the inter-
particle distance, but gives also the opportunity to build up new
packing geometries of the particles within a line moving away
from closed packed structures due to the fact that the shell is

Adv. Funct. Mater. 2013, 23, 4529-4541
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soft and can be easily deformed during the spin release. There-
fore, not only the angle between particles is distorted, but also
the distance between them can be decreased.

Currently, one of the most promising technological applica-
tions of these systems which arise from controlling plasmonic
coupling is the generation of high electromagnetic fields in
confinement regions!'%1%] that can be used to enhance dif-
ferent material properties or to induce new metamaterial
properties. Surface enhanced Raman scattering (SERS) spec-
troscopy, is widely used at the moment because is a powerful
ultrasensitive and very fast technique which allows detection
down to single molecule levels.['®6167] The production of active
SERS substrates is based on the generation of hot spots cre-
ated by plasmonic nanoparticles. However, the controlled for-
mation and reproduction of these hot spots is still a challenge
in order to produce homogeneous and reproducible SERS
intensities over large areas. This is a requirement in order
to go one step forward to overcome the restricted qualitative
results of this technique toward quantitative and reproducible
measurements.

To this end, Pazos et al.'23137.18] yised the wrinkle assisted
assembly process in order to organize gold nanoparticles into
parallel lines and thus generating an homogenous array of hot
spots at the gaps between particles, demonstrating the homog-
enous intensity provided by the substrate over large areas.
Moreover, one of the most prominent plasmonic structures for
SERS analysis are star shaped nanoparticles!!®! which actually
exhibit numerous hot spots within a single nanoparticle at the
apexes of the tips!'’ being one of the first substrates providing
Raman enhancement at the single-particle level.l'”!] However, it
has been shown that close packed arrangements of these struc-
tures results in deactivation of the hot spots due to the inter-
action between tips with different geometry and orientation,
giving rise to plasmon deactivation rather than to the genera-
tion of highly active hot spots, as in the case of spheres.['7>173]
To address this problem, Mueller et al. used aligned gold stars
with a PNIPAM shell in order create extended homogeneous
periodic structures avoiding tip to tip interactions and thus pre-
serving the full SERS activity of each nanostar.%l Additionally,
a second functionality of these assemblies was demonstrated by
using the hydrophobic nature of the PNIPAM shell to trap and
detect aromatic hydrocarbons (pyrene) in gas phase as shown
in Figure 8.

Concerning future developments of this approach, the step
from simple patterns and symmetries like parallel lines to
hierarchical patterns is probably the most exciting perspec-
tive. Again the natural examples demonstrate impressively that
wrinkling is suitable for achieving highly complex hierarchical
patterns (see Figure 1). Artificial wrinkling is beginning to
follow this inspiration, using different strategies, which will be
reviewed in this section.

There are many examples of wrinkle structures which
deviate from parallel line-morphology reported in literature as
for instance random, herringbone,'7+170 stripes,[101:110.115.119]
checkerboard,l'’”” and others discussed in several rev
iews.[100106.178] However, to generate hierarchically”7-%] struc-
tured surface patterns of high quality, with high reproducibility
and controlled surface properties is still a challenge in mate-
rials science. In this context, the wrinkling methods remain
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Figure 9. 3D AFM and SEM images of a PDMS wrinkled substrate. Inset on SEM image shows “Y”-type junction on wrinkles (left). Wrinkles with
complex structures (right). Adapted with permission.['3”] Copyright 2010, The Royal Society of Chemistry. Adapted with permission.l7%l Copyright 2012,
The Royal Society of Chemistry. Adapted with permission.'® Copyright 2010, The Royal Society of Chemistry.

promising systems to realize complex, hierarchical surface
patterns and will stay within the focus of researchers. Several
recent developments on this field have been already achieved
and can be grouped in two main classes, as shown in Figure 9.
One strategy is to apply more complex strain situations than
uni-axial deformation within linear elastic regime. Larger
strains can lead to nonlinear effects, complex strain situations
can result in hierarchical wrinkle formation, as indicated in
Figure 9 top right. The other possibility is to use simple defor-
mation situations, but use mechanically heterogeneous sub-
strates like patterned substrates or substrates which display
gradients in film thickness or elastic constants, as indicated in
Figure 9, bottom left.

Several examples illustrate typical approaches for complex
strain situations. Application of a thin layer of PS and wrin-
kling can alternatively realized in one step by floating a thin PS
layer on a water bath and submerge an elastomeric substrate,
with one edge of the film attached to the substrate at the vapor-
liquid-substrate contact line."® The formation of wrinkles is
caused by the deformation of the elastic substrate at the contact
line due to the acting capillary forces which cannot be relaxed
after film application. This process results in surface wrinkles
with tunable wavelength where submerging velocity is the con-
trolling parameter. To induce another distinct wrinkle wave-
length perpendicular to the first wrinkle direction resulting in
highly complex surface patterns the substrates are compressed
in 90° to the wrinkle patterns.!'¥!] Damman and co-workers!'#?
studied the formation of hierarchical wrinkles prepared via
spontaneous wrinkling of a rigid layer (titania) on top of a
soft substrate (PS) induced by solvent diffusion. The resulting
wrinkled surface patterns show hierarchal wrinkle properties
such as wavelength and amplitude. They were able to prepare
radial and linear surface patterns via exposure of the layered
substrate to vapor. The observed wavefront proceeds due to
solvent diffusion and the initial wavelength is constant. With

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

time the wrinkle wavelength increases and “mature” wrinkles
are formed. The wavelength evolution was found to follow a
power law. This interesting behavior can be explained by taking
into account bending of the top layer, viscous flow in the low
molecular weight polymer and solvent diffusion. Recently, the
same group reported on multiple length scale elastic instabili-
ties.'®] An interesting expansion is the step towards nonplanar
substrates. Trindade and co-workers!'®] prepared Janus parti-
cles with a wrinkled half sphere via selective UV oxidation of
one side of urethane/urea polymer micro- and millimeter sized
particles. UV-irradiation lead to the formation of a thin rigid
film selectively on one hemisphere. After film formation parti-
cles were swelled in an appropriate solvent to induce wrinkling.
After solvent removal, wrinkles with two dimensions were
obtained on one hemisphere.

On the other hand, several examples illustrating the use of
patterned substrates/gradient substrates can be found in recent
literature. Lu et al.l'”? reported on an approach to build up well-
defined highly complex surface patterns. A wrinkled surface
prepared via plasma oxidation was used to template wrinkle
formation on a substrate covered with a thin PS layer based on
thermally expansion. Dependent on wrinkle wavelength of the
applied template, a second wrinkle hierarchy was introduced
to the PS layer. Repeating the templating step with a varied
template to substrate angle, lead to highly complex surface pat-
terns with two deep trenches caused by the template and two
trenches with smaller depth, caused by the PS film wrinkling
so the resulting structure shows four pins.

Watanabe et al.l'’’l prepared well-ordered checkerboard
patterns with a multiple step approach. Basically a PDMS
substrate was wrapped around a pipe to apply a mechanical
stress. In a second step a thin PMMA layer was applied and
swelled in a solvent vapor to introduce a second hierarchy.
After stress relaxation well defined checkerboard patterns
were formed.

Adv. Funct. Mater. 2013, 23, 4529-4541
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Furthermore, Hanske and co-workers used a combined
approach of chemical patterning and template assisted in com-
bination with microcontact printing to organize nanoparticles in
complex structures achieving a selective adsorption of particle
lines in concrete regions of the substrate. This technique leads
not only to linear assemblies, but also to grid like structures.!*8l

Gradients in film thickness were first introduced by Stafford
and co-workers in wrinkling metrology.''”] Recently, this prin-
ciple was used in particle assembly by Hiltl and co-workers.['*?]
Gradients in elastic constants of the substrate were introduced
by Claussen and co-workers.[87]

4. Conclusions and Outlook

Bioinspiration aids creative research in materials: biological
examples have emboldened researchers to design and test new
surface microstructures and to look for alternative fabrication
processes. Bioinspired versions of the Lotus leaf or the Gecko's
adhesion pads motivated systematic basic research into the
exact origins of their functions.

Colloidal particles form an interesting basis for bioinspired
processes and structures. Artificial particles are sufficiently well
understood and robust to employ them in material synthesis.
They are easier to observe and analyze than softer objects such
as proteins. They are also more familiar to industry. Processes
that employ particles are therefore realistic candidates for actual
production processes.

Today, particle-based biomimetic material structuring is in
its infancy. Even the most advanced of the processes described
above are far less complex and controlled than standard pro-
cesses in semiconductor manufacturing. Even the most com-
plex surface microstructures fabricated from particles are
simple compared to structures that occur in simple organisms.
We only begin to understand the roles of hierarchy and internal
textures of biological structures.

It also remains to be seen which biomimetic processes can
successfully be scaled to areas that are required for produc-
tion. Materials such as emulsion-based photographic film and
or, more recently, E-Ink-displays are encouraging examples of
large-scale soft processing. Research into the scale-up of bio-
mimetic surface structures is now ongoing worldwide. In the
future, biomimetically microstructured, functional surfaces
could become standard products that can be integrated with
printing processes, roll-to-roll manufacturing and flexible elec-
tronics, for example.
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