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Introduction

Chapter 1

1.1 Hierarchical structures
Multiscale hierarchical structures are often inspired by biological systems. Many
biological systems exhibit multifunctionalities due to their hierarchical structures, and
such structures are therefore intensively studied for technological applications.1–3 A
typical example was found in the wings of the Morpho butterfly, which exhibit both the
brilliant structural colors raised by Bragg diffraction of periodic structures,2 and
superhydrophobicity and directional adhesion4 derived from the combined micro- and
nanoscale structures. For this reason fabrication of hierarchical structures with welldefined chemical composition have been extensively studied, thereby focusing on
their tunable multilevel scales, versatile morphologies and structure-enabled
properties in optics (e.g. reflection, antireflection),5,6 physics (e.g. superwettability,
directional adhesion, directional wetting),7,8 and biology (e.g. tissue engineering).9
Hierarchical structures can both provide excellent mechanical properties such as
stability, flexibility, and strength due to their microscale structuring, and unique
functionalities caused by their nanoscale structuring such as superhydrophobicity,
superhydrophilicity, antifouling, self-cleaning, directional wetting, directional adhesion,
antireflection, structural color, selective filtration and regulation of cell behaviours.

1.2 Photonic crystals
Photonic crystals (PCs) are one of unique hierarchical structures with highly ordered
lattices and specific optical properties, and thus have attracted enormous interest in
both scientific research and for practical applications in the areas of optical devices,10
anticounterfeiting technologies,11 sensing,12 light harvesting,13 energy storage14
antifogging,15 antifouling,16 oil/water seperation,17 and tissue scaffolds,18 owing to their
specific structures and sturcture-enbaled optical/physical properties. Figure 1.1
demonstrates applications of PCs in a variety of fields.
PCs received their name because light interacts in a specific manner with their
structure, that is analogous to the interaction of electrons with a semiconductor. A PC
structure can be created by one- (1D), two- (2D) or three- (3D) dimensional periodicity
in the bulk of an object. PCs have two determining optical constraints,19 namely the
refractive index of the materials it is composed of and the number of dimensions
exhibited by its periodicity. This provides the potential for light to be manipulated in
1D, 2D or 3D space. The PC structures have many specific optical properties,
including a photonic stop band (PSB), photon localization, slow light effect, and
fluorescence enhancement effect.20
The periodicity of PC structures, i.e., their periodic structure of colloids/voids, is
able to prevent the light propagation in certain directions at specific frequencies,
producing a PSB and making the structure show structural colors. Figure 1.2a shows
the typical optical attenuance spectrum of colloidal photonic crystals.5 The periodic
structure affects the propagation of the light, as illustrated in Figure 1.2b, at the red
edge of the PSB, the light standing wave peaks are primarily localized in the dielectric
regions of the PC with high refractive index, whereas, at the blue edge, they are
localized in the low reflective index regions (i.e., the voids). Importantly, on both the
blue edge and the red edge of the PSB, reduced group velocity is observed, which is
termed “slow light”.21,22
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Figure 1.1. Demonstration of hierarchical structure applications in a variety of fields. (a)
Enrichment of analyte molecules in a droplet to the hydrophilic PC dots on a hydrophobic
substrate, achieving the limit of detection down to 10-16 mol·L-1. Adapted from ref 23, copyright
2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Enhancement of incident photonto-electron conversion efficiency (IPCE) of WO3 photoanodes using a 3D PC design. Reprinted
with permission from ref 24, copyright 2011 American Chemical Society. (c) Freestanding films
containing the patterns made by colloids for anticounterfeiting. Reproduced with permission
from ref 25. Copyright 2013, American Chemical Society. (d) Self-cleaning and antifouling
performance of lubricant-infused inverse PC surfaces. Reproduced with permission from ref 26,
copyright 2013 Macmillan Publishers Limited. (e) Reversible actuation behaviour of solventsensitive inverse PCs. Reproduced with permission from ref 27, copyright 2016 the Royal
Society of Chemistry. (f) Oil absorption capacity of 3D ordered multimodal porous carbon
(3DOMPC). Reprinted with permission from ref 28, copyright 2014 Elsevier B.V. (g) PC
colorimetric sensor based on based on selective solvent determination wetting in an inverse 3D
PC with spatially patterned surface. Reproduced with permission from ref 29. Copyright 2011,
American Chemical Society.

15

Chapter 1

Figure 1.2. Optical properties of PC structures. (a) Typical optical attenuance spectral of
colloidal photonic crystals from polystyrene (PS) spheres of 258 (red) and 305 nm (black) in
diameter measured normal to the substrate. Reproduced with permission from ref 5, copyright
2013, American Chemical Society. (b) Simplified PSB of a PC structure and electric field
distributions of light near the blue edge and red edge of the PSB. The green part indicates the
high-dielectric region relative low-dielectric interval region. Center light travels with c0/n, where
c0 is the speed of light in a vacuum, n is the average refractive index. Adapted from ref 29,
copyright 2003 American Chemical Society.

Moreover, due to their periodicity, PC structures also exhibit specific physical
phenomena, such as surface superwettability, directional adhesion, and dry
adhesion.30,31 PCs are normally fabricated via one of two approaches, top-down or
bottom-up. Top-down strategy32,33 can achieve large-scale production of regular
structures but require expensive equipment and are time-consuming. Bottom-up
method34 has the advantages of being cost-effective, and allowing highly efficient
production of structures with high resolution but are generally limited to small scale
yield. Hybrid fabrication methods are also widely developed, which combines topdown with bottom-up approaches. In chapters 3, 4, 5 and 6 of this thesis, the
presented hierarchical structures are spherical photonic crystals (SPCs), which were
fabricated using droplet microfluidics.35 The droplet microfluidics provides a low-cost
and scalable platform to fabricate 3D PC spheres with the advantages of high
controllability in size of the constituent building blocks and the micro-scale spheres
and high uniformity, as well as allowing the precise contro over the number of
crystalline layers, and offering a high flexibility in material selection.

1.3 Self-assembly of hierarchical structures
Self-assembly is one of the main bottom-up strategies to construct the well-defined
hierarchical structures, where the building blocks with inherent properties has been
coded in the resulting structures in the form of shapes, topology, and surface
functionality. A high level of controlling the assembly of building blocks with welldefined structures is significant to effectively harness their unique properties and
achieve structure-enabled functionalities. Some pioneering reports have been
reviewed the method of self-assembly of building blocks in 2D at liquid-liquid
interfaces to fabricate the hierarchical structures.36 Briefly, this “soft” liquid-liquid
interface affords a platform for assembly and chemical manipulation of building blocks,
where the building blocks are highly mobile and their assemblies can rapidly densely
pack. This process is governed by interfacial forces, including capillary forces,
solvation forces, electrostatic forces, and van der Waals forces. The 2D assemblies
16
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created at the two-phase interface normally show inhomogenous periodicity, resulting
in some limitations of their functionalities. For example, the 2D PC structures exhibit
angle dependent PSB properties, whereas the 3D PC structures shows wide viewing
angle properties as the Bragg diffraction is inpendent of varying viewing angles
caused by the high symmetric geometry of their sturtures. Thus, it can broaden the
applications in optical fields. In this thesis, we focus on nanoparticle assembly into 3D
hierarchical microstructures assisted by droplet microfluidics. Discrete amounts of
nanoparticles were encapsulated by generated monodispersed droplets and
subsequently self-assembly of these nanoparticles occurred at the droplet/continuous
phase interface. The generated microdroplet with controllable curvatures and high
uniformity provides an excellent platform to confine the nanoparticle suspension and
achieve the self-assembly into a 3D well-ordered periodicity with high symmetry. This
high level of controllability and reproducibility of droplet microfluidics in creating
periodic structures can precisely tailor the optical properties for designed
functionalities. Also, the droplet microfluidics makes the selection of constituent
materials flexible and it is easy to integrate with other methods.

1.4 Aim of this thesis
This thesis results from a joint collaboration between University of Twente (UT) and
South China Normal University (SCNU). The aim of this thesis is to develop a reliable
and robust strategy for fabrication of hierarchical structures with multilevel structures
on different length scales to provide new types of composite materials. Both the
surface morphology and the resulting structure-determined optical properties of this
hierarchical structure can be precisely controlled through the developed techniques,
thereby offering high potential for applications in the fields of molecular detection,
anticounterfeiting, diagnostics, displays, superwetting materials and catalysis. In the
course of the investigation, we attempt to explain the physical properties of the
created materials and showing possible practical applications. 3D hierarchical
microspheres with versatile surface morphologies have been successfully fabricated
and the resulting structure-enabled functionalities such as localized surface plasmon
resonance (LSPR), PSB, slow light effect, and superwettability behaviour with
controllable adhesion force have been demonstrated. An overview of the 3D
hierarchical microspheres presented in this thesis is given in Figure 1.3.
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Figure 1.3. An overview of the hierarchical structures presented in this thesis. (a) A plasmonic
microsphere with tunable electromagnetic field adjusted by the metal-covered nanogaps and
towards surface-enhanced Raman spectroscopy. (b) Three-tier SPCs with controllable surface
morphology. (c) SiO mass transport regulated nanowire morphology growth on SPCs. (d)
Three-tier microsphere featuring nanowrinkles for mimicry of ‘rose petal’ surface with
hydrophobicity and high adhesion to water. Scale bar in (a) represents 2 μm, in (b) represent 2
μm and 200 nm in close-up images, in (c) represents 2 μm and in (d) represent 2 μm and 200
nm in close-up image, and 1 mm in OM images.

1.5 Outline of this thesis
The outline of this thesis is as follows. In Chapter 2, the stimulus-responsive
hierarchical microparticles/microcapsules are reviewed, focusing on the dropletbased microfluidic technique to fabricate microparticles/microcapsules with high
controllability in material selection, structure formation, and functionalities. By
combining the droplet microfluidics approach with vapor phase film deposition, in
Chapter 3, we report a facile and robust method to fabricate two-tier SPCs with
tunable nanogaps among the assembled metal-covered nanoparticles. These
controllable metallic nanogaps on two-tier SPCs have been studied successfully in
surface-enhanced Raman spectroscopy (SERS) for applications towards molecular
detection. In Chapter 4, by integration of droplet microfluidics, metal thin film
deposition and thermal dewetting, three-tier SPCs with tunable surface morphologies
and optical properties of both the PSB and surface plasmon resonance (SPR) have
been achieved in a controlled and robust manner. To explore the functionalities of
produced three-tier SPCs, in Chapter 5, the SERS performance has been
investigated in more details. Here the enhancement of the Raman signal by
controlling the size of the building blocks, the surface morphologies and the nanogap
distance between adjacent gold nanoparticles of SPCs was investigated. Based on
the work in Chapter 4, in Chapter 6, we present silica nanowire (SiO2NW) growth on
18
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Au-coated two-tier SPCs. Here we study the mechanism of the SiO2NW growth with
the aim of controlling the NW structures as well as the optical properties and
functionalities. Due to the advantages of the droplet microfluidic technique for allowing
facile material selection of fluids, in Chapter 7, we report a method for rapid
fabrication of three-tier hierarchical microunits with close-packed nanoparticles
featuring a nanowrinkled surface. The mechanism of nanowrinkle formation on the
assembled nanoparticle surface is hypothesized, and bioinspired surfaces with
controllable wettability are developed by using the produced hierarchical microunits.
In the end, conclusion and recommendations based on each chapter are summarized
in Chapter 8.
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S

timuli-responsive microparticles/microcapsules have been widely applied in
sensors, actuators, chemical and biomedical analysis, and optoelectronic devices.
Microfluidic technology has been demonstrated as a powerful top-down tool to create
hierarchical microparticles with exquisite control over size, uniformity, morphology,
structure and chemical composition. With exploration of materials, various stimuliresponsive materials have been obtained, responding to magnetic, thermal, electrical,
light and chemical stimuli. Self-assembly of nanoparticles is an efficient bottom-up
approach for generation of functional materials with collective optical, electrical and
magnetic properties. By combining macroscale materials and nanoscale particles
using microfluidic technology, smart microparticles/microcapsules are fabricated,
possessing the responsive properties from the constituent materials, the high surfaceto-volume ratio and enhanced field effect from self-assembled nanostructures, and
the advantages from microfluidics for controlling composition and structure of
hierarchical microparticles/microcapsules. Hereby, better controlled physical and
chemical properties and more sensitive and efficient performance can be achieved.
In this chapter, we summarize the current status of stimuli-responsive microparticles
fabricated by microfluidic technology using polymers and nanoparticles, focusing on
the microfluidic platforms, selection of responsive materials, and the achieved
functions and applications.

from: Wang J., Eijkel J. C. T., Jin M., Xie S., Yuan D., Zhou G., van den Berg
A., Shui L. Responsive Hierarchical Microscale Particles from Macroscale Materials and
Nanoscale Particles. Sensors and Actuators B: Chemical 2017, 247, 78–91.
†Modified
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2.1 Introduction
Microscale hierarchical particles fabricated from macroscale polymer materials and
nanoscale particles retain the native properties of both polymers and nanoparticles,
and possess the advantage of being hierarchical tiers in range of macro-, micro- and
nanometers. These smart microparticles with various compositions and structures,
which respond to externally applied stimuli or environmental variation, have received
intensive attention for their broad applications in chemical, biomedical, photonic and
electronic areas.1,2,11,3–10
Responsive polymer materials are sometimes called “intelligent” materials
including polymers, liquid crystals which can quickly respond to specific external
environmental variation or stimuli, accompanied with a remarkable change in physical
properties such as color, structure, wettability, solubility or volume. Polymers, before
and after polymerization, exist as pre-polymer solution and gel-like block materials,
respectively. Therefore, they can be manipulated by fluidic technologies before
polymerization, and be easily combined with solid devices after polymerization.
According to the response mechanisms to external stimuli, these materials can be
categorized in magnetically, thermally, electrically, light and chemically responsive
groups. Table 2.1 summarizes various representative stimuli-responsive materials,
responsive mechanisms, and their corresponding applications. The responsive
behaviour of these materials is mainly due to the molecular changes or internal
interaction forces that are induced by external stimuli. Chemical design and synthesis
is thus the main method to obtain these functional materials.
Self-assembly of colloidal nanoparticles (CNPs) has long and often been
employed as a bottom-up fabrication method to construct periodic nanostructures.
Self-assembly of CNPs opens novel avenues for generation of functional materials
with collective optical, electrical and magnetic properties.12,13 The materials of CNPs,
which can be organic, inorganic or organic-inorganic hybrids, are engineered by
chemical or mechanical methodologies. They are applied in diverse fields from
chemical engineering to mechanical engineering and bioengineering. Table 2.2
summarizes various representative CNPs which are responsive to external stimuli.
Some CNPs by themselves possess stimuli-responsive properties to external
actuation. They can also be encapsulated and self-assembled in polymer solution and
polymerized into stable and flexible block substrate with well-ordered nanoarrays
functioning as responsive photonic crystal (PC) materials.14 Integration of CNPs into
responsive polymers amplifies their sensitivity, selectivity and responsiveness by
increasing surface-to-volume ratio or creating functional nanostructures.7,15 The
combination of responsive polymer materials with CNPs to construct responsive PCs
has been reviewed in references.16–18
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Table 2.1. Representative stimuli-responsive molecules/groups of polymers and their
applications.
Stimuli

Responsive molecules/groups

Thermal

N-alkylacrylamides,19 eg. PNIPAM
vinyl ether,20 eg. poly(vinylether)
alkylene oxide,21 eg. poly(ethylene oxide)

Electrical

-OH, -NH2, -CONH, -CONH2, -COOH, -HSO3,
eg. poly(acrylic acid-co-acetoacetoxy ethyl
methacrylate) (P(AA-co-AAEM)),
Pluronic F127;
conductive polymer,
eg. poly(acetylene)s (PPV), poly(thiophene)s,
poly(p-phenylene sulfide) (PPS), poly(pyrrole)s
(PPY), polyanilines (PANI);25,26
charged color pigments14

Light

azobenzene29
spiropyran30
triphenylmethane31
cholesteric liquid crystal32

pH
Chemical
ionic
strength
redox
solvent

carboxylic37
eg. poly(acrylic acid) (PAA),
poly(methacrylic acid) (PMMA);
amino groups38
eg. chitosan, poly(ethylene imine);
sulfonic acid39
poly(n-(morpholino)ethylmethacrylate)-bpoly(4-(2-sulfoethyl)-1-(4-vinylbenzyl)
pyridinium betaine) (PMEMA-b-PSVBP)44
poly(ferrocenylsilane)s45

Applications
textiles20
detection22
antifouling23
water
harvesting24

sensing25
drug release27
actuator28

microvalves33
drug release34
optical switch35
reflection
display36

drug delivery
and release40
sensor41
optical device42
lithography43

poly(methyl methacrylate) (PMMA)46
polystyrene (PS)47

To tune functionality, physical methods play an important role besides chemical
modification of the molecular structures. For instance, a bulk of material in normal
phase show definitely different behavior, compared to the same material engineered
to micro- or nanoscale. Key factors like responsiveness and sensitivity can be
physically improved by increasing the specific surface-to-volume ratio or by
fabrication in specific structures.64 Structuring materials in the micro- and nanoscale
can be achieved by various methods, such as template-assisted assembly,65 layerby-layer assembly,66 spraying,67 solvent evaporation68 or microfluidics.69 Among
them, microfluidic technology is becoming a powerful top-down tool to fabricate
microparticles due to its capability of engineering materials in the fluidic phase at the
micro- to nanoscale. Droplet microfluidics has recently emerged as a popular platform
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to construct microparticles with various chemical compositions, diverse structures,
monodispersed size and multiple functions. Microdroplets with size in a range of 0.1100 µm can be obtained by combination of various microchannel geometries (stepflow,69 flow-focusing,70 co-flow,71 T-junction72 and head-on73 structures), fluidic flow
rates and flow rate ratio.74 The microdroplet composition and structure (oil-in-water
(O/W),75 water-in-oil (W/O),76 oil-in-water-in-oil (O/W/O),77 water-in-oil-in-water
(W/O/W),78 and complex emulsions79 can be engineered by careful device design and
material selection.11 The generated microdroplets in microfluidic devices can then be
either on-line or off-line polymerized by UV-irradiation,80 heating,1 chemical reaction81
or solvent evaporation,82 yielding monodispersed micro- and nanoscale
particles/capsules in solid phase. Thus, homogeneous sphere, core-shell, Janus and
complex microparticles can be obtained. They were subsequently applied in
sensors,83 actuators,84 microvalves,85 biological probes,86 bioassays,87 bioseparation,6 drug delivery,10 controlled release,34 water treatment,88 electronic
displays14 and optical devices89 with a variety of responsiveness to magnetic,87
electrical,12 optical,89 thermal90 and chemical91 stimuli, or the combination of two or
three.5,9,10
Table 2.2. Representative stimuli-responsive CNPs and their applications.
Stimuli

Responsive CNPs

Applications

Magnetic

iron(III) oxide NPs (Fe3O4
cobalt ferrite (CoFe2O4 NPs)49
nickel ferrite50

imaging49
sensing51

Thermal

PNIPAM nanogels7
AgNPs52
TiO2 NPs53

sensor52
PC structure53

NPs)48

Electrical

TiO2
carbon black55

actuator54
drug release27
displays56
energy storage57

Light

AuNPs58
Fe3O4 NPs59
inorganic NPs (eg.CuS NPs)60

nanomedicine58
antibacterial
activity61

Chemical

polystyrene (PS) NPs11
cyclosporine A NPs62

display11
drug delivery62
sensing63

NPs54

When these three factors of droplet microfluidics technique, macroscale polymer
materials and CNPs are judiciously combined, hierarchical structures composed of
different materials and multi-tiers can be obtained, as e.g. shown in Figure 2.1. CNPs
can be dispersed in fluidic pre-polymer solution as a dispersion which can then be
encapsulated as droplets dispersed in a continuous phase in a microfluidic device.
The microdroplets can be further treated one by one in-channel, or collected outside
the channel. The CNPs in a pre-polymer solution can be anchored and
trapped/organized and frozen on/in the polymer microparticles by polymerization. Via
this combination, the macroscale materials are divided into microscale particles with
a nanoscale structure. Each microparticle is composed of responsive
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CNPs/polymers; and therefore it can respond to external stimuli. At the same time, it
possesses the properties of large specific surface area, monodispersity, and high
stability as well as sensitive and rapid response.
In this chapter, we focus on recent development of smart
microparticles/microcapsules fabricated using facile droplet microfluidics technology
by combining polymers (responsive or non-responsive) with CNPs (non-responsive
or responsive) in a single unit. The sections are categorized by the response
mechanisms of materials to different stimuli, focusing on the microfluidic devices, the
materials selection, the improved functionality and the application areas.

Figure 2.1. Schematic diagram of microfluidic
microparticles/microcapsules with polymers and CNPs.

28

fabrication

of

hierarchical

smart

Responsive Hierarchical Microscale Particles from Macroscale Materials
and Nanoscale Particles

2.2 Magnetically responsive microparticles
So far, magnetically responsive microparticles have been mainly fabricated by
encapsulating magnetic-responsive nanoparticles (MNPs) into polymers.
Alternatively, polymer molecules have been modified with magnetic-responsive
CNPs, such as ferrite NPs, metallic NPs or metallic NPs with shells. The stimuli
induced responsive behavior is from the CNPs. Because of high surface area, low
cytotoxicity, magnetization saturation and modifiable surface, MNPs have been
broadly investigated and applied in magnetic resonance imaging,92,93 drug delivery,94
separation,95 sensing96 and cell tracking.97 When MNPs are encapsulated in a polymer
network, diverse structural variation can be obtained by controlling the strength and
direction of the applied magnetic field, due to the tunable distance of the
superparamagnetic particles.
PC microparticles with a magnetically responsive structural color from assembled
nanoparticles have been created using a triphase microfluidic technique.11 The highly
uniform emulsion droplets were fabricated by encapsulating a dispersion of MNPs
into the photocurable resin of trimethylolpropane ethoxylate triacrylate (EO3-TMPTA)
in one flow stream and a dispersion of polystyrene nanoparticles (PSNPs) as the other
flow stream in a microfluidic flow-focusing device. The as-prepared droplets as
templates were then in-situ polymerized by UV irradiation, as shown in Figure 2.2a.
Various structural colors have been obtained due to the varying lattice of the closepacked PSNPs in one hemisphere of the PC by varying the nanoparticle size. A dipole
moment and “OFF” & “ON” switchable behaviour can be achieved by introducing the
PC microparticles in a substrate with arrays of well-ordered holes (Figure 2.2b). Each
PC microparticle can respond to the applied magnetic field and act as a discrete pixel
unit in a multipixel array. Thus, an information display was realized by using a
magnetic needle. Moreover, monodispersed bi-compartmental microparticles with
distinct hemisphere regions displaying magnetism and fluorescence have also been
achieved via a facile microfluidic approach and solvent-evaporation with MNPs
occupied one hemisphere and quantum dots (QDs) in the other.98 As a result, a
magnetic-responsive fluorescent switch was achieved. A Janus-bead panel allowed
to write freely when an external magnetic field was applied. It is thus possible to
construct ﬂexible bead displays using this magnetically responsive technology.
Moreover, Lee et al. have created free-floating color-barcoded magnetic
microparticles using a PDMS microfluidic device,2 as shown in Figure 2.2c. The colorbarcoded microparticles were made of magnetic ink (M-Ink) acted as a code region
and photocurable hydrogel as a probe region. By controlling the strength of the
applied magnetic field, diverse structural colors of M-Ink were obtained due to the
tunable distance of the superparamagnetic inter-particles (Figure 2.2d). Color
barcoded microparticles with various shapes have been engineered by using an
ultraviolet mask pattern assisted by a computer-controlled spatial light manipulation.
Using this platform, a multiplex DNA detection assay with encoding and decoding
process was demonstrated. Color-barcoded magnetic microparticles with increased
encoding capacity and multi-axis manipulation capacity are excellent candidates for
applications in bioassays, drug delivery, separation and clinical diagnostics.
Kim and his colleagues have fabricated monodispersed magnetically responsive
microparticles with complex surfaces of self-assembled CNPs using a microfluidic
device, which were applied in biological sensing.6 The magnetically responsive
microparticles are composed of silica nanoparticles (SiO2NPs) and iron oxide
nanoparticles (α-Fe2O3NPs). Via a coaxial microfluidic glass capillary device,
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monodispersed droplets of a photocurable suspension were created, and then
polymerized by UV-irradiation (Figure 2.2e). The rotational frequency of the particles
in a rotating magnetic field as well as the surface roughness and size of the Janus
microparticles can be precisely controlled. These magnetic-responsive Janus
microparticles demonstrated a rotation and translation motion under magnetic field.
Separation of a mixture of three differently coded magnetic microparticles has been
achieved by guiding them into target positions (Figure 2.2f). Moreover, the SiO2NPs
arrays on the magnetically responsive microparticle surfaces can be modified with
chemical or biological groups, broadening their applications as biological probes,
high-throughput immunoassays, microfluidic pumps and mixers.
Yuet et al. have obtained monodispersed and multifunctional Janus hydrogel
particles with superparamagnetic properties.99 The orientation of Janus particles can
be locally and precisely controlled by an externally applied magnetic field. Thus, these
particles could be employed in sorting, microrheological probes, magnetic imaging,
tissue engineering, and novel metamaterials. Through a bottom-up assembly
approach, magnetically responsive Janus particles with complex structures were
obtained by modulating the particle concentration and composition as well as the type
of the magnetic field. These magnetic-responsive Janus microcapsules modified with
functional groups or molecules could be potentially applied in drug delivery or cell
mimicry systems.100 By coding different chemistries per particle, multifunctional
superparamagnetic Janus particles with optical enhancement have also been
fabricated, which could be potentially useful for novel sensing to achieve
miniaturization of dot blot analysis.101
Carbon-based nanomaterials have received significant momentum due to their
unique structure and properties (e.g. high mechanical strength, good stability,
electrical, thermal and optical properties). Hierarchical micro-/nano-structures
constructed using carbon-based nanomaterials combined with functional (e.g.
magnetic, thermal or fluorescent) particles would provide multifunctional
responsibility, being applied in biomedicine, environment and electronic devices.102
Wang et al. have proposed a facile microfluidic approach to fabricate magnetic porous
multi-walled carbon nanotube beads (MCNTs) with flexible and controllable
manipulation for organic contaminants adsorption.103 The dispersed phase consisted
of acidified MCNTs, polystyrene microspheres and Fe3O4 nanoparticles suspending
in deionized water, while the dimethyl silicone oil was used as the continuous phase.
Through a modified microfluidic device, the MCNT/polystyrene/Fe3O4 droplets were
generated at the junction of the T-shaped channel, and then treated by thermal
solidification and repeatedly washed with n-hexane. The magnetic porous MCNTBs
were obtained after calcination under a nitrogen (N2) atmosphere. The proposed
MCNTs possess hierarchical pores which were beneficial for enhancing their
adsorbing capacity and efficiency. These three-dimensional (3D) magneticresponsive hierarchical porous structure showed superhydrophobicity and stable
recyclability, which can not only improve adsorption efficiency of organic solvents, but
also benefit to oriented movement and recycling of the adsorbents. Ali et al. has
shown the high electrochemical sensitivity and selectivity by the integration of porous
graphene-nTiO2 composite in microfluidic devices.104
In summary, magnetically responsive microparticles are created by either
encapsulating MNPs in a polymer network or linking them to polymer molecules. Their
response is induced by an externally applied magnetic field of specific strength and
direction to achieve movement of the nanoparticles or change the interparticle
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distance. These microparticles possess highly potential for flexible displays,11 microactuators,99 controlled release systems10 and immunoassays.92

Figure 2.2. Janus microparticles fabricated using a triphase microfluidic device. (a) The
generated microparticles with various shapes by tuning the interfacial tension among triple
phases. (b) Photonic patterns driven by applied magnetic field. Reproduced with permission
from ref.11, copyright 2012 Wiley. Creation of (M-Ink)-based color-barcoded magnetic
microparticles using a microfluidic platform. (c) The fabrication procedures. (d) The fabricated
color-barcoded microparticles. Adapted from ref.2 with permission from Nature publishing group.
Fabrication of magnetic Janus particles using microfluidic device. (e) Schematic of the
fabrication procedures. (f) The differently coded magnetic microparticles applied in mixture
separation. Modified with permission from ref.6, copyright 2010 Wiley.
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2.3 Thermally responsive microcapsules
Thermo-responsive polymers typically exhibit a critical temperature at which a phase
transition occurs. This property is mainly attributed to the change of intra- and/or
intermolecular interactions, leading to an expansion or contraction of the polymer
chains in a specific medium. Thermally responsive polymers are generally classified
into three types: low critical solution temperature polymer (LCST),105 upper critical
solution temperature polymer (UCST)106 and solvent-dependent polymer.107 Because
of the remarkable changes in their configurations (size, volume and structure), which
can be triggered by a temperature variation, they have been widely studied and
applied in various fields.108
Poly(N-isopropylacrylamide) (PNIPAM) hydrogel is commonly taken as an
example because of its dramatic phase transition in water at the critical temperature
of about 32 °C.90 When the temperature is > 32 °C, PNIPAM hydrogel exists in a
shrunken state due to dehydration. On the contrary, the hydrogel presents a swollen
state at < 32 °C. To increase responsiveness and sensitivity, either the molecular
structure is modified, or the surface-to-volume ratio is increased by encapsulating
nanoparticles64 or creating nanopores109 in hydrogel microcapsules. Microfluidic
technology is a useful tool for these structure modifications.
Thermally responsive microcapsules with colloidal crystal shells have been
engineered using a microfluidic device combining co-ﬂow and ﬂow-focusing
geometries by Weitz et al.3, as shown in Figures 2.3a and b. The colloidal crystals
were immobilized in the thermo-responsive polymer network to form the microcapsule
shell. The optical properties (e.g. Bragg diffraction) of the gel-immobilized colloidal
crystal shell can be flexibly tuned by selection of stimuli-sensitive polymer materials
and control over CNP concentration. The structural color or Bragg diffraction
wavelength of the microcapsules can be triggered upon temperature variation. Thus,
this thermally induced change of optical properties can be applied as labels and
biological/chemical sensors.
Thermally responsive nanogels have also been encapsulated into the polymers
to create smart microcapsules with novel and complex structures, which could
enhance performance efficiency and broaden applications in many fields.7,15,80 Yue et
al. have demonstrated a facile strategy to construct thermally triggered microcapsules
with fast response by encapsulating nanogels with a hierarchical phase-transition
mechanism.15 These thermo-sensitive microcapsules exhibited remarkably high
speed response, compared to the thermo-responsive microspheres with one
homogenous structure. It is attributed to the hierarchical phase-transition at different
volume phase transition temperature (VPTT) of the embedded nanogels and the
microsphere matrixes. Yuandu Hu and colleagues have taken a simple and robust
microfluidic approach to fabricate monodispersed thermally responsive soft PC
microcapsules,7 which is shown in Figures 2.3c-e. A co-flow microfluidic device was
used to construct the W/O/W microdroplets. Monodispersed PC microcapsules were
synthesized by UV-induced polymerization of the W/O/W microdroplet shell of
ethoxylated trimethylolpropane triacrylate (ETPTA) photocurable resin. The inner
phase of the microcapsules consisted of thermally responsive PNIPAM crystalline
nanogels which organized to form well-ordered PC structures through evaporationinduced crystallization. The intensity of the reflection spectra of the crystalline nanogel
arrays in the core can be modulated reversibly by changing the shell thickness or the
temperature. A temperature change would induce internal structure variations,
leading to changes in structural color and optical properties of these thermo-sensitive
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PC microcapsules. For example, when the temperature increased from 20 °C to 35
°C, the color of the green PC microcapsules gradually changed from bright green to
light green, and then to milky-white. Correspondingly, the reflection peak was
broadened. Vice versa, the opposite response was observed during cooling-down
process. The thermally responsive behavior of this PC microcapsule is mainly
attributed to the thermally-induced change of the nanogel size and the periodicity of
crystalline arrays. Such core-shell PC microcapsules with thermally responsive
properties open a door to drug delivery, smart actuators and sensors.
The thermally responsive microcapsules can be fabricated by microfluidic
technology using different combinations of responsive polymer with non-responsive
nanoparticles, non-responsive polymers with responsive nanoparticles or responsive
polymer with responsive nanoparticles, while using templates of either single
microcapsule or composite microcapsule with shell structure. The microcapsules
show a reversible, quick and stable response to environmental temperature change
or local heating-cooling manipulation. Each microcapsule acts as a single sensing
unit or display pixel, which has shown excellent performance in practical applications,
such as microactuators,109 drug delivery and release systems,110 displays,7 sensors111
and so on.
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Figure 2.3. Thermally responsive microcapsules with hydrogel-immobilized PS colloidal crystal
shell. (a) Schematic of the fabrication process. (b) Optical microscopy images and their
corresponding reflection spectra of microcapsule with PNIPAM-immobilized colloidal crystal
shell upon temperature variation. Reproduced with permission from ref.3. Copyright 2010 Wiley.
Thermally responsive PC microcapsules fabricated using a co-flow microfluidic device. (c)
Schematic of the fabrication process. (d) Illustration of changes (structure, color, spectrum) of
microcapsule with PNIPAM crystalline nanogels as inner core upon thermal stimuli. (e)
Demonstration of the thermally reversible behavior of the PC microcapsules. Reproduced with
permission from ref.7. Copyright 2012 American Chemical Society.
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2.4 Electrically responsive microparticles
Electrically responsive materials are based on the use of polymers with electrical
sensitivity such as ionic polymers112 and liquid crystals,113 or polymers containing
electric-field responsive particles like carbon black,114 titanium oxide115 and charged
polystyrene particles.116 Electric field as an external stimulus has particular merits,
such as the wide availability of equipment, the precise controllability of the applied
field by current or voltage, including alternating current (AC) fields with controllable
waveform shapes and frequency.
Typically, a pre-polymer dispersion containing electric-field responsive
nanoparticles is employed as the microfluidic dispersed phase to produce electricalresponsive microparticles. Nisisako et al. have demonstrated the engineering of
uniform electrically responsive Janus microbeads using a microfluidic device and
thermal polymerization,1 as shown in Figure 2.4a. These Janus beads had distinct
composition and anisotropic properties. The bi-compartments were composed of
carbon black (black color) in one hemisphere and titanium oxide (white color) in the
other hemisphere. The location of carbon black and titanium oxide in two hemispheres
caused an asymmetric charge distribution, as shown in Figure 2.4b, leading to a
different behavior to electrical stimulus. When an electric field was applied, each bicolored microsphere could flip and display either a black or white color. Thus the
information can be displayed by processing an electrical signal program. Kim et al.
have also engineered electrically responsive Janus microparticles, but with various
structural colors via a microfluidic approach with CNPs self-assembled in polymerbased materials.14 In one hemisphere, CNPs were closely packed into a PC structure
and showed brilliant structural color. In the other hemisphere, carbon black
nanoparticles with charges were encapsulated, enabling an electrically driven multicolor switch.
Owing to their mechanical flexibility and wide range of electrical conductivity,
electrically conductive biocompatible materials have been investigated for various
fields in terms of drug release system117 and electronic devices.118 Lee et al. have
reported the fabrication of functional monodispersed microparticles from Fe3O4-poly
(3,4-ethylenedioxythiophene) (PEDOT)/polystyrene sulfonate (PSS)-agarose hybrid
materials using a microfluidic technique.118 The fabrication process was shown in
Figure 2.4c. Figure 2.4d confirmed the electric conduction of the hybrid PEDOT/PSS
microparticles by turning on a light-emitting diode. Thus, it would be suitable for
applications in biomedical and eco-friendly electronic systems because of their
magnetic sensitivity and electric conductivity.
In summary, there exist two main groups of electrically responsive microparticles.
One group is composed of electrically responsive nanoparticles encapsulated in
microcapsules, in which the nanoparticles can move up and down; the other group is
Janus microparticles that can rotate to display different faces driven by an applied
electric field. With their response to precisely controllable electrical stimuli, these
electrically responsive Janus beads can be applied in reflective displays, sensors and
optical switches.1,117
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Figure 2.4. Microfluidic fabrication of electrically responsive bicolored Janus microcapsules. (a)
Schematic of the fabrication procedure. (b) Optical images of an information display driven by
electrical actuation of the fabricated microcapsules. Reproduced with permission from ref.1.
Copyright 2010 Wiley. Hybrid PEDOT/PSS microparticles prepared using a ﬂow-focusing
microﬂuidic device. (c) Illustration of the preparation principle. (d) Demonstration of the electrical
property of the fabricated microparticles. Reproduced with permission from ref.118. Copyright
2016 Elsevier.

2.5 Light responsive microcapsules
Light responsive materials have received considerable attention for diverse
applications in liquid crystal devices,119 optical switches120 and drug delivery
systems,121 on the basis of their quick change in structure and color in response to
light irradiation. Light irradiation has the advantages of remote controllability, intensity
and wavelength tunability. Light-sensitive chemical groups including azobenzene,
triphenylmethane and spiropyran are commonly copolymerized with host polymers to
achieve photo-responsiveness.122 Light-responsive cholesteric liquid crystals have
been used to fabricate light-sensitive microspheres using microfluidic technology.89
Furthermore, nanomaterials like gold nanorods and Fe3O4 nanoparticles have been
widely employed in light-responsive microcapsules for on-demand remote control of
target release.123 Combining the advantages of microfluidic technology and lightresponsive materials, numerous highly uniform microcapsules with light-triggered
properties have been synthesized. Light-responsive microcapsules can find
applications in sensing,124 biological imaging,125 drug delivery8 and so on.
Lee and co-workers have demonstrated a light-sensitive microcapsule fabrication
process to encapsulate gold nanorods in microgels and triggered-release of active
ingredients.8 The highly uniform core-shell double emulsions and the corresponding
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hydrogel microcapsules were synthesized using a glass capillary microfluidic device,
as shown in Figure 2.5a. Gold nanorods embedded in the hydrogel network enabled
the remote heating of the microcapsules by light irradiation,126 thus providing the lightresponse of the hydrogel microcapsule shell (Figure 2.5b). The reversible size
change of these photothermal hydrogels will change the shell permeability and cause
triggered-release of active ingredients, demonstrating potential applications in drug
delivery, cosmetics and food/nutrients.127

Figure 2.5. Microfluidic fabrication of light-responsive hydrogel capsules. (a) Demonstration of
the fabrication procedure and the obtained microcapsules. (b) Exploration of the light
responsiveness of the fabricated microcapsules. Reproduced with permission from ref.8.
Copyright 2013 Royal Society of Chemistry.
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2.6 Chemically responsive microcapsules
A chemical response of microparticles is mainly elicited by redox reactions or solvent
absorption. The redox response thereby is due to the effects of electron transfer; and
the solvent response is due to the network swelling of polymers in different solvents.
Both types of chemical stimuli can trigger a rapid and remarkable response in
microcapsules.
pH-responsive microcapsules have been a focus of research because they can
be applied for biomedical application in drug delivery.128 Microcapsules that released
their agents under acidic conditions were synthesized by using a shell component
such as the cationic triblock copolymer of poly(n-butyl methacrylate-(2dimethylaminoethyl)-methacrylate-methyl methacrylate).129 These microcapsules
were very stable, and only dissolved and released the encapsulated contents under
acidic conditions due to the highly charged polymer chains.130 On the other hand, an
alkali-triggered microcapsule shell has been demonstrated, which can be dissolved
at a constant rate at basic condition, releasing the encapsulated active ingredients.131
Liu et al. have presented a microfluidic approach to produce core-shell chitosan
microcapsules for pH-responsive burst release of hydrophobic drugs.81 Furthermore,
combination of acid-triggered and basic-triggered polymers provides a straightforward
approach of designing sequential release of active ingredients at different pH values.
Mixtures of the pH-responsive and pH-nonresponsive polymers at different mass
fractions were used as the middle oil phase to prepare hybrid microcapsules using a
microfluidic device.131 Dual pH-responsive core-shell microcapsules have also been
studied,132 for which the release rate can be precisely controlled according to the
different composition of the hybrid shell. Chen et al. have reported multicompartmental Janus microparticles composed of PNIPAM-based copolymer with
dual stimuli of pH- and thermo- responsive groups fabricated by a single
emulsification step in a microfluidic device,4 as shown in Figure 2.6a. Because of the
disintegration of the polymer network which has a dual pH- and thermally responsive
nature, these Janus microparticles possess the property of a triggered release of the
colloidal contents in water at increased pH value when the temperature < LCST
(Figure 2.6b). As a result, these Janus microparticles with a dual-stimulus property
could achieve efficient and controllable drug encapsulation and release.
Chemically responsive microcapsules/microparticles can exhibit distinct changes
in their properties in response to a variation of pH and/or ionic strength. Chen et al.
have demonstrated a triphase microfluidics-assisted self-assembly method to create
Janus PC microparticles with various and changeable structural colors.11 The
changeable structural color of the Janus PC microparticles was due to the different
swelling degree of the PSNPs when the PC microparticles were treated with an
aqueous solution of acrylic acid at different concentration. These Janus PC
microparticles showed a reversible color transition when the acrylic acid concentration
was either decreased (by dilution with water) or increased (by evaporation). This
solvent-induced swelling causes an increase of the lattice constant and thereby the
size of the microparticles. These PC microparticles can be applied as chemical
sensors.

38

Responsive Hierarchical Microscale Particles from Macroscale Materials
and Nanoscale Particles

Figure 2.6. pH-responsive microparticles engineered by a microﬂuidic device. (a) Illustration of
the triple-component Janus microparticles preparation process. (b) Demonstration of the Janus
microparticles responsibility to pH and temperature stimuli. Reproduced with permission from
ref.4. Copyright 2013 American Chemical Society.
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The use of a microfluidic platform can contribute to the manufacturing of these
microcapsules/microparticles by allowing precise design of the composition of the
chemically responsive microparticles, their size, shell thickness and permeability.
Thereby, their response to chemical reactions, solvents, variations in ionic strength
or pH could be precisely controlled for chemical/biochemical sensing11 and controlled
drug release.133

2.7 Multiple-responsive microparticles
Design and development of multiple-responsive microparticles are increasingly
attractive and desirable for scientific research and technological applications. Multistimuli responsive microparticles are expected to incorporate two or more sensitive
components in one unit in order to either amplify one function or achieve multiple
functions at the same time. Some typical examples below will demonstrate how the
multi-stimuli microparticles are designed, fabricated and achieved functions.
Wang et al. have reported a triphase microfluidic approach for construction of
Janus supraparticles with temperature-magnetism-optics triple sensitivity
successfully, which can be applied in various fields such as environment monitor,
bioassays, displays, optoelectronic devices, anticounterfeiting and so on.5
Supraparticles with dual optical performance of structural color (due to assembly of
the PSNPs) and fluorescence (owing to the CdS QDs) were constructed assisted by
the easy-to-perform microfluidic approach, which can exhibit diverse structural colors
when exposed to different wavelength. To accomplish proposed multifunctional
supraparticles, the as-prepared solution of Cd2+/PS hybrid latex, NIPAM photocurable
monomer, cross-linker, surfactant, photoinitiator and a mixture of ethoxylated
trimethylolpropane triacrylate (TMPTA) monomer, Fe3O4 nanoparticles were
introduced into the corresponding microchannel to form into uniform biphasic droplets
continuously, as described in Figure 2.7a. Multiple components encapsulated in the
same microparticle allowed color varying due to the temperature stimulus and freely
rotation resulted from the magnetism response. The proposed triple-responsive
supraparticles exhibit remarkable color variation upon different stimuli (Figure 2.7b)
and therefore, would be promising for applications in optoelectronic devices and
bioassays. Figure 2.7c demonstrated the fabricated Janus supraparticles applied as
multiple-response display.
Multi-stimuli-responsive hydrogel microﬁbers by incorporating photothermal
MNPs in the temperature-responsive PNIPAM hydrogel microfibers have been
prepared by Jinhwan Yoon and colleagues utilizing a capillary-based microfluidic
device.9 The discontinuous (droplet) solution was composed of Na-alginate,
monomers, crosslinkers, photo-initiator and Fe3O4 nanoparticles, while the calcium
chloride solution was used as the continuous phase. The microfiber-shaped
crosslinked Ca-alginate hydrogels were formed due to the rapid ionic bridge formation
at the interfacial layer of the mixed solution and the continuous flow. PNIPAM
hydrogel microfibers containing MNPs were then fabricated under in-situ UVirradiation (Figure 2.7d). The incorporated MNPs in the thermo-sensitive hydrogel
microfibers absorbed the visible light and converted the photo-energy into thermal
energy, which heated the hydrogel network and triggered local volume changes
confined in the light irradiation region, as shown in Figure 2.7e. Additionally, the
prepared hydrogel microfibers were sensitive to external magnetic stimuli because of
the MNPs in the hydrogel matrix. Therefore, prepared multi-responsive hydrogel
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microfibers could be potentially applied in tissue engineering, drug delivery and
switching systems.
Wei et al. have fabricated and achieved novel multi-stimuli-responsive
microcapsules as smart drug delivery system with "site-specific targeting" and
adjustable controlled-release.10 These microcapsules were constructed by
embedding MNPs and temperature-sensitive nanoparticles as "microvalves" into pHsensitive microcapsule membrane. Figure 2.7f illustrated the details of fabrication
procedure and the controlled-release mechanism of the multi-stimuli-responsive
microcapsule. The middle fluid was the chitosan aqueous solution containing
magnetic-responsive nanoparticles and temperature-responsive nanoparticles, while
the oil phase containing crosslinker glutaraldehyde (GA) was used as the inner fluid
and outer fluid, respectively. Highly monodispersed oil-in-water-in-oil (O/W/O)
emulsions were obtained in the co-flow capillary microfluidic device, yielding multiplestimuli-responsive microcapsules after polymerization. The targeting aggregation at
specific pathological sites and effectively adjustable controlled-release could be
achieved according to the patients' individual differences (related to body temperature
and pH value), which is of critical significance for more rational drug administration.
As a result, this strategy provides new technology to prepare this kind of "intelligent"
controlled release systems.

2.8 Summary and outlook
There has been a strong demand for smart/responsive materials with unique
properties that can be tuned by external stimuli. In this review, we summarize the
recent development in creating responsive microparticles/microcapsules with
hierarchical structures obtained by combining macroscale polymer solutions and
nanoscale particles. Microfluidic technology is a powerful tool to fabricate the
hierarchical structures at the microscale with well-controlled composition and
structure due to the precise control over fluidics and interfaces. By maximally
exploiting these advantages, nanoparticles can be encapsulated into single, double
or multiple emulsion droplets made of pre-polymer solutions with various shapes,
structures and compartments, yielding various microparticles. Responsiveness can
be endowed to the microparticles by introducing functional groups either to polymer
molecules or to nanoparticles. These microparticles can respond to external stimulus
of magnetic, thermal, electrical, optical or chemical nature, which can be applied in
sensors, actuators, information displays, drug release, and chemical/biomedical
analysis. The responsiveness to stimuli stems either from polymers or nanoparticles,
which are contained in hierarchical structures optimized for the intended function.
Different types of “intelligent” microparticles including homogenous, core-shell and
Janus structures have been successfully constructed. A structural color change of
microparticles with PC structures caused by Bragg diffraction, can be employed to
create a sensing unit or a display pixel. Core-shell microcapsules composed of a
stimulus-triggered shell and/or encapsulated stimulus-sensitive nanogels can be used
for drug release. It is to be expected that enhanced multi-stimuli-triggered
microparticles with multi-compartmental and complex structures will also be
fabricated using these strategies. Though complex microparticles are not always
necessary for real applications, adding complexity is one of the effective strategies to
improve critical functions for specific applications.
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Figure 2.7. Construction of multi-stimuli-responsive supraparticles using a flow-focusing
microﬂuidic device. (a) Schematic of the microparticle generation procedures. (b) Applications
of Janus supraparticle (JSs) as switches and sensors. (c) I-pad prepared from multifunctional
JSs under different external stimuli. Reproduced with permission from ref.5. Copyright 2015
American Chemical Society. Fabrication of multi-stimuli-responsive microfibers through a
microfluidic device. (d) Schematic of the microﬂuidic device and mechanism of fabricating
hydrogel microﬁbers. (e) Optical images of photothermal responsibility of the microfibers.
Reproduced with permission from ref.9. Copyright 2015 Royal Society of Chemistry. (f)
Fabrication principle and controlled-release mechanism of the multi-stimuli-sensitive
microcapsules. Adapted from ref.10 with permission from Wiley 2014.
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Microfluidic technology derives its strength from the nature of constituent
elements of the smart materials. The polymer materials, before polymerization, are in
the fluidic phase which is highly suitable to be manipulated using a microfluidic
platform; after polymerization, they are in the gel or solid phase which is preferential
for encapsulating nanoparticles and for application in real devices. The nanoparticles
are in nanoscale domain, which is easy to be dispersed in a solvent to form a colloidal
dispersion and to be entrapped in the polymer network after combination with polymer
materials. Microfluidic technology thus provides a highly flexible tool for combining
fluidic polymer materials and solid nanoparticles. As shown above, by judicious
combination of polymers and nanoparticles, properties can be precisely tuned to
broaden application areas with high flexibility and controllability. With the
developments in both materials and microfluidic technology, intelligent hierarchical
particles with improved performance are expected to be engineered using this
strategy, exploring more applications in devices and industry.
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Chapter 3

T

he construction of well-ordered nanoparticle arrays is significant for
nanophotonics and sensing applications. We report a facile technology for
continuous-flow fabrication of particle-laden plasmonic microspheres (PLPMs) by
combining droplet microfluidics, nanoparticle self-assembly and metal film deposition.
The metallic hierarchical nanostructures on PLPMs are presented with high-density
“hotspots” scattering sites with nanoarray pitch and gap distance being controlled by
the deposited metal film thickness and nanoparticle size. The noble metal “hotspots”
show highly localized surface plasmon resonance (LSPR) according to near-field
electromagnetic (EM) field enhancement. Surface-enhanced Raman scattering
(SERS) analytical enhancement factor (EF) of > 107 can be obtained with good
reproducibility using 4-methylbenzenethiol (4-MBT) as a probe molecule and Au or
Ag as metal layer. Droplet microfluidics platform enables continuous generation of
homogeneous microspheres with high frequency. This proposed strategy therefore
combines advantages from both top-down (creation of microdroplets and deposition
of metal film) and bottom-up (self-assembly of nanoparticles) processes with flexibility
in material selection (nanoparticles and polymers) and structure scaling (metal layer
thickness, nanoparticle size and microsphere size). Therefore, it provides a fast and
robust method for producing plasmonic microsensors.

chapter is based on the publication: Wang J.; Jin M.; Gong Y.; Li H.; Wu S.; Zhang
Z.; Zhou G.; Shui L.; Eijkel J. C. T.; van den Berg A. Continuous Fabrication of
Microcapsules with Controllable Metal Covered Nanoparticle Arrays Using Droplet
Microfluidics for Localized Surface Plasmon Resonance. Lab on a Chip 2017, 17, 1970.
†This
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3.1 Introduction
Surfaces with periodic nanostructures and controllable feature size are highly
desirable for practical applications, and fabrication of such surfaces with high
reproducibility and good stability is critical. Noble metal nanogaps can dramatically
enhance near-field electromagnetic (EM) field and therefore enhance the Raman
scattering of molecules localized in the nanogaps. Specific regions, e.g., nanogaps
on a substrate, are therefore called Raman “hotspots”. A SERS-active substrate
typically consists of millions of Raman “hotspots”. Raman spectra display unique
vibration information related to the adsorbed molecules; therefore, surface-enhanced
Raman spectroscopy (SERS) has been widely applied in biology, chemistry, physics
and material science for label-free sensing and detection.1–4 SERS-active substrates
are typically fabricated by top-down nanofabrication technologies, such as electron
beam lithography,5,6 focused ion beam lithography,7,8 laser interference lithography,9
holography,10 deep-ultraviolet photolithography11 or bottom-up self-assembly.12,13
Top-down technologies can fabricate precisely controlled nanostructures; however,
these technologies are expensive, time-consuming and require specific materials.14
Bottom-up self-assembly is regarded as a cost-effective, fast and flexible technology;
however, the homogeneity and sample-to-sample reproducibility still need to be
improved. Thus, there still remains a strong demand for fast and reliable production
of SERS-active substrates with high-density and uniform “hotspots”. In this chapter,
we have proposed and verified a fast and reliable fabrication methodology by
combining droplet microfluidics, nanoparticle assembly and metal film deposition to
fabricate uniform particle-laden plasmonic microspheres (PLPMs) with a highly
enhanced SERS effect.
Microfluidics is a technology which could precisely manipulate fluidics on
microscale. Due to the dominance of interfacial tension in microfluidics, when two
immiscible fluids meet at a microfluidic junction, microdroplets could be created
spontaneously at a frequency of around 10-1 – 104 Hz.15,16 Most materials can exist in
a fluidic phase either by controlling environmental conditions or dissolving/suspending
them in fluidic solvents. Using microfluidic technology, most materials in fluidic phases
can thus be manipulated on the scale of micro- and nanometers. With the employment
of different materials in fluidic phases (e.g. aqueous solution, organic solution, prepolymer solution, and colloidal suspension), various materials/structures such as
nano- and microdroplets,15,16 nanospherical particles,17 asymmetric structures,18
responsive capsules19 and photonic crystals20,21 have been fabricated. The
morphology and size of fluidic droplets could be controlled via microchannel geometry,
flow rates and surface wettability.22 Droplet with sizes in a wide range of 0.1 – 100 μm
has been successfully fabricated with high homogeneity in different microfluidic
devices using a variety of materials.15,16,23
Self-assembled nanostructures open new avenues for generation of functional
materials with collective optical, electrical and magnetic properties.24,25 In this context,
assembly refers to the organization of molecules or objects into well-defined
aggregates via interactions. Self-assembly is typically regarded as a simple, parallel
and low-cost processing technology that can construct multifunctional structures and
enables fabrication in inaccessible space.26 Nanoparticle self-assembly typically
occurs inside a fluidic medium or at the interface of different fluids25 driven by forces
on molecular scale or nano- and mesoscale.27,28 Conventional self-assembled
colloidal nanoparticle films are typically associated with poor control over layers and
uniformity because a dynamic self-assembly process is sensitive to the experimental
53

Chapter 3
conditions.13,29 In a droplet microfluidic device, the components in a droplet are well
confined at a constant volume surrounded by the interface of inner-outer phases.
Typical forces governing self-assembly processes, such as electrostatic force,
hydrogen bond, capillary force and so on, also exist in the microfluidic system. The
nanoparticle assembly in a microdroplet is mainly induced by capillary forces between
the outer and inner phases, and stabilized by the electrostatic interactions (for
example, silica surface is naturally negatively charged in aqueous solution) among
particles. Moreover, surfactants in the outer phase may also diffuse into the aqueous
solution, adsorb onto the nanoparticle surface and move to the droplet interface due
to the amphiphilicity of the surfactants. Depending on the particle volume fraction and
the strength of the repulsive potential, different lattices could be obtained.25,28 On the
other hand, during polymerization, the droplets consisted of monomers as could
change to polymerized microspheres accompanied by a volumetric decrease, for
which the volume fraction of nanoparticles increases and therefore, a close-packed
arrangement of nanoparticles could be expected.
Physical vapor deposition is considered to be a highly reliable method to form
uniform films with good compactness and strong adhesion. Therefore, it has been
widely used to fabricate fine and sophisticated devices for optical and electrical
applications.6,8 Taking advantages of this technology, sub-micro to nanometer
structures could be further tuned precisely.
In this chapter, these three universal methods have been bridged together to
fabricate homogeneous PLPMs with high reducibility and sensitivity. This integrated
and synergistic strategy takes advantages of microfluidics for high-frequency and
continuous droplet production, confined nanoparticle self-assembly for controllable
volume fraction and packing density, and physical film deposition for precise metal
film formation. The combination of these three approaches has successfully
overcome some limitations in fabricating high-quality SERS-active substrates. An
average SERS analytical enhancement factor (EF) of > 107 can be obtained with good
reproducibility on various positions of one single PLPM or on multiple PLPMs. PLPMs
can be further manipulated in solution and visualized using a normal microscope;
such a system can therefore serve as a microsensing unit. One shortcoming of this
strategy might be the size of the PLPMs which is limited in the microscale range due
to the microfluidic creation of droplets.

3.2 Results and discussion
3.2.1 Fabrication of particle-laden plasmonic microspheres
Figure 3.1 shows the details of PLPM fabrication process using droplet microfluidics
combined with self-assembly of colloidal nanoparticles and metal film deposition.
Microdroplets of pre-polymer solution containing nanoparticles were created using a
flow-focusing microfluidic device (Figure 3.1a). The N-isopropylacrylamide (NIPAM)
as a monomer and N,N-methylene bisacrylamide (MBA) as a cross-linker both were
dissolved in a dispersion of monodispersed silica nanoparticles (SiO2NPs) in
deionized water (dispersed phase). N-hexadecane with 20 wt% sorbitan monooleate
(Span80) surfactant and 5 wt% photointiator of 2,2-diethoxyacetophenone (DEAP)
was used as the oil phase (continuous phase). The immiscible phases were injected
using two syringe pumps (LSPO2-1B, Longer, Baoding, China) into a flow-focusing
microfluidic generator to produce monodispersed water-in-oil (W/O) emulsion
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droplets. Nanoparticles that were initially encapsulated in the microdroplets gradually
anchored on the droplet surface over time due to the capillary force between the oil
and water phases, obtaining well-ordered nanoparticles on the microdroplets resulting
from the electrostatic interaction and miniaturization of energy. The microdroplets with
well-ordered SiO2NP nanopatterns were then polymerized by UV irradiation (Intelliray 400, Uvitron International, Inc., MA, USA), yielding highly uniform solid
microspheres featuring close-packed SiO2NP nanoarrays (Figure 3.1b). The
obtained microspheres were washed by ethanol solution several times to remove the
adherent thin oil layer on the microsphere surface and dried on a piece of silicon wafer
surface, and then transferred to the metal film deposition instrument. A thin layer of
noble metal (Au or Ag) film was deposited onto these as-prepared microspheres,
forming PLPMs (Figure 3.1c). Each PLPM featuring hierarchical nanostructures
serves as a SERS–active substrate (Figure 3.1d), which enables label-free detection
to be potentially applied in fields of biology, chemistry and food safety (Figure 3.1e).

Figure 3.1. Schematic diagram of the PLPM fabrication process. (a) Creation of microdroplets
with nanoparticle suspension. (b) Nanoparticles inside the emulsions gradually anchored on the
surface. After photo-polymerization, solid photonic microspheres were obtained. (c) Metal film
deposition to form plasmonic nanostructures. (d) Adsorption of probe molecules onto the
plasmonic structures. (e) Chemisorbed analytes for evaluation of SERS performance.
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Figure 3.2 shows the obtained microdroplets and microspheres using the
proposed strategy. The droplet generation is highly affected by the components of
two fluidic phases and their corresponding flow rates. In this chapter, the dispersed
phase was the aqueous solution containing 5 wt% NIPAM (photocurable monomer),
2.5 wt% MBA (cross-linker) and 14 w/w% SiO2NPs. The continuous phase was
composed of n-hexadecane with 20 wt% Span80 (surfactant) and 5 wt% DEAP
(photoinitiator). The water phase was broken into monodispersed droplets suspended
in the oil phase due to the hydrophobic nature of the microchannel,23 as shown in
Figure 3.2a. Nanoparticles were encapsulated into the microdroplets during droplet
formation and anchored on the droplet surface over time, forming well-ordered closepacked hexagonal arrangements. These microdroplets were then photo-polymerized
by UV irradiation for 100 s at a power of 100 mW, yielding monodispersed
microspheres featuring close-packed SiO2NP nanopatterns (Figure 3.2b, c). These
photonic crystal (PC) microspheres have a narrow size distribution with a coefficient
of variation below 1.5% (inset graph of Figure 3.2b).
This approach is robust and capable of continuously creating microspheres with
guaranteed size and uniformity. Nanoparticle of various sizes have been
encapsulated to form PC microspheres, exhibiting unique optical properties that are
dependent on the nanoparticle size. The microsphere diameter was kept at
approximately 16.6 μm (with a coefficient of variation of 1.38%) to fabricate uniform
microsensor substrates. As shown in high-resolution scanning electron microscopy
(HR-SEM) image, the nanoparticles are arranged mainly in the form of hexagonal
symmetry on the microsphere surface. A nanoparticle concentration of 14 wt% was
used to ensure that there were sufficient SiO2NPs to form close-packed PC structures.
These produced microspheres with PC structures show specific structural colors,
depending on the nanoparticle size and concentration. Characteristic reflection peaks
in air are one of remarkable properties of PC structures. Figure 3.2d demonstrated
the varying of structural colors from green to red in visible light region, obtained by
encapsulating SiO2NPs with diameters of 182 nm, 278 nm, 378 nm and 416 nm into
the microspheres.

3.2.2 Plasmonic resonance nanogaps tuned by metal film
thickness and SiO2NP size
When a PC microsphere is covered with noble metal films, it is named particle-laden
plasmonic microsphere (PLPM), since the metallic nanospace among the
nanoparticles is well suited for plasmonic applications. The noble metal
nanostructures can couple far-field EM radiation to near-field EM surface modes. The
generation of surface plasmon modes on noble metal surfaces has been studied
extensively on self-assembled colloidal crystals consisting of dimers and thin metallic
films.30 Microspheres with silver (Ag) nanoparticles aggregated on the surface have
been investigated, on which the SERS effect was mainly from the nucleated Ag
nanoparticles.31 When measuring the plasmonic effect, the microspheres lie on a
substrate (a piece of silicon or glass); since the influence from the substrate can be
neglected, the simple dimer-based surface plasmonic resonance mode can be
applied. The mutual coupling between the plasmons of each individual nanoparticle
is well described by the hybridization mode. Intense “hotspots” result in an amplified
EM field enhancement.
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Figure 3.2. (a) Optical microscopy (OM) image of microdroplet generation in a flow-focusing
microfluidic device (inset, collected microdroplets). Nanoparticles were encapsulated into the
microdroplets. Here, the width and depth of the flow-focusing channel are 50 and 40 μm,
respectively. (b) OM image of the polymerized microspheres (inset, diameter distribution of
produced microspheres). (c) HR-SEM image of microspheres featuring well-ordered SiO2NP
arrays. (d) OM images and corresponding reflection spectra of fabricated microspheres. OM
images from left to right, the SiO2NP diameter are 182, 278, 378 and 416 nm, respectively.
Scale bars represent 50 μm. The diamter of the SiO2NPs is highlighted in the reflection spetra
by the black arrows.

The nanoarray pitch (λp) is fixed for an original microsphere. The gap distance (λg)
of nanoarrays can then be controlled by the metal film deposition. Because of λg < d
(SiO2NP diameter) (HR-SEM images in Figure 3.3), the enhanced EM field around
each nanostructure coherently interfere, resulting in a coupled-plasmon EM field.
Figure 3.3 showed representative HR-SEM top-view images of single microsphere
and nanoparticle arrays of a microsphere surface. The pitch and gap distance of
nanoarrays are highly uniform considering that a conventional metal film deposition
by magnetron sputtering was employed.
Reflection spectroscopy was used to demonstrate the plasmonic functionality and
the tunability of the dimensions of the nanoarrays on PLPMs with a normal white light
source. A flat silicon surface is placed near the microspheres in the deposition
chamber to evaluate the deposited film thickness, and the Au- or Ag-coated flat
surface is regarded as a reflection and Raman scattering spectrum reference. The
expected and experimentally measured Au and Ag film thicknesses on a flat silicon
substrate are shown in Figure A1 of Appendix A.
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Figure 3.3. Nanoarrays on microsphere surface without (a) and with a layer of metal film (b).
From left to right are the HR-SEM images of a single microsphere, nanoarrays and schematic
of the nanoarray pitch and gap distance. w is the width of the nanoparticle gap without a metal
film, λp is the pitch of the nanoparticle array, λg is the gap distance of the metal-coated
nanoparticle array, d is the nanoparticle diameter and dx is the metal-coated nanoparticle
diameter. The wave excitation of coupled local surface plasmon resonance between closely
spaced metal nanoparticles is schematically shown in the right panel of (b). Scale bars
represent 1 μm and 200 nm of their close-up images.

Figure 3.4 showed the reflection spectra of Au- and Ag-coated PLPMs. The
reflectance decreases to a minimum value at a certain wavelength that corresponds
to the localized surface plasmonic resonance (LSPR) coupling wavelength. It
demonstrates that the LSPR wavelength can be tuned either by varying the Au or Ag
film thickness (tAu or tAg) for a fixed nanoparticle diameter (d) (Figures 3.4a and b) or
by varying the nanoparticle diameter (d) for a fixed Au or Ag film thickness (tAu or tAg)
(Figures 3.4c and d). The LSPR wavelength (reflectance minimum) can be tuned in
a range of 450 – 650 nm with flexibility, which contains commonly used laser
excitation wavelengths (532 or 633 nm) in visible spectrum plasmonic application.
When λg decreases, the coupled-plasmon enhancement increases substantially.32,33
In all cases, the reflectance blue-shifts when the nanogap distance (λg) is decreased
by either increasing the metal film thickness or decreasing the nanoparticle diameter,
demonstrating a strong dependence on the coupling resonance mode in the
nanogaps.
The “hotspots” have been shown to provide the main contribution to LSPR on
nano-featured metal surfaces.33,34 In Figure 3.4a, the microsphere is composed of
SiO2NPs 378 nm in diameter. When tAu is 48 and 97 nm, broad peaks are obtained.
The broad peaks indicate that LSPR is not presented. When tAu is increased to 198
nm, a deep absorption peak at 605 nm is observed. The blue-shift of the absorption
peak to 549 nm, 544 nm, and 533 nm is observed when tAu is increased to 346, 448
and 598 nm, respectively. Therefore, by precisely controlling the metal film thickness,
the nanogap between neighbouring nanoparticles can be tuned. This result further
confirms that PLPMs were obtained and showed tunable LSPR property.
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Figure 3.4. The effect of film thickness and SiO2NP diameter on the reflectance of Au- and Agcoated nanoarrays on microspheres and their corresponding HR-SEM top-view images,
showing the tunable LSPR wavelength in a range of 450 – 650 nm. (a) d = 378 nm, tAu = 48, 97,
198, 346, 448 and 598 nm. (b) d = 378 nm, tAg = 103, 154, 213 and 256 nm. (c) tAu = 198 nm, d
= 182, 278, 378, and 416 nm. (d) tAu = 145 nm, d = 182, 278, 378, and 416 nm. Scale bars
represent 200 nm.

3.2.3 Surface-enhanced Raman spectroscopy
Surface-enhanced Raman spectroscopy (SERS), has been intensively developed as
an efficient analytical technique for chemical/biological applications35–37 because of
the specific spectrum fingerprints of analytes and the capability of label-free detection.
The surface Raman scattering enhancement is mainly attributed to the amplified EM
field that are electrodynamically generated when surface plasmons of the metal
nanostructures couple with incident excitation photons.38 SERS of plasmonic
nanostructures is strongly dependent on intrinsic structural parameters such as shape,
size, gap space and chemical composition and the dielectric properties of the
surrounding material.30,39–41 Au- and Ag-coated PLPMs were prepared and applied as
SERS-active substrates by covering the produced microspheres with a monolayer of
chemisorbed 4-methylbenzenethiol (4-MBT) molecules, which provides an estimation
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of the uniformity of the spatially averaged enhancement factor (EF) from a small
number of molecules. 4-MBT is commonly used as a SERS probe molecule because
it has a small number of well-characterized and strong Raman active modes and does
not fluoresce in the visible spectrum.32 The microspheres are typically 16 – 17 μm in
diameter, which is sufficiently large to fit in the laser detection area with 1.54 μm
diameter. Since the microsphere radius of curvature (tens of μm) is 50 – 100 times
that of the nanoparticle radius of curvature (hundreds of nm), the curved shape of the
microspheres can be ignored. A flat metal surface with chemisorbed molecules was
fabricated as a reference of Raman scattering spectroscopy.
In Figure 3.5a, a representative SERS spectrum of the chemisorbed 4-MBT
monolayer on an Au- or Ag-coated microsphere surface is shown with two dominant
Raman active vibrational modes: 1078 cm-1 and 1592 cm-1. The 1078 cm-1 peak is
due to the combination of phenyl ring-breathing modes with a C-S stretching mode.
The 1592 cm-1 peak represents the C-C ring symmetric stretching mode.42,43 Each
vibration band of a measured Raman spectrum at each measurement location was
modelled with a Lorentzian function, and the background signal was modelled with a
polynomial function.44 The integrated intensity of each vibration band was calculated
by integrating the area of the fitted Lorentzian function after removing the background
signal. The fitting accuracy of the Lorentzian function was comparable to Voigt
functions and was used for modelling all measured vibration spectra. The measured
spectra of a bulk 4-MBT substrate and 4-MBT chemisorbed on a flat Au- and Agcoated surface are also shown in Figures 3.5a-c; these do not contain any detectable
vibration bands but rather display the background noise floor of the measurement
system. The absence of detectable SERS signals on flat Au and Ag films
demonstrates that only 4-MBT molecules trapped in the “hotspot” sites are
responsible for the SERS peaks at 1078 and 1592 cm-1. The nanogap distance is a
critical factor in generating the “coupling effect” of LSPR, which determines the
Raman signal enhancement. Figures 3.5b-e showed the SERS spectra of a 4-MBT
chemisorbed monolayer on Au- or Ag-coated PLPMs obtained by varying tAu at d =
378 nm (Figure 3.5b), varying tAg at d = 378 nm (Figure 3.5c), varying d at tAu = 198
nm (Figure 3.5d) and varying d at tAg = 145 nm (Figure 3.5e). Raman signal
enhancement is observed with an increase of the Au film thickness (the SERS signal
intensities at 1078cm-1 as a function of metal film thickness and nanoparticle diameter
are shown in Figure A2 of Appendix A). After the threshold of Au film thickness is
exceeded, the Raman signal decreases again. The significant increase of the SERS
intensity for Au films with thicknesses from 48 nm to 97 nm and 198 nm is attributed
to the narrowed separate nanogaps, which refers to the “hotspot” scattering sites, as
observed from the HR-SEM images in Figures 3.4a and b. The highest intensity is
achieved at tAu = 198 nm; the intensity then decreases with increasing Au film
thickness and reaches the minimum value when the nanogaps are further filled with
the Au film, causing a mismatch between the light absorption peak and the excitation
laser wavelength, as well as decreased roughness.
Both the absorption and Raman scattering measurements demonstrate the
significant enhancement and decrease of LSPR to a plateau with increasing Au film
thickness. The highest intensity at the film thickness of 198 nm can be attributed to
the “coupling effect” where the absorption peak of 605 nm is located close to the laser
excitation wavelength of 633 nm. Similar phenomena were also found for other
systems in Figures 3.5c-e corresponding to the reflection spectra in Figures 3.4b-d.
This coupling effect of EM field enhancement is caused by the metallic surface
plasmonic polarizations coupled with incident excitation photons. For Ag-coated
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nanoarrays, a coupled LSPR wavelength of 625 nm was obtained at tAg = 145 nm and
d = 378 nm, then achieving the highest Raman enhancement.

Figure 3.5. Measured SERS spectra of microspheres with chemisorbed 4-MBT dependent on
the metal film thickness and nanoparticle diameter. (a) Measured (blue) spectrum from
microspheres with d = 378 nm and tAu = 198 nm and modelled Lorentzian bands (red). The black
line is the measured spectrum from pure 4-MBT powder and the intensity is increased 10 times.
SERS spectra of microspheres with (b) d = 378 nm, tAu = 48, 97, 198, 346, 448 and 598 nm. (c)
d = 378 nm, tAg = 103, 154, 213, and 256 nm. (d) tAu = 198 nm, d = 182, 278, 378 and 416 nm.
(e) tAg = 145 nm, d = 182, 278, 378 and 416 nm. 4-MBT molecules are chemisorbed on Au- and
Ag-coated microspheres and flat Au and Ag surfaces.

The analytical EF is normally used to evaluate the magnitude of the experimental
enhancement. The peaks at 1078 and 1592 cm-1 were chosen to estimate the EF of
the Ag nanoslit “hotspots” using the equation of EF = (ISERS/IBulk)×(NBulk/NSERS), where
ISERS and IBulk are the intensities of the same band of the Raman signal from the
analytical molecules on a SERS-active substrate and from pure bulk materials,
respectively, and NSERS and NBulk are the number of the analytical molecules probed
in the Raman spectrum on a SERS-active substrate and confined in the confocal
volume, respectively. When d = 378 nm and tAg = 145 nm, the EF value was 1.3×107
and 7.5×107 at the Raman bands of 1078 and 1592 cm-1, respectively, which is
competitive with the previously reported plasmonic SERS-active substrates.9,44 The
maximum EFs on Au-coated PLPMs were 1.1×107 and 4.5×107 at the Raman bands
of 1078 and 1592 cm-1, respectively, with d = 378 nm and tAu = 198 nm. Detailed
description of EF calculation (Tables A1-A3), schematic drawing of a “hotspot”
(Figure A3) and the corresponding simulation work (Figure A4) are described in the
Appendix A. Meanwhile, the SERS measurements using wet 4-MBT solution has also
been investigated (Figure A5, Appendix A) to show the feasibility of the PLPMs.
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Moreover, molecules with a small cross-section, such as 2-mercaptoethanesulfonate,
have also been chemisorbed onto as-prepared PLPMs for SERS measurements, as
shown in Figure A6 (Appendix A), demonstrating a good SERS effect as well.

3.2.4 Reproducibility and uniformity of PLPMs
To evaluate the uniformity of the prepared PLPMs, the spatially averaged SERS
enhancement was calculated from 500 measurements (50 microspheres and 10
positions on each PLPM) with a standard deviation of approximately 6%, as shown in
Figures 3.6a and b. Figure 3.6c shows 20 randomly selected Raman spectra from
Figure 3.6b. Atomic force microscopy (AFM) images of a microsphere surface without
metal film decoration are demonstrated in Figure 3.6d. The large SERS EF and small
variation demonstrated that these three-dimensional PLPMs are significant compared
to most previously reported SERS systems.10,12

Figure 3.6. (a) SERS mapping of 4-MBT adsorbed on an Ag-coated SERS microsphere with d
= 378 nm and tAg = 154 nm. (b) Intensities deviation of 1078 cm-1 band calculated from (a). (c)
20 randomly selected SERS spectra from (b). (d) AFM images of the microsphere surface
without metal film deposition.
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3.3 Conclusion
In summary, a strategy for fabricating PLPMs has been verified, via droplet
microfluidics combined with nanoparticle self-assembly, and metal film deposition.
Droplet microfluidics enables the continuous generation of monodispersed
microdroplets with a colloidal particle suspension. Photo-polymerization freezes the
self-assembled nanoparticles in a confined microsphere, making further processing
possible. The hierarchical microspheres display various structural colors, which
resulted from the periodic lattices and determined by the size of assembly building
blocks. Using metal film deposition, the PLPMs with metal-coated nanostructures on
the surface are created, which are well suited for plasmonic applications.
We demonstrated that the pitch and gap distance of the nanoparticle array on
PLPMs can be precisely tuned by the deposited metal film thickness and the
nanoparticle diameter. Both reflection and Raman measurements confirmed that the
nanogap distance decreases with increasing metal film thickness and the “hotspots”
density increases with decreasing nanoparticle diameter. The maximum LSPR was
observed when metallic surface plasmonic polarization was coupled with incident
excitation wavelength. For instance, when d = 378 nm, a coupled LSPR wavelength
of 605 and 625 nm was obtained at tAu = 198 nm and tAg = 145 nm, respectively, where
an incident excitation laser source with 633 nm wavelength was applied. The average
maximum SERS analytical EFs of 4.5×107 and 7.5×107 from chemisorbed 4-MBT
were obtained on these metal-coated PLPMs. Therefore, the proposed PLPMs can
serve as SERS-active microsensors, which are potentially applicable for label-free
molecular detection and sensing both in air and solution. Moreover, these SERSactive microspheres are individual and could be further applied in microfluidic based
systems for online detection. This microsphere fabrication strategy offers the benefit
of continuous and reproducible generation of monodispersed microspheres with a
homogenous nanofeatured surface at high frequency (104 Hz for a single droplet
generator), which is expected to be beneficial in the future for high-throughput
plasmonic microsensor production and microarray applications.

3.4 Methods
3.4.1 Materials
NIPAM (purity ≥ 99%) was purchased from Acros Organics (Beijing, China). MBA
(purity ≥ 99%) was purchased from Sigma-Aldrich (Shanghai, China). DEAP (purity ≥
98%) as a photoinitiator was purchased from Acros Organics. Monodispersed
SiO2NPs were synthsized by a modified Stöber method. Tetraethyl orthosilicate
(TEOS, purity ≥ 99.999%) was purchased from Sigma-Aldrich. Ammonia solution
(NH3·H2O, Junsei, min. 25%) and absolute ethanol (purity ≥ 99.7%) were purchased
from Chemical Industry of Guangzhou (Guangzhou, China). N-hexadecane (purity ≥
99%) and Span80 were purchased from Acros Organics and Aldrich, respectively.
Gold (Au, purity ≥ 99.999%) and silver targets (Ag, purity ≥ 99.99%) were purchased
from Guangzhou Keyue Metal Company (Guangzhou, China). 4-MBT (purity ≥ 98%)
was purchased from Sigma-Aldrich and used as probe molecules. Deionized (DI)
water (18.2 MΩ at 25 °C) was prepared using a Milli-Q Plus water purification system
(Milli-Q Plus water purification, Sichuan Wortel Water Treatment Equipment Co. Ltd,
Sichuan, China). SU-8 3050 photoresist and developer solution were purchased from
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MicroChem (MA, USA) for fabricating the silicon master with designed microchannels.
The poly(dimethylsiloxane) (PDMS, Sylgard 184) package was purchased from Dow
Corning Corporation (Midland-Michigan, USA) and was used for fabricating the
PDMS microfluidic chip.

3.4.2 Microfluidic device fabrication
The flow-focusing microfluidic droplet generator was fabricated from PDMS using
standard soft lithography.45 Microfluidic channel patterns were designed using
computer-aided design (CAD) software and then transferred onto a chrome plate to
obtain the photomask. The microfluidic master mold was constructed in a SU-8 3050
film on a clean silicon wafer. The PDMS pre-polymer and curing agent were mixed
using a stirring machine at a mass ratio of 10:1 and then degassed in a vacuum
chamber until interior bubbles disappeared. The mixture was then poured onto a preprepared master mold and thermally cured in an oven at 80 °C for 1 h. The PDMS
replica with designed channel patterns was then peeled off from the silicon master
and cut into predesigned size. Connection holes were punctured using a miniature
puncher with a hollow needle. The PDMS slide and glass slide (microscopy slides)
were treated in a plasma cleaner (PDC-002, Mycro Technologies Co., Ltd, Beijing,
China) at a power of 10 W for 50 s and bonded together to obtain a microfluidic chip.

3.4.3 Synthesis of SiO2NPs
Monodispersed SiO2NPs were prepared by a modified Stöber method.46 SiO2NP with
diameters in a range of 100 – 450 nm were synthesized by controlling the feed ratio
of reagents, rotation speed, reaction time and temperature. The synthesized SiO2NP
suspension was centrifuged and washed with ethanol and deionized water at least
three times, respectively, obtaining the final SiO2NP aqueous suspension.

3.4.4 Raman measurements
4-MBT was used to evaluate SERS performance. The metal-coated PLPMs on a
piece of silicon substrate was completely immersed into 4-MBT ethanol solution (0.1
mM, 10 mL) for 1 h, then rinsed with ethanol three times and dried with a stream of
pure nitrogen (N2) gas. The dried substrate was placed on the stage of the Raman
instrument to perform the SERS signal measurements. The Raman spectra were
measured by a micro-Raman system (Renishaw 42K846) consisting of a CCD
detector (inVia, 42K864) and an optical microscope (Leica, DM 2500 M Ren). A 633
nm He–Ne laser (Renishaw, RL633 laser) was used as an excitation source. The
laser beam was focused on the sample through a 50× objective (NA = 0.5, Leica).
The elastically scattered laser excitation was removed by an edge filter. The scanning
wavelength range was 600 – 2500 cm-1. A laser power of 1% (0.1 mW) and an
exposure time of 10 s were used in all measurements. The measured laser point
diameter and depth was 1.54 and 26 μm, respectively.

3.4.5 Metal film deposition
A metal film was sputtered onto the produced microspheres with nanopatterns by an
ATC ORION Series magnetron sputtering system (AJA International, Inc., MA, USA).
The power was set at 100 W (553 V, 180 mA) to deposit an Au film at a rate of 12 nm
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min-1, and at 200 W (430 V, 468 mA) to deposit an Ag film at a rate of 32 nm min-1. A
piece of flat silicon substrate was placed near the microspheres in the deposition
chamber to evaluate the deposited film thickness. The thickness of deposited metal
film as a function of deposition duration are shown in Figure A1 in the Appendix A.
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pherical photonic crystals (SPCs) with tailorable multi-scale structure, versatile
surface morphology, and controllable optical properties of both photonic stop
band (PSB) and surface plasmon resonance (SPR), have been fabricated using a
robust and facile method. The fabricated SPCs consist of well-spaced gold
nanocrystals (AuNCs) (3rd-tier) anchored on silica nanopatterns (2nd-tier) confined in
microspherical templates (1st-tier). Droplet microfluidics is used to produce
microdroplets containing silica nanoparticles (SiO2NPs) which assemble to form twotier SPCs. Subsequently, three-tier SPCs are obtained by thermal detwetting and
evaporation of metal films deposited on the two-tier SPCs, with morphology being
controlled by the deposited film morphology and thermal annealing parameters.
Optical PSB and SPR properties of the prepared SPCs can be on-demand tailored
by the 3rd- and 2nd-tier morphology and their corresponding constituent materials. We
find indications that the scattering from AuNC arrays on the SPCs is amplified,
possibly resulting from the synergistic effects of SPR and PSB properties. The
hierarchical SPCs manufactured by this method can be easily transferred from a hard
substrate to a flexible one and used for further applications, for instance in
anticounterfeiting and information security purposes based on their structuredetermined function.

chapter is based on the publication: Wang J.; Le-The H.; Shui L.; Bomer J. G.;
Pinkse W. H. P.; Jin M.; Zhou G.; Mulvaney P.; van den Berg A.; Segerink L. I. and Eijkel
J. C. T. Multilevel Spherical Photonic Crystals with Controllable Structures and StructureDetermined Functionalities. 2020, under revision.
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4.1 Introduction
Hierarchical structures with different length scales and/or multilevel patterns created
by microscale patterning can improve the mechanical properties of materials including
strength, stability, and flexibility, while nanoscale structuring can lead to augmented
functionalities in optics (e.g. reflection, antireflection, diffraction, and scattering),1–3
physics (e.g. superwetting and directional adhesion),4–7 and even biology (e.g. tissue
scaffolds).8–11 Therefore applications of these structures can be found in photonics,12
electronics,13 biology,14 and catalysis.15
In particular, photonic crystals (PCs) possess periodic arrangements (on the
order of the wavelength of light) of materials with different dielectric constants, being
able to prevent light from propagating in certain directions at certain frequencies.16,17
As a result, they can create a photonic stop band (PSB),18 showing diverse structural
colors. They have been used for manipulation, confinement, and control of light in
three dimensions of space,19 being useful in bio-inspired coloring,20 photocatalysis,21
chemical and biological sensors,22,23 and reflective displays.24 Slow light propagation
is another specific property of these PCs.25 Light can propagate with extremely
reduced group velocities in the vicinity of the PSB,25 thereby enhancing non-linear
optical interactions,25 sensor efficiencies,22 and photochemical activity of materials.26
Generally, PCs have been fabricated via a top-down approach27,28 (e.g., soft
lithography) or a bottom-up approach19,29 (e.g. colloid assembly). However, twodimensional PC structures have angle dependent PSB limitations when compared to
the spherical photonic crystals (SPCs). SPCs consist of periodically arranged
nanostructures confined in microspheres with high symmetry, and posess the
advantage of a wide viewing angle which broadens their application areas, for
example, in optical materials/devices.23 In the past decade, droplet microfluidics has
been developed to a powerful tool for fabricating three-dimensional SPCs30,31 with
high uniformity and controllable structures by combining top-down droplet generation
with bottom-up self-assembly of colloids. The produced uniform microdroplets will act
as curved templates that offer precise control over the layers of the assembled
building blocks and thereby the resulting PSB properties,32 in contrast to the twodimensional colloid assembly at the interface.33
Noble metal nanoparticles34,35 have also been used as building blocks for SPCs
construction due to their exceptional optical properties and applications in various
fields, such as metamaterials, nanophotonics, and biotechnology.36,37 Surface
plasmon resonance (SPR) from noble metal nanoparticles originates from the
collective oscillation of conduction electrons when excited by electromagnetic
radiation.38 As a result, these noble metal nanoparticles can resonantly absorb and
scatter light, showing vivid colors under dark field microscope.40 The resulting colors
depend on the shape and size of the nanoparticles and are influenced by the dielectric
constant of the local surrounding medium as described by Mie scattering.39 Noble
metal nanoparticles have been applied in surface-enhanced Raman spectroscopy
(amplified localized electromagnetic field),40–42 biochemical sensors (high sensitivity
to a change of the dielectric constant of the local environment),43 and catalysis (free
mobility of surface electrons).44–46
Although two-tier structures, for instance, core-satellite structures, consisting of
organic (polystyrene particles) and inorganic particles (such as metal nanoparticles,
SiO2NPs) have been reported using either chemical methods47,48 or physical
methods,49 few works have reported on three-tier structures with high periodic
arrangements consisting of both a PC structures and plasmonic nanoparticle arrays.
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Chu et al.50 reported the fabrication of free-standing chiral plasmonic films, consisting
of well-assembled rod-like cellulose nanocrystals and randomly infiltrated Au
nanocrystals (AuNCs), which exhibited coupling of the PSB and SPR modes. Zhang
et al.51 reported a plasmonic material coupling a TiO2-based photonic crystal
substrate to AuNCs using anodization and a photocatalytic reduction method.
However, in these cases the distribution of AuNCs on the PC structure was random,
and the number density of AuNCs did not have a high reproducibility, especially when
a chemical method was followed. Thus, controllable patterning of plasmonic materials
on the PC structures with high uniformity and reproducibility is highly desired, allowing
to achieve designed hierarchical periodical structures with amplified functionalities.
Therefore, in this chapter, we report a robust and facile method to fabricate SPCs
with precisely tailorable multi-scale structures, versatile surface morphology, and
controllable optical properties, by combining droplet microfluidics with metal thin film
deposition and thermal annealing. Three-tier SPCs have been constructed consisting
of well-spaced AuNCs (3rd-tier) anchored on well-ordered SiO2NP nanopatterns (2ndtier) confined in microspherical templates (1st-tier). The two-dimensional array of
AuNCs (3rd-tier) is distributed evenly on each SiO2NP (2nd-tier) with control over size,
number density and topography. These SPCs possess both PSB and SPR
resonances, which can be controlled by varying the structural dimensions at different
length scales and the constituent materials of the 2nd-tier and 3rd-tier for on-demand
applications. These three-tier SPCs can be transferred to or encapsulated in flexible
materials to obtain a designed colorful pattern for anticounterfeiting by the structureenhanced optical properties.

4.2 Results and discussion
4.2.1 Fabrication of SPCs
The process for fabrication of three-tier SPCs, combining droplet microfluidics with
metal thin film deposition and metal dewetting processes, is shown in Figure 4.1.
Details of the fabrication process are described in the Methods section.

4.2.2 Manipulating the 3rd-tier morphology of the SPCs
By controlling the parameters (power and duration) of Au film deposition and thermal
annealing process (temperature and duration), a variety of hierarchical structures of
SPCs can be obtained, as summarized in Figure 4.1. In order to clearly label the
W x °C
parameters for the obtained SPCs, the nomenclature of Aum
n s Ty h @SPC is used, in
which, m and n describe the sputtering parameters of power and duration,
respectively, x and y are the used thermal annealing temperature and duration,
respectively. For instance, Au100W
T800°C
@SPC represents a SPC prepared by
5s
1h
sputtering an Au film at 100 W for 5 s, and annealing at 800 °C for 1 h.
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Figure 4.1. Schematic diagram of the SPC fabrication process, combining droplet microfluidics
with metal film deposition and thermal annealing. (a) Microdroplet templates are generated via
a droplet generator. (b) A two-tier SPC is formed via evaporation induced assembly of SiO2NPs,
featuring well-ordered nanopatterns. (c) Au-coated two-tier SPCs are obtained by sputtering Au
films on the as-prepared two-tier SPCs with different thicknesses, showing initially
discontinuous Au films (c1) and subsequently continuous Au films (c2) distributed on SiO2NPs.
Thermal annealing the Au-coated two-tier SPCs yields three-tier SPCs with various surface
morphology including (d) multiple small AuNCs distributed uniformly on each SiO2NP, (e) one
large AuNC anchored on the top of each SiO2NP and small AuNCs encircled at the rim of
SiO2NPs, (f) only one large AuNC anchored on each SiO2NP, (g) one AuNC engulfed into each
SiO2NP, and (h) one closed-end nanopore formed in each SiO2NP.

The morphology of a sputter-deposited Au film on a nanostructured surface with
periodically arranged nanoparticles significantly differs from that on a flat surface, as
shown in Figure B1 in Appendix B. On the flat surface, the sputtered Au film is
distributed evenly over the entire surface, forming a continuous film with increasing
sputtering power and duration. However, on the nanostructured surface, individual
nanofilms form on each nanoparticle surface. At high temperature, the solid Au film
can dewet into isolated nanocrystals driven by the surface capillary flow.52 The part
of the nanofilm on the top of the nanoparticle thereby behaves differently from the
part along the rim of the nanoparticle. By high temperature annealing, various 3rd-tier
morphologies of AuNC arrays on SPCs can be obtained. Figure 4.2a shows an asprepared two-tier SPC (Au0@SPC) which features well-ordered nanopatterns of 300
nm SiO2NPs as the 2nd-tier. To optimize the shape and crystallinity of the formed 3rdtier AuNCs on the 2nd-tier SiO2 nanopatterns, we investigated the effect of the
annealing temperature on that (Figure B2). We found that AuNCs with high
crystallinity and regular shape were obtained by annealing at 800 °C for 1 h in ambient
environment. Therefore, in the following section, Au-coated SPCs are studied that
were treated at 800 °C for 1 h.
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When sputtering a thin Au film (for example, at 100 W for 5s, Au100W
@SPC,
5s
Figure 4.2b) onto the as-prepared two-tier SPC (Au0@SPC), discontinuous Au films
with small grain size were obtained. By a subsequent annealing process at 800 °C
for 1 h (Au100W
T800°C
@SPC, Figure 4.2c) in air without flow, this discontinuous Au
5s
1h
film dewetted in multiple small AuNCs (3rd-tier), with approximately the same number
density on each SiO2NP. The grain size of the discontinuous Au film can be increased
by precise control over the sputtering parameters (for instance, at 200 W for 5 s,
Au200W
@SPC, Figures 4.2d and B3), after which the same annealing program
5s
T800°C
@SPC,
resulted in relatively large AuNCs, distributed on each SiO2NP (Au200W
5s
1h
Figure 4.2e). On a further increase in Au film thickness, more than one patch of
continuous Au film covered the top surface and a discontinuous film was obtained
along the rim of each SiO2NP (Au200W
10s @SPC, Figure 4.2f). On dewetting this resulted
in the formation of multiple AuNCs with a random size distribution confined on top of
800°C
each SiO2NP ( Au200W
@SPC, Figure 4.2g). Further increasing the Au film
10s T1h
thickness (sputtering at 200 W for 15 s and 20 s) led to the formation of only a single
thick continuous Au film on the top surface of each SiO2NP (red circles in Figures
4.2h and j), whereas the Au films at the rim of each SiO2NP remained discontinuous
(blue arrows in Figures 4.2h and j). Dewetting of the continuous Au film resulted in a
single large AuNC anchored on top of the SiO2NP, while dewetting of the
discontinuous Au film along the rims resulted in multiple small AuNCs (for example,
800°C
800°C
Au200W
@SPC, Figure 4.2i and Au200W
@SPC, Figure 4.2k).52,53
15s T1h
20s T1h
The Au film completely covered each SiO2NP when further increasing the
sputtering duration (Figures B4a-c), which resulted in the formation of one large
AuNC with irregular shape and inhomogeneous size covering more than one SiO2NP
after the thermal dewetting (Figures B4d-f). We expect that the formation process in
this case is driven by favorable surface energy change when the Au detaches from
the void-Au interface.52 From the above, we concluded that the number density and
size of AuNCs on each SiO2NP unit can be well controlled by tailoring the deposited
Au film morphology in a straightforward and robust manner, with the possibility to
create a curved two-dimensional AuNC lattice.
The size and distribution of the obtained well-spaced AuNCs on the SiO2
nanopattern, thus depends on both the Au film thickness and the size of the SiO2NPs.
Figure B5a shows the diameter of AuNCs on top of each SiO2NP as determined from
HR-SEM images. A clear increase is observed with sputtering power and duration,
especially for the large AuNCs which contain most of the mass of the deposited Au.
The edge-to-edge distance between two adjacent large AuNCs was also measured
from the HR-SEM images as shown in Figure B5b. We have furthermore investigated
the influence of the SiO2NP diameter on the diameter and edge-to-edge distance of
obtained AuNCs (Figures B5c and d). An increase in the SiO2NP diameter enlarged
the deposited Au film area, especially the continuous Au film area on top of SiO2NP.
As a result, under the same thermal annealing conditions, larger AuNCs were
obtained (Figures B5c and B6).
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Figure 4.2. Au film thickness-controlled surface morphology of fabricated SPCs. Top-view high
resolution scanning electron microscopy (HR-SEM) images of surface morphology of various
hierarchical SPCs. (a) A two-tier SPC (scale bar: 2 µm) assembled from SiO2NPs (300 nm in
diameter), and an enlarged image showing the surface morphology of a single SPC (scale bar:
200 nm). (b-k) HR-SEM images (scale bar: 200 nm) of surface morphology of corresponding
SPCs with Au films and well-spaced AuNC arrays before and after thermal dewetting. Au films
prepared by sputtering at (b, c) 100 W for 5 s, (d, e) 200 W for 5 s, (f, g) 200 W for 10 s, (h, i)
200 W for 15 s, and (j, k) 200 W for 20 s, respectively. The HR-SEM images were taken using
the secondary electron (SE) detector, and the energy selective backscattered (ESB) detector –
white color indicates the Au-covered areas. The red circles indicate the areas coated with a
continuous Au layer. (c, e, g, i, k) Top-view HR-SEM images (scale bar: 200 nm) of the threetier SPCs with different surface morphology after dewetting, corresponding to the Au-coated
two-tier SPCs in (b, d, f, h, j), respectively.

As the annealing temperature can affect the Au mass transport, further
experiments were performed to explore the morphology of AuNC arrays by controlling
the annealing programs while keeping the Au film thickness fixed at 200 W for 15 s.
Figure 4.3 shows the schematic diagrams (cross-sectional view of the outer layer)
and top-view HR-SEM images of the obtained three-tier SPCs with different surface
morphology. Figure 4.3a shows the surface morphology of an Au-coated two-tier
SPC (Au200W
15s @SPC) consisting of SiO2NPs 300 nm in diameter. As discussed above,
annealing Au200W
15s @SPC at 800 °C for 1 h resulted in a single large AuNC anchored
on top of each SiO2NP surface and multiple small AuNCs at the rim of the SiO2NP
(indicated by the red arrow in the close-up HR-SEM image, Figure 4.3b and B7a,
800°C
@SPC). In this experiment, air flow was employed to increase the Au
Au200W
15s T1h
mass transport from the tube furnace chamber to the outlet and a temperature of
1000 °C was chosen (close to the melting temperature of Au of 1064 °C) .54 Annealing
-1
the Au200W
15s @SPCs at 1000 °C for 10 h with an air flow rate of 250 L·h resulted in
complete evaporation of small AuNCs at the rims, thus leaving only one AuNC
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1000°C
(diameter 122±4 nm) on each SiO2NP (Au200W
@SPCs, Figure 4.3c and B7b).
15s T10h
rd
The resulting 3 -tier AuNC arrays showed a hexagonal lattice, corresponding to the
2nd-tier SiO2NP nanopatterns, which can have promising applications in diagnostics
when functionalizing the AuNCs.39 For example, secondary AuNCs can bind to the
AuNC arrays of the 3rd-tier via biomolecules, resulting in a color change or spectral
shift for detection with high sensitivity.39 Further increasing the annealing duration to
20 h at 1000 °C induced a significant decrease in the size of the AuNCs (diameter
51±5 nm). Meanwhile, AuNCs started to be engulfed into the SiO2NPs
1000°C
(Au200W
@SPCs, Figure 4.3d), companied by the formation of silica ridges
15s T20h
(indicated by the red arrows in Figures 4.3d and e). It is explained by the SiO2
transport along the interface with the AuNP, where it is assumed to have higher
mobility, by surface diffusion toward the triple line of air/AuNP/SiO2NP. The
engulfment of AuNCs into the SiO2NPs with a certain depth can be explained by the
continued Au evaporation and SiO2 transport.54,55 When annealing at 1000 °C for 30
h, the AuNCs penetrated deeper into the SiO2NPs until they completely evaporated
1000°C
(Au200W
@SPCs), leaving closed-end nanopores (entrance diameter 47±3 nm)
15s T30h
connected to the SiO2NP surface (Figure 4.3e). The cross-sectional HR-SEM images
in Figure B7c confirms the engulfment of AuNCs into SiO2NPs (indicated by the red
arrow) and the existence of closed-end nanopores (indicated by the yellow arrow). As
a result, an over thermal annealing process could result in complete evaporation of
AuNCs in the nanopores. In this way, the size and depth of the formed nanopores
was determined by the initial size of the formed AuNCs and the applied temperature.
This phenomenon has been previously describled and analysed by our group.54
By thus controlling the Au film dewetting and evaporation on the as-prepared twotier SPCs via the thermal treatment parameters, well-spaced AuNCs can be
manufactured with high reproducibility in size, gap distance and pattern. In
comparison to the dewetting of Au films on flat surfaces (Figure B8),56 and other
approaches for fabrication of AuNC arrays, such as physicochemical assembly,57 a
specific morphology of deposited Au films is obtained, leading to well-spaced 3rd-tier
AuNC nanoarrays with controllable density and patterns. These hierarchical SPCs
evince various structural colors, as shown in Figure 4.3 (OM images in the last row),
with high potential for application in anticounterfeiting and sensing.58
We furthermore investigated the possibility of manufacturing the three-tier SPCs
using different materials. A layer of TiO2 film was coated on the initial two-tier SPCs
as an alternative 2nd-tier surface material before depositing Au film. We then
successfully fabricated three-tier SPCs with TiO2-coated SiO2NP nanopatterns
(Figure B9). Platinum (Pt) was also deposited onto two-tier SPCs as the 3rd-tier
material instead of Au to obtain three-tier SPCs featuring well-spaced PtNC arrays
(Figure B10). These results prove that our approach is applicable to various material
combinations, enabling on-demand preparation of SPCs with designed physical and
chemical properties for a variety of applications.
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Figure 4.3. Thermal annealing process controlled surface morphology of fabricated SPCs.
Diagrams of fabricated SPCs with various surface morphology, and their corresponding HRSEM images for overall top-view SPCs (scale bar: 2 µm) and close-up details (scale bar: 200
nm), as well as optical microscopy images (OM, scale bar: 10 µm) under bright-field (BF, left)
and dark-field (DF, right) illumination modes. (a) An Au-coated two-tier SPC (Au200W
15s @SPC).
(b-e) Three-tier SPCs with different surface morphologies fabricated by annealing the
Au200W
15s @SPC under different thermal treatment parameters at (b) 800 °C for 1 h without air
flow, 1000 °C with an air flow rate of 250 L·h-1 for (c) 10 h, (d) 20 h and (e) for 30 h.

4.2.3 Optical properties of fabricated hierarchical SPCs
Figure 4.4 shows OM images of freshly prepared two-tier and three-tier SPCs
consisting of SiO2NPs with different sizes, and their corresponding reflection spectra
under BF and DF illumination modes, respectively. The measurement details were
provided in the Methods section. It must be remarked that percentage of the reflection
was the observed intensity when using the silicon wafer as a 100% reflection under
BF. The Au films were prepared using the same parameters as in Figure 4.2, with all
Au-coated SPC samples being annealed at 800 °C for 1 h. It was found that the
structural color of fresh two-tier SPCs changed from green to orange and red when
the SiO2NP diameter (D) increased from 220 nm to 250 nm and 280 nm, under the
BF (indicated by “No Au” in Figures 4.4a, c, e, and B11a in the Appendix B). For
exploring the scattering of the AuNC arrays, the spectra of these fresh two-tier SPCs
were also recorded under DF, showing a red shift with increasing SiO2NP diameter
(indicated by “No Au” in Figures 4.4b, d, f, and B11b). We thereby found that the
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deviation of the measured reflected peaks between the BF and DF mode (Figures
B11a and b) can be attributed to the angle difference of the light incident on the
sample between the BF and DF modes. The white light paths under the used BF and
DF illumination modes are schematized in Figure B12.
The structural color changes in both (BF and DF) modes can be attributed to a
variation of the lattice spacing of the PC structures.23 An increase in the size of the
SiO2NPs gives rise to a red shift in the reflection spectra of the fresh two-tier SPCs,
as observed in both BF and DF modes. Note that, annealing the fresh two-tier SPCs
at 800 °C for 1 h (the same annealing condition as in Figure 4.2), the Bragg diffraction
of these annealed two-tier SPCs showed a blue shift compared to the fresh two-tier
SPCs (Figure B13). This can be attributed to the narrowing of the lattice spacing after
high temperature annealing. The measured Bragg diffraction peaks of these annealed
two-tier SPCs increased from 476 nm to 562nm and 586 nm (indicated in the
reflection spectra of Figure B13) with increasing SiO2NP size, which is relatively
consistent with the calculated values of 488 nm, 555 nm, and 621 nm with a standard
deviation (SD) of 2.45%, 1.25%, and 5.64%, respectively, using the estimated BraggSnell equation:59
2
λ = 2 D n 2 -(sinθ )2
(4.1)
eff
3
Here D is the diameter of the SiO2NP, neff is the average refractive index of the building
block material, and θ is the angle of incidence of light with respect to the normal (under
BF mode, assumed θ = 0°). The annealed two-tier SPCs containing the volumes of
silica and air in one microunit possess close to a hexagonally close-packed
arrangement. For a hexagonally close-packed assembly corresponding to [111] plane
of the face-centered cubic lattice, the volume fraction of the silica is approximately
0.74 with a void fraction of 0.26 confined in a single SPC.60 We think that the slight
deviation between the measured and the estimated Bragg diffraction peaks is mainly
caused by a small amount of disorder in the periodic lattices, resulting in a change of
the volume fraction of silica and air in one microunit. This can be confirmed by the
Bragg diffraction peak intensity in Figure B13, since the intensity of the Bragg
diffraction peak indicates the crystalline order confined in the periodic PC structures.32
Compared to the fresh two-tier SPCs, three-tier SPCs showed both PSB and SPR
optical properties (Figure 4.4), which are characterized by the BF and DF illumination
modes, respectively. These three-tier SPCs were composed of SiO2NPs with
diameters of 220 nm (Figures 4.4a, b), 250 nm (Figures 4.4c, d), and 280 nm
(Figures 4.4e, f). When AuNCs were introduced, making the SPCs from a fresh twotier structure to a three-tier structure, the Bragg diffraction peak showed a blue shift
in both the OM images and the corresponding reflection spectra (Figures 4.4a, c and
e) under BF mode. We attribute this mainly to the narrowing of the lattice space during
the thermal annealing treatment. However, the Bragg diffraction peaks of three-tier
SPCs do not show a significant change (indicated by the red dotted line in Figures
4.4a, c and e), when varying the 3rd-tier AuNC arrays starting from the multiple small
T800°C
) to the hexagonal patterns comprising one
AuNCs on each SiO2NP (Au100W
5s
1h
large AuNC on top of each SiO2NP and smaller ones along the rims of each SiO2NP
800°C
(Au200W
). Moreover, introducing the 3rd-tier AuNC arrays within the investigated
20s T1h
range did not contribute significantly to neff (see detailed information in Appendix B,
the section of “Estimation of the neff of a three-tier SPC”), suggesting that the 3rd-tier
AuNC arrays could not induce obvious change of Bragg diffraction peak.
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The absorption peaks observed at approximately 520 nm wavelength under BF
mode are attributed to the light absorption by the AuNCs. The absorption frequency
is in agreement with literature reports.39,61,62 This absorption gives the structural red
color of these three-tier SPCs with varying surface morphology, as observed in the
OM images and the spectra with enhanced reflection in the red spectral domain
(Figures 4.4a, c, and e). Furthermore, we found that the PSB peaks and Au
reflections of three-tier SPCs consisting of SiO2NPs with diameters of 250 nm and
280 nm overlapped in the red spectral region (blue to red curves in Figures 4.4c and
e). This suggests that the 3rd-tier AuNC arrays cannot influence the Bragg diffraction
of the periodic structures, but that a synergistic effect of both PSB and Au reflection
can be achieved by tailoring the Bragg diffraction.
Under the DF mode, reflection peaks caused either by Bragg diffraction of the PC
structures or by Au scattering of the AuNC arrays were observed (indicated in Figures
4.4b, d and f). We found that when the PSB (in blue spectral region) was located
separately from the Au scattering (in red spectral region) (Figure 4.4b), the PSB is
not influenced by the surface morphology of 3rd-tier AuNC arrays. The scattering
plateau (from cyan to red curves in Figure 4.4b) or peaks (from cyan to red curves in
Figures 4.4d and f) in the red spectral region result from the AuNC arrays. On
excitation by incident light of the AuNCs, surface plasmon oscillations are damped
non-radiatively by absorption due to the electron-photon interactions, and/or
radiatively by resonant scattering.63 For small AuNCs, only plasmon absorption
occurs; whereas both absorption and scattering occur simultaneously on larger
AuNCs (larger than ∼50 nm in diameter).64 This is shown in Figure 4.4b (blue to red
curves indicated by “Au scattering”) for increasing AuNC size. No sharp scattering
peak was observed in Figure 4.4b, which is attributed to the mismatch between the
PSB of the periodic lattices (indicated by “PSB”) and the Au scattering peak (indicated
by “Au scattering”). However, Figures 4.4d and f do show an overlap of the PSB and
Au scattering peaks at the red spectral region. The red shift of these overlapping
peaks is caused by an increase in the AuNC diameter (Figure B14). The PSB located
in the red spectral region can enhance the scattering of AuNC arrays. This suggests
that the AuNC array scattering can be amplified by the PC structures due to the
multiple and repeated light scattering confined in PC structures, when both scattering
are located in the same spectral region.
In summary, these fabricated three-tier SPCs show not only PSB (Bragg
diffraction) properties resulting from the periodic arrangements in the underlying 2ndtier patterns, but can also exhibit SPR effects (absorption and plasmonic scattering)
due to the AuNC arrays anchored on 2nd-tier of SiO2NP patterns. Again, the key
finding is that both the PSB and SPR resonances in this hybrid hierarchical SPCs can
be precisely controlled by the size of SiO2NPs and the surface morphology of the 3rdtier AuNCs to achieve the synergistic effects.
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Figure 4.4. Optical properties of SPCs controlled by Au film thickness. BF (a, c, e) and DF (b,
d, f) images (scale bar: 10 μm) of fresh two-tier and three-tier SPCs consisting of SiO2NPs with
diameters of (a, b) 220 nm, (c, d) 250 nm, and (e, f) 280 nm, and their corresponding reflection
spectra. The three-tier SPCs were fabricated by sputtering Au films at 100 W for 5s, 200 W for
5, 10, 15, and 20 s, on as-prepared fresh two-tier SPCs, followed by thermal annealing at 800 °C
for 1 h in air without flow.
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As demonstrated above in Figure 4.3, various 3rd-tier morphologies of AuNC
arrays can be tailored by annealing Au200W
15s @SPCs under different programs. Figure
4.5 shows BF and DF images and their corresponding reflection spectra of the SPCs
with different morphologies. Three types of SPCs of “1” - fresh two-tier SPC, “2” 800°C
1000°C
@SPCs and “3” - Au200W
@SPCs have been selected based on
Au200W
15s T1h
15s T10h
their distinct structure variations, as indicated by the schematic drawings. Herein, both
the Bragg diffraction caused by the PC structure under BF and DF modes were
termed PC reflection peak. Both the AuNC array reflection under BF mode and the
corresponding scattering under DF were termed Au reflection peak. As discussed in
Figure 4.4, when the PSB locates separately from the Au reflection, they do not affect
each other. Whereas, they overlap when these two peaks located in the same spectral
region. Figure 4.5 confirms this again. The blue shifts of PSB (from black curve to
blue curve in Figure 4.5 under both BF and DF modes) from type “1” to type “2” is
mainly explained by the narrow of the lattice spacing during high temperature
annealing, as explained in Figure 4.4. In Figures 4.5a and b (the blue and red curves),
the PSB of three-tier SPCs consisting of SiO2NPs 200 nm in diameter shifted to
ultraviolet spectral region (˂ 400 nm), and the Au reflection with plateaus ocurred in
red spectral region. The peak and intensity of the Au reflection is relatively broader
and weaker than the corresponding ones in Figures 4.5c-f. While the reflection
spectra of three-tier SPCs (type “2” and “3”) consisting of SiO2NPs with 250 nm and
300 nm in diameter showed sharp peaks raised by the overlap of PSB and Au
reflection (blue and red curves in Figures 4.5c-f). Moreover, a blue shift was observed
when varying from type “2” to type “3”. This is attributed to an increase in the AuNC
interparticle distance.65,66
To minimize the PSB resulting from PC structures, these SPCs were also
measured after immersing the materials into hexadecane, as shown in Figure B15.
The match of refractive index of silica (1.45) and hexadecane (1.43) diminish the
structural color raised by the PC structure. No Bragg diffraction peak was observed
under BF mode, and there was only an absorption peak at approximately 540 nm,
caused by the AuNC arrays (Figure B15d). However, under DF mode (Figure B15e),
three-tier SPCs of type “2” and type “3” showed both absorption and scattering peaks
due to the SPR properties. An increase in the SiO2NP size results in a red-shifting of
the scattering peaks with increasing intensity. Again, we attribute this to the
synergistical effect of the PSB and the AuNC scattering, which is coincident with the
measurements in air (blue and red curves in Figures 4.5c-f). We therefore conclude
that the AuNC scattering can be amplified by the PC structures to tailor the PSB
properties. Type “3” showed obvious blue shifts compared to the corresponding
800°C
@SPCs. This agrees with the observations on the samples in air and is
Au200W
15s T1h
attributed to the increase in the AuNC interparticle distance. In summary, these threetier SPCs possess both PSB and SPR bands, and their synergistic effect can be
achieved by tailoring both the size of SiO2NPs and the surface morphology of the
AuNC arrays.
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Figure 4.5. Optical properties of SPCs controlled by thermal annealing parameters. BF and DF
images (scale bar: 25 µm) and corresponding reflection spectra of the fresh two-tier and threetier SPCs consisted of SiO2NPs with diameters of (a, b) 200 nm, (c, d) 250 nm, and (e, f) 300
nm. These measurements were carried out under ambient atmosphere. The three-tier SPCs
were fabricated by sputtering an Au film on as-prepared fresh two-tier SPCs (type “1”) at 200
800°C
W for 15 s and followed by annealing at 800 °C for 1 h (Au200W
@SPCs, type “2”) in air
15s T1h
1000°C
without flow, and 1000 °C for 10 h with an air flow rate of 250 L·h-1 (Au200W
@SPCs, type
15s T10h
“3”).

4.2.4 Demonstration of three-tier SPCs for anticounterfeiting
We employed these hierarchical SPCs to fabricate flexible anticounterfeiting films,
showing different structural colors (Figure 4.6). Figure 4.6a presents the fabrication
process (see details in the Methods section) of the flexible films with the “MESA+”
logo, showing diverse structural colors. The close-packed monolayers of two-tier
SPCs containing SiO2NPs with different diameter is shown in Figure B16. The
photographs were captured using a smartphone camera (iPhone 6s, A1700) with and
without a flash (Figure 4.6b). A patterned monolayer of hierarchical SPCs was
embedded into a flexible film (cured poly(dimethylsiloxane) (PDMS)). A transparent
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area is obtained by the assembled two-tier SPCs as the refractive indices of PDMS
(n = 1.4) and SiO2NPs (n = 1.45) matched, while the “MESA+” logo with diverse
structural colors resulted from the AuNC array scattering of the three-tier SPCs.
Without a flash, three-tier SPCs showed a similar orange-red structural color, though
they consisted of SiO2NPs with different sizes. This agrees with the OM images and
the corresponding reflection spectra (Figure 4.6c) under BF mode. The spectra of the
“MESA+” logo collected under BF showed the absorption of AuNCs and the Au
reflection in the red spectral region, which explains the structural colors of these films
that are similar to those captured under the BF mode (inset of Figure 4.6c) and using
the phone camera without a flash. When using a flash, these flexible films showed
diverse structural colors with color saturation varying with SiO2NP size. The reflection
spectra and corresponding OM images (Figure 4.6d) show the structural color of the
flexible films, caused by the synergistic effect of the Au scattering and PSB. We found
that the scattering peak red-shifts and the intensity increases with increasing SiO2NP
size and AuNC size. We attribute this again to the Au scattering amplification caused
by the PC structures, as explained in Figures 4.4d and f. Therefore, such a flexible
film embedded with different type of hierarchical SPCs can be applied as
anticounterfeiting stamps and in the field of security according to the remarkable color
contrast when captured with and without a flash by the mobile phone camera.
Moreover, due to the high symmetric geometry of the two-tier SPCs and the formed
AuNCs (Figure B7a), these flexible films exhibit angle-independent structural color
(Figure B17). In addition, the flexible films manufactured by this strategy can benefit
from its high mechanical and chemical stability, excellent scratch resistance and low
photodegradation.67,68
Using the same fabrication method, the “MESA+” logo was created on a flat
silicon (Si) substrate by Au film sputtering and dewetting and transferred to a flexible
film (Figure B18). The “MESA+” logo was composed of randomly distributed AuNCs
of inhomogenous size and shape (indicated by blue arrows in Figure B18a), making
the “MESA+” logo harder to discern on the flexible film (indicated by the organe
dashed line in Figure B18b), since the AuNCs formed directly on the Si substrate
cannot be transferred to a flexible film because of their strong adhesion to the Si
surface. Additionally, the structural color of “MESA+” on Si substrate captured with a
flash is much weaker than the ones on the SPC structures, as demonstrated by the
reflection spectra (Figure B18c). Under the DF mode, a broad scattering peak at
approximately 640 nm was observed, a 10 times longer integration time than the other
specimens. In addition, the patterns of “SCNU” letters filled with various types of SPCs
showed a variety of structural colors when exposed to the media with different
dielectric constants (Figure B19). The structural colors are much more easily
identified under DF than BF mode, due to the amplified scattering under DF; as a
result, this obvious contrast could be used for information encryption in various fields.
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Figure 4.6. Manufacturing of flexible anticounterfeiting stamps using the fabricated
hierarchical SPCs. (a) Fabrication process of flexible films with “MESA+” logo. (b)
Photographs (scale bar: 5 mm) of the fabricated flexible films with “MESA+” logo showing
different structural colors, which were embedded with two-tier and three-tier SPCs of
800°C
@SPCs consisting of SiO2NP with different diameters, and captured using a
Au200W
15s T1h
smart phone with and without a flash. OM images (scale bar: 10 μm) and reflection spectra
were obtained under the BF (c) and DF (d) modes.

4.3 Conclusion
In summary, multi-tier SPCs with tailorable architectures and controllable optical
properties of both the PSB and SPR have been achieved by a robust and facile
method combining droplet microfluidics with metal film deposition and programmed
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thermal annealing. Two-tier SPCs were created by confined assembly of SiO2NPs in
microdroplets produced by using a microfluidic chip. The 3rd-tier morphology of the
AuNC arrays on the SiO2NP nanopatterns was produced by the dewetting and
evaporation of Au films during a thermal annealing process. In this way, three levels
of hierarchical structure can be integrated by (i) using microfluidics to create the 1sttier micrometer spheres, (ii) nanoparticle assembly for defining the 2nd-tier
nanopatterns, and (iii) deposited metal film dewetting and evaporation for generating
the 3rd-tier AuNC arrays with a high controllability and stable reproducibility. As a
result, the structure-dependent optical properties of both PSB and SPR can be well
controlled, creating enhanced functionalities of the hierarchical SPCs. The SPCs
produced in this manner possess well-spaced arrays in both the 2nd-tier and 3rd-tier,
providing a flexible platform to tailor the constituent materials of the 2nd-tier and 3rdtier. These structres could be a high potential platform in areas where arrayed
structures (i) can be evolved into nanowires via the vapor-liquid-solid mechanism,69
(ii) provide a point-of-care diagnostic readout device,22 or are employed to create
template-based assembly processes in nanospace.70 We have demonstrated the
potential applications of the fabricated three-tier SPCs for anticounterfeiting, and
information security.

4.4 Methods
4.4.1 Materials
N-hexadecane (purity ≥ 99%) and sorbitan monooleate (Span 80) as a surfactant
were both purchased from Sigma-Aldrich (the Netherlands). Silica building blocks with
different diameters (200±10 nm, 220±10 nm, 250±10 nm, 280±10 nm, and 300±10
nm) were provided by Nanjing Rainbow Company (Nanjing, China). The Au target
(purity ≥ 99.999%) and Ti (purity ≥ 99.995%) target were both purchased from Kurt J.
Lesker company.

4.4.2 Fabrication of two-tier SPCs
A flow-focusing PDMS microfluidic chip was used to generate monodispersed
droplets (Figure 4.1a). The fabrication of this flow-focusing PDMS microfluidic chip
has been reported elsewhere.71 The oil phase (continuous phase) was n-hexadecane
containing 20 wt% Span80. An aqueous SiO2NP (300 mg·mL-1) suspension was used
as the water phase (dispersed phase). The water phase was sheared off into
monodispersed droplets by the oil phase. The generated droplets served as
templates encapsulating a certain amount of SiO2NPs. Subsequently, these droplets
were solidified by thermal evaporation in an oven at 60 °C overnight, yielding two-tier
SPCs featuring well-ordered and close-packed hexagonal nanopatterns (Figure 4.1b).
The Bragg diffraction wavelength of the two-tier SPCs can be tailored by changing
the size of the used SiO2NPs.

4.4.3 Thermal annealing of the Au-coated two-tier SPCs
A piece of silicon (Si) wafer treated with oxygen plasma (Femto Science Cute, Femoto
Science Inc, Hwaseong-Si, Korea) was used as a support substrate for drop-casting
the as-prepared two-tier SPCs dispersed in deionized (DI) water. A monolayer of
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assembled two-tier SPCs were obtained by passively drying at room temperature.
Subsequently, a thin Au film was sputtered on the patterned two-tier SPCs (Figure
4.1c), using an ion-beam sputtering system (home-built T’COathy system, MESA+,
the Netherlands). The morphology and thickness of the sputtered Au films can be
varied by controlling the sputtering power and duration. These Au-coated two-tier
SPCs were then annealed in a tube furnace (Nabertherm, Nabertherm GmbH,
Germany) at 800 °C (ramp-up temperature rate of 13.3 °C·min-1) for 1 h, or at 1000 °C
(ramp-up temperature rate of 8.3 °C·min-1) for 10 h, 20 h or 30 h with an air flow of
250 L·h-1, and subsequently cooled down passively to room temperature. As a result,
three-tier SPCs featuring well-spaced AuNC nanoarrays on the as-prepared two-tier
SPCs were fabricated with various morphologies of the 3rd-tier (Figure 4.1d).

4.4.4 Fabrication of flexible anticounterfeiting films
The as-prepared fresh two-tier SPCs were suspended in water and drop-casted onto
a Si wafer to assemble into a monolayer. The Si wafer was treated with oxygen
plasma to make the surface more hydrophilic in order to obtain a well-patterned
monolayer of SPCs. Afterwards, the SPC suspension was drop-casted on it and left
in air at room temperature for water evaporation. The microscale SPCs assembled
on the Si surface during water evaporation to form a well-patterned monolayer
arrangement (Figure B16). Subsequently, a shadow mask with “MESA+” logo was
applied on the surface of the two-tier SPCs covered the Si wafer, followed by
sputtering an Au film. As a result, only the area of “MESA+” were covered with the
deposited Au film. Then this produced substrate was annealed at 800 °C for 1 h
without air flow, resulting in different regions consisting of annealed two-tier SPCs
and three-tier SPCs. Pouring a layer of liquid PDMS onto the surface of this substrate,
baking it in an oven at 60 °C for 2 h, and peeling off the cured PDMS layer resulted
in a flexible film with “MESA+” logo, showing different structural colors. Also, using
the same fabrication method, the “MESA+” logo was fabricated on a piece of Si wafer
surface. Followed by pouring a layer of liquid PDMS and curing process, the “MESA+”
logo cannot be transferred onto the flexible film.

4.4.5 Optical characterization
The droplet generation was monitored and video-captured using an optical
microscope (Leica DMI 5000M, Wetzlar, Germany) equipped with a high-speed
camera (High-speed camera photron, fastcam SA3, Model 60K-M1, Motion
Engineering Company, Westfield, the United States). The reflection spectra of the
produced two-tier/three-tier SPCs were recorded by using an optical microscope
(Leica DM 6000M, Wetzlar, Germany) under BF and DF illumination modes,
respectively, matched with an optical spectrometer (Ocean optics HR4000, Ocean
Optics Inc.), in ambient environment or in homogenous environment. The OM images
and corresponding reflection spectra were all collected using 20× (NA = 0.4) objective
lens with a white light spot diameter of 1.1 mm. The silicon surface was used as a
reference with a 100% reflection under the BF mode, since the samples were on the
Si substrate. The silicon substrate fully covering a close-packed monolayer of
produced hierarchical SPCs was used to collect the reflection spectra. The integration
time was set at 100 ms, however, except that the case particularly was mentioned in
the maintext. The reflection spectra of obtained flexible films with “MESA+” logo
supported by a piece of clean Si wafer were measured using the same method.
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4.4.6 Scanning electron microscope
The surface morphology of the produced two-tier/three-tier SPCs were characterized
using a high-resolution scanning electron microscope (HR-SEM, GeminiSEM 500,
Carl Zeiss Microscope GmbH) with different detectors: secondary electron (SE), and
energy selective backscattered (ESB). The ESB signal was used to identify the
SiO2NPs and the Au film/ AuNCs based on their contrast difference. The sample for
cross-sectional view was prepared using a focused ion beam (FIB) system (FEI Nova
600 Nanolab FIB, United States).
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Chapter 5
report a robust and facile method for fabrication of hierarchical plasmonicWephotonic
microspheres (PPMs), by combing droplet microfluidics with metal thin

film deposition and thermal annealing. These PPMs consist of gold nanocrystal
(AuNC) arrays (3rd-tier) anchoring on hexagonally close-packed silica nanopatterns
(2nd-tier), which are assembled by silica nanoparticles (SiO2NPs) into a microscale
spherical shape (1st-tier). These PPMs possess both a photonic stop band (PSB)
resulting from periodic SiO2NP arrangements of the 2nd-tier and a surface plasmon
resonance (SPR) resulting from AuNC arrays of the 3rd-tier. As a result, the
electromagnetic (EM) field in such a multiscale and composite structure can be
extremely amplified at certain wavelengths due to the synergistic effects of the
reduced group velocity caused by the PBS property of photonic crystal (PC) structures,
and localized surface plasmon resonance (LSPR) of AuNC arrays, which has been
demonstrated by experiments with respect to the Raman enhancement evaluation of
benzenethiol (BT) as probe molecules in this chapter. This hybrid fabrication method
takes the advantages of flexible control over the size of building blocks, i.e. SiO2NP
and AuNC, to tailor the multilevel structures and the corresponding optical properties
of both PSB and SPR, as well as high uniformity and high throughput of produced
hierarchical PPMs with its facile and cost-effective operation. Thus these produced
PPMs offer high potential applications such as surface-enhanced Raman
spectroscopy (SERS), biological/chemical sensors, light harvesting and phototherapy.
In this chapter, we are of interest in great potentials of PC structures to increase the
interaction of light and plasmonic AuNC arrays and consequently generate amplified
optical output by tailoring the properties of PSB and SPR.

chapter is based on the publication: Wang J.; Le-The H.; Jin M.; van den Berg A.;
Pinkse. W. H. P. Shui L.; Eijkel J. C. T. and Segerink L. I. Hierarchical Plasmonic-Photonic
Microspheres for Surface-Enhanced Raman Spectroscopy. 2019, in preparation.
†This
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5.1 Introduction
Surface-enhanced Raman spectroscopy (SERS) has attracted increasing attention in
both scientific research and practical applications due to its high sensitivity and
specificity. This method allows nondestructive and label-free detection of a wide
range of molecules with near single molecule detection limit.1–3 Therefore, it has been
applied in various fields such as chemistry, biology, medicine, and environmental
science.4,5 The phenomenon of SERS is mainly attributed to a combination of an
electromagnetic (EM) enhancement (movement of surface electrons in SERS-active
substrates) with a chemical enhancement (charge transfer (CT) between SERSactive substrates and analyte molecules).3,6 Generally, the contribution of the EM
enhancement is uniform across all molecule types, and much stronger than that of
the CT enhancement.7 It has been reported that the EM enhancement can be
manipulated by tailoring the characteristics and optical properties of a SERS-active
substrate.8 A variety of SERS-active substrates/structures has been fabricated by
using top-down methods8 (e.g. electron-beam lithography, and colloidal lithography),
bottom-up methods9 (e.g. colloid assembly), or hybrid methods (top-down combined
with bottom-up approach)10 to provide and control the localized surface plasmon
resonance (LSPR) by varying the geometry of nanostructures (e.g. nanogap size and
shape, and periodicity), plasmonic resonance frequencies and modes,11 thereby
resulting in an amplified local EM field. Therefore, development of cost-effective,
reproducible approaches for fabrication of SERS-active substrates with high
sensitivity and high enhancement factors (EFs) has become an increasingly
significant topic to achieve near single molecule detection.12
It is well-known that metals (e.g. Au, Ag, and Cu) possess unique surface
plasmon resonance (SPR) properties upon illumination with incident light.13 Noble
metal nanostructures have the capability of confining light into small volumes to
enhance the local EM field near their surface. Such greatly amplified local EM field
areas are defined as “hotspots” in SERS-active substrates, which can amplify the
weak Raman scattering intensities. Many metal SERS-active substrates, such as
colloidal metal nanoparticles (e.g. dimers and aggregates), metal nanopatterns, or
three-dimensional (3D) plasmonic structures have been reported.14–16 However,
either expensive equipment or complex chemical synthesis is required for fabrication
of these metal nanostructures.
It is worth noting that photonic crystal (PC) structures have also long been
involved in the SERS application. They are either used as SERS-active substrates
themselves17 or serve as carriers for metal films or metal nanoparticles.10,18 PC
structures consist of periodic arrangements of materials with alternative dielectric
constants. They have a capability to modulate light propagation and improve lightmatter interaction due to multiple scattering. Particularly, PC structures produce a
photonic stop band (PSB) at a certain wavelength, where the propagation of light at
a specific wavelength is theoretically forbidden, while the light propagation at the edge
of the PSB can be slowed down.19,20 Christie et al.21 have shown that a monolayer of
hexagonally close-packed silica particles (a two-dimensional (2D) PC structure) as a
SERS-active substrate has a Raman enhancement factor (EF) on the order of 104.
This EF results from the SPR enhancement mechanism from the PC array.21 Qi et
al.17 have reported a plasmon-free TiO2 photonic microarray as a SERS-active
substrate due to the enhanced light-matter interaction through the repeated and
multiple light scattering confined in their PC structures. This sensitivity of SERS has
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been demonstrated to be dependent on the light coupling performance of PC
structures with various PSBs.17 The PC structures with a PSB centre near the laser
excitation wavelength show a lower SERS intensity owing to the depressed light
propagation, while those with PSB edges in the proximity of the laser excitation
wavelength show higher sensitivity due to the slow light effect.17 In addition, our group
has previously reported the fabrication of PC microspheres with an Au coating
causing LSPR which showed a high SERS EF (> 107), that we attributed to the high
density “hotspots” confined in a single microsphere.10
However, herein we mainly focus on the amplification of EM field raised by a
hybrid structure, possessing both PSB and LSPR properties to investigate the Raman
enhancement performance. Till now, only a few studies22–24 have shown the
fabrication of SERS-active substrates with both SPR (resulting from the noble metal
nanoparticles/2D nanoarrays/3D nanostructures) and PSB properties (resulting from
the PC structures), to improve the amplified EM field synergistically, thereby leading
to a further enhanced SERS intensity. EM simulation modelling of a bioinspired PC
structure incorporated with Au nanocrystals for enhancing the localized electric field
was explored by Zheng et al.25 They showed that the Au-incorporated system can
produce a stronger EM due to the presence of the PC structure. Fränzl et al.24 have
reported a SERS-active substrate by covering a one-dimensional PC with ordered
metal nanoparticle arrays by electrochemical etching and nanosphere lithography
methods, exhibiting a significant interaction of the plasmonic resonance with the PSB.
Such a SERS-active substrate leads to a highly confined EM field at the interface
between both structures, thus showing a significant enhancement in Raman signal
with EFs up to 105. Lee et al.26 have also demonstrated that the SERS behavior of
amorphous TiO2-Ag nanoarchitectures depends on the plasmonic-photonic
interference coupling, where SERS-active units were fabricated by a two-step
anodization on a titanium substrate and thermal annealing to obtain silver
nanoparticles on top of the titanium dioxide nanotube (TNT) structures. However,
there are still ample opportunities to improve the plasmonic-photonic structures for
SERS enhancement in a facile and robust manner to render structures with more
designability and controllability with respect to the hierarchical structures and the
resulting optical properties of both SPR and PSB.
In this work, a robust and cost-effective approach has been developed to fabricate
hierarchical plasmonic-photonic microspheres (PPMs) by combining droplet
microfluidics with metal film deposition and thermal annealing. The fabricated PPMs
possess both the PSB resulting from periodic silica nanoparticle (SiO2NP)
arrangements of the 2nd-tier and LSPR resulting from the AuNC arrays of the 3rd-tier.
We investigated the SERS sensitivity dependent on the PSB edge of the PC
structures by varying the size of the SiO2NP. We found that the PC structures with
PSB edges in the proximity of the laser excitation wavelength provided highly
enhanced SERS signals up to 107-fold, which we explain by the multiple scattering in
the PC structures. We further demonstrated the synergistic effect of the multiple
scattering raised by the PC structure and the LSPR caused by AuNC arrays as
‘hotspots’ by tailoring the nanogaps between adjacent AuNCs of the 3rd-tier of the
PPMs, achieving the SERS signals up to 108-fold.
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5.2 Results and discussion
5.2.1 Fabrication of plasmonic-photonic microspheres
Figure 5.1 shows the process for fabricating PPMs serving as SERS-active
substrates, by combining droplet microfluidics with metal film deposition and thermal
annealing. Briefly, two-tier microspheres with a PC structure were obtained with a
droplet generator (Figures 5.1a and b). These two-tier microspheres possess PSB
properties, resulting from the periodic SiO2NP arrangements with alternative dielectric
constant materials.27 The PSB properties can be precisely controlled by tailoring the
SiO2NP diameter (dSiO2). Depositing an Au film onto the as-prepared two-tier
microspheres (Figure 5.1c) and annealing them in nitrogen (N2) at 800 °C for 1 h
results in three-tier PPMs consisting of both the PC structures and well-spaced AuNC
arrays (Figure 5.1d). The surface morphology of the AuNC arrays and the AuNC
diameters depend on the thickness of the deposited Au films. The formation of AuNCs
is attributed to the dewetting of the Au film deposited onto the surface of SiO2NP
arrangements.28 Both the AuNC diameter (dAu) and their edge-to-edge distance (pAu)
increased with increasing SiO2NP diameter (Figure C1, in Appendix C), where PPMs
feature a single large AuNC on top and multiple small AuNCs along the rim of each
SiO2NP. Subsequent deposition of a second continuous Au film on these as-prepared
three-tier PPMs leads to a narrowing of the edge-to-edge distance between adjacent
AuNCs (Figure 5.1e). This can result in a plasmon coupling effect with near-field EM,
thereby creating a high density “hotspots”.29

Figure 5.1. Schematic diagrams of process for fabricating PPMs. (a) Microdroplets generated
by a droplet generator. (b) A two-tier microsphere formed by SiO2NPs assembly and
evaporation-induced solidification. (c) A Au-coated two-tier microsphere. (d) Formation of a
PPM by thermal annealing the Au-coated two-tier microsphere. (e) A PPM coated with a second
Au layer by sputtering. (c-e) A close-up diagram of a corresponding single microsphere.
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Figure 5.2 shows the top-view high-resolution scanning electron microscopy
(HR-SEM) images of the surface topology of a fabricated two-tier photonic
microsphere (PM), three-tier PPMs and an Au-coated three-tier PPM (Au-coated
PPM). The three-tier PPMs show both well-ordered hexagonal SiO2NP nanopatterns
(indicated by red dash hexagons) and AuNC arrays either in an irregular pattern
(Figure 5.2b) or in a hexagonal pattern (Figure 5.2c). In this chapter, the
nm
W z nm
w nm
m W z nm
@PM, Aum
nomenclature of dzSiO2
n s dSiO2 @PPM, tAu @Aun s dSiO2 @PPM are used to
clearly label the parameters of the obtained two-tier PMs, three-tier PPMs, and Aucoated three-tier PPMs, respectively. The superscript m and subscript n describe the
thin Au film sputtering power and duration, and z is the SiO2NP diameter, w is the
thickness of the second deposited Au film. The two-tier PM (d200nm
SiO2 @PM, Figure 5.2a)
consisted of SiO2NPs of 200 nm in diameter, whereas the three-tier PPM consisted
of both SiO2NPs of 200 nm in diameter and AuNCs of 29±3 nm ( Au200W
d200nm
5s
SiO2 @PPM,
200W 200nm
Figure 5.2b) or 101±4 nm (Au15s dSiO2 @PPM, Figure 5.2c). Coating a second layer
of continuous Au film of 100 nm thickness (tAu = 100 nm) onto the as-prepared three200nm
tier PPM (Au200W
15s dSiO2 @PPM, Figure 5.2c) resulted in an Au-coated three-tier PPM
200nm
(t100nm
@Au200W
Au
15s dSiO2 @PPM, Figure 5.2d). In this manner, the nanogaps among the
adjacent AuNCs can be precisely tailored to achieve the amplified EM field.

Figure 5.2. Top-view HR-SEM images (scale bar: 2 μm) of (a) a d200nm
SiO2 @PM , (b) an
200W 200nm
200nm
100nm
Au200W
d200nm
@Au200W
5s
SiO2 @PPM, (c) an Au15s dSiO2 @PPM and (d) a tAu
15s dSiO2 @PPM, and
their corresponding close-up images (scale bar: 200 nm) of surface topologies.

5.2.2 Optical properties of plasmonic-photonic microspheres
Figure 5.3 shows the optical microscopy (OM) images from the bright-field (BF) and
dark-field (DF) illumination modes, and their corresponding reflection spectra of the
fabricated two-tier PMs and three-tier PPMs. The two-tier PMs only possess the PSB
(solid curves in Figures 5.3a and b), which can be tailored by varying the SiO2NPs
diameter. Their Bragg diffraction peaks show a red-shift from 444 nm (d200nm
SiO2 @PM),
280nm
to 597 nm (d250nm
SiO2 @PM), and 623 nm (dSiO2 @PM) (BF illumination in Figure 5.3a)
with increasing SiO2NP diameter.30 The three-tier PPMs possess both the PSB
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(resulting from the PC structures) and the SPR (resulting from the AuNC arrays). The
measurements under the DF illumination mode were also conducted as the
characterization of the SPR properties of AuNC arrays on PPMs. Their reflection
spectra (dotted curves in Figures 5.3a and b) show absorption peaks at a wavelength
approximately 517 nm, resulting from the AuNC array absorption.31 Note that a broad
scattering peak with weak intensity of the PPMs consisting of 200 nm SiO2NPs
200nm
(Au200W
15s dSiO2 @PPMs) (black dotted curve in Figure 5.3b) is observed, for which the
Bragg diffraction peak (in the blue spectral region) was separated from the Au
scattering peak (in the red spectral region). The scattering peaks from the AuNC
arrays on the PPMs consisting of SiO2NPs of 250 nm and 280 nm in diameter showed
a red shift and an increase in intensity with increasing SiO2NP diameter (blue dotted
and red dotted curves in Figure 5.3b). This is attributed to the overlap of the Bragg
diffraction from the PC structures and AuNC array scattering. Figures 5.3c and d
show the BF and DF images and their corresponding reflection spectra of these PPMs
measured in hexadecane with a refractive index of (n) 1.4. We find that these PPMs
show similar absorption peaks as in air, but shift to approximately 530 nm wavelength
(Figure 5.3c) due to the PPMs immersed in hexadecane. Similar to the
measurements in ambient air, the DF scattering peaks of the PPMs in hexadecane
(Figure 5.3d) show a red shift accompanied by an increased scattering intensity with
increasing SiO2NP diameter. This indicates that a red shift of the Bragg diffraction
with increasing SiO2NP diameter can result in an enhanced Au scattering (blue and
red dotted curves in Figure 5.3d). The red shift of the scattering peaks is attributed to
an increase in size of the AuNCs. However, when the Bragg diffraction is in the blue
spectral region (black dotted curve in Figure 5.3d), Au scattering shows a broad peak
with a weak intensity in the red spectral region, which is consistent with the spectra
measured in ambient air. Hereby, it shows high potential to confine the light with a
specific wavelength to induce a locally amplified EM field for the SERS application.

5.2.3 Hierarchical PPMs as SERS-active substrates
Since the fabricated PPMs possess not only multilevel structures ranging from
nanometers to micrometers, but also optical properties of both PSB and SPR, we
have explored their SERS performance by using 632.8 nm laser excitation
wavelength. Figure 5.4 shows the Raman spectra of various fabricated SERS-active
substrates, including 100 nm Au-coated AuNCs randomly distributed on a silicon (Si)
100nm
wafer (t100nm
@Au200W
@d200nm
Au
15s @Si), 100 nm Au-coated two-tier PMs (tAu
SiO2 @PMs),
200W 200nm
three-tier PPMs ( Au15s dSiO2 @PPMs ), and 100 nm Au-coated three-tier PPMs
200nm
(t100nm
@Au200W
Au
15s dSiO2 @PPMs), and their corresponding top-view HR-SEM images.
200nm
The Au-coated three-tier PPMs (t100nm
@Au200W
Au
15s dSiO2 @PPMs) shows the highest
7
Raman intensity (EF = 6.73×10 , Table C2) with dominant Raman active vibrational
modes of benzenethiol (BT) molecules.32 The calculation of the EF is shown in the
Methods section and the Appendix C. It is worth noting that the absence of the 909
cm-1 vibration mode in these SERS-active substrates, compared to the normal Raman
spectrum of neat BT (Figure C2) indicates the formation of a monolayer of BT
molecules on these SERS-active substrates.33 A three-dimensional (3D) spatial
200nm
Raman mapping of t100nm
@Au200W
Au
15s dSiO2 @PPM results in a signal distribution along
the z axis (Figure C3) by manual focusing with a step of 1 μm.
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Figure 5.3. BF and DF images (scale bar: 10 µm) of two-tier (without AuNCs) PMs and threetier (with AuNCs) PPMs captured in ambient air (a) and (b), and in hexadecane (c) and (d),
respectively, and their corresponding reflection spectra.

Figure 5.4 shows that hierarchical microspheres improved the Raman intensity,
compared to the sample with randomly distributed Au-coated AuNCs on a Si substrate
200W 200nm
(t100nm
@Au200W
Au
15s @Si). Both the three-tier PPMs (Au15s dSiO2 @PPMs) and the Au100nm
200W 200nm
coated three-tier PPMs (tAu @Au15s dSiO2 @PPMs), structures with AuNCs, show
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higher Raman intensity than the Au-coated two-tier PMs (t100nm
@d200nm
Au
SiO2 @PMs). The
100nm
200nm
Raman signal of the Au-coated two-tier PMs (tAu @dSiO2 @PMs) is caused by the
LSPR from a high density “hotspots”, and has already been reported in our previous
work.10 The Raman signal of these Au-coated two-tier PMs can be optimized by
adjusting the nanogap between adjacent metal-coated nanoparticles (Figures C4
and C5). However, in this chapter we focus on the Raman enhancement of the threetier PPMs, since it has been found that the band edge of the PSB rasied by the PC
structures could induce reduced group velocity and lead to large light matter
interaction as well as amplification on EM field. Additionally, the Au-coated three-tier
200nm
@Au200W
PPMs (t100nm
Au
15s dSiO2 @PPMs) show higher Raman intensity than the PPMs
200nm
without the second Au layer coating (Au200W
15s dSiO2 @PPMs), indicating the possibility
of interplay between the PSB and the LSPR, which will be further investigated in the
following sections. This hybrid structure shows high controllability in the band edges
of the PSB by varying the size of building blocks and the LSPR by further Au coating
of the AuNC arrays to maximize the locally amplified EM field.

Figure 5.4. Raman spectra from various SERS-active substrates and their corresponding topview HR-SEM images. The scale bars in the t100nm
@Au200W
Au
15s @Si represent 1 μm, and 200 nm
of the close-up image, respectively. The scale bars in the t100nm
@d200nm
Au
SiO2 @PMs , the
200W 200nm
200W 200nm
100nm
Au15s dSiO2 @PPMs, and the tAu @Au15s dSiO2 @PPMs represent 100 nm.
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5.2.4 The effect of PSB on SERS signals
Here, we investigate the effect of the PSB of three-tier PPMs on the Raman
x
performance. Figure 5.5a shows the Raman spectra of the Au200W
15s dSiO2 @PPMs, and
their corresponding surface morphology by close-up HR-SEM images. The Raman
signal intensity increases with decreasing SiO2NP diameter. A possible explanation
is an overlap of the band edge of the PC structures with the used laser excitation
wavelength (dotted curves in Figures 5.3b and d), resulting in light confinement in
the PC structure and an enhanced light-matter interaction.17 PC structures have PSB
with a Bragg diffraction peak (light propagation theoretically forbidden), and a slow
light at the edge of the Bragg diffraction peak with a reduced group velocity.34 The
sinusoidal standing wave at the blue edge of the Bragg diffraction peak is mainly
localized in the low refractive index part of the PC structures, i.e. in the air voids,
whereas at the red edge of the Bragg diffraction peak the highest amplitude of the
standing wave is localized in the high refractive index part of the PC structures, i.e. in
the PC matrix or the matter adsorbed on the PC surface. As the HR-SEM images in
Figure 5.5, the AuNC arrays locates on the top of corresponding SiO2NP arrays and
the adsorbed molecules also anchored on the top of AuNC arrays rather than in the
air voids. Consequently, the large fraction of 632.8 nm power concentrated inside the
silica could readily couple with the SPR of the AuNC arrays and enhance the Raman
signal. As discussed above (Figure 5.3), the Bragg diffraction peak of the
d200nm
SiO2 @PMs was located at approximately 444 nm (black solid curve in Figure 5.3a)
with its red edge region extending to 550 nm wavelength, which indicates that the
used laser excitation wavelength cannot be suppressed. The Bragg diffraction peaks
280nm
of the d250nm
SiO2 @PMs and the dSiO2 @PMs were located near the laser excitation
wavelength, which would depress the light propagation in such structures.17 The
200nm
reflection spectrum of the Au200W
15s dSiO2 @PPMs under the DF illumination (black
dotted curve in Figure 5.3b) showed both the band edge of the PSB and weak AuNC
250nm
200W 280nm
scattering. On the other hand, the Au200W
15s dSiO2 @PPMs and Au15s dSiO2 @PPMs
both showed stronger coupling of both Bragg diffraction of the PC structures and
scattering of the AuNC arrays near the excitation wavelength (blue dotted and red
dotted curves in Figures 5.3b and d), which depress the light propagation confined
200nm
in the PPMs structures. As a result, we expect that the Au200W
15s dSiO2 @PPMs have
200W 250nm
200W 280nm
higher Raman intensity than the Au15s dSiO2 @PPMs and the Au15s dSiO2 @PPMs.
It should be noted however that the increase in edge-to-edge distance pAu caused by
the increasing dSiO2 (dashed curves in Figures 5.5d and C1) in this case could
possibly lead to a decrease in the Raman intensity.
To further study the effect of the PC structure on the Raman signals, three-tier
PPMs featuring a high density “hotspots” with a relatively equivalent dAu and pAu were
investigated (Figure 5.5b, and solid curves in Figure 5.5d). These PPMs were
fabricated by sputtering an Au film at 200 W for 5 s on the as-prepared two-tier PMs,
followed by a dewetting process at 800 °C for 1 h in N2 environment. The Raman
200W 250nm
signal intensities of these three-tier PPMs (Au200W
d200nm
dSiO2 @PPM
5s
SiO2 @PPM, Au5s
200W 280nm
and Au5s dSiO2 @PPM) significantly decreased with increasing dSiO2 (Figure 5.5b),
which is consistent with the Raman intensity change of the previously used PPMs
(Figures 5.5a). This again is an indication that the LSPR induced by “hotspots” is not
the dominant factor that affects the Raman performance of these three-tier PPMs, but
the PC structures. In summary, we find indications that the proper coupling of the
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band edge of the PSB with the laser excitation wavelength can amplify the light-matter
interaction, and thus improve the Raman signals.

Figure 5.5. Raman spectra of various PPMs featuring one large AuNC (a) and multiple small
AuNCs (b) on top of each SiO2NP and their corresponding top-view HR-SEM images (scale
bars: 200 nm). (c) Average EF at 1067 cm-1 band of PPMs as a function of the SiO2NP diameter.
(d) dAu (diameter) and pAu (gap) of the AuNCs as a function of the SiO2NP diameter, obtained
by measuring 20 different diameters and nanogap distances for a single microsphere.

5.2.5 Synergistic effect of the tunable LSPR with PSB on SERS
signals
The Raman performance of three-tier PPMs coated with a continuous Au film was
investigated for different Au thicknesses (tAu) (Figure 5.6). The nanogaps between
the adjacent nanoparticles can be adjusted by controlling the tAu, which can amplify
the localized EM field by the formation of “hotspots”. We found a significant change
in the obtained Raman signals with an increase in tAu. As tAu increased from 0 nm to
300 nm, a change of surface morphology resulted where the Au diameter dAu
increased whereas the Au pitch pAu decreased (close-up HR-SEM images in Figures
5.6a-f, and h), which resulted in formation of “hotspots”. The Raman intensities of Au200W
coated txAunm Au15s d200nm
SiO2 @PPMs with different coating thicknesses were always

200nm
higher than of the uncoated Au200W
15s dSiO2 @PPMs, with the structures with the 100
200nm
nm Au film coating (t100nm
@Au200W
Au
15s dSiO2 @PPM) reaching the highest intensity. It
could be explained by the synergistic effect of the band edges of PSB from the PC
structures with the near-field plasmon coupling at the “hotspots” (indicated by arrows
in the side-view HR-SEM image in Figure 5.7c). We hypothesize that the Raman
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200nm
intensity of t150nm
@Au200W
Au
15s dSiO2 @PPMs was decreased with respect to the PPMs
with 100 nm Au coating because the increased Au film started to bury the initial
SiO2NP lattices, leaving only the AuNC arrays. The light interaction in the PC
structures then weakened while another type of two-tier structure featuring AuNC
arrays was formed, where the thick Au film behaved like a mirror. The Raman
200nm
@Au200W
enhancement of the t150nm
Au
15s dSiO2 @PPMs then mainly results from the AuNC
arrays due to the LSPR. With further increasing tAu, the Raman intensity increased
200nm
again, reaching a second maximum for t200nm
@Au200W
Au
15s dSiO2 @PPMs, and then again
decreasing with further increasing the tAu. For tAu ≥ 200 nm, the hexagonal SiO2NP
nanopatterns were completely covered by the corresponding AuNC arrays, so that
the Raman enhancement only resulted from the LSPR of the “hotspots”. The distance
of the nanogaps remained relatively stable (HR-SEM images in Figures 5.6a-f and
h), but the density of nanogaps decreased as the nanogaps partly joined together
(e.g. tAu = 300 nm), decreasing the surface roughness resulting in a reduced EM field
and decreasing Raman intensity. Summarizing, we found that the Au-coated three200nm
tier PPMs with 100 nm Au film thickness (t100nm
@Au200W
Au
15s dSiO2 @PPM) show the
highest Raman intensity. A possible explanation is the synergistic effect of the LSPR
raised by “hotspots” can be amplified by the PC structures. The LSPR-induced
amplified EM dominates with further increasing tAu for the Au-coated three-tier PPMs.
To more precisely determine and optimize the maximal synergistic effect of the
band edge of the PSB and the LSPR of Au-coated three-tier PPMs, the Raman
performance of three-tier PPMs with a continuous Au film in a range of 0 ~ 100 nm
was studied. It was found that the Raman EF reached a maximum of 108 when the tAu
= 60 nm, and then decreased again with increasing tAu (Figure 5.7), confirming the
hypothesis formulated in the previous discussion, that the amplified EM field raised
by these nanogaps between the adjacent AuNCs is not the dominant role rather than
the coupling interaction of multiple scattering caused by the PC structures and LSPR.
Figure 5.7d showed the diameter of AuNCs and edge-to-edge distance between
AuNCs as a function of the thickness of Au coating. Moreover, the modelling of this
hybrid structures will be performed to further explore how does PC structures affect
the EM field in the future.

5.3 Conclusion
Hierarchical plasmonic-photonic microspheres consisting of the PC structures and
well-spaced AuNC arrays have been successfully fabricated by using a robust and
cost-effective approach with high throughput, designability, and reproducibility. The
fabricated PPMs possess both PSB properties resulting from the periodic SiO2NP
arrangements and LSPR resulting from the Au-coated AuNC arrays. The multilevel
structures and optical properties of these fabricated PPMs can be adjusted by tailoring
the size of the building blocks and the nanogaps among adjacent AuNCs, thus we
expect to achieve a synergistic interaction between the band edge of PSB and LSPR
to amplify the localized electromagnetic field. Moreover, the electromagnetic field has
been evaluated by the Raman performance using these produced PPMs. The
obtained EFs are on the order of magnitude of 108 for the 1067 cm-1 band of the thiol200W 200nm
Au bond vibration. Among these three-tier PPMs, the t60nm
Au @Au15s dSiO2 @PPMs
show the highest EF of 1.04×108. Possibly, it can be explained by the synergistic
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interaction of multiple scattering confined in the PC structures and the LSPR of Aucoated AuNC arrays.

200nm
Figure 5.6. Close-up HR-SEM images (scale bars: 100 nm) of Au200W
15s dSiO2 @PPMs covered
with an Au film of different thickness (tAu) (a) 0 nm, (b) 100 nm, (b) 150 nm, (d) 200 nm, (e) 250
nm and (f) 300 nm, and their corresponding Raman spectra. (g) Raman intensity at 1067 cm-1
band as a function of tAu. (h) dAu and pAu as a function of tAu.
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Figure 5.7. Au-coated three-tier SPCs with different thickness tAu of the Au coating. (a) Raman
spectra and (b) their corresponding Raman intensity at the 1067 cm-1 band as a function of tAu.
Inset are the corresponding top-view HR-SEM images. Scale bar: 200 nm. (c) Cross-sectional
200W 200nm
HR-SEM images of Au-coated three-tier PPMs (t60nm
Au @Au15s dSiO2 @PPM). (d) Diameter of
AuNCs (dAu) and edge-to-edge distance (pAu) between AuNCs as a function of thickness of Au
film coating.

5.4 Methods
5.4.1 Fabrication of hierarchical PPMs
Two-tier PMs consisted of well-ordered SiO2NPs were fabricated using droplet-based
microfluidic platform (Figure 5.1a).35 The SiO2NPs with different diameters (200±10
nm, 250±10 nm, and 280±10 nm) were purchased from Nanjing Rainbow company
(Nanjing, China). These two-tier PMs (Figure 5.1b) were then used as templates for
manufacturing three-tier PPMs via the Au thin film deposition (Figure 5.1c) and the
thermal annealing (Figure 5.1d). The sputtering of Au films was conducted in an ionbeam sputtering system (home-built T’COathy system, MESA+, the Netherlands) at
200 W and 6.6×10-3 mbar. The thermal annealing process was conducted in a tube
furnace (Nabertherm, Nabertherm GmbH, Germany) in N2 environment at
atmospheric pressure. Sputtering another Au film onto the as-prepared two-tier PMs
and three-tier PPMs can further modify their structures and optical properties (Figure
5.1e).
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5.4.2 Reflection measurements
A monolayer of fabricated two-tier/three-tier microspheres was patterned on a piece
of clean silicon wafer. The reflection spectra and corresponding OM images were
measured on the pre-patterned samples under the BF and DF illumination modes,
using an optical microscope with a 20×/0.4 NA objective integrated with a white light
source (100 W tungsten xenon lamp) with light spot size around 1.1 mm in diameter,
and an Ocean Optics HR4000 visible fiber optic spectrometer. The reflected light was
collected by the same objective, and passed through a multimode fiber (QP450-1XSR, Ocean Optics) to the spectrometer with an integrated detector (HR4000, Ocean
Optics). All measurements were calibrated with a clean piece of silicon wafer without
any patterns as a 100% reflection under BF mode. The fabricated samples were
measured both in environmental air and hexadecane.

5.4.3 SEM characterization
A HR-SEM (GeminiSEM 500, Carl Zeiss Microscope GmbH) was used to
characterize the surface topology of the fabricated hierarchical microspheres at
acceleration voltages ranging from 0.7 kV to 2 kV with different detectors: secondary
electrons detector (SE) or in-lens detector.

5.4.4 SERS measurements
Prior to the measurements of Raman spectra, all prepared substrates were immersed
into the BT solution (10 mM) in ethanol overnight, followed by gently rinsing with
dehydrated ethanol and passively drying at room temperature. A confocal Raman
microscope (Alpha300R, Witech GmbH) consisted of a TE-cooled charge-coupled
device (CCD) camera (DU970P-BV, Andor Technology, Belfast, Northern Ireland) at
-60 °C, a He-Ne laser (Pmax = 24 mW, and λex = 632.8 nm), a UHTS300 spectrometer
(f/4 300 mm FL, and grating of 600 lines mm-1) was used to collect the Raman spectra.
All measurements were performed by using a 100×/0.9 NA microscope objective and
a He-Ne excitation laser of 632.8 nm wavelength. Raman spectra of chemisorbed BT
on the fabricated SERS-active substrates were measured in an environmental air with
a 500 µW power (measured at the entrance of the microscope objective), an
integration time (tint) 1 s and 10 times accumulation. Whereas, the Raman mapping
measurements were conducted with a 500 µW power, an integration time of 1 s, and
one time accumulation. The collected Raman signal was presented in CCD counts.
Spatial imaging was performed over 10×10 µm2 area with 40 lines and 50
measurements per line, yielding a total of 2000 measurements per scanned image.
Particularly, as the SERS-active unit was in 3D, then the spatial imaging along z axis
was collected in every step of 1 µm by manual focusing.

5.4.5 Calculation of EFs
The EFs were calculated by using the equation EF = (ISERS/IBulk)×(NBulk/NSERS), where
ISERS and IBulk are the intensities of the same band of the Raman signal from the
analytical molecules on a SERS-active substrate and on the pure bulk analyte,
respectively, and NSERS and NBulk are the number of the analytical molecules probed
in the Raman spectra on the SERS-active substrate and on the pure bulk analyte,
respectively. In this work, the Raman band at 1067 cm-1 was chosen to estimate the
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EFs. The number of chemisorbed BT molecules probed on the SERS-active substrate
is estimated as NSERS = AsDBT ≈ 2.59×106 molecules, where As = 7.85×10-13 m2 is the
surface area of the SERS-active substrate in a 1 µm diameter microscope objective
spot size, and DBT = 3.3×1018 molecules·m-2 is the surface density of BT molecules
chemisorbed on an Au(111) surface.36 The number of bulk BT molecules in the
confocal volume (VCV) of the conventional Raman measurements is estimated with
NBulk = NAMBT-1ρBTVcv ≈ 3.56×1010 molecules, where NA = 6.02×1023 molecules·mol-1,
MBT = 110.18 g·mol-1 is the BT molecular weight, ρBT is the molecule density, and VCV
≈ 6.03×10-18 m3 is the experimentally determined confocal volume of the
measurement system. The collection volume is dependent on the laser excitation
diameter and the effective probe depth of the laser excitation. The effective probe
depth (hobj) was obtained by adjusting the substrate stage out of the laser focus plane
with a step of 0.1 µm and recording the characteristic silicon peak value at 934 cm-1
by using a laser excitation wavelength of 632.8 nm and a 100×, 0.9 NA microscope
objective. Until the intensity of this peak was disappeared, and then hobj value of 7.68
µm was obtained. The integrated intensity of the conventional Raman spectrum from
a neat BT solution in a seal glass vial was approximately 0.55 counts (λex = 632.8 nm,
Pex = 500 µW, accumulation time 10 and tint = 1 s). Details of the estimation of the
Raman intensity of the neat BT solution are given in the Appendix C. The average
integrated intensity of the SERS measurement was 4142 counts from the SERS200W 200nm
active unit of t60nm
Au @Au15s dSiO2 @PPM, and the average EF was approximately
8
1.01×10 .
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W

e report on a method to control the morphology of silica nanowires (SiO2NWs),
by regulating the mass transport of silicon monoxide (SiO) vapor. Specifically,
we show control of the nanowire (NW) thickness and directionality. SiO2NWs were
grown on a three-dimensional spherical photonic crystal (SPC) surfaces, obtained by
drop-casting of a suspension of SPCs produced by droplet microfluidics, subsequent
gold (Au) film deposition, and high temperature annealing in an inert gas atmosphere
in the vicinity of a SiO source. The SiO2NW morphology was found to be determined
by the SiO concentration and SiO concentration gradient, both resulting from the
reaction-diffusion process in the system. When the SPCs were located at a high SiO
concentration gradient, SiO2NW growth was directional towards the low concentration.
Whereas NWs at a low SiO concentration gradient showed a random growth direction.
Furthermore, at locations of high SiO concentration, single, thick NWs grew while at
locations with low SiO concentration, several thin NWs grow ending in a knot as a
‘flower-like’ structure. This controllable NW morphology enables potential applications
in superwetting surfaces, oil/water separation, microreactors and scaffolds. Oil/water
separation by using the produced SiO2NW on SPCs has been demonstrated.
Furthermore, the controllable photonic stop band properties of the SPCs enable the
potential applications in photocatalysis, sensing, and light harvesting.

chapter is based on the publication: Wang J.; Westerbbek E. Y.; van den Berg A.;
Segerink L. I.; Shui L. and Eijkel J. C. T. Mass Transport Determined Morphology of Silica
Nanowires by the VLS Mechanism. 2019, in submission.
†This
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6.1 Introduction
Silica nanowires (SiO2NWs) have been applied in the fields of controllable
superwetting,1 optical devices,2 biomedicine,3 catalysis4 and sensing,5 due to their
advantages of large specific surface area, high biocompatibility, good chemical and
thermal stability, facile surface functionalization by silane chemistry, and
photoluminescent properties.1,6–9 There is a variety of ways to fabricate SiO2NWs
such as chemical synthesis,4 a bionanotechnology-assisted technology (assisted by
fibrils),10 laser ablation,11 chemical vapor deposition,12,13 thermal evaporation,14 and
thermal annealing.15 Each method has its own advantages and disadvantages, but a
facile and reliable method for controlled fabrication of these structures are still desired.
Many previous works have been devoted to SiO2NW growth on flat surfaces
(especially, a silicon (Si) wafer) based on the vapor-liquid-solid (VLS) mechanism.16,17
In these works, the prerequisites for and mechanism of SiO2NW growth are well
explained. However, only a few works have investigated SiO2NW growth on threedimensional (3D) nanostructured surfaces and attempted to control nanowire (NW)
morphology. Zhang et al.15 reported SiO2NW growth on the surface of diatom frustules
by the VLS mechanism, showing that the surface area increased over 3-fold, and the
light scattering ability increased by 10% in comparison with the original frustule
structures. They reported the tunability of NW length/density by varying the gold (Au)
catalyst thickness.
The research results presented in this chapter were the result of an accidental
discovery. It is known that particles with roughened surfaces,18 high spatial surfaced
textures19 (e.g. wrinkles, nanowhiskers),20,21 multi-tier structures at different scales22
are suited for applications such as high-scattering structures for dye-sensitized solar
cells (DSSC),23 superwetting,24–26 catalysis,27 sensing,28 energy harvesting,29 surfaceenhanced Raman spectroscopy (SERS)30,31 and tip-enhanced Raman spectroscopy
(TERS).32 We thus attempted to fabricate SiO2NWs on as-prepared 3D spherical
photonic crystals (SPCs) as we produced in early work,33 to obtain hierarchical
structures with enhanced specific applications. For this purpose, we used a high
temperature annealing process, where the NW growth is based on the VLS
mechanism.17 We patterned the SPCs on a fused silica substrate, which lies on a Si
wafer. We found that the NW morphology on SPCs strongly differed depending on
the location of the SPCs with respect to a SiO source (provided by a Si wafer). The
obvious difference of our system with much of the previously reported work15
describing SiO2NW growth is that in our case the NWs grew on a fused silica substrate
and the SiO vapor reached the sample by lateral diffusion, while in the previously
reported work the NWs grew on a Si substrate and the SiO vapor reaching the sample
by diffusion directly from the Si below. We developed a theory based on the mass
transport of SiO to explain the observed nanowire morphology, and confirmed the
theory by controlling the SiO concentration gradient and concentration through
changing the distance between the sample and the SiO source. Furthermore, we
could reproduce the experiments of SiO2NW growth on a flat surface and on other
substrate materials. Thus, we provide a method to manufacture NWs with high
controllability of morphology. Finally, we demonstrate the tunable photonic stop band
(PSB) properties and controllable superwetting surfaces of this type of composite
materials with hierarchical structures.
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6.2 Results and discussion
6.2.1 SiO2NW growth on Au-coated SPCs
Au-coated SPCs were manufactured by combining droplet microfluidics and metal
film deposition, after which a thermal annealing process in a nitrogen (N2)
environment was applied for SiO2NW growth, as shown in Figure 6.1. Firstly, two-tier
SPCs with a close-packed periodical SiO2NP arrangement (with a typical SiO2NP
diameter of 300 nm) were fabricated through droplet microfluidics (Figure 6.1a) and
colloidal assembly (Figure 6.1b) with high uniformity and high throughput, as reported
in our previous work.33 The typical size of the prepared two-tier SPCs was around 20
μm. Before the thermal annealing process, SPCs were patterned as a monolayer
(details in Methods section of “SiO2NW growth on Au-coated two-tier SPCs”) on the
surface of a piece of fused silica substrate (8 mm×8 mm) and then an Au film was
sputtered on this surface (Figure 6.1c). The fused silica substrate was subsequently
placed in the centre of a piece of Si wafer (2 cm×2 cm), functioning as the SiO source
(schematic top-view and side-view are given in Figure 6.2a). The stacked substrate
was then placed in a tube furnace for thermal annealing under a continuous N2 gas
flow containing 10 ppm oxygen (O2). This process induced formation of SiO2NWs on
the SPCs with varying morphology (Figures 6.1d and e). The formation of NWs on
the Au-coated two-tier SPCs can be subdivided into several stages. Figure 6.1f
shows the step-by-step process of NW growth from a single Au-coated SiO2NP,
during temperature ramping up to 1100 °C and subsequently passive cooling down
to room temperature. The thin Au film in the first stage dewets to form an AuNP on
each of the SiO2NPs (Figures D1a and b), thus creating a curved AuNP array on the
surface of the SPCs. Subsequent Ostwald ripening by transfer of Au atoms from one
AuNP to another by evaporation or surface diffusion, results in AuNPs of
inhomogeneous size. At the same time, in the presence of a Si source, the AuNPs
anchored on the SiO2NP nanopatterns serve as templates and catalysts for NW
growth (Figures D1c and d). On different locations of the SPC layer with respect to
the Si source, this results in NWs with different morphology.
In this chapter, the following nomenclature is used to clearly outline the
parameters used for the fabrication of the two-tier SPCs and SiO2NW on SPCs
nm
W z nm
@SPC , Aum
and
(SiO2NW-SPCs). In the notations dzSiO2
n s dSiO2 @SPC
x °C
m W z nm
Ty h Aun s dSiO2 @NW-SPC, the variable z describes the SiO2NP diameter, m and n
represent the Au film sputtering power and duration, and x and y are the annealing
temperature and duration used in the thermal annealing treatment. For instance,
nm
d300
SiO2 @SPC represents a SPC consisting of SiO2NPs of 300 nm in diameter.
200W z nm
Au15s dSiO2 @SPC represents an Au-coated SPC by sputtering Au film at 200 W for
W 300nm
Au200
15 s, and T1100°C
10h
15 s dSiO2 @NW-SPC represents SiO2NW growth on a SPC
fabricated by sputtering Au film at 200 W for 15 s on the as-prepared two-tier
nm
d300
SiO2 @SPC followed by a thermal annealing process at 1100 °C for 10 h under a
continuous N2 flow.
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Figure 6.1. Schematic diagram of SiO2NW growth on SPCs. (a) Generation of uniform
microdroplets containing SiO2NPs via droplet microfluidics. (b) Self-assembly of SiO2NPs
confined in the microdroplets and evaporation induced solidification to obtain two-tier SPCs. (c)
Au film deposition onto a layer of the as-prepared two-tier SPCs and thermal annealing at high
temperature in N2 gas containing 10 ppm O2, close to a Si source of SiO to obtain different types
of SiO2NWs grown on the SPCs such as (d) directional growth of thick ‘rod-like’ NWs and (e)
random-direction growth of ‘flower-like’ NWs. (f) Stages of NW growth on a single SiO2 in the
nanopattern, involving Au film dewetting, Ostwald ripening and NW growth.

6.2.2 Observed SiO2NW morphology on SPCs
On the basis of energy dispersive spectroscopy (EDS), Fourier-transform infrared
spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) analysis (Figure
D2), we conclude that the NWs are composed of amorphous silica, and we thus
termed them SiO2NWs. Figure 6.2c shows that the NW morphology on the SPC layer
varied as a function of location (x) with respect to the edge of the fused silica substrate;
at the edge (Figure 6.2c, i – x = 0 mm, indicated by the red dashed rectangle), at 0.3
mm away from the edge (Figure 6.2c, ii – x = 0.3 mm), at 1 mm away from the edge
(Figure 6.2c, iii – x = 1 mm) and at 4 mm away from the edge (Figure 6.2c, iv – x =
4 mm). NWs at x = 0 mm grew as single ‘rod-like’ structures (Figure 6.1d), in the
direction of the fused silica substrate centre, regardless of the N2 flow direction. These
NWs show a larger diameter than the ones located further away from the edge. At x
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= 0.3 mm (Figure 6.2c, ii), the directional growth of NWs was not obvious, and the
NWs had a smaller diameter. NWs were found to be clustered with several fine NWs
ending on the AuNP as a knot. The knot formation will be explained in the sections of
“SiO2NW growth theory” and “Dynamics of SiO2NW growth”. In the area of 0.3 mm ≤
x ≤ 7.7 mm, NW morphology showed a ‘flower-like’ structure (Figure 6.1e and Figure
6.2c at positions of ii, iii and iv) with several fine NWs ending in a knot. The NW
morphology over the entire fused silica substrate was not affected by the direction of
the N2 convection flow, as demonstrated in Figures 6.2 and D3.

Figure 6.2. Observed morphology of the SiO2NWs on SPCs. (a) Schematics of sample loading
in the tube furnace. (b) Photograph of the sample in the tube furnace, taken after the high
temperature annealing process. (c) High-resolution scanning electron microscopy (HR-SEM)
300nm
Au200W
images of the NW morphology (T1100°C
10h
15s dSiO2 @NW-SPC) on a fused silica substrate as
a function of location relative to the edge (c) – (i-1) at the right edge along the N2 flow direction,
(i-2) at the bottom edge that is perpendicular to the N2 flow direction, (i-3) at the left edge against
the N2 flow direction, and away from the edge (ii) 0.3 mm, (iii) 1 mm, and (iv) 4 mm. An Au film
was sputtered onto the as-prepared two-tier SPCs at 200 W for 15 s, followed by annealing at
1100 ºC for 10 h under a N2 gas flow rate of 20 L·h-1. Scale bars represent 2 μm and 200 nm in
the close-up images.
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6.2.3 SiO2NW growth theory
The process of SiO2NW growth on the as-prepared Au-coated two-tier SPCs under
an oxidizing atmosphere (N2 as the carrier gas containing 10 ppm O2) is schematized
in Figure 6.3a, whereby the theory was developed on the basis of existing VLS growth
theory15,16,34–36 as well as on the experimental results obtained in this chapter. In the
first stage of the process, the Au film deposited on the SPC-patterned fused silica
substrate dewets at elevated temperature into individual AuNPs (l) (here, l denotes
liquid state) (process 1, Figure 6.3a and Figure 6.1f). Au also partly evaporates and
reaches the surrounding exposed Si surface by diffusion (process 2, Figure 6.3a). At
high temperature and in N2 atmosphere containing 10 ppm O2 environment, the Au
catalyzes etching of the exposed Si surface by producing SiO (g) vapor (process 3,
Figure 6.3a). Experimental data (indicated by the blue dashed square in Figures 6.2b
and D4) indeed showed that the surface of the Si wafer close to the fused silica
substrate area was heavily etched.35 We concluded from the slightly asymmetric
etching pattern in the N2 flow direction (Figure D4) that the distribution of the Au
reaching the exposed Si surface by diffusion is affected by the N2 convection flow.
The etching of the Si wafer proceeds initially by the chemical reactions
Au

SiO2 (s) + Si (s) → 2SiO (g)
Au

(i),

Si (s) + ½O2 (g) → SiO (g)
(ii),
where (s) and (g) represent the solid and gaseous phases. It has to be noted that the
SiO2 (s) in reaction (i) stems from the native oxide layer on the Si, which we did not
remove.
The produced SiO (g) vapor reaches the SPC-patterned fused silica substrate by
diffusion (process 4, Figure 6.3a). The liquid AuNPs (l) on the SiO2NP nanopatterns
serve as both templates and catalysts as described by the VLS theory. Firstly, the
SiO (g) is adsorbed on the AuNP surface (process 5, Figure 6.3). The oxygen partial
pressure then determines whether Si or SiO2NWs grow.37 Under a reducing
atmosphere (low O2 partial pressure), it is more likely that SiO chemically dissociates
to Si and O at the AuNP surface, after which the Si dissolves in the Au and diffuses
to and crystallizes at the Au/Si interface to complete Si NW growth.36 However, under
a high O2 partial pressure as in our case, SiO vapor adsorbs at the AuNP, and diffuses
along its surface to the VLS triple line (process 6, Figure 6.3), where it nucleates
(process 7, Figure 6.3),16,34 and forms SiO2 by the chemical reaction (process 8,
Figure 6.3).16
Au

(iii),
SiO (g) + ½O2 (g) → SiO2 (s)
leading to the SiO2NW growth. The NWs grow between the liquid AuNPs and the
SiO2NPs, resulting in the NW being attached to the surface of the SiO2NP, and ending
at the lower part of the AuNP (Figure 6.1f).38 The dynamics of SiO2NW growth
process will now be treated in more detail.

6.2.4 Dynamics of SiO2NW growth
To understand the dynamics of the NW growth process, we explored the evolution of
their morphology by investigating specimens annealed for different durations.
Figures 6.3b offers a schematic diagram of this process. Figures 6.3c-g shows HR300nm
Au200W
SEM images of the NW growth of T1100°C
y
15s dSiO2 @NW-SPCs at 1100 °C for
annealing durations (t) of 10 min, 1 h, 5 h, 10 h, 15 h and 20 h, with a N2 flow rate of
20 L·h-1, using the same manufacturing methods as used in Figure 6.2. At short
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annealing time (t = 10 min), an AuNP was found located on the tip of each NW
(indicated by the red arrows in Figure 6.3c) by the energy selective backscattered
(ESB) detector, confirming NW growth by the VLS mechanism.35,39,40
The AuNP at the NW tip gradually disappeared with increasing annealing duration
from 10 min to 5 h. At the substrate edge (x = 0 mm) the AuNPs disappeared more
rapidly, namely already after annealing for 1 h, while at this time the AuNPs at a
distance of more than 0.3 mm away from the edge typically had not completely
evaporated. At distances more than 2 mm away from the edge of the substrate,
AuNPs were still visible after 5 h of annealing (Figure D5). It is indeed expected that
AuNPs located near the substrate edge evaporate faster due to the large diffusion
gradient of Au vapor compared to those located further from the edge (Figure 6.3b
and Figure D5).
There were remarkable differences in NW growth at the edge and away from the
edge. At the edge, it was found that the NW longitudinal growth stopped after 1 h
(HR-SEM images at x = 0 mm, Figures 6.3b and c-g and Figure D6). This can be
explained by the fast disappearance of the liquid AuNPs. The NW diameter at the
edge (x = 0 mm) subsequently linearly increased with the annealing duration,
representing lateral growth40 as the NWs continue to be bathed in the SiO vapor
(Figures 6.3e-h and inset graph of Figure 6.3i).
Assuming proportionality between the local SiO concentration and the lateral
growth rate, as well as a constant SiO concentration, this linear increase is indeed
expected. However, at locations more than 0.3 mm away from the substrate edge,
the NW diameter (‘flower-like’ structure) did not significantly increase with increasing
annealing duration (Figure 6.3i). This can be explained by the locally low SiO
concentration as will be explained in more detail in the section “SiO mass transport
determined NW growth” below.

6.2.5 SiO mass transport determined NW growth
The SPCs at the boundary between the Si wafer and the fused silica substrate
(indicated by the yellow dashed square in Figure 6.2b) are subjected to the highest
SiO vapor concentration, as they are located closest to the SiO source. Based on the
above results (Figure 6.2) and discussion, we conclude that the morphology of
SiO2NW on SPCs is primarily affected by the SiO vapor diffusion instead of the N2
convection flow. This is confirmed by the value of the Péclet number (Pe), describing
the relative importance of convection and diffusion transport in the tube furnace.
Mass transport by convection vL '
=
Pe =
(6.1),
Mass transport by diffusion
D
where v is the average N2 velocity, L ' is the characteristic SiO diffusion length, and D
is the diffusion coefficient of the SiO vapor at 1100 ºC. Pe = 0.115 was obtained at
the N2 flow rate of 20 L·h-1 (see the detailed calculation in Appendix D).
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Figure 6.3. Dynamics of SiO2NW growth. Schematics of (a) the entire growth process and (b)
the dynamics of SiO2NW growth with increasing annealing duration at different locations on the
substrate. (Note: the schematic diagram is a top-view and only shows the outer layer with the
nanoparticles.) (c-g) HR-SEM images of the SiO2NW-SPC morphology (scale bar: 2 μm) and
close-up images (inset, scale bar: 200 nm) at x = 0 mm, x = 0.3 mm and x = 1 mm. Red arrows
300nm
in (c) and (d) indicates the AuNPs on the tip of NWs. Au200W
15s dSiO2 @SPCs were annealed at
the same conditions for (c) 10 min, (d) 1 h, (e) 10 h, (f) 15 h, and (g) 20 h. (h) Diameter of NWs
at the substrate edge as a function of annealing duration, and linear fitting. (i) NW diameter as
a function of location relative to the substrate edge, for annealing durations of 1 h, 5 h, 10 h, 15
h and 20 h. The inset graph shows the diameter at different locations as a function of annealing
durations. The measured data in (h) and (i) are from 20 measurements of each point. An Au
film was sputtered at 200 W for 15 s on the two-tier SPCs patterned fused silica substrates,
followed by annealing at 1100 °C with a N2 flow rate of 20 L·h-1 for different durations.
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To provide more details, the SiO vapor mass transport over the entire fused silica
substrate was simulated by COMSOL Multiphysics Simulation Software, where the
N2 convection flow, SiO diffusion flux and SiO chemical reaction on the SPC layer
surface were considered in two dimensions (2D) with details provided in the Methods
section. We concluded from the experimental observations that the NW growth occurs
in the mass transport limited regime, as otherwise, the NW morphology would be
constant over distance. We then chose a reaction rate constant (k) for NW growth in
the COMSOL simulations that was sufficiently large to cause mass transport limitation.
Figures 6.4a and b show the mapping of SiO vapor concentration along and
perpendicular to the N2 convection flow direction. From the mapping, it is confirmed
that the SiO concentration distribution over the entire fused silica substrate is not
substantially affected by the N2 convection flow. Figure 6.4c shows the simulation
result of C* (the dimensionless SiO vapor concentration C * = C / C0 , which is
independent of the absolute initial vapor concentration), along the sample surface as
a function of position x from 0 ~ 8 mm from one edge to the opposite edge of the
same fused silica substrate. The black curve in Figure 6.4c represents the SiO vapor
concentration parallel to the N2 convention flow direction, and the red curve the SiO
concentration perpendicular to the N2 convection flow direction. In both directions the
SiO concentration distribution is found to be similar. It must be remarked that the SiO
vapor concentration is expected to differ to some extent at the boundaries of the fused
silica substrate up- and downstream of the N2 convection flow in real experimental
systems, due to the observed differences in Si etching as caused by the Au vapor
distribution. But Figure 6.4c further suggests that the NW growth is in SiO mass
transport limiting regime. Figure 6.4d shows the experimentally determined SiO2NW
300nm
Au200W
(T1100°C
10h
15s dSiO2 @NW-SPC) diameter as a function of the location relative to the
substrate edge (the same as above, and indicated by the inset photograph with black
and red arrows). We found that the NW diameter distribution (Figure 6.4d) clearly
corresponded to the SiO vapor concentration distribution (Figure 6.4c). Also, single
thick NWs (‘rod-like’) grew at the high concentration region (approximately between
0 ~ 0.2 mm and 7.8 ~ 8 mm), while thin ‘flower-like’ NW structures grew in the low
SiO concentration region.41,42 We will now analyse these results in more detail.
A more quantitative analysis was then establishied, by calculating the flux of SiO
vapor towards the SPC layer surface, forming SiO2NWs, from the experimental
300nm
Au200W
observations from a sample of T1100°C
1h
15s dSiO2 @NW-SPC . The relationship
between the SiO vapor flux towards the surface and the produced molar amount of
SiO2NWs over the surface, assuming that this SiO flux is completely converted into
SiO2NWs, is:
πρ L( x, t ) ⋅ d 2 ( x, t ) N( x )
F ( x, t ) =
⋅
⋅
(6.2).
t
4Mn
A
Here, F ( x, t ) (mol·m-2·s-1) is the flux of SiO towards the SPC layer surface, ρ is
the SiO2NW density (g·m-3), Mn is the molar mass (g·mol-1), L(x, t) is the length as a
function of location x and annealing duration t, and d(x, t) is the NW diameter also as
a function of x and t, as we discussed above. N(x) is the number density of NWs,
which is also as a function of location (x), where a cylinder shape is assumed for all
NWs both for the ‘rod-like’ or ‘flower-like’ structures. Finally, A (m2) is the projected
area with NW mass considered. Measured data on NW length and diameter were
obtained for several discrete locations i after 1 hour (longitudinal growth phase),
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N( xi )
(detailed values are presented in Table D1 in
A
Appendix D). The results are plotted in Figure 6.4e (black squares). Different values
of the NW formation reaction rate constant (k) were chosen in the COMSOL
simulations to further confirm that the NW growth occurred in the mass-transport
limiting regime (red, purple, and blue lines in Figure 6.4e). The SiO concentration
close to the silica substrate edge (C0) that follows from a COMSOL fitting of the
experimental results is approximately 2.2×10-5 mol·m-3 (Figure 6.4e), which is about
one order of magnitude lower than the value calculated at chemical reaction
equilibrium (C0 = 1.75×10-4 mol·m-3). Moreover, we found that slope of normalized SiO
flux from experimental results (red circles in Figure D7) agreed with the normalized
COMSOL simulation results (black circles in Figure D7 and derived from black line in
Figure 6.4c and details see the Methods section). The key finding here is, that the
NW growth is in mass transport limiting regime and the morphology of SiO2NWs can
be controlled by the SiO flux.
obtaining L( xi ,1 h) , d ( xi ,1 h) ,

6.2.6 Directional SiO2NW growth on SPCs
A previous report34 indicates that the rate of NW formation, independent of whether
nucleation of SiO at the liquid-solid interface, or the SiO oxidation reaction (iii) is
rate-limiting, is always linearly proportional to the SiO vapor concentration,
J(x) ∝ C
(6.3).
Here J(x) is the rate of NW growth and C the SiO vapor concentration. At the edge of
the substrate, the SiO concentration is a steep function of distance x, as shown by
the COMSOL simulations (Figure 6.4c). A steep concentration gradient across a
single AuNP close to the edge, results in different rates of a NW at the two sides of
the AuNP and this could possibly give rise to directional NW growth. As mentioned
above in Figures 6.1f and D1, the formed AuNPs showed diameters of approximately
200 nm after Ostwald ripening at 1100 °C. We thus plotted the SiO concentration
difference over a distance of 200 nm (Figure 6.4f) from the COMSOL simulation data
(derived from the black curve in Figure 6.4c). We conclude that the large
concentration gradients at the substrate edges (at locations of 0 ~ 0.2 mm and 7.8 ~8
mm) could indeed give rise to a differential growth rate of the NW at its two sides,
which can explain the directional growth towards the low concentration of the NWs.
Thereby, the larger the concentration gradient, the stronger the directionality (Figure
6.4f and the inset HR-SEM image). For clarity, the dimensionless SiO concentration
(C*) was used in the figures.
In addition, before the SiO oxidation, it has to be diffused to the triple line. Then
the SiO diffusion to the triple line along different paths could give rise to a difference
in time scale. The diffusion is approximately 4 times faster at the side near the high C
than the other side with low C (Figure D8), suggesting that the NW growth at the high
C region is faster. The SiO diffused to the triple line by different paths also caused the
local component change of the liquid AuNP, which can lead to the phase angle
differences between two sides of a AuNP (indicated in Figure D8 by purple arrows)
and thereby resulting in NW growth with a certain orientation. According to the
proposed model (Figure D8), the estimated length of curved NW is approximately 5
μm, which is approximately close to the experimentally measured length (~ 3 μm).
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Figure 6.4. Mass transport determined SiO2NW growth on SPCs. From 2D COMSOL
simulations: (a) mapping of the SiO concentration distribution parallel to, and (b) perpendicular
to the N2 flow direction over the entire fused silica substrate. (c) SiO concentration (C*) at the
sample surface as a function of location x over a single fused silica substrate. From
measurements: (d) the measured NW diameter as a function of location over a single fused
silica substrate. Comparing simulations and measurements: (e) SiO flux as a function of location
relative to the substrate edge. Black squares: the experimental flux from the sample of
300nm
Au200W
T1100°C
1h
15s dSiO2 @NW-SPCs. The COMSOL simulated SiO flux is plotted as function of
location on the silica substrate for different reaction rate constants (k): red dot-dashed line k =
1 s-1, purple dotted line k = 10 s-1 and blue dashed line k = 106 s-1. (f) The SiO concentration
(C*) difference over 200 nm (along the N2 convection flow) as a function of distance from the
substrate edge (causing directional NW growth).

To confirm this NW growth theory in a different surface geometry and investigate
its independence of growth on SPCs, we attempted directional NW growth on a flat
fused silica substrate (Figure D9) and on other material substrates patterned with
SPCs (Figure D10). In Figure D11 we furthermore show that SiO2NW growth can
also be tuned by placing the SiO source at variable distances from the fused silica
substrate with SPCs. The experiments were successful, showing a comparable
directionality. Summarizing all above results, we demonstrated an experimental
124

Mass Transport Determined Morphology of Silica Nanowires by the VLS Mechanism
approach to control the thickness, directionality and structure of SiO2NWs by
regulating the SiO mass transport.

6.2.7 Optical properties of SiO2NW-SPCs
SiO2NW-SPCs covered by high spatial frequency NWs (length: ~ 16 μm, diameter: ~
100 nm, gaps: ~ 50 nm) on periodical SiO2NP arrangements, also possess photonic
stop band (PSB) properties. Figure 6.5 shows the optical microscopy (OM) images
and corresponding reflection spectra of two-tier SPCs consisting of periodic SiO2NP
znm
arrangements and SiO2NW-SPCs ( T1100°C
Au200W
10h
15s dSiO2 @NW-SPCs ). The two-tier
43
SPCs show Bragg diffraction. The red shift of the Bragg diffraction with increasing
SiO2NP diameter is thereby in agreement with previous reports.44 The photonic crystal
(PC) structure of SiO2NW-SPCs shows a blue shift of the Bragg diffraction peaks after
high-temperature annealing, compared to the original two-tier SPCs. We attribute this
to the narrowing of the nanogaps between adjacent SiO2NPs during the thermal
annealing on the one hand, and on the other hand to the growth of 3rd-tier NWs. Both
lead to an effective refractive index change by variation of the volume fraction of silica
and air,causing a diffraction peak shift according to the Bragg-Snell equation.43,45
These SiO2NW-SPCs could potentially be applied as specific photonic codes due to
their specific Bragg diffraction peaks and for optical devices owing to their light
manipulation properties.46

Figure 6.5. OM images and the corresponding reflection spectra of the SPCs with different
morphology. SPCs consisting of SiO2NPs with diameters (d) of (a) 200 nm, (b) 250 nm and (c)
300 nm. Solid and dotted lines indicate two-tier SPCs and SiO2NW-SPCs, as shown in the
schematics at the right-hand side. Scale bar: 20 μm.

6.2.8 Superwettability of SiO2NW-SPCs
Wettability can be well tuned by designing the topographical structure and modulating
the surface chemical composition, thus achieving hydrophobicity, hydrophilicity,
superhydrophobicity, superhydrophilicity, superoleophobicity and superoleophilicity,47
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which can be applied in self-cleaning,48 antifouling,1 catalysts with high-efficiency,49
quick sensing,50 chemical detection with high sensitivity51,52 and other fields. Herein,
we demonstrate that the hierarchical roughness of SiO2NW-SPCs can be used to
create superwetting films. Figure 6.6 shows OM images of the advancing contact
angle (θA), receding contact angle (θR) as well as the static contact angle (θ) from
films assembled by two-tier SPCs (Figure 6.6a) and SiO2NW-SPCs (Figure 6.6b),
where a drop of water or oil (hexadecane with 0.1 wt% Red oil O) was deposited on
these films. The as-prepared SiO2NW-SPCs without surface functionalization showed
both
superhydrophilic
and
superoleophilic
properties,
while
showed
perfluorodecyltrichlorosilane
(FDTS)-coated
SiO2NW-SPCs
superhydrophobic properties with exceptionally low adhesion but superoleophilicity
(Figure 6.6b). On the other hand, FDTS-coated two-tier SPCs showed both
superhydrophobicity and superoleophobicity (Figure 6.6a and Video 1 in the
Appendix D). The FDTS-coated SiO2NW-SPCs showed lower adhesion to water than
FDTS-coated two-tier SPCs, which can be attributed to the Cassie state47 with more
air trapped inside the NWs space. The difference between the θA and θR of water on
FDTS-coated films patterned by SiO2NW-SPCs is approximately 1.4 °, which
indicates potential application in mass transport and self-cleaning. The properties of
both superhydrophobicity and superoleophilicity indicate that such FDTS-coated films
assembled by SiO2NW-SPCs could be applied in oil-water separation, as shown in
Video 2 in the Appendix D. Another advantage of the prepared films is that they can
be easily and quickly reused and recycled after ethanol rinsing, as shown in Video 2
in the Appendix D.

Figure 6.6. Superwetting behaviour of water or oil on different FDTS-coated films. Measured
θA, θR and θ from films assembled by (a) two-tier SPCs, and (b) SiO2NW-SPCs on a fused silica
substrate, and their corresponding morphology (HR-SEM images). Scale bars represent 2 μm
in HR-SEM images and 1 mm in OM images.

6.3 Conclusion
SiO2NWs have been grown on SPCs manufactured by combining droplet
microfluidics, metal film deposition and high temperature annealing under an inert gas
flow. The SiO2NW growth can be understood from the VLS mechanism, and we
showed that various SiO2NW morphologies are predominantly determined by the
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mass transport of SiO vapor. At high SiO concentrations and concentration gradients,
single ‘rod-like’ NWs grow directionally towards the low concentration side. On the
other hand, in regions of low SiO concentration and small SiO concentration gradients,
NWs showed a random growth direction, forming ‘flower-like’ structures with several
thin NWs ending in a knot. We provide a robust method to control the SiO2NW
morphology on SPCs by regulating the vapor phase mass transport. Possibly, our
method can also be of significance for controlled nanowire growth composed of other
materials. The obtained structures of SiO2NWs on SPCs represent a new type of
composite material featuring not only multi-tier structures, high spatial frequency and
large specific surface area, but also PSB properties caused by the periodic SiO2NP
arrangements. We furthermore demonstrate superhydrophobicity with an
exceptionally low adhesion to water but also superoleophilicity to oil of FDTS-coated
SiO2NW-SPC patterns, resulting from the enhanced functionality of the hierarchical
structures. The fabricated SiO2NWs on 3D SPCs have high potential for oil/water
separation, catalysis, and sensing.

6.4 Methods
6.4.1 Materials
Fused silica substrate (amorphous quartz glass, SiO2) was purchased from Plan Optik
AG (Bitz, Germany). Si wafer (single side polished silicon (100) oriented P-type
wafers, boron-doped, 5-10 ohmcm resistivity) was purchased from Si-Mat Silicon
Materials (Kaufering, Germany). The Al2O3-coated Si substrate was prepared by
reactive sputter deposition with a thickness about 600 nm, and Si3N4-coated Si
substrate was prepared by low-pressure chemical vapor deposition of a layer of
stochiometric silicon nitride (Tempress® LPCVD System) with a thickness of
approximately 200 nm. The Au target (purity ≥ 99.999%) was purchased from Kurt J.
Lesker company. SiO2NP with different diameters (200±10 nm, 250±10 nm, 300±10
nm) were provided by Nanjing Rainbow company (Nanjing, China). The N2 gas (purity
≥ 99.999%) was purchased from Nippon Gases (Vlaardingen, the Netherlands). The
hexadecane (purity ≥ 99%) and Red oil O were both purchased from Sigma-Aldrich
(the Netherlands).

6.4.2 SiO2NW growth on Au-coated two-tier SPCs
The as-prepared two-tier SPCs, consisting of periodical SiO2NP arrangements, were
assembled as a monolayer on an amorphous fused silica substrate by drop casting.
Then, a layer of Au film was deposited on a SPC pattern that had self-assembled,
obtaining Au-coated two-tier SPCs. The Au film was deposited by a home-made
magnetron sputtering system (T’COathy), at 200 W for different durations. Before
drop casting the aqueous SPC suspension, the fused silica substrates used in this
chapter were pre-treated with oxygen plasmon (Plasma surface treatment system
Cute, Femto Science, Hwaseong-Si, Korea) in order to obtain a close-packed
monolayer pattern. Since the oxygen plasmon treated substrate surface will have
more OH-based groups exposed and become more hydrophilic, then the aqueous
SPC suspension can be well self-assembled due to the Van der Waals forces.53
Subsequently, Au-coated two-tier SPCs on a fused silica substrate were placed on
the centre of a piece of Si wafer (approximately 2 cm×2 cm), and transferred to the
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alumina tube of a horizontal tube furnace for the annealing process. The thermal
annealing process was performed with a program of (1) increasing temperature from
room temperature to 1100 °C with a ramp-up rate of 9.2 °C·min-1, (2) stabilizing at
1100 °C for different durations, (3) passive cooling down to the room temperature. A
continuous N2 gas flow was infused with a flow rate of 20 L·h-1 before starting the
ramp-up temperature for 2 h to remove the remained O2 in the tube furnace and until
the annealing process ended. Such a process resulted in SiO2NW growth on 3D
SPCs with diverse morphologies.

6.4.3 COMSOL simulation
COMSOL Multiphysics Simulation Software 5.3a was used to simulate the
concentration distribution of SiO vapor over the entire fused silica substrate with
patterned SPCs. Two separate simulations in two dimensions were performed, where
one is the SiO concentration distribution over the sample substrate along the N2
convection flow, the other simulation is perpendicular to the N2 convection flow.
The simulation parallel to the N2 convection flow takes the convection into account.
For which at first, the flow velocity inside the furnace should be simulated. For the N2
convection flow, a numerical simulation of the steady state Navier-stokes equation
(6.4) and the continuity equation (6.5) for a compressible flow were performed.
1
ρ (u ⋅ ∇u) = −∇p + µ∇ 2u + µ∇(∇ ⋅ u)
(6.4),
3
and
∇ ⋅ ( ρ u) = 0
(6.5).
Here ρ is the density of the SiO, p is the atmospheric pressure, μ is the dynamic
viscosity and the u is the velocity vector.
At the inlet of the tube furnace, a constant N2 flow velocity boundary condition
was set at:
u = −U0n
(6.6),
where U0 is the velocity at the entrance, ( U0 = 2.84 mm·s-1).
At the outlet the boundary condition was set at:
1
( −∇p + µ∇ 2u + µ∇(∇ ⋅ u))n = p0n
(6.7),
3
where p0 is the atmospheric pressure. At the walls of the tube furnace as well as on
the surface of the sample, a no-slip boundary condition was set as u = 0 .
The N2 convection transport and produced SiO diffusion transport were both
considered in two dimensions for the SiO concentration distribution along the N2
convection flow. For the distribution of the SiO concentration, the convection-diffusion
equation was used:
∇ ⋅ (D ∇C ) − ∇ ⋅ (uC ) = 0
(6.8).
Here D is the diffusion coefficient of SiO, C is the SiO concentration. For the
simulation of the SiO concentration along the N2 flow, the u calculated from the
Navier-stokes simulation was used. Whereas the simulation of the SiO concentration
perpendicular to the N2 flow, u was considered to be zero; therefore the N2
convection flow in this simulation was neglected.
For the simulation along the N2 convection flow, at the inflow the boundary
condition of C = 0 was used, and at the outflow the condition of −n ⋅ D ∇C =0 was
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used. For the simulation perpendicular to the N2 convection flow, the convection
contribution could have been simulated as a height dependent sink term. However,
the concentration difference caused by convection flow is significantly small for the
simulation perpendicular to the convection flow, as confirmed by the simulation
parallel to the convection flow. Then the convection flow is neglected in the
perpendicular simulation.
For both simulations, a no flux condition was set on the walls of the tube furnace
and on the vertical sides of the sample and the Si wafer. The SiO concentration at the
surface of the Si wafer was set at a constant value. At the SPC-patterned fused silica
substrate surface, the flux condition of − D ∇C + uC =−kC , with kC as the chemical
reaction rate, was used as a boundary condition. According to the equation of

F = −D

dC
, where, z is the SiO distribution along the z axis (towards the substrate
dz

surface), F is the SiO flux, D is the SiO diffusion coefficient, from which the SiO flux
over the sample surface can be obtained. The presented mapping and concentrations
by COMSOL simulations are dimensionless.

6.4.4 Characterization
Scanning electron microscope. The morphology of the prepared two-tier SPCs and
SiO2NW-SPCs were characterized by a high-resolution scanning electron microscope
(HR-SEM, GeminiSEM 500, Carl Zeiss Microscope GmbH) using a secondary
electron (SE) detector or electron selective backscattered (ESB) detector,
respectively. The ESB detector was used to identify the AuNPs. The energydispersive spectroscopy (EDS) was used to analyse the ratio of the elements Si and
O of the formed NWs.
Fourier-transform infrared spectroscopy. The prepared two-tier SPCs and SiO2NWSPCs were analysed using a Fourier-transform infrared spectroscopy (FT-IR) under
the absorbance mode (ALPHA FTIR Spectrometer, Bruker, Optik GmbH, Germany)
in a region of 400-4000 cm-1.
X-ray photoelectron spectroscopy (XPS). XPS spectra of fabricated NWs were
measured by an Omicron Nanotechnology GmbH (Oxford Instruments) surface
analysis system with a photon energy of 1486.7 eV (Al Kα X-ray source) and a
scanning step size of 0.1 eV in neutraliser mode. The pass energy was set to 20 eV.
The spectra were calibrated using the binding energy of C 1s of the adventitious
carbon as a reference.
Optical measurements. The reflection spectra of the two-tier SPCs and hierarchical
SiO2NW-SPCs were captured by the bright-field illumination using an optical
microscope (Leica DM 6000M, Wetzlar, Germany), coupled to an optical
spectrometer (Ocean optics HR4000, Ocean Optics Inc.), at normal incidence in
ambient air environment. The used lens is 20× (NA = 0.4) with a light spot diameter
1.1 mm. The Si wafer surface was used as a 100% reflection reference.
Contact angle measurements. FDTS as a vapor phase was evaporated on the surface
of the prepared substrate with self-assembled two-tier SPCs or SiO2NW-SPCs. A
single water drop or oil drop (hexadecane with 0.1 wt% Red oil O) with a certain
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volume (3 ~ 10 μL) was dripped gently on the FDTS-coated substrate. An interfacial
tension meter OCA 15 Pro (Dataphysics, Germany) was used to measure the static
contact angle or dynamic contact angle, including advancing contact angle and
receding contact angle at ambient temperature. Each substrate was measured for
five times at different positions to obtain the average value of wetting contact angles.
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onstruction of textured bioinspired surfaces with refined structures that exhibit
superior wetting properties is of great significance for many applications ranging
from self-cleaning, antifouling, anti-icing, oil/water separation, smart membrane, and
microfluidic devices. Previously, the preparation of artificial surfaces generally relies
on the combination of different approaches together, which is lack of flexibility to
control over the individual architecture unit, the surface morphology, as well as the
complex procedure needed. In this chapter, we report a method for rapid fabrication
of three-tier hierarchical microunits (structures consisting of multiple levels) using a
facile droplet microfluidics approach. These units include the 3rd-tier elegant polymer
nanowrinkles. These nanowrinkles on the polystyrene (PS) nanoparticles are formed
according to the interfacial instability induced by gradient photopolymerization of Nisopropylacrylamide (NIPAM) monomers. The formation process and morphology of
nanowrinkle can be regulated by the photopolymerization process and the fraction of
carboxylic groups on the PS nanoparticle surface. Such a hierarchical microsphere
mimics individual unit of bioinspired surfaces. Therefore, the surfaces from selfassembly of the fabricated two-tier and three-tier hierarchical microunits collectively
exhibit ‘gecko’ and ‘rose petal’ wetting states, with the micro- and nanoscale
structures amplifying the initial hydrophobicity but still being highly adhesive to water.
This approach offers promising advantages of high yield fabrication, precise control
over the size and component of the microspheres, and integration of microfluidic
droplet generation, colloidal nanoparticle self-assembly, and interfacial
polymerization-induced nanowrinkles in a straightforward manner.

chapter is based on the publication: Wang J., Le-The H., Wang Z., Li H., Jin M., van
den Berg A., Zhou G., Segerink L. I., Shui L., Eijkel J. C. T. Microfluidics Assisted
Fabrication of Three-Tier Hierarchical Microparticles for Constructing Bioinspired Surfaces.
ACS Nano 2019, 13, 3638-3648.
†This
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7.1 Introduction
Wrinkled surfaces in nature have inspired scientists to mimic them with artificial
topological surfaces with high spatial periodicity. Such structures on the micro- and
nanoscale show optical, biological, electronic, or acoustic properties due to their wave
interference phenomena, exceptional hydrodynamic properties, enhanced adhesion
force, low surface energy, and/or large specific surface area.1,2 The integration of
wrinkled surfaces with multiple hierarchical (i.e., structured on multiple scales in one
unit) architectures even further improves the performance in catalytic support,3
electrodes,4 controllable superwetting modulation,5,6 digital microfluidics,5 microfluidic
sieves,7 surface-enhanced Raman spectroscopy (SERS),8,9 tracking and
identification technology,10,11 flexible electronics,12–14 diffraction gratings,15 separation
science,16 drug delivery,17 tissue engineering,18,19 industrial field-like abrasives
material,20 and environmental protection materials.21 Therefore, study and
construction of the units of such materials/surfaces become prominent to understand
the relationship between structures and functionalities.
A summary of various methods for fabrication of artificially hierarchical structures
on two-dimensional (2D) polymer films with wrinkled surfaces has been reported by
Chen et al.22 The underlying mechanism of the wrinkle formation on the film is
attributed to the applied stress on their surface. When this stress is larger than a
critical value, it leads to an interfacial instability due to the mismatch of mechanical
properties like the Young’s modulus in the equilibrium state between different layers
– normally between a stiff skin layer and soft substrate. The applied stress is
commonly raised by mechanical (e.g., stretching compressive force),7,23,24 thermal
(e.g., electron irradiation),25 physical (e.g., osmotically driven),27 and chemical (e.g.,
solvent swelling, ultraviolet (UV) irradiation, oxygen plasma treatment)
approaches.23,26
Recently, hierarchical architectures have been developed for three-dimensional
(3D) materials and have attracted intense attention. The functional properties (defined
as stimuli-responsive) of 3D hierarchical structures are determined by their chemical
composition and tailored surface topology, exhibiting the advantages of high spatial
frequency, enlarged specific area and roughness. In particular, controlling of surface
topology enables the control of interfacial phenomena such as fluid wetting, flow and
adhesion.28,29 These hierarchical structures have enhanced functionalities by their
surface topology on the micro- and nanoscopic length scale, thus broadening their
application in many fields. For example, regarding the application of wetting materials,
tailoring surface roughness can give rise to an amplified hydrophilicity/hydrophobicity
for the film surfaces. Accordingly, an effective approach for fabricating superwetting
surfaces is to create hierarchical structures.30,31 Hierarchical bioinspired structures
that are, for example, the mimicry of gecko feet, a mosquito eye, and a rose petal
have been fabricated either through the top-down methods of lithography32,33 and
laser writting34 or bottom-up approaches like self-assembly of colloidal particles.33,35
Artificially wrinkled surfaces on particles are typically constructed in two separate
steps, that is, synthesis of the polymer templates and postprocessing. The polymer
templates can be synthesized using flow lithography,36 electro-spraying,37 or
microfluidic techniques.38,39 Subsequently, the exposed surfaces are modified by
using additional material coating,40 plasma etching,41 surface chemical oxidation,42
chemical modification,43 solvent evaporation,3,44 electron irradiation,25 or UV
irradiation.45 Although effective, these fabrication methods are time-consuming and
require complex processes. It is worth mentioning that among these technologies,
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droplet microfluidics technique stands out by its production of droplet templates with
high uniformity in size and tunability in particle geometry and chemical composition.46
Moreover, this method can be easily integrated with other approaches (as a hybrid
approach: combination of top-down and bottom-up method), thus enabling continuous
construction of 3D hierarchical microparticles with different chemical and physical
properties. Liu et al. reported a droplet-based microfluidic method for fabricating
polymer microparticles.3 The surface textures on polymer microparticles could be
tuned via interfacial instability triggered by emulsion droplet shrinking. Metal
nanoparticle-loaded polymer composite particles have also been synthesized via
microfluidic approach integrated with in situ photopolymerization and photoreduction.9
These composite particles could serve as sensing units for molecular detection.
However, these microparticles only show two-tier hierarchy of nanostructures on the
microparticles.
In this chapter, we report a hybrid approach for rapid construction of three-tier
hierarchical microspheres, using a droplet-based microfluidic technique to produce
microparticles with patterned nanoparticles (via colloid self-assembly) covered with a
convoluted (wrinkled) surface (via gradient photopolymerization). The fabricated
three-tier microspheres can be applied as uniform units to form bioinspired surfaces,
showing controllable surface wettability. This method has the advantages of
producing microspheres with high uniformity in physical size and flexibility in material
selection. Using this integrated platform, the entire three-tier structure is synthesized:
the polymerization reaction for producing nanowrinkles at tens of nanometer scale
(the 3rd-tier), the colloid self-assembly to form close-packed nanopatterns at the
hundreds of nanometer scale (the 2nd-tier), and the droplet-based microfluidics for
constructing particles at the tens to hundreds of micrometer scale (the 1st-tier). The
distribution of nanowrinkles and nanoparticles on the microsphere surface is of critical
significance for structure-dominant applications. In this way, both the microspheres
and the assembled surfaces can be tuned chemically and physically. Such
hierarchical microspheres show similar surface structures to the unit of bioinspired
surfaces. As a result, the surfaces made from the assembled two- and three-tier
microspheres demonstrate the ‘gecko’ and ‘rose petal’ wetting states, respectively.

7.2 Results and discussion
7.2.1 Fabrication of three-tier hierarchical microspheres consisting
of nanoparticles covered with nanowrinkles
Three-tier hierarchical microspheres with nanowrinkles were successfully fabricated
using droplet microfluidics. A microfluidic device with a flow-focusing geometry was
used to generate water-in-oil emulsion droplets with high uniformity (coefficient
variation of 1.5%) and high yield (> 1000 droplets per second). Herein, a suspension
containing 3 w/v% carboxylic-functionalized polystyrene (f-PS) nanoparticles, 5 wt%
N-isopropylacrylamide (NIPAM) as curable monomer, and 0.5 wt% N,N-methylene
bis(acrylamide) (MBA) as cross-linker was used as water phase (droplet). The oil
(continuous) phase was n-hexadecane with 19 wt% sorbitane monooleate (Span80)
as surfactant to stabilize the produced droplets and 5 wt% 2,2-diethoxyacetophenone
(DEAP) as a photoinitiator to initiate the photopolymerization reaction. The
concentrations of NIPAM and MBA in the water phase, and Span80 and photoinitiator
in the oil phase were kept constant in all experiments. The water phase was sheared
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off to form monodispersed emulsion droplets by the oil phase at the flow-focusing
area. Generated droplets were collected in a beaker containing oil phase, as shown
in Figure 7.1a. As time evolved, f-PS nanoparticles confined in the emulsion droplet
organized and assembled, driven by interfacial tension and electrostatic repulsion,47
producing close-packed nanopatterns on the droplet surface (Figure 7.1b). To obtain
the well-ordered nanopatterns, the collected droplets in a beaker containing the oil
phase were kept for more than 1 h. Afterwards, these droplets were photopolymerized
through UV-induced interfacial free-radical polymerization (IFRP), yielding solid
microspheres (Figure 7.1c).

Figure 7.1. Schematic diagram of the preparation of three-tier hierarchical microspheres using
a droplet-based microfluidic device. (a) Generation of emulsion droplets. (b) Assembly of
nanoparticles confined in the droplet. (c) Photopolymerization of the droplet and the formation
of a solid hierarchical microsphere with nanowrinkles. (d) OM image of the droplet generation
in a flow-focusing microfluidic device. (e) OM image of collected droplets under bright-field
illumination and (f) the corresponding fluorescent field observation excited by a light source of
365 nm wavelength. Scale bars in (d-f) represent 50 μm. (g) HR-SEM (scale bar: 1 μm) and
close-up images (scale bar: 200 nm) of a f-PS@MS at the microsphere, nanoparticle, and
nanowrinkle levels from left to right.

The volume shrinkage of produced liquid microdroplets into solid microspheres
was approximately 96.38% (see the calculation in Appendix E). These solid
microspheres showed three-tier hierarchical structure, including the 1st-tier of
microframe, the 2nd-tier of close-packed nanopatterns assembled from f-PS
nanoparticles, and the 3rd-tier of nanowrinkles on each individual f-PS nanoparticle
surface caused by the gradient UV photopolymerization. Figure 7.1d shows an
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optical microscopy (OM) image of droplet generation in the microfluidic device and
the collected monodispersed droplets observed under the bright-field (Figure 7.1e)
and fluorescent field (Figure 7.1f) modes. The fluorescent image shows bright red
color under 365 nm excitation due to the imbedded quantum dots (CdSe/ZnS) in the
centre of purchased f-PS nanoparticles. High-resolution scanning electron
microscopy (HR-SEM) images show the three-tier structures of a polymerized
microsphere (Figure 7.1g).

Figure 7.2. (a) AFM image of the surface of a f-PS@MS and (b) the corresponding dimensions
measured along the red dashed line. (c) HR-SEM (scale bar: 1 μm) and a close-up image (scale
bar: 200 nm) of the cross-sectional morphology of a fabricated f-PS@MS cut by using a focus
ion beam.

Figure 7.2 shows the surface of a three-tier hierarchical microsphere (f-PS@MS)
and the corresponding dimensions of the nanowrinkles measured by an atomic force
microscope (AFM). From the observation, the nanowrinkles are in the sub-30 nm
range, and their distribution on every individual nanoparticles is relatively uniform. To
further view the inside of the microspheres, we cut a f-PS@MS using a focused ion
beam. Figure 7.2c shows the cross section of the cut surface. It reveals that the
microsphere was fully filled with f-PS nanoparticles and nanowrinkles exist on each fPS nanoparticle. The flat surface of the cut area in the HR-SEM image, hereby, was
caused by heat melting during the focus ion beam cutting.
The produced f-PS@MS shows a large surface-to-volume ratio of ~3×107 m-1
(about 47 times larger than that of a smooth microsphere with the same diameter),
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high spatial frequency of ~3.3×105 mm-1 (which is defined as the frequency of the
nanowrinkle structure repetition per unit of distance), and high density nanogaps of
~422 nanogaps per μm2 (a gap between two adjacent peaks of the nanowrinkles is
defined as a nanogap) (Figures E1 and E2, Appendix E). The surface-to-volume ratio
was calculated by multiplying the measured surface area of individual nanoparticle by
the number of particles inside a microsphere. The surface area of a nanoparticle with
nanowrinkles was calculated based on the AFM measured average nanowrinkle
dimensions and gaps. It is therefore worth mentioning that these values might be
slightly overestimated. Therefore, these f-PS@MS are expected to have high
potential for coating materials (surface wettability control via micro- and nanoscale
structures), molecular detection (localized surface plasmon resonance due to the
presence of nanogaps), bioassays (high adhesive surface), and catalysis support
(large specific surface area).

7.2.2 Mechanism of nanowrinkle formation
As presented in previous literature,3,16 the formation of nanowrinkles is commonly due
to the volume shrinkage resulting from solvent evaporation and/or polymerization
reactions occurring on the structure surface. To understand the mechanism of
nanowrinkle formation in this work, a series of comparative experiments were
designed and conducted. In the first comparative experiment, a suspension of pure fPS nanoparticles was used as the water phase to produce the droplets, and the solid
microspheres were subsequently produced via solvent evaporation at 60 °C overnight.
These particles were termed as f-PS@MS(T). The morphology of the produced fPS@MS(T) is shown in Figure 7.3a. As can be seen, all f-PS nanoparticles
assembled into micrometer clusters without wrinkle formation on their surface,
compared with that in Figure 7.1g. The surface morphology of a single f-PS
nanoparticle was found to be similar to the virgin one (Figure E3f, Appendix E). This
indicated that the volume shrinkage during the water evaporation process from the
liquid droplets to solid microspheres did not induce wrinkle formation on the f-PS
nanoparticle surface.
Moreover, a pure suspension of bare-PS nanoparticles (bare means without
carboxylic acid modification) was used as the water phase to generate the droplets,
and subsequently evaporated in an oven at 60 °C overnight, forming into solid
microspheres with well-ordered and close-packed nanopatterns, termed barePS@MS(T), as presented in Figure 7.3b. Due to the difference in the uniformity and
stability between f-PS (ζ potential: - 22 MV) and bare-PS (ζ potential: - 58 mV)
nanoparticles, the produced microsphere show different nanopatterns. It is worth
mentioning that the bare-PS nanoparticles were synthesized by anionic
polymerization with the assistance of sodium dodecylbenzenesulfonate as the
emulsifier and surfactant to improve their stability. However, there was also no wrinkle
formation on the nanoparticle surface (Figure 7.3b).
Furthermore, to determine the occurrence of chemical reactions between the
nanoparticles and the NIPAM monomers, a mixture of bare-PS nanoparticles with the
same concentration of NIPAM and MBA was used as the water phase to generate
droplets, which were subsequently photopolymerized by UV irradiation to form
microspheres termed bare-PS@MS. Figure 7.3c shows the top-view HR-SEM
images of a fabricated bare-PS@MS, showing a smooth surface on each bare-PS
nanoparticle. It was found that a NIPAM polymer layer filled in the space between the
bare-PS nanoparticles (indicated by red arrows in Figure 7.3c), indicating the
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occurrence of NIPAM cross-linking reaction. In contrast to f-PS@MS (Figure 7.1g),
the bare-PS@MS (Figure 7.3c) shows a smooth surface, suggesting a critical role of
the surface carboxylic groups on the surface of the PS nanoparticles on the formation
of nanowrinkles during photopolymerization-induced solidification from droplets to
particles.
To further investigate the effect of the surface carboxylic groups on the
photopolymerization process, copolymer polystyrene nanoparticles containing
different molar fractions of carboxylic groups were employed to fabricate the
microspheres. In four separate experiments, bare-PS (no carboxylic groups), PS-coPAAl (containing 10% carboxylic groups in molar fraction), PS-co-PAAh (containing
18.5% carboxylic groups in molar fraction), and f-PS nanoparticles (fully
functionalized with carboxylic groups on the surface) were mixed with 5 wt% NIPAM
and 0.5 wt% MBA, as the aqueous phases to prepare hierarchical microspheres
denoted as bare-PS@MS, PS-co-PAAl@MS, PS-co-PAAh@MS and f-PS@MS,
respectively. The collected microdroplets were suspended in the oil phase of nhexadecane containing 19 wt% Span80 and 5 wt% DEAP, followed by polymerization
using UV irradiation. Figures 7.3c-f shows the HR-SEM images of these fabricated
bare-PS@MS, PS-co-PAAl@MS, PS-co-PAAh@MS, and f-PS@MS. Without
carboxylic groups on surface, the bare-PS nanoparticles could assemble to a wellordered microsphere with smooth surface via photopolymerization (Figure 7.3c).
There was no obvious difference found on both the microspheres and the
nanoparticle surfaces. On the surface of PS-co-PAAl@MS in Figure 7.3d (also
Figure E4a, Appendix E), a layer of NIPAM polymer was observed with imprinted
traces of the encapsulated nanoparticles. Under this NIPAM polymer layer, PS
nanoparticles were closely packed with rough surface, indicating that the cross-linked
NIPAM monomers remained attached to the surface of PS-co-PAAl@MS. Moreover,
on the PS-co-PAAh@MS surface in Figure 7.3e (also Figure E4b, Appendix E),
close-packed and well-ordered nanoparticles were observed with obvious
nanowrinkled surface. On the f-PS@MS surface, nanowrinkles were found fully
covering the nanoparticle and microsphere surfaces, as shown in Figures 7.2c and
7.3f. These results suggest that, during the photopolymerization process, the
microsphere and nanoparticle surfaces change obviously with the fraction of
carboxylic groups of the PS nanoparticles.
By comparing these microspheres constructed by evaporation-induced
solidification composed of f-PS (Figure 7.3a) and bare-PS (Figure 7.3b)
nanoparticles and photopolymerization-induced solidification composed of bare-PS
(Figure 7.3c), PS-co-PAAl (Figure 7.3d), PS-co-PAAh (Figure 7.3e), and f-PS
(Figure 7.3f) nanoparticles, we can conclude that both the photopolymerization
process and the fraction of carboxylic groups on PS nanoparticle surface play critical
roles for the nanowrinkle formation.
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Figure 7.3. Effects of water evaporation and polymerization on the wrinkle formation. HR-SEM
images of (a) f-PS@MS(T), (b) bare-PS@MS(T), (c) bare-PS@MS, (d) PS-co-PAAl@MS, (e)
PS-co-PAAh@MS, and (f) f-PS@MS with the corresponding close-up images. The scale bars
are 2 μm and 200 nm in the main and inset images, respectively. Note that there was no
deposition of metal films prior to the HR-SEM characterization.

Therefore, we propose the following mechanism to explain the wrinkle formation.
Chemically, the NIPAM molecule contains an amide group. When there is no
carboxylic group on the PS nanoparticle surface as in the case of the bare-PS
nanoparticles, the NIPAM monomers diffuse freely in the generated water droplets
and cross-link upon UV irradiation to form a continuous network, filling the space
among the nanoparticles. NIPAM and PS behave as two separate phases, and
NIPAM polymer does not bind to the PS nanoparticle surface. Additionally, there was
no attractive electrostatic force between the NIPAM monomers and the bare-PS
nanoparticles, as the NIPAM monomers are neutrally charged. Therefore, the NIPAM
monomers do not prefer to attach on the surface of the bare-PS nanoparticles, leading
to no wrinkle formation. However, when the PS nanoparticles are functionalized with
carboxylic groups such as f-PS, hydrogen bonds can be formed between the
carboxylic groups on the PS nanoparticle surface and the amine groups from
NIPAM.48,49 The formation of nanowrinkles on each f-PS nanoparticle results from the
photogradient polymerization upon UV irradiation.50 Therefore, more NIPAM
molecules can be attached on the surface of the PS nanoparticle with increasing the
surface density of carboxylic groups, thus resulting in the formation of nanowrinkles
with a higher density and amplitude.
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Figure 7.4. Schematic diagram of the formation of wrinkled surfaces on a f-PS@MS. (a) Droplet
with close-packed f-PS nanoparticles before curing. (b) Initial state of droplet curing and
formation of a thin stiff layer at the top surface. (c) Further gradient-curing (cross-linking reaction)
and stress development. (d) Wrinkle formation on the f-PS nanoparticle surface.

Figure 7.4 schematizes the wrinkle development procedures. The droplet,
containing NIPAM as curable monomer and water-soluble MBA as cross-linker, is UV
cured via interfacial free-radical polymerization.51 Before UV irradiation, the water
phase (with NIPAM and MBA) is confined to the individual microdroplets, filling the
nanogaps between the nanoparticles (Figure 7.4a). Upon UV irradiation, the
photoinitiator molecules in the oil phase become radicals and diffuse into the wateroil interface to activate NIPAM monomers to start the cross-linking reaction.
Consequently, the NIPAM monomers and produced oligomers bind to the surface of
carboxylic-functionalized PS nanoparticles due to the hydrogen bonds (Figure 7.4b).
When the NIPAM monomers and oligomers bind to the nanoparticle surface, polymer
remains attached to the nanoparticle surface, which cannot move freely. It is expected
that the top layer close to the continuous oil phase is firstly polymerized to become a
skin layer, which is harder than the inner layer close to the nanoparticle due to the
gradient in cross-linking reaction. Additionally, NIPAM polymer is known to be highly
sensitive to temperature change.52 In our UV curing system, the chamber temperature
was approximately 65 °C during the exposure. Such temperature is higher than its
low critical solution temperature (LCST of NIPAM polymer) of 32 °C, causing the
NIPAM polymer to become hydrophobic, expelling water.53 This leads to the drastic
shrinkage of the formed skin layer. When the polymer is strongly attached to the
nanoparticle surface, no detachment takes place, and shrinkage of NIPAM polymer
produces an in-plane tensile stress in the skin layer. The elastic modulus of the
NIPAM polymer layer as a skin layer increases by an order of magnitude compared
to that of the inner soft layer.53 This difference in the elastic modulus between the two
layers essentially results in the formation of nanowrinkles. On the other hand, due to
the gradient in the chemical potential during the cross-linking reaction, the
monomers/oligomers tend to diffuse toward the hard skin layer, thus resulting in a
swelling
tendency.
Satisfaction
of
further
cross-linking
promotes
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monomers/oligomers to diffuse deeper into the skin, which as a result slowly changes
the state of the stress of the skin from tensile to compressive. Therefore, a competition
between the tensile stress (caused by the shrinkage of the skin layer from chemical
reaction) and the compressive stress (resulted from the swelling) is built (Figure 7.4c).
In order to release the stresses, an out-of-plane deformation accompanied by
nanowrinkles occurs (Figure 7.4d).
On a flat surface, the wavelength of nanowrinkles can be characterized by the
equation of λ ≈2πh(ES/EB)1/3, where h is the thickness of the skin layer, ES and EB are
the Young’s modulus of the hard skin and inner soft layers, respectively.54,55 This
indicated that the characteristics of the nanowrinkles can be tailored by the physical
properties of the hard skin layer, the inner soft layer, and the thickness of the skin
layer. When the temperature is above 40 °C, the modulus of the skin layer is found to
be approximately 600 kPa, whereas the modulus of the soft layer is about 85 kPa.53
Using the mentioned equation with the measured wavelength of the nanowrinkles
using AFM, the thickness of the skin layer is estimated to be approximately 3 nm. It
has to be pointed out that the modulus of NIPAM polymer is expected to be slightly
different from that of the nanogels reported by Schmidt et al.,53 since the formed
NIPAM polymer layer is one order of magnitude thinner than the nanogels, which can
lead to a difference in the cross-linking density.
We conclude from the above investigation that the surface topology of
hierarchical microspheres can be precisely controlled by changing the fraction of
carboxylic groups on the PS nanoparticle surface, as shown in Figure 7.5. With a
high density of carboxylic groups on the PS nanoparticle surface, the produced
wrinkles show high spatial frequency and roughness.

Figure 7.5. Schematic and corresponding experimental results (HR-SEM images) of the
produced hierarchical microsphere surfaces using different PS nanoparticles. (a) bare-PS, (b)
PS-co-PAAl, (c) PS-co-PAAh, and (d) f-PS. Scale bars represent 200 nm.

7.2.3 Bioinspired ‘gecko’ and ‘rose petal’ surfaces
Surfaces making use of versatile topological structures have attracted a lot of
attention due to their wide applicability in waterproofing, self-cleaning, antifouling, and
anti-icing.31,56–58 Surface wettability is strongly dependent on both the tailored
structure and chemical modification, thereby tuning the adhesion and friction forces
between fluids and solid surfaces. We investigated the effect of the surface
topography on the surface wettability of different films composed of closely packed
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PS nanoparticles (PS-co-PAAl), two-tier hierarchical microspheres constructed by PS
nanoparticles (PS-co-PAAl@MS(T)), or three-tier hierarchical microspheres
constructed by PS nanoparticles covered with nanowrinkles (f-PS@MS). In Figure
7.6a, a film of closely packed PS nanoparticles was assembled by using PS-co-PAAl
nanoparticles (250 nm in diameter). In Figure 7.6b, (AFM images in Figure E5,
Appendix E), the two-tier hierarchical microspheres (PS-co-PAAl@MS(T)) were
generated from the same PS-co-PAAl nanoparticles using the droplet-based
microfluidic approach with evaporation-induced solidification. In Figure 7.6c (AFM
images in Figure 7.2), the three-tier hierarchical microspheres (f-PS@MS) were
produced from f-PS nanoparticles of 250 nm in diameter using the same method with
photopolymerization-induced solidification. The sub-30 nm nanowrinkles on fPS@MS led to a significant enhancement of surface hydrophobicity, suggested by
the increase in water contact angle (CA) measurements.
Physical equations have been used to express the relationship between the
surface roughness and wettability, typically the Wenzel and Cassie-Baxter equations.
In the Wenzel state, the water drop totally wets the substrate, forming a continuous
three-phase contact line (TCL), resulting in a high adhesive force (high CA
hysteresis).59 In contrast, in the Cassie-Baxter state,60 air is trapped at the interface
between the water drop and the substrate, forming a nonwetting contact mode and a
discontinuous and unstable TCL, resulting in low adhesion (low CA hysteresis). The
Wenzel and Cassie-Baxter states are considered as ideal models for a drop sitting on
a superhydrophobic surface. However, practically, there are several intermediate
states such as the ‘gecko’61 and the ‘rose petal’ states,62 existing on both natural and
artificial hierarchical structures. In the ‘gecko’ state, a water drop is sucked into the
top part of nanoscale capillaries, resulting in sealed air pockets trapped in the bottom
of the nanoscale spaces. This leads to the formation of a negative pressure and thus
produces a high adhesive force.61 In the ‘rose petal’ surface, the water impregnates
only into the large-scale micropapillae of the petal without filling the nanofolds on top
of the micropapillae, thus leaving air trapped at the nanofolds. Such a wetting state
enbales the water drop to be tightly adhered to the rose petal surface, even when it
is turned upside-down.62
The films prepared from PS-co-PAAl nanoparticles, PS-co-PAAl@MS(T), and fPS@MS showed CAs of 25°, 130°, 145° in Figures 7.6a-c, respectively. The surface
of assembled PS-co-PAAl nanoparticles showed a Wenzel state with water wetting
the surface and forming a continous TCL (Figure 7.6a). This 2D film was featured
with high density nanogaps with 30±10 nm distance among neighboring PS-co-PAAl
nanoparticles. Such a structure leads to much more hydrophilic property in
comparison with a flat polysyrene film (CA of ~ 90°).62
Figure 7.6b shows a surface composed of the well-patterned two-tier
microspheres of PS-co-PAAl@MS(T), including the micropatterns from assembled
microspheres as the frames (analoggy to the setae of gecko’s feet) and the
nanopatterns of closely packed nanoparticles (analoggy to the spatulae on setae),
which shows a ‘gecko’ state.61 From the AFM image and the corresponding
dimensions of the two-tier microspheres (PS-co-PAAl@MS(T)) (Figure E5), the
height of the nanogaps among nanoparticles was approximatley 100 nm and the
minimum gap distance between two nanoparticles was about 15±10 nm.
The surface of closely packed three-tier hierarchical microspheres of f-PS@MS
exhibited a ‘rose petal’ state (Figure 7.6c) with higher CA and high adhesion to water.
Hierarchical structures featured with micropapillae and nanofolds are known to exist
on the petal surfaces of red roses.62 The produced film fabricated by three-tier
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microspheres was similar to the ‘rose petal’ surface, where the three-tier microsphere
units serve as the micropapillae, and nanowrinkles on the microsphere are like
nanofolds on every micropapillae.
Compared to the surface of assembled two-tier micropsheres (Figure 7.6b), the
three-tier microsphere assembled surface showed higher water CA of 145° as well as
high adhesion to water. This is mainly attributed to the enhanced roughness and
spatial frequency from the multi-tier of nanostructures and microstrutcures. Figure
7.6d shows that a water drop stably remained on the surface of assembled three-tier
f-PS@MS microspheres (Figure 7.6c), even when it is turned 180° upside-down.
Overall, these states of surface wettability are mainly determined by the physical
micro- and nanofeatured structures. In this way, by using the microfludic platform, we
could create the microunits with controllable nanostructures for constructing surfaces
with variable wettability. With the combination of nanoparticles and polymeric
materials, the multi-tier micro- and nanostructures could be manipulated. Further
modification of the film surfaces with tunable chemical compositions is expected to
be able to regulate the surface wettability in a better controllable manner.

Figure 7.6. HR-SEM images of films prepared by assembly of (a) PS-co-PAAl nanoparticles
(scale bar: 200 nm), (b) PS-co-PAAl@MS(T) (scale bar: 1 μm), and (c) f-PS@MS (scale bar: 1
μm). Inset HR-SEM images in (b) and (c) show the amplified nanopattern surfaces (scale bar:
200 nm). Inset OM images in (a-c) show the CA measurements of 2 μL water drops sitting on
the corresponding films (scale bars: 200 μm). The schematic diagrams on the bottom row show
corresponding geometries and parameters of three films. (d) A water drop standing on a film
covered by the three-tier f-PS@MSs, tilted at different angles (scale bars: 1 mm).
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7.3 Conclusion
In summary, we report a robust and facile method for the rapid fabrication of threetier hierarchical microspheres featuring nanostructures using a droplet-based
microfluidic platform, which has the advantages of precise control over particle size,
flexible tunability of materials, and easy integration with other techniques. These
hierarchical microspheres with multiple structures can be applied as constructable
units to build up bioinspired surfaces by self-assembly on various substrates. Both
the microsphere size and generation frequency can be controlled by the microfluidic
device design and flow dynamics of oil and water phases. The nanometer-scale
patterns on the microsphere stem from the self-assembly of colloidal nanoparticles.
The nanowrinkles with sizes in a range of tens of nanometers are generated from the
gradient polymerization-induced stress mismatch between the soft NIPAM
monomers/oligomers that are strongly bound to PS surface via hydrogen bonds and
the PNIPAM (polymerized NIPAM) hard skin layer. The roughness and spatial
frequency of the nanowrinkles could be tailored by the density of carboxylic groups at
the PS nanoparticle surfaces. Due to the morphology in three spatial levels at the
nano- and microscale, these microspheres show high roughness and spatial
frequency. Surfaces made from self-assembly of the two- and three-tier microspheres
exhibit ‘gecko’ and ‘rose petal’ wetting states, showing hydrophobicity with CAs of
130° and 145°, respectively, but high adhesion to water by holding a drop without
falling off when the film is tilted. With implementation of chemical control over the
microspheres-nanoparticles-nanowrinkles, more applications could be expected for
this reported method for creating 3D three-tier hierarchical structures as catalytic
support, gas sensing units, and sample preconcentration materials.

7.4 Methods
7.4.1 Materials
NIPAM (purity ≥ 99%), MBA (purity ≥ 99%), n-hexadecane (purity 99%), Span 80, and
DEAP, (purity ≥ 98%) were purchased from Sigma-Aldrich (the Netherlands). Both
bare polystyrene nanoparticles (bare-PS nanoparticles, d = 250±10 nm) and
copolymerized polystyrene nanoparticles with two different acrylic acid (AA) molar
fractions (10% PS-co-PAAl, d = 250±10 nm nanoparticles, 18.5% PS-co-PAAh, d =
250±10 nm) were provided by Nanjing Nanorainbow Biotechnology Co., Ltd.
company (Nanjing, China). The PS-co-PAA nanoparticles were synthesized from
random polymerization by the monomer of styrene and acrylic acid with different
contents via a soap-free emulsion polymerization method. The chemical structures of
these different polystyrene nanoparticles used in this chapter are shown in Figure E1,
Appendix E. The specifically carboxylic functionalized polystyrene nanoparticles (fPS nanoparticles, d = 250±50 nm) were purchased from Wuhan Jiayuan
Quantumdots Co. Ltd. company (Wuhan, China). The synthetic route and chemical
structure of f-PS nanoparticles are shown in Figure E3 of Appendix E. Hydrazinemodified polystyrene nanoparticles were treated further with the succinic anhydride,
yielding the carboxylic-functionalized f-PS nanoparticles.63 The HR-SEM images of
the surface morphology of bare-PS, PS-co-PAA, and f-PS nanoparticles are shown
in Figures E3c-f. Polystyrene nanoparticles were all dispersed in deionized water
without any additions before using to generate emulsion droplets.
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7.4.2 Fabrication of microfluidic device
The polydimethylsiloxane (PDMS) microfluidic device with flow-focusing geometry
was fabricated using the standard soft lithography technique.64 The detailed
fabrication process of this microfluidic device was presented in Chapter 3.65

7.4.3 Construction of hierarchical microspheres
Two immiscible phases were used to produce highly uniform emulsion droplets
through a flow-focusing microfluidic device. The water phase was a suspension of
different polystyrene nanoparticles with a certain amount of monomer (NIPAM) and
cross-linker (MBA). The oil phase was n-hexadecane contained Span 80 (as a
surfactant to stabilize the generated emulsion droplets) and DEAP (as a
photoinitiator). The water phase was sheared and broken into monodispersed
emulsion droplets by the oil phase in the flow-focusing junction of the microfluidic
device. Produced monodispersed droplets containing an amount of nanoparticles
served as templates to induce self-assembly of nanoparticles on the droplet surface
driven by surface energy minimization and stabilized by electrostatic repulsion. As
time evolved, the droplets were featured close-packed nanopatterns, which were then
solidified upon UV irradiation (IntelliRy-600, 365 nm, 600 W, 120 mW cm-2, Uvitron
International, Inc., Massachusetts) for 300 s through photopolymerization, yielding
solid hierarchical microspheres (MS). In addition, the thermal evaporation method
was also used to yield solid microspheres (denoted as MS(T)) as a control approach.
Herein, the composition of hierarchical microcapsules can be precisely and flexibly
tuned, owing to the advantages of microfluidic technique.

7.4.4 Characterization
Optical Microscope. The generation process of emulsion droplets was monitored and
recorded by using an inverted optical microscope (Olympus IX2, Tokyo, Japan)
equipped with a high-speed camera (Phantom, MIRO MIIO, Vision Research Inc.,
Wayne County, NC, USA) in bright-field mode. The fluorescent image was taken by
an inverted optical microscope (Olympus IX73, Tokyo, Japan) equipped with a digital
camera (Olympus DP73, Tokyo, Japan) using the 365 nm excitation mode.
Scanning Electron Microscope. Fabricated hierarchical microsphere suspension in
ethanol was dripped onto a clean piece of silicon substrate and dried naturally at room
temperature. A thin platinum layer was coated on the exposed surface using a coating
machine (Quorus, Q150T ES, Quorum Technologies Ltd., Ashford, England) prior to
the HR-SEM examination. The morphology of these microspheres was characterized
by FE-SEM (ZEISS ultra 55, Carl Zeiss, Germany) using either the secondary electron
detector or in-lens detector with an accelerating voltage of 5 kV. The focus ion beam
(FEI NOVA600 DUALBEAM FIB/SEM, United States) was used to cut the crosssection of wrinkled microspheres in order to characterize the structure and topology
of f-PS nanoparticles encapsulated inside the microspheres.
Atomic Force Microscope. Dimensions of nanostructures on the surface of twotier/three-tier hierarchical microspheres were measured by using an atomic force
microscope (AFM) (Bruker Fast Scan, Bruker Corporation, Billerica, United States)
equipped with a Fast Scan scanner for high-resolution images. The contact-mode
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AFM with a tip radius of 2 nm and scanning frequency in a range of 0.99−1.99 Hz was
used to collect the topology of the surface.
Fourier-Transform Infrared Spectroscopy. Polystyrene nanoparticles (PS-co-PAA
and f-PS nanoparticles) were analyzed using a Fourier-transform infrared
spectroscopy (FTIR) under the transmittance mode (PerkinElmer Spectrum 2000,
USA) in a region of 400−4000 cm-1. Before each measurement, the sample was
vacuumed and dried in an oven overnight. The dried samples were mixed with KBr
by grinding and compressed into a round transparent sheet for FTIR analysis. The
adsorption spectra of PS-co-PAA nanoparticles, f-PS nanoparticles, and hierarchical
microspheres (f-PS@MS) made from f-PS nanoparticles analyzed by FTIR are shown
in Figures E6a1-c1, respectively. Figures E6a2-c2 shows the locally amplified
transmittance spectra in the wavenumber of 1500-1800 cm-1 corresponding to
Figures E6a1-c1.
The transmittance peaks at 3068, 3026, 1596, 1492, 1448, 756, and 696 cm-1
correspond to the phenyl (Ph) group; the peaks at 2920 and 2846 cm-1 correspond to
the methylene and methenyl groups, respectively; and the peaks at 1072 and 1024
cm-1 correspond to the C−C and C−Ph bonds, respectively (Figures E6a1-c1). This
indicated the presence of the bone polymer (polystyrene). Moreover, each spectrum
showed its own characteristic peaks, demonstrating different functional groups
produced on the corresponding particles. As shown in Figures E6a1-a2, the peaks
located at 3448 and 1701 cm-1 were resulted from stretching vibrations of hydroxyl
group and carbonyl group C=O, respectively,66 which indicated the existence of
carboxylic group on PS-co-PAA nanoparticles. Figure E6b1 shows the presence of
amide group and carboxylic group on the specifically carboxylic functionalized
nanoparticles (f-PS), resulting from the N-H stretch at 3431 cm-1, the C=O stretch
from amide group at 1641 cm-1, and the weak peak of O-H stretch and C=O stretch
from carboxylic group located at 3730 and 1745 cm-1, respectively. The produced
three-tier hierarchical microspheres (f-PS@MS) with nanowrinkles were also
analyzed by using FTIR (Figure E6c1). The broad band at 3464 cm-1 is attributed to
the N-H stretching vibration, and the strong peak at 1647 cm-1 is due to C=O stretching,
demonstrating all typical absorption peaks of NIPAM polymer.67 The peak located at
1101 cm-1 indicated the stretch of the C-N group.
X-ray Photoelectron Spectroscopy. X-ray photoelectron spectroscopy (XPS) was
utilized for surface analysis, by using an Omicron Nanotechnology GmbH (Oxford
Instruments) with a photon energy of 1486.7 eV (Al Kα X-ray source) at a scanning
step size of 0.1 eV. Before the measurement, the samples were dried and transferred
onto a clean piece of carbon film. XPS spectra were obtained with a spot size of 200
μm. High-resolution scans of individual elements and the survey spectra were
measured at a pass energy of 20 and 200 eV, respectively. The scans were averaged
over 10 sweeps.
The XPS spectra of the PS-co-PAA and f-PS nanoparticles are shown in Figure
E7a and d, respectively. Obviously, the PS-co-PAA nanoparticles were composed of
C and O elements without N element. The spectrum of f-PS nanoparticles showed
the presence of N element, which is consistent with the chemical structure and
component of the as-prepared f-PS nanoparticles, as shown in Figure E3. The highresolution spectrum of C 1s from the PS-co-PAA nanoparticles (Figure E7b) showed
three peaks at 285.2, 286.7, and 289.2 eV for C-C, C-O, and C(O)O, respectively.
The high-resolution spectrum of O 1s (Figure E7c) revealed the presence of C-O
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bonds (532.5 eV) and C=O bonds (533.7 eV). Moreover, the high-resolution spectrum
of C 1s from f-PS nanoparticles (Figure E7e) showed three bands located at C-C
bonds (284.0 eV), C-N bonds (285.7 eV), and C=O (287.9 eV), respectively. The
peaks at C-O (531.1 eV) and C=O (532.7 eV) were also presented in the highresolution spectrum of O 1s from f-PS nanoparticles (Figure E7f).
Preparation of Bioinspired Surfaces. The hierarchical microsphere suspension
(dispersed in deionized water) was pipetted onto a piece of silicon wafer cleaned by
using oxygen plasma. Due to hydrophobicity, the microspheres floated on the water
surface and started to assemble at room temperature naturally as water evaporated.
The obtained films with multilayer patterned microspheres were then used to study
the wetting performance (Figure E8).
Contact Angle Measurement. One water drop with a volume of 2 μL was dripped
gently on the as-prepared substrate. The substrate was covered with a layer of
produced hierarchical microspheres. An interfacial tension meter OCA 15 Pro
(Dataphysics, Germany) was used to measure the contact angle at ambient
temperature. The Laplace−Young fitting method was used to measure the value of
contact angles. Every substrate was measured for five times at different positions to
obtain the average contact angle.
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Chapter 8

T

his chapter summarizes the results presented in this thesis. Also, some
recommendations are given that improve the fabrication of hierarchical structures
with controllable functionalities as described in this thesis. Finally some suggestion
for future research are given.
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8.1 Summary
In this thesis we describe the development of droplet microfluidic-based methods to
manufacture hierarchical spherical structures with the resulting structure-enhanced
functionalities. Due to their periodic nanostructured arrays, often in combination with
arrays of gold nanoparticles, we were able to obtain specific properties that can be
used for different applications. In Chapter 2, we briefly reviewed recent work on the
fabrication of stimuli-responsive microparticles/microcapsules, thereby specifically
focusing on microfluidic platforms, selection of responsive materials, and the
achieved functions and applications. By combining macroscale materials and
nanoscale particles through microfluidic technology, the fabricated smart
microparticles/microcapsules possess the responsive properties from the constituent
materials, a high surface-to-volume ratio and enhanced field effect from selfassembled nanostructures, with the advantage of tailoring their composition and
structure of the hierarchical microparticles due to the use of droplet microfluidics. The
microparticles have been applied in many fields such as gas sensors, colorimetric
sensors, biosensors, surface-enhanced Raman scattering (SERS), displays, drug
release, actuators, catalysis, energy storage and light harvesting. Due to the high
tunability in the structures of these fabricated microspheres and the promising
application in many fields, the fabrication of two-tier spherical photonic crystals (SPCs)
with metal-covered nanoarrays was investigated and is presented in Chapter 3. Here
we combine droplet microfluidics, nanoparticle self-assembly and metal film
deposition techniques to create metallic nanoarrays on two-tier SPCs. These SPCs
have high-density scattering sites, the “hotspots”, of which the nanoarray pitch and
gap distance can be controlled by the deposited metal film thickness and silica
nanoparticle size. This results in an amplified near-field electromagnetic field. We
showed that we can achieve enhanced Raman detection with an enhancement factor
(EF) of ~107, demonstrated by 4-methylbenzenethiol (4-MBT) as a probe molecule
adsorbed on the Au/Ag covered nanoarrays. In Chapter 4, we integrate the droplet
microfluidics with metal film deposition and thermal annealing in ambient environment
to manufacture three-tier SPCs with diverse surface morphologies, multi-scale length
and structure-dependent optical properties of both photonic stop band (PSB) and
surface plasmon resonance (SPR). The fabricated SPCs furthermore show a high
potential for the application in anticounterfeiting without photodegradation and
information security areas due to the color contrast under different illumination modes.
The Raman performance of these fabricated three-tier SPCs is further investigated in
Chapter 5. Here the Raman performance is determined by studying the Ramanscattering signals of adsorbed benzenethiol (BT) molecules on the fabricated threetier SPCs. The fabricated SPCs possess both PSB properties resulting from the
periodic SiO2NP arrangements and SPR resulting from the gold nanocrystal arrays.
We conclude that the amplified electromagnetic field can not only result from the high
density “hotspots”, but can also be substantially improved at the PSB edges of the
photonic crystal (PC) structures. By tailoring both PSB and SPR properties, a
synergistic effect on the amplified electromagnetic field can be achieved thereby
improving the enhancement of Raman signal. In Chapter 6 we explore the effect of
the gas atmosphere on the formation of 3rd-tier morphology during the thermal
annealing process. The two-tier Au-coated SPCs described in Chapter 4 are now
annealed at high temperature in the vicinity of a silicon wafer under an inert gas
(N2/Ar). We find that this results in hierarchical SPCs featuring silica nanowires
(SiO2NWs). From an analysis of the results, we determine that the growth of SiO2NWs
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on Au-coated SPCs can be performed in a controlled fashion. We show different
morphologies of these ‘hairy’ SPCs, for example, directional growth of ‘rod-like’ and
radial growth of ‘flower-like’ structures, which is determined by the mass transport of
SiO vapor produced at the silicon wafer by Au-catalysed chemical reactions. The
observed morphology of SiO2NW growth can be well explained based on the existing
vapor-liquid-solid (VLS) growth model. The resulting material displaying SiO2NW on
SPCs as a composite material holds both PSB properties, caused by the preservation
of SiO2NP arrangements after high temperature annealing, and a high spatial
frequency. As such, it can be used as superwetting materials (self-cleaning,
antifogging, oil/water separation) and specific photonic codes for diagnostics. Finally,
the advantages of droplet microfluidics are leveraged in Chapter 7, to produce
hierarchical microspheres featuring wrinkled nanostructures. The produced
nanowrinkles (3rd-tier) on the polystyrene (PS) nanoparticle patterns (2nd-tier) are
formed due to the interfacial instability induced by gradient photopolymerization of nisopropylacrylamide (NIPAM) monomers. The morphology of the nanowrinkles can
be regulated by the photopolymerization process and the fraction of carboxylic groups
on the PS nanoparticle surface. Such a hierarchical microsphere can be seen as
mimicking an individual unit of a bioinspired surface, as the surfaces of these
fabricated two-tier and three-tier hierarchical microunits collectively exhibit ‘gecko’
and ‘rose petal’ wetting states, with the micro- and nanoscale structures amplifying
the initial hydrophobicity but still being highly adhesive to water.

8.2 Recommendations and outlook
In this thesis, we mainly focused on the fabrication of multilevel hierarchical SPCs,
and investigated the structure-determined functionalities for potential applications in
molecular detection based on SERS, anticounterfeiting, and as superwetting
materials for mimicry of bioinspired surfaces. We showed in chapter 3, that by
controlling the thickness of the deposited Au/Ag film on the two-tier SPCs surface, the
Raman signal EF can reach more than 107. The good enhancement is based on the
metallic nanostructures with high density “hotspots” featuring on the two-tier SPC
surface as individual microunits. However, application of a low-cost metal (e.g. Cu)
still needs to be developed to limit the costs of the material. The fabricated three-tier
SPCs in Chapter 4 are potentially of interest for biomolecular sensing (e.g. DNA,
protein), photocatalysis, and dynamic superwetting by modification of the AuNC or
SiO2NP surface. However, for these applications we must address the adhesion
limitation of AuNCs on SiO2NPs, since we found that the AuNCs would detach from
the SiO2NPs on immersion in aqueous solution for long time. Furthermore, it will be
important to theoretically understand the interaction between PSB and SPR
properties of our composite structures. These SPCs can be further served as
templates to create porous materials by filling the interstitial sites with an
inorganic/organic precursor material, manufacturing interconnected, nanoporous
materials referred to as inverse PC structures/opals. The manufactured inverse PC
structures with well-spaced AuNC lattices possess a higher voids fraction, thereby
amplifying the sensitivity of a sensor. In addition, the PSB properties resulting from
the inverse PC structures and SPR properties resulting from the plasmonic metal
nanoparticles, both are responsive to the dielectric constants of surrounding medium.
It is therefore of significance to develop the fabricated composite inverse PC
structures with AuNC arrays for point-of-care diagnostics based on their structural
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colour, optical spectroscopy, configuration change and so on. When using the
fabricated three-tier SPCs featuring AuNC arrays on their surface as SERS-active
units (chapter 5), it is highly recommended to investigate other plasmonic metal
particles deposited on the three-tier SPCs for their SERS performance. We expect
that the properties of the metal will namely remarkably affect the resonant wavelength
between the laser excitation wavelength and the absorption wavelength of structures.
For the hierarchical structure with the nanowires (Chapter 6), we studied the
nanowire growth on Au-coated SPCs in N2 gas, but to broaden the understanding of
growth and applications, other metals (e.g. platinum (Pt), palladium (Pd), nickel (Ni))
or other gas atmospheres (e.g. mixtures of a reducing gas (H2), or a reactive gas
(SF6)) can be applied. Since the properties of both metal (e.g. melting point) and
atmosphere (e.g. chemical property) are the determined factors to produce the vapor
phase for NW growth according to the VLS growth. For the last hierarchical
microstructures that have been described in the last experimental chapter of this
thesis (Chapter 7), namely the wrinkled particles, a better performance of bio-inspired
surfaces is expected. For this the density of the functional groups on the constituted
organic nanoparticles needs to be precisely controlled. Additionally, using
nanoparticles with smart materials which are responsive to external stimuli can be of
interest, thereby achieving dynamic superwetting control. This might be highly
promising for actuators and in microfluidic devices.
Importantly, it is highly demanded and promising to integrate the smart
hierarchical structures into microfluidic devices to achieve the online diagnostics with
high sensitivity, fast response and easy operation. A possible concept for single
molecular sensing in diagnostic application is shown in Figure 8.1. As we
demonstrated in Chapter 6, the produced SPCs with nanowires (NW-SPC) show
superhydrophobility with exceptionally low adhesion to water. These structures can
be used for contact line pinning-free water evaporation to enrich the low concentration
analytes in solution. After evaporation, the analytes will be adsorbed on the
aggregated Au nanoparticles surface, resulting in an increase in the concentration of
the analytes. Meanwhile, the SPCs with the nanowires hold the controllable PSB
properties, which can interact with light to achieve the multiple scattering in PC
structures, particularly, at the edge of the PSB properties. Integrating of these two
structures of PC and 3D Au aggregates, an amplified electromagnetic field can be
generated and this can be used to enhance the Raman signal of analytes near a
single molecule level.

Figure 8.1. Schematic diagram of achieving single molecule level sensing using patterned
superhydrophobic SPCs.
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When considering photocatalysis and energy conversion applications, smart
materials could be developed on the basis of the techniques demonstrated here for
fabrication of hierarchical opal/inverse opal structures with controllable morphology,
and specific physical and chemical properties.
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A.1 Optical microscopy measurements
Optical images were taken using an inverted optical microscope (Olympus IX2, Tokyo,
Japan) equipped with a high-speed camera (Phantom, MIRO MIIO, Vision Research
Inc., Wayne County, NC, USA) in bright-field mode. Digital camera adapter (DV-500)
matched on the metallurgical microscope (L3230, Liss Optical Instrument Co. LTD.,
China) was used to observe the microspheres. The average diameter of the emulsion
droplets and microspheres was analyzed using Image J software.

A.2 Scanning electron microscope (SEM)
Fabricated microspheres suspended in ethanol were dripped onto a small piece of
silicon substrate and dried by a stream of nitrogen gas. A thin layer of Au film (5 – 10
nm) (Quorum Q150TES, Quorum Technologies Ltd., Ashford, England) was
deposited onto the prepared microsphere surface before SEM measurements when
the microsphere was not covered by a metal film using magnetron sputtering. The
morphologies of original microspheres and noble metal-coated microspheres were
observed by FE-SEM (ZEISS ultra 55, Carl Zeiss, Germany) with an accelerating
voltage of 5 kV. The secondary electron detector (SE) was used to collect morphology
signals.

A.3 Reflection measurements
A fibre optical spectrometer (USB2000, Ocean Optics Inc., Shanghai, China)
equipped with a biological microscope (UB200i, COIC Industrial Co., Ltd., Chongqing,
China) was used to measure the reflection spectra of original microspheres and noble
metal-coated microspheres.

A.4 Calculation of EFs
To estimate the EF of the metal-coated PLPMs, pure bulk powder was measured to
obtain the normal Raman spectrum. EF of the prepared metal-coated (Au and Ag)
PLPMs were calculated from the SERS spectra at 1078 and 1592 cm-1 bands,
respectively, according to the equation of EF = (ISERS/IBulk)×(NBulk/NSERS). Where ISERS
and IBulk are the intensities of the same band of Raman signal from the analytical
molecules on the SERS-active substrate and on pure bulk substrate, respectively,
and NSERS and NBulk are the number of the analytical molecules probed in the Raman
spectrum on the SERS-active substrate and on pure bulk substrate, respectively. IBulk
was determined based on the Raman spectrum of the solid state 4-MBT and the
confocal volume of the Raman spectrum. It was excited on the pure 4-MBT bulk
substrate, and NBulk was determined by assuming that the laser excitation volume has
a cylinder shape with a circular diameter being equal to the focused laser spot
diameter and the height being equal to the effective probe depth (Hobj). Hobj was
obtained by adjusting the substrate stage out of the laser focus plane in 1 μm
increment and capturing the silicon characteristic peak value at 520 cm-1.1 Nbulk is not
counted when the signal intensity is less than half of the maximum value at the
characteristic position, yielding the Hobj value of 26 μm. The amount of Nbulk that
contributes to the pure bulk Raman signal inside the interaction volume is calculated
to be 2.46×1011 with the molar volume of 4-MBT 118.3 cm3·mol-1.
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In this work, to avoid the effect from non-SERS area, ISERS is calculated by
subtracting the signal of non-SERS area from the measured Raman intensity at the
same position, as demonstrated in Figure A3a (see details in Table A1). When
determining NSERS, the number of the contributory molecules in the “hotspots” region,
the equation NSERS = AS×D4-MBT is applied, where As is the contributory “hotspots”
surface area and D4-MBT is the surface density of the 4-MBT molecules chemisorbed
on the metallic nanostructured surface. 4-MBT molecules are assumed to be
adsorbed as a monolayer with a surface density (D4-MBT) of 4 molecules·nm-2 onto the
surface area (As).2,3 The schematic model shown in Figure A3b is employed to
calculate As.4 In this calculation, r is the mean radius of a SiO2NP, and h is the
nanogap distance which is assumed to be 5 nm for the dimer-based nanoparticles,
assuming a SiO2NP 378 nm in diameter with a layer of Ag film of 145 nm in thickness.
The diameter of the laser spot in this Raman system is 1.54 μm, which includes
approximately 34 “hotspots” scattering sites, contributing to the SERS signal
enhancement based on the SEM images in Figure 3.4 of the Chapter 3. NSERS was
obtained by multiplying the calculated total surface area of the 34 “hotspots” region
(As = 4.03×10-13 m2) by the surface density of the 4-MBT molecules chemisorbed on
the nanogap surface (D4-MBT = 4×1018 molecules·m-2), yielding NSERS = 1.61×106. The
EF of the “hotspots” was calculated to be 1.3×107 and 7.5×107 at the Raman band of
1078 and 1592 cm-1, respectively with d = 378 nm and tAg = 145 nm. The maximum
EFs on Au-coated PLPMs were 1.1×107 and 4.5×107 at the Raman band of 1078 and
1592 cm-1, respectively with d = 378 nm and tAu = 198 nm. The corresponding
simulation work is described in the following.

A.5 Simulation of localized EM field at the Au- and Ag-coated
nanogaps
From previous reports, numerous results show that the noble metal nanoparticle
dimer structures could provide strong localized EM field at the nanogaps of dimers.
In order to study the EM surface mode of the nanoparticle array, called LSPP, the
finite difference time domain (FDTD) simulation was applied. The profile data of Auand Ag-coated nanoparticles with d = 378 nm was applied in the FDTD simulator.
Figure A4 demonstrates the specific EM field distribution of the Au- and Ag-coated
nanogaps, which is consistent with the SERS intensity distribution in previous studies
and the measured data.
The EM field enhancement is extremely large at the specific area (“hotspots”)
between two metal-coated nanoparticles, then the EM enhancement factor for a
Stokes scattering process can be expressed as:5



2
2
 Eloc (r,ω0 )   Eloc (r,ω0 − ω1) 

=
EF(r, ω ) 


 ⋅

 E0 (r,ω0 )   E0 (r,ω0 − ω1) 

(A.1).

 
 
Eloc (r,ω0 ) and E0 (r, ω0 ) are the magnitude of the total local electric field and the
incident electric field, respectively. ω0 is the incident radiation frequency and the
scattered radiation has vibrational frequency ω1. The EM field enhancement is an
important parameter used to assess the EF of SERS. The SERS enhancement is a
consequence of the enhancement of both the incident electric field and the scattered
electric field.
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The EM field results in a Raman scattering enhancement which can be estimated
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 , as the most important factor in the EM enhancement
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fator is the local EM ( Eloc (r, ω0 ) ) near the metal naostructure. Therefore, the
maximum Raman EF of the Au- and Ag-coated nanogaps are 2.4×107 and 1.2×108,
respectively, which are in good agreement with the experimental results (1.1×107 and
4.5×107 at the Raman bands of 1078 and 1592 cm-1 for Au-coated nanoarray; 1.3×107
and 7.5×107 at the Raman bands of 1078 and 1592 cm-1 for Ag-coated nanoarray)
considering the non-optimum alignment and particle shapes.

A.6 Raman measurements of 2-mercaptoethanesulfonate
To demonstrate the efficiency of the PLPMs, small Raman cross-section molecule of
2-mercaptoethanesulfonate (MES) anions has also been detected by chemisorbed to
the surface of metal-coated PLPMs. Sodium 2-mercaptoethanesulfonate like other
thiols has high affinity to the Ag surface; it strongly binds to Ag nanopatterns through
S-H groups and forms a metal-sulfur bond.6 The metal-coated PLPMs were put in 10
mM MESNa aqueous solution with pH 2.7 (0.1 M phosphate buffer solution and 1 M
H3PO4 used to control the pH value) for 1 h, and rinsed for 1 min after taken out. After
drying using N2, the sample was put on the stage for Raman measurement. And the
metal-coated PLPMs were immersed in 10 mM MESNa aqueous solution with pH 2.7
for 1 h and then transferred to the Raman measurement stage to obtain the spectrum
in aqueous solution. Figures A6a and b show the Raman spectra of MESNa
absorbed on SERS-active substrates for dry measurement and wet measurement,
respectively. The 633 nm laser wavelength with power of 1 % was used for all Raman
measurements. Each Raman spectrum was collected for one accumulation in 10 s.
The band of 303 cm-1 corresponds to the Ag-S stretching vibrations, according to the
previous work. The bands at 647, 715 and 808 cm-1 arises from C-S stretching
vibration. The most intense band at 808 cm-1 involves sulfur from the sulfonate group
ν(C1-S), whereas the other two bands at 647 and 715 cm-1 involve sulfur of the thiol
group and can be ascribed to the trans (T) and gauche (G) conformation of S (thiol)C-C chain (marked as ν(C2-S)T and ν(C2-S)G), respectively.7 The Raman bands at
1045 and 1079 cm-1 can be assigned to the symmetric stretch of the sulfonate group
(νs(SO3-)). The position of the higher wavenumber band is very close to SO3- band in
the Raman spectrum of crystalline MESNa and varies with the counterion.8 Therefore,
the 1079 cm-1 component has been ascribed to the sulfonate groups interacting with
sodium cations directly, while the 1045 cm-1 is assigned to solvated SO3- groups. The
Raman spectra of bulk MESNa powder (inset of Figure A6a) and 1 M MESNa
aqueous solution (inset of Figure A6b) were also measured at the same
measurement settings. It is obvious to conclude that the enhanced SERS effects was
obtained on PLPMs compared to the bulk materials.
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Figure A1. Graph of expected and measured metal film thickness as a function of sputtering
duration. (a) Au film thickness (tAu) as a function of sputtering duration (t). (b) Ag film thickness
(tAg) as a function of sputtering duration (t).

Figure A2. Raman intensity as a function of (a) Au and Ag film thickness (tAu and tAg) at d = 378
nm, and (b) SiO2NP diameter (d) at tAu = 198 nm and tAg = 145 nm.

Figure A3. Schematic drawing of (a) the real nanogap (“hotspot”) contributed Raman intensity
(Igap.) obtained by subtracting the reference (non-SERS area, Iref.) surface from the measured
intensity (Imea.), and (b) the method to estimate the number of probe molecules trapped in the
“hotspots” area (NSERS) among the neighboring metal-coated SiO2NPs. The “hotspots” region is
assumed to comprise a cap on the surface of each nanoparticle in the interparticle region
(yellow).
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Figure A4. Simulated localized EM field in the nanogaps of Au- and Ag-coated nanoarrays
using the finite difference time domain (FDTD). The simulated EFmax of Au- and Ag-coated
substrates are 2.4×107 and 1.2×108, respectively.

Figure A5. Measured Raman spectrum of PLPMs in 0.1 mM 4-MBT aqueous solution, with
inset the Raman spectrum of 1 M 4-MBT aqueous solution without SERS-active substrates.
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Figure A6. (a) Measured SERS spectrum of MESNa with PLPMs in air and inset of MESNa
chemical structure and the bulk powder Raman spectrum. (b) Measured SERS spectrum of
MESNa with PLPMs in solution (0.1 mM), with inset the Raman spectrum of 1 M MESNa
aqueous solution without SERS-active substrates.
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Table A1. EF values of Au- and Ag-coated PLPMs.
Raman band
Intensity
IAu-max
IAu-ref

IAu-gap
EFAu

1078 cm-1 1592 cm-1
99302

48460

IAg-ref

7604

3944

91698

44516

7

1.1×10

Raman band
Intensity
IAg-max

7

4.5×10

IAg-gap
EFAg

1078 cm-1

1592 cm-1

154183

102959

42627

28670

111556

74289

7

1.3×10

7

7.5×10

Note: Imax is the maximum intensity Raman bands at 1078 and 1592 cm-1; Iref is the reference
intensity from thick layer of Au or Ag film coated SERS-active substrates; Igap is the Ramsn
intensity from the nanogaps by abstracting Iref from Imax.

Table A2. Raman intensity raito of Au-coated PLPMs to flat Au film.
tAu (nm)

IPLPM 1078 cm-1

Iratio(1078)=
IPLPM/Ifilm

IPLPM 1592 cm-1

Iratio(1592)=
IPLPM/Ifilm

Au flat film
48
97
198
346
448
598

3.2
50195.7
89537.5
99301.6
23543.9
14276.4
7604.07

/
1.6×104
2.8×104
3.1×104
7.4×103
4.5×103
2.4×103

1.4
30888.4
44635.5
48460.2
9992.75
7270.02
3944.4

/
2.2×104
3.2×104
3.5×104
7.1×103
5.2×103
2.8×103

Table A3. Raman intensity raito of Ag-coated PLPMs to flat Ag film.
tAu (nm)

IPLPM 1078 cm-1

Iratio(1078)=
IPLPM/Ifilm

IPLPM 1592 cm-1

Iratio(1592)=
IPLPM/Ifilm

Ag flat film
103
154
213
256

5.2
130842
143582
85897
42627

/
2.5×104
2.8×104
1.7×104
8.2×103

5.6
70203
84908
49419
28670

/
1.3×104
1.5×104
8.8×103
5.1×103
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B.1 Surface topology of deposited Au films on flat and
nanostructured surfaces

Figure B1. Top-view HR-SEM images of surface morphologies of deposited Au films by
sputtering at 200 W for 5 s (a, d), 10 s (b, e) and 15 s (c, f) on a flat silicon wafer (a-c) and a
nanostructured surface (d-f), respectively. Scale bars represent 200 nm and 100 nm (inset).

B.2 Effect of annealing temperature on formed 3rd-tier
morphology

Figure B2. Top-view HR-SEM images of surface morphologies of formed AuNCs on the 2ndtier after thermal annealing treatment for 1 h but at different temperatures (a) 500 °C, (b) 600
°C, (c) 800 °C. They were prepared by sputtering Au film at 200 W for 10 s on the as-prepared
fresh two-tier SPCs with SiO2NPs 300 nm in diameter. Scale bar: 250 nm.
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B.3 Surface topology of various Au film/AuNC-coated SPCs

Figure B3. Top-view HR-SEM images (scale bar: 100 nm) of the surface morphologies of the
two-tier SPCs coated with Au films by sputtering at (a) 100 W 5 s and (b) 200 W for 5 s, being
taken using secondary electron (SE) detector, and energy selective backscattered (ESB)
detector (white area indicates the Au film covered areas).
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Figure B4. HR-SEM images of overall SPCs (scale bar: 2 μm) and their close-up surface
morphology (scale bar: 200 nm) of two-tier SPCs consisting of SiO2NPs with 300 nm in diameter,
coated with Au films prepared by sputtering at 200 W for (a) 30 s, (b) 40 s, and (c) 50 s. (d-f)
HR-SEM images of overall SPCs (scale bar: 2 μm) and their close-up surface morphology (scale
bar: 200 nm) of the three-tier SPCs prepared by thermal annealing the samples of (a-c) at 800
°C for 1 h in ambient air, respectively.
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B.4 Effect of Au film and SiO2NP diameter on formed AuNC
size and edge-to-edge distance

Figure B5. Graphs of (a) average diameter and (b) gap distance of AuNCs distributed on the
SiO2NP surfaces of the three-tier SPCs in Figures 4.2 (c, e, g, i, and k). (c) Average diameter
and (d) gap distance of AuNCs distributed on the SiO2NP surface of the three-tier SPCs as a
function of the SiO2NP diameter. Au films were sputtered at 200 W for 15 s or 20 s. The error
bars in (a-d) indicate the standard deviations of the average diameter of AuNCs and the gap
distance obtained from 25 measurements.

175

Appendix B

Figure B6. Top-view HR-SEM images (scale bar: 200 nm) of the surface morphology of Aucoated two-tier SPCs consisting of SiO2NPs with diameters (D) of (a) 200 nm and (b) 300 nm,
and Au films prepared by sputtering at 200 W for 15 s and 20 s. The HR-SEM images were
taken using SE detector, and ESB detector (white areas indicate the Au film covered areas).
The red circles indicate a continuous Au film in each sample.

B.5 Cross-sectional HR-SEM image of formed nanopores

Figure B7. Side-view HR-SEM images of (a) three-tier SPCs with one large AuNC and multiple
small ones along the rim of each SiO2NP and (b) only single large AuNC on the top of SiO2NP.
(c) Cross-sectional HR-SEM images of three-tier SPCs featuring closed-end nanopores. Left
image shows a single SPC and the close-up image (middle) shows an exact cut-through
nanopores (yellow arrow) and a demonstration of the AuNC engulfment (red arrow)
characterized by ESB detector. Right image shows the corresponding close-up image of the
middle image using the SE detector. The cross-sectional sample was made by focus ion beam.
Scale bars represent in (a) 200 nm, (b) 200 nm and 1 μm (inset), (c) 1 μm and 200 nm (closeup images). Note: the nanopores formed on the 2nd-tier of SiO2NP nanopatterns do not locate
at the same line, then leading to a few cut through pores exposed in one cutting by using focus
ion beam.
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B.6 Morphology of AuNCs distributed on flat surfaces

Figure B8. HR-SEM images of surface morphologies of formed AuNCs on a flat silicon wafer,
which were obtained by sputtering the Au film at 200 W for 5 s (a), 10 s (b) and 15 s (c), followed
by the thermal annealing at 800 °C for 1 h. Scale bars represent 200 nm and 100 nm (inset).

B.7 Three-tier SPCs with controllable constituent materials

Figure B9. Top-view close-up HR-SEM images (scale bar: 200 nm) showing surface
morphology of three-tier SPCs with TiO2-coated SiO2NP arrangements. SPCs consisted of
SiO2NPs with 250 nm in diameter. These three-tier SPCs were prepared by depositing TiO2
films (~50 nm) before Au film deposition. (a) TiO2-coated two-tier SPC. (b-f) Three-tier SPCs
with Au films prepared by sputtering at (b) 100 W for 5 s, (c) 200 W for 5 s, (d) 200 W for 10 s,
(e) 200 W for 15 s and (f) 200 W for 20 s, on (a), and followed by thermal annealing at 800 °C
for 1 h in air without flow.
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Figure B10. Top-view close-up HR-SEM images showing the surface morphology of PtNCcovered three-tier SPCs (scale bar: 200 nm). These SPCs were prepared by sputtering Pt films
at 200 W for (a) 5 s, (b) 10 s, (c) 15 s, (d) 20 s and (e) 30 s, on the as-prepared two-tier SPCs
consisting of SiO2NPs with 280 nm in diameter, followed by thermal annealing at 800 °C for 1
h in air without flow.

B.8 Optical properties of prepared SPCs

Figure B11. OM images (scale bar: 20 μm) and corresponding reflection spectra of fresh twotier SPCs under (a) BF and (b) DF illumination modes upon variation of SiO2NP diameter from
220 nm to 250 nm and 280 nm, respectively.
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Figure B12. The white light paths under BF (a) and DF (b) illumination modes using the
reflection mode to collect the spectra.

Figure B13. The Bragg diffraction spectra of two-tier SPCs with a blue shift from fresh ones to
the ones annealed at 800 ºC for 1 h, which were measured under the BF mode in ambient air.
Insets are the corresponding OM images. Scale bar: 10 μm.
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B.9 Estimation of neff of a three-tier SPC
The average neff of the three-tier SPCs can be estimated according to the following
equation:

neff =

2
2
2
nair
⋅ Vair + nSiO
⋅ VSiO2NP + nAuNC
⋅ VAuNC
2NP

(B.1),

where n and V mean the refractive index and volume fraction, respectively; and the
subscripts represent corresponding materials as named. AuNCs only anchored on
the hemisphere surface of single two-tier SPC according to the fabrication method.
We could obtain the number of AuNC on each SiO2NP according to the HR-SEM
image, and the number of SiO2NPs confined on the surface of single two-tier SPC
according to the diameter of the microsphere.
Single SPC is around 12.6 μm in diameter, thus its volume is calculated to be
1047 μm3. The number of the SiO2NPs anchored on the surface of the hemisphere is
3256 based on Figure 4.2a in the manuscript. For example, for a three-tier
800°C
@SPC with one large AuNC on top of each SiO2NP and small AuNCs
Au200W
15s T1h
along the rim, the volume diameter of the formed large AuNC is 9.04×10-4 μm3
calculated from its diameter of 120 nm. Thereby, the calculated total volume of the
large AuNCs on the hemispherical surface is 2.94 μm3. The volume of AuNCs is only
0.28% of that of SPC, which can be neglected for calculating neff of single three-tier
SPCs.
The Bragg diffraction peaks of fresh two-tier SPCs, consisting of SiO2NPs with
diameters of 250 nm, 280 nm and 300 nm, are located in the red spectral region
approximately at 603 nm, to 633 nm and 662 nm, respectively. Figure B14 shows a
red shift of the overlap peak wavelength (PSB and Au scattering) with increasing the
AuNC diameter. This suggests that the scattering caused by the AuNC arrays can be
enhanced by the PSB of PC structures.

Figure B14. The overlap peak wavelength (PSB and Au scattering) of the three-tier SPCs as a
function of sputtering duration (AuNC size). These three-tier SPCs consist of SiO2NPs with
diameters of 250 nm, 280 nm and 300 nm, and their corresponding PSB locate in the red
spectral region.
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Figure B15. BF and DF images (scale bar: 25 μm) of the two-tier and three-tier SPCs consisting
of SiO2NPs with diameters of (a) 200 nm, (b) 250 nm and (c) 300 nm immersed in hexadecane
(refractive index of 1.43). OM images and their corresponding reflection spectra of these threetier SPCs captured under (d) BF and (e) DF modes. These three-tier SPCs were fabricated by
annealing the Au-coated two-tier SPCs at 800 °C for 1 h in air without flow
800°C
@SPCs ), and 1000 °C for 10 h with an air flow rate of 250 L·h-1
( Au200W
15s T1h
200W 1000°C
(Au15s T10h @SPCs).
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Figure B16. Optical microscopy images under BF showing the monolayer arrangement of prepatterned two-tier SPCs containing SiO2NPs with diameters of (a) 220 nm, (b) 250 nm, and (c)
300 nm, on a clean silicon wafer.

Figure B17. Photographs of a flexible film prepared using two-tier SPCs and three-tier SPCs
800°C
(Au200W
@SPCs) consisting of SiO2NPs with 300 nm in diameter. The film was titled to
15s T1h
different angles of (a) 0°, (b) 20°, (c) 50° when capturing photos using a smart mobile phone
with flash at a fixed position.

B.10 Fabrication of “MESA+” logo on a flat substrate
The “MESA+” logo on a flat Si surface was fabricated by Au sputtering, dewetting and
transfer processes. As discussed above (Figure B8), the Au film deposition at 200 W
for 10 s was selected as the formed AuNC size was comparable with the ones on the
SPC structure (black line in Figure B5c). HR-SEM image shows the morphology of
formed AuNCs randomly distributed on the Si substrate with inhomogenous size and
shapes (Figure B18a). Figure B18b shows the photographs captured from the Si
substrate and flexible film, respectively. It was hardly to peel off the produced AuNCs
from the Si substrate, resulting in the flexible films without obvious structural colors.
Then the reflection spectra and OM images of the structural color of “MESA+” logo
was measured from the Si substrate (Figure B18c).
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Figure B18. (a) “MESA+” logo (scale bar: 5 mm) produced directly on a flat Si wafer, by the
same fabrication method including Au film deposition (200 W for 10 s), dewetting (800 °C for 1
h). Blue arrows indicated the different shapes of formed AuNCs. Scale bar: 200 nm. (b)
Photographs of produced “MESA+” logo on the Si substrate (left) and on the PDMS film (right),
which were captured by mobile phone camera without and with a flash on. Scale bars: 5mm. (c)
Reflection spectra of the produced “MESA+” logo measured on the produced Si substrate under
BF and DF modes, respectively. The integration time of the BF mode is 100 ms (black solid
line), while under the DF mode is 300 ms (blue solid line) and 1s (blue dotted line), respectively.

B.11 Structural color of hierarchical SPCs in response to
different media

Figure B19. BF and DF images (scale bar: 200 µm) of the “SCNU” letters filled with (a) two-tier
SPCs and immersed in air, (b) three-tier SPCs and immersed in air, (c) three-tier SPCs and
immersed in hexadecane, and (d) three-tier SPCs and immersed in bromonaphthalen
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C.1 Calculation of EFs
The Raman intensities of the neat BT solution collected using different laser powers
at a wavelength of λex = 632.8 nm and an accumulation time of 10 are shown in Table
C1. tint is the integration time. Note that the 1087 cm-1 band from the neat BT solution
is the same vibration band as measured from the SERS-active substrates with 1067
cm-1, which both are the C-S vibration. The small deviation of this C-S vibration is
attributed to the effect of the different substrate surface. The C-S bond directly binds
to the Au surface of the SERS-active substrates to raise the high enhancement,
compared to the neat BT solution.
Table C1. Raman intensities of the neat BT solution collected using different laser
powers.
Peak
1087 cm-1

25 mW (tint = 1 s)
28.9 counts

500 µW (tint = 10 s)
5.5 counts

To keep the measurement condition the same as that used for the measurements
of SERS-active units (λex = 632.8 nm, Pex = 500 µW, accumulation time 10, and tint =
1 s), we calculated the Raman intensity of the neat BT solution at this condition from
the measured intensities in Table C1.
28.9 counts × 0.5 mW

IBulk =
= 0.578 counts (λex = 632.8 nm, Pex = 500 µW,
25 mW
accumulation time 10, and tint = 1 s).
or
5.5 counts × 1 s
IBulk =
= 0.55 counts (λex = 632.8 nm, Pex = 500 µW, accumulation
10 s
time 10, and tint = 1 s).
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C.2 EFs of various SERS-active substrates of three-tier PPMs
Table C2. Enhancement factors (EFs) of different SERS-active substrates of threetier PPMs investigated in this work.
SERS-active substrates
Au200W
d200nm
5s
SiO2 @PPM
200W 250nm
Au5s dSiO2 @PPM
Au200W
d280nm
5s
SiO2 @PPM
200W 200nm
Au15s dSiO2 @PPM
250nm
Au200W
15s dSiO2 @PPM
280nm
Au200W
15s dSiO2 @PPM
20nm
200W 200nm
tAu @Au15s dSiO2 @PPM
200W 200nm
t40nm
Au @Au15s dSiO2 @PPM
200nm
60nm
tAu @Au200W
15s dSiO2 @PPM
80nm
200W 200nm
tAu @Au15s dSiO2 @PPM
200nm
t100nm
@Au200W
Au
15s dSiO2 @PPM
150nm
200W 200nm
tAu @Au15s dSiO2 @PPM
200nm
t200nm
@Au200W
Au
15s dSiO2 @PPM
250nm
200W 200nm
tAu @Au15s dSiO2 @PPM
200nm
t300nm
@Au200W
Au
15s dSiO2 @PPM

Intensity at 1067 cm-1
449
97
79
413
189
166
641
3139
4142
3913
2693
1597
2145
1412
944

EF(s)
1.12×107
2.42×106
1.97×106
1.03×107
4.72×106
4.15×106
1.60×107
7.85×107
1.04×108
9.78×107
6.73×107
3.99×107
5.36×107
3.53×107
2.36×107

Figure C1. AuNC diameter (dAu) and edge-to-edge distance (pAu) as a function of SiO2NP
200nm
200W 220nm
200W 250nm
diameter (dSiO2) change of Au200W
15s dSiO2 @PPM , Au15s dSiO2 @PPM , Au15s dSiO2 @PPM ,
200W 280nm
200W 300nm
Au15s dSiO2 @PPM, Au15s dSiO2 @PPM.
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Figure C2. Raman spectrum of the neat BT.

C.3 Raman intensity mapping of a PPM

200nm
Figure C3. Spatial Raman mapping (10×10 µm2) of a t100nm
@Au200W
Au
15s dSiO2 @PPM at the 1067
-1
cm band, collected along the z direction in every step of 1 µm by manual focusing.
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C.4 Two-tier PMs as SERS-active substrates

Figure C4. Raman spectra of two-tier d200nm
SiO2 @PMs covered with a layer of Au film at different
thicknesses, and their corresponding top-view HR-SEM images (scale bar: 100 nm).

Figure C5. OM and corresponding reflection spectra of Au-coated two-tier PMs with different
Au film thickness, which are consisted of different SiO2NP diameter. (a) 220 nm, (b) 250 nm (c)
300 nm. Scale bar represent 20 μm.
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We found that both the size of the SiO2NPs and the coated Au film thickness can
influence the resonant wavelengths. This suggests that the resonant wavelength and
the nangaps between metal-covered SiO2NPs can be precisely controlled by varying
the SiO2NP diameter and the coated metal thickness as well as the materials;
therefore, the maximal Raman inetsnity can be achieved caused by the LSPR.
.
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D.1 Chemical analysis
Energy dispersive spectroscopy (EDS) analysis of the NW-SPCs shows that the NWs
are composed of amorphous silica with an average composition of SiOx with x close
to 2 in atomic ratio (Figure D2a). Figure D2b shows the Fourier-transform infrared
300nm
spectroscopy (FTIR) spectra of the original two-tier SPCs (dSiO2 @SPCs) and the

W 300nm
Au200
obtained NW-SPCs ( T1100°C
10h
15 s dSiO2 @NW-SPCs ). The strong peaks in the
-1
-1
range of 1200 cm ~ 1000 cm come from the stretching vibrations of Si-O-Si, and
the antisymmetric vibration of the SiO2 complex.1,2 The FTIR analysis also shows that
the NW-SPCs are mainly composed of the elements of Si and O. Moreover, Figure
D2c shows the spectra of X-ray photoelectron spectroscopy (XPS) of the
300nm
Au200W
T1100°C
10h
15s dSiO2 @NW-SPCs, indicating the coexistence of Si and O, as well as
the silica composition on the surface. On the basis of these analyses, the produced
NWs were termed SiO2NWs.

D.2 Calculation of Reynold number (Re)
The external N2 flow (Q) applied in this work is 20 L·h-1 (5.56×10-6 m3·s-1). The crosssection area of the tube furnace S = πr2 (r = 2.5 cm) thus is 1.96×10-3 m2. Then the
corresponding average velocity (v) of the N2 flow in the tube furnace is 2.84×10-3 m·s1
. The Re value of 4.7 is obtained at the flow rate of 20 L·h-1, using the following
equation:
ρvL
(D.1).
Re =
η
v (m·s-1) is the N2 average velocity, and η (Pa·s) is the effective viscosity of N2, and
L is the characteristic flow dimension. ( η = 3.78×10-5 Pa·s, ρ (N2) = 1.25 kg·m-3, L =
5 cm).

D.3 Calculation of Péclet number (Pe)
The Péclet number, Pe, is a dimensionless number for the ratio of mass transport by
convection over mass transport by diffusion. The flux caused by convectional mass
transport equals Cv (mol·m-2·s-1), where C is the concentration of a species
considered, v is the average velocity. The flux caused by diffusional mass transport
equals CD L ' . D is the diffusion coefficient of the species considered and L ' is the
characteristic diffusional length. Then, Pe is given by
Mass transport by convection vL '
=
Pe =
(D.2).
Mass transport by diffusion
D
A temperature of 1100 °C (1373 K) is applied at standard atmospheric pressure.
According to the experimental results, the characteristic length L ' is approximately
1 cm, and v equals 2.84×10-3 m·s-1. The diffusion coefficients, D(A,B, P ) , normally
reported in cm2·s-1, depend on the pressure under which the diffusion coefficients are
measured. Pressure independent diffusion coefficients (Torr·cm2·s-1), D(A,B)
termed as diffusivity, are reported by dividing D(A,B, P ) by pressure. Herein, for
consistence and clarity, the pressure dependent diffusion coefficients are converted
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to diffusivities. The diffusivity of gas A in gas B, estimated using Fuller’s method, can
be described by3
D(A,B) =

1.0868 × T 1.75

m(A,B)( 3 VA + 3 VB )2

(D.3),

where D(A,B) is the diffusivity of A in B (Torr·cm2·s-1) at temperature T(K), and m(A,B)
(g·mol-1) is expressed by
2
(D.4),
m(A,B) =
1
+ 1
mA
mB

where mA and mB are the molecular weight (g·mol-1) of A and B, and VA and VB are
the dimensionless diffusion volumes of A and B, respectively. Pressure is given in
Torr. Then, the diffusivity of SiO in N2 can be calculated by
D(SiO,N2 ) =

1.0868 × T 1.75

m(SiO,N2 )( 3 VSiO + 3 VN2 )2

(D.5),

where mSiO = 44.04 g·mol-1, mN2 = 28.014 g mol-1, VN2 =18.5 (obtained from Tang et

ni is the number of the atoms in
al. work4). VSiO is calculated by VSiO = ∑ nV
i i , where,

= VSi + VO = 23 + 6.11 = 24.11.
the molecule and Vi their diffusion volume. Then VSiO
Therefore, D(SiO,N2 ) equals 1.86×103 Torr·cm2·s-1, and at the standard atmospheric
pressure the diffusion coefficient of SiO vapor at 1373.15 K is 2.656×10-4 m2·s-1.
At the N2 flow rate of 20 L·h-1, the value of Pe is 0.115, which indicates that the
diffusion plays a dominant role in mass transport. It should however be noted that the
diffusion length ( L ' ) is overestimated, leading to an overestimation of Pe.
Furthermore, the velocity of the N2 flow over the SPCs on the fused silica substrate
surface near the bottom of the furnace chamber is lower than the calculated average
velocity (v) due to the parabolic flow profile. This also leads to an overestimation of
Pe (schematic of the side-view in Figure 6.2a).

D.4 Diffusion and chemical reactions
Two main chemical reactions occur in the system in the main text,
1
Au
Si (s) + O2 (g) →
SiO (g)
(reaction ii),
2
and
1
Au
SiO (g) + O2 (g) →
SiO2 (s)
(reaction iii),
2
at high temperature (T = 1100 ºC) under a continuous N2 gas (purity ≥99.999%
equaling to 10 ppm O2). The initial pressure of O2 ( PO2 ,0 ) in furnace will thus be (1-

99.999%)×(1.01×105) Pa = 1.01 Pa ≈ 1 Pa, and the corresponding initial O2
concentration then is 4.08×10-4 mol·m-3, according to gas law PV = nRT
( C0,O2 = P0,O2 / RT , T = 298 K).
According to a previous report,2 the standard Gibbs free energy of SiO formation
by reaction (ii) is estimated as -92.27 kJ·mol-1 at 1100 °C. Based on the Gibbs free
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energy equation at the chemical reaction equilibrium state, ∆rG =
−RT ln K eq , a value
of K eq is 3240 at 1100 °C.
However, in our system, since continuous O2 is applied, then the obtained SiO
would reach 2 Pa. According to the ideal gas law, the calculated initial SiO
concentration is
P SiO
2 Pa
C0 =
=
= 1.75 ×10-4 mol ⋅ m-3
(D.6).
RT
8.314J ⋅ mol-1 ⋅ K -1 × 1373K
Once SiO vapor is produced, SiO2NWs are created following reaction (iii). Here,
it should be noted that we assume that sufficient O2 is supplied by diffusion to react
with the SiO, then the reaction rate of reaction (iii) equals to=
r k ' C0,O2 =
⋅ C kC , and

k = k ' C0,O2 , which indicates the reaction (iii) is a pseudo-first order reaction. The rate

of SiO removal can then be expressed by kC .

D.5 Plot of F(xi)
Based on the equation (6.2) in the Chapter 6 and the measured experiment data from
300nm
the sample of T1100°C
Au200W
1h
15s dSiO2 @NW-SPC, plot F(xi) as the calculated SiO flux
was obtained. The average value of d(xi) and L(xi) can be obtained from the HR-SEM
images by Image J analysis. N(xi)/dA is the number density of NWs per unit area. As
discussed in the section of “Dynamics of SiO2NW growth” in the Chapter 6, the value
of N(xi)/dA at different locations can be approximately obtained by N(xi)/dA= N*×NAuNP.
Here, N* is the number of NWs stemming from one singe AuNP, and NAuNP is the
number of AuNPs per unit area according to the HR-SEM image in Figure D1d.
Table
D1.
The
measured
data
taken
200W 300nm
Au
d
@NW-SPC
to
calculate
F(x
T1100°C
i, 1h).
1h
15s
SiO2

from

the

sample

xi(mm)

d(xi)/nm

L(xi)/μm

N*

N(xi)/dA

F(xi)/mol·m-2·s-1

0

120.0

16.6

1

8×1012

1.53×10-5

0.3

61.2

3.45

4

3.2×1013

3.30×10-6

0.6

40.0

2.35

4

3.2×1013

9.61×10-7

1

35.0

1.9

5

4×1013

7.44×10-7

1.5

30.0

1.85

6

4.8×1012

6.39×10-7

of

D.6 Estimation of NW length
At the substrate edge, NWs grew directionally to the substrate centre with a certain
curvature. Then we hypothesized a simple mathematic model (Figure D8) to estimate
the radius of the grown NWs. At the beginning, the liquid AuNPs located at the edge
of the substrate where one side was towards high C of SiO, and the other side towards
low C of SiO. According to the COMSOL simulated data from Figures 6.4c and f in
the Chapter 6, the C of SiO at one side was approximately 3.5% larger than the other
side. It was also assumed that the NW growth rate was proportional to the SiO
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concentration, then the growth rate would also be approximately 3.5% larger than the
other side, as indicated by J (x1) and J(x2) in Figure D8. If we hypothesized that the
NW diameter was 100 nm, then according to the trigonometric function (Figure D8),
the estimated radius (R) of formed NW was 2.96 μm, then obtaining the estimated
length of curved NW (πR/2) 4.64 μm, which is approaximately close to the
experimentally measured data (~ 3 μm). The growth rate difference across an AuNP
with 200 nm in diameter (Figure 6.4f) can explain the direction growth to some extent.
On the other hand, before occurring SiO oxidation, SiO had to be diffused to the triple
phase line. Then the time required to reach the triple line along different diffusion
paths could be another factor causing the directional growth. It was much faster to
diffuse to the triple phase line with short distance, according to the one-dimensional
equation of S = 2 ⋅ D ⋅ t . Here, S is the diffusion path, D is the SiO diffusion
coefficient, t is the required time. Briefly, both of the SiO diffusion limiting and growth
rate difference can result in the directional growth of NWs towards to the low
concentration of SiO.
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Figure D1. HR-SEM images of the morphology of AuNP-covered SPCs (a, b) and NW-covered
SPCs (c, d) under different annealing programs. The SEM images were taken from the
substrate edge. An Au-coated fused silica substrate with SPCs was placed in the centre of a
piece of Si wafer, followed by an annealing process: from room temperature to 1000 °C (a, b)
or 1100 °C (c, d) with a ramp up rate of 9.16 °C·min-1 and passive cooling down under a
continuous N2 flow. An Au film was sputtered at 200 W for (a, c) 5 s, and (b, d) 15 s. SPCs
consisted of periodical SiO2NP (d = 300 nm) arrangements. Scale bars represent 2 μm and 200
nm in the corresponding close-up images.
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300nm
Figure D2. (a) Elements EDS spectrum of T1100°C
Au200W
10h
15s dSiO2 @NW-SPCs. (b) FTIR spectrum
300 nm
1100°C
200W 300nm
of dSiO2 @SPCs (black curve) and T10h Au15s dSiO2 @NW-SPCs (red curve). (c) XPS
300nm
spectra of T1100°C
Au200W
10h
15s dSiO2 @NW-SPCs. (c1) XPS survey spectrum and high-resolution
XPS spectrum of (c2) Si 2p and (c3) O 1s of the NWs.

Figure D3. HR-SEM images of morphology of SiO2NW-SPCs as a function of location over the
entire fused silica substrate. SiO2NW-SPCs located (a) parallel to and along the N2 convection
flow direction. (b) parallel to but against the N2 convection flow direction. (c) and (d)
perpendicular to the N2 convection flow direction. The Au-coated fused silica substrate with
SPCs was placed in the centre of a piece of Si wafer. Scale bar: 2 μm.
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Figure D4. A photograph (middle) of a piece of etched Si wafer after NW growth, and the
corresponding HR-SEM images (left and right) of surface morphology, during the thermal
annealing process for SiO2NW growth. Scale bars represent 200 nm.

250nm
Figure D5. HR-SEM images of morphologies of T1100°C
Au200W
5h
15s dSiO2 @NW-SPCs as a function
of location relative to the substrate edge. (a) at the edge, (b) being 1.0 mm, and (c) 2.0 mm
away from the edge. Scale bars represent 2 μm.

Figure D6. NW length as a function of annealing duration, where NWs were selected from the
edge of the substrate. An Au film was sputtered at 200 W for 15 s on as-prepared fused silica
substrates with assembled two-tier SPCs, followed by annealing at 1100 °C with a N2 flow rate
of 20 L·h-1 for different durations.
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Figure D7. The experimental SiO flux (blue squares), normalized experimental SiO flux (red
circles) and normalized COMSOL simulated SiO flux (black circles) as a function of location x.

Figure D8. The hyphothesized model for NW growth at the substrate edge. The shadow area
indicates the SiO concentration distribution surrounding a single AuNP. J means the NW growth
rate. γ means the interfacial tension between two different phases. Yellow color represents a
liquid AuNP, and the gray color represents the growth of NW. The green dashed line and blue
dashed line represent the SiO diffusion paths.
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Figure D9. HR-SEM images of morphologies of SiO2NW growth on Au-coated flat fused silica
substrate by using the same manufacturing methods. An Au film was sputtered onto the flat
fused silica substrate surface at 200 W for 5 s, 15 s and 30 s. The HR-SEM images of SiO2NWs
were taken from the (a) substrate edge, (b) 1 mm away from the edge, and (c) 4 mm away from
the edge. Scale bars: 10 μm and 2 μm (close-up) images.
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Figure D10. HR-SEM images of SiO2NW morphologies on SPCs, patterned on Al2O3- or Si3N4coated Si substrates. HR-SEM images of SiO2NWs were taken from the (a) substrate edge, (b)
0.3 mm away from the edge, and (c) 1 mm away from the edge. An Au film was sputtered on
the as-prepared two-tier SPCs, which were patterned on Al2O3- or Si3N4-coated Si substrates,
followed by the same annealing process at 1100 ºC for 10 h with a continuous N2 flow rate of
20 L·h-1. Scale bars: 2 μm and 200 nm (close-up) images.

D.7 Control over morphology of SiO2NW on SPCs
The morphology of SiO2NW-SPCs is mainly determined by mass transport of SiO.
Thus, by tuning the distance (λ) between the Si source and the sample (Au-covered
SPCs on fused silica substrate), diverse structures of SiO2NW on SPCs could be
obtained. In a separate set of experiments, we placed the fused silica substrate at
varying distances from the Si source. Figure D11 shows the morphology of
300nm
Au200W
T1100°C
10h
15s dSiO2 @NW-SPCs, where the fused silica substrate was placed at λ =
0.5 mm (Figure D11a), 4.5 mm (Figure D11b) and 1 cm (Figure D11c) away from a
piece of Si wafer (8 mm×8 mm). The samples were located in the N2 flow downstream
of the Si wafer. It was observed that at high SiO concentration gradient and high
concentration (Figure D11a, at the edge – x = 0 mm) NWs showed one single ‘rodlike’ directional growth with thick diameter. At low SiO concentration gradient and low
SiO concentration, NWs growth was random with a ‘flower-like’ structure (Figure
D11a, at or above 0.3 mm away from the edge – x ≥ 0.3 mm). For λ = 4.5 mm there
was no directional growth, as seen from Figure D11b. At even lower SiO
concentration (Figure D11b, at 0.3 mm away from the fused silica substrate edge –
x = 0.3 mm), hundreds of thin NWs grew together ending in one knot. It was observed
that the density of ‘flower-like’ NWs on a single SPC and the number of thin NWs from
a single ‘flower-like’ structure decreased with increasing distance from the Si source
(Figure D11b, at 0.3 mm away from the fused silica substrate edge – x = 0.3 mm).
We attribute this to the decrease of the available SiO at the downstream position,
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further indicating that the NW growth is affected by the SiO concentration. When the
samples were located at λ = 10 mm, there was no NW growth on SPCs anymore, and
complete evaporation of the AuNPs was observed (Figure D11c, at the edge – x = 0
mm), and the formation of closed-end nanopores5,6 on each SiO2NP at the location
above 0.3 mm from the Si source (e.g., Figure D11c, at x = 3 mm). We attribute this
difference to the depletion of Au vapor prior to reaching the Si source by diffusion and
the diffusion-induced depletion of SiO prior to reaching the samples. Figure D11d
shows the SiO concentration as a function of distance caused only by diffusion and
convection in a two-dimensional COMSOL simulation. Herein, the SiO diffusion and
N2 convection flow occur along the same direction, while the initial SiO concentration
is assumed to be the same as the calculated SiO concentration at the chemical
equilibrium state. It is found that the SiO produced can still create a high concentration
gradient at λ = 0.5 mm from the Si source (Figure D11d), but that at λ = 4.5 mm, the
SiO concentration gradient is much less steep. However, the simulation suggests that
NW growth would still occur at λ = 10 mm from the Si source, because the SiO still
reaches the sample. This could be explained by the fact that in the simulation the
influence of the Au vapor diffusion on the SiO production yield was not considered. In
reality, this will affect the initial concentration of the produced SiO as it will cause
depletion of Au vapor prior to reaching the Si source. Figure D11e summarizes the
results of the above experiments by showing the NW diameter as a function of
location. A change of NW morphology (Figure D11a-c) as a function of location from
a Si source was also found in another literature, however without a thorough
analysis.7
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Figure D11. Different morphology of SiO2NW-SPCs obtained by varying the gap between a
SiO source (a piece of Si wafer) and the fused silica sample. HR-SEM images of morphology
300nm
of T1100°C
Au200W
10h
15s dSiO2 @NW-SPCs on the fused silica substrate, which is placed (a) 0.5 mm,
(b) 4.5 mm, (c) 1 cm distance downstream from the Si source. An Au film was sputtered on twotier SPCs at 200 W for 15 s, followed by annealing at 1100 ºC for 10 h with a N2 flow rate of 20
L·h-1. Scale bars represent 2 μm, and 200 nm in close-up images of (a) and (b). Scale bars in
(c) represent 300 nm and 2 μm (inset). (d) 2D COMSOL simulation of the SiO concentration as
a function of distance caused by the SiO diffusion and N2 convection flow. Inset of mapping of
the SiO concentration distribution along the surface (indicated by the black dashed arrow) and
graph of the SiO concentration over the distance. (e) Graph of NW diameter as a function of
location relative to the substrate edge, while varying the distance (λ) between the fused silica
substrate and Si source.
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D.8 Videos of superwetting behaviour
Video 1 can be seen by scanning QR code (a). In video 1, the drop with transparent
color is deionized water of 10 μL and the drop with red color is hexadecane with Red
oil of 10 μL. Video 2 can be seen by scanning QR code (b), which shows the film
assembled by the produced NW-SPCs for the oil/water separation and its recyclability
in separation.
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E.1 Estimation of volume shrinkage fraction of droplets
The diameter of monodispersed droplets produced from f-PS nanoparticles was about
26 μm, and thus the volume of one droplet (VD) was 9.2×10-15 m3 (9.2×10-9 mL). The
diameter of the solid three-tier hierarchical f-PS@MS microparticle was about 9 μm
after photopolymerization, and thus the volume of one solid f-PS@MS microparticle
(VS) was about 3.33×10-16 m3 (3.33×10-10 mL). The concentration of f-PS
nanoparticles was 30 mg·mL-1, the density of polystyrene nanoparticles was 1.04
g·cm-3, and the diameter of the f-PS was 250 nm. Therefore, the number of the f-PS
nanoparticles confined in one droplet or solid particle was 3.25×104 particles.
Therefore, the average volume shrinkage (φ = ∆V/VD = (VD－VS)/VD = (9.2×10-15 m3
－3.33×10-16 m3)/9.2×10-15 m3 = 96.38%) of produced f-PS@MS particles was 96.38%.
Since after photopolymerization, the water was evaporated from the droplets, all of
the f-PS nanoparticles assembled into the close-packed microparticles, and the total
volume of f-PS nanoparticles confined in one solid microparticle (VPS) was 2.66×10-16
m3 (2.66×10-10 mL). So, in another way to calculate the volume shrinkage (φ = (VD －
VPS)/VD = Vwater/VD = 89.34×10-16 m3/9.2×10-15 m3 = 97.1%), we get almost the same
value of 97.1%.

E.2 Estimation of surface-to-volume ratio of a f-PS@MS
The surface area of three-tier hierarchical microsphere can be analyzed by using an
analysis software named Gwyddion 2.40.1,2 A captured AFM image with the
nanowrinkles was used to obtain the real surface through the statistical quantifies.
The average ratio of the area of nanowrinkles to the projected area was 1.7.
Combination of the obtained ratio (1.7) and the total number of the wrinkled
nanoparticles (~3.25×104 particles) encapsulated in one f-PS@MS (9 μm diameter)
with the area of an individual smooth nanoparticle (1.9625×10-13 m2), the surface area
of a f-PS@MS microsphere is around 1.1×10-8 m2, which is 47 times larger than that
of a smooth microsphere with the same diameter (2.32×10-10 m2). The surface-tovolume ratio is then ~3×107 m-1.

Figure E1. AFM images of the surface of a f-PS@MS.
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E.3 Estimation of nanogap density
The number of nanogaps in one nanoparticle were counted from a HR-SEM image,
and marked by numbers (Figure E2). A gap between two adjacent peaks of
nanowrinkles was defined as a nanogap. Three nanoparticles were counted, which
were marked by the yellow circle. Thereafter, the average number of nanogaps per
nanoparticle was obtained. The average number of nanogaps confined in the yellow
circles of 340 nm in diameter (the surface area of 9.0×10-2 μm2) are approximately 38
nanogaps. Therefore, the density of nanogaps is around 422 nanogaps per μm-2.

Figure E2. Counting of number of nanogaps confined in the yellow circles of 340 nm in diameter.
Scale bar represents 200 nm.
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Figure E3. Schematic of different PS nanoparticles used for producing hierarchical
microspheres. (a) bare-PS and PS-co-PAA nanoparticles, and (b) f-PS nanoparticles. Top-view
HR-SEM images of the morphology of (c) bare-PS, (d) PS- co-PAAl, (e) PS-co-PAAh, and (f) fPS nanoparticles. Scale bars represent 200 nm.
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Figure E4. HR-SEM images of hierarchical microspheres made from (a) PS-co-PAAl
nanoparticles, and (b) PS-co-PAAh nanoparticles. Scale bars represent 200 nm. There was no
deposition of metal film prior to the HR-SEM characterization.

Figure E5. (a) AFM images (scale bar: 1 μm) of a PS-co-PAAl@MS(T), and (b) the
corresponding dimensions measured along the red dashed line.
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Figure E6. FTIR spectra of (a1) PS-co-PAA nanoparticles, (b1) f-PS nanoparticles, and (c1)
produced f-PS@MS. (a2-c2) Illustration of the localized wavenumber in a range of 1550-1800
cm-1, corresponding to that in (a1-c1).

Figure E7. XPS spectra of (a) PS-co-PAA, and (d) f-PS nanoparticles. Demonstration of the
high resolution of (b) C 1s spectrum, and (c) O 1s spectrum from PS-co-PAA nanoparticles.
The high resolution of (e) C 1s spectrum, and (f) O 1s spectrum from f-PS nanoparticles.
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Figure E8. Top-view HR-SEM images of films assembled by (a) nanoparticles (scale bar: 10
μm), and (b) produced microspheres (scale bar: 100 μm) for evaluation of the superwetting
behavior. Various patterns – hexagonal and square patterns – were observed on the film
surface assembled by the produced microspheres.
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Samenvatting

Samenvatting
In dit proefschrift beschrijven wij de ontwikkeling van de op druppelmicrofluidica
gebaseerde methodes voor het vervaardigen van hiërarchische sferische structuren,
welke door hun structurering bijzondere materiaaleigenschappen krijgen. Door
gebruik te maken van de periodiciteit van de gestructureerde nanorasters, vaak in
combinatie met goudrasters, konden we materialen vervaardigen met specifieke
eigenschappen welke gebruikt kunnen worden voor verschillende applicaties.
In Hoofdstuk 2, geven we een overzicht van recent werk over de fabricatie van
stimulusgevoelige microdeeltjes/microcapsules, waarbij we ons specifiek richten op
microfluidische platforms, de selectie van responsieve materialen en de hierdoor
verkregen functies en toepassingen. Door het combineren van macromaterialen en
nanodeeltjes met behulp van microfluidische technologie, beschikken deze
geavanceerde materialen over de responsieve eigenschappen van de verschillende
materialen.
De materialen hebben een hoge oppervlakte-volume verhouding en een versterkt
veldeffect na hun zelforganisatie, met het bijkomende voordeel dat de samenstelling
en structuur van deze hiërarchische microdeeltjes aangepast kan worden met behulp
van de druppelmicrofluidica. De microdeeltjes zijn toegepast in veel verschillende
velden zoals gas sensoren, colometrische sensoren, biosensoren, Surface enhanced
Raman scattering (SERS), displays, medicijn afgifte, actuatoren, katalyse, energie
opslag en het opvangen van licht. Vanwege de grote mate van flexibiliteit van de
fabricagemethode van deze microbolletjes en de veelbelovende toepassingen in
verschillende velden, is de fabricage van deze tweelaags sferische fotonische
kristallen (SPC’s), die met metaal kunnen worden bedekt, onderzocht en wordt het
werk gepresenteerd in Hoofdstuk 3. Hier combineren we druppelmicrofluidica, zelforganiserende nanodeeltjes en metaalfilmdepositietechnieken voor het creëren van
metalen nanorasters op tweelaags SPC’s. Deze SPC’s hebben een hoge dichtheid
aan scattering sites, de “hotspots”, van welke de nanoraster pitch en rasterafstand
aangepast kunnen worden door de gedeponeerde metaallaagdikte en de silica
nanodeeltjes grootte te veranderen. Dit resulteert in een versterkt near-field
elektromagnetisch veld. We demonstreren dat we een verbetering in Raman detectie
kunnen bereiken met een verbeteringsfactor van ~107. We tonen dit aan met 4methylbenzeenthiol (4-MBT) als probemolecuul dat wordt geadsorbeerd op de met
Au/Ag bedekte nanorasters.
In Hoofdstuk 4, integreren we de druppel microfluidica met metaallaagdepositie
en een verhittingsproces in omgevingslucht voor het fabriceren van drielaags SPC’s
met verschillende oppervlakte morfologiëen en groottes. De materialen vertonen
structuur-afhankelijke optische eigenschappen zowel in de fotonische stop band
(PSB) als in de surface plasmon resonance (SPR). De gefabriceerde SPC’s lijken
verder veelbelovend voor anti-vervalsing toepassingen, voor de veiligheidsindustrie,
zonder dat er degradatie door licht optreedt. De Raman eigenschappen van deze
215

Samenvatting
drielaags SPC’s wordt verder onderzocht in Hoofdstuk 5, door het bestuderen van
de Raman-verstrooiing van geadsorbeerde benzeenthiol (BT) moleculen. Deze
SPC’s bezitten zowel PSB eigenschappen door de periodieke SiO2NP rangschikking
als SPR eigenschappen door de gouden nanokristalroosters. We concluderen dat het
versterkte magnetische veld niet enkel verbeterd wordt door de hoge dichtheid aan
“hotspots”, maar ook significant verbetert aan de PSB randen van de fotonische kristal
structuren. Door het uitkiezen van zowel de juiste PSB als SPR eigenschappen, kan
een elkaar versterkend effect van het versterkte elektromagnetische veld behaald
worden, wat resulteert in een verbetering van de sterkte van het Raman signaal.
In Hoofdstuk 6 onderzoeken we het effect van de samenstelling van het gas op
de formatie van de derde laag en zijn morfologie gedurende het verhittingsprotocol.
De tweelaags goud bedekte SPC’s beschreven in Hoofdstuk 4 worden nu tot hoge
temperatuur verhit in de nabijheid van een silicium wafer onder een inert gas (N2/Ar).
We zagen dat dit resulteerde in hiërarchische SPC’s met silica nanodraden
(SiO2NWs). Door een analyse van de resultaten concludeerden we bepalen dat de
groei van deze SiO2NWs op goud-gecoate SPC’s op een gecontroleerde manier kan
plaatsvinden. We laten verschillende morfologieën zien van deze “harige” SPC’s,
bijvoorbeeld directionele groei van staafachtige structuren en radiale groei van
bloemachtige structuren. Het verschil in morfologie wordt bepaald door de wijze
waarop massatransport van SiO damp plaatsvindt, wat geproduceerd wordt aan het
oppervlakte van een silicium wafer door een goud gekatalyseerde reactie. De
geobserveerde morfologie van de SiO2NW groei kan uitgelegd worden met behulp
van het bestaande Vapor-Liquid-Solid (VLS) groei model. Dit samengestelde
materiaal met SiO2NWs op SPC’s bevat zowel PSB eigenschappen, veroorzaakt door
het behoud van de SiO2NP rangschikking na de behandeling bij hoge temperatuur,
als een hoge spatiële frequentie. Hierdoor, kan het worden gebruikt als superwetting
materiaal (zelfreiniging, anti-mist, olie-/waterscheiding) en voor het maken van
fotonische codes voor diagnostische toepassingen.
Tenslotte worden de voordelen van druppelmicrofluidica benut in hoofdstuk 7,
voor het produceren van hiërarchische microbolletjes met gerimpelde nanostructuren.
De geproduceerde nanorimpels (3e-laag) op de polystyreen nanodeeltjes patronen
(2e-laag) zijn gevormd door de oppervlakte-instabiliteit geïnduceerd door gradiënt
fotopolymerizatie van n-isopropylacrylamide (NIPAM) monomeren. De morfologie
van de nanorimpels kunnen worden gereguleerd door het fotopolymerisatieproces en
de fractie carboxylgroepen op het PS nanodeeltjes oppervlakte. Een enkel
hiërarchisch microbolletje kan gezien worden als mimicri van een individuele eenheid
van een biologisch oppervlak, waardoor oppervlaktes bezet met deze twee- en
drielaags micro-eenheden zich als collectief gedragen als gekkohuid of rozenblaadjes
met specifieke bevochtigingseigenschappen. Door hun micro- en nanoschaal
structurering veroorzaken zij de hydrofobiciteit van het materiaal maar blijken nog
steeds een sterke adhesie voor water te hebben.
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