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Thesis Abstract 

Chemical and topographic surface patterning for the preparation of functional surfaces and 

particle arrays has been intensively investigated and widely applied in sensor technology, 

engineering of adhesion and wetting, catalysis, as well as nanobioanalytics. However, the 

parallel high-throughput functionalization of surfaces with microparticle arrays under 

ambient conditions by state-of-the-art surface patterning methods has remained 

challenging. The aim of this thesis is the parallel generation of microparticle arrays on 

surfaces to tailor the surface properties. Two strategies are studied for this purpose. The 

first strategy, inspired by the functional principles of adhesive secretion of insect feet’s 

hairy contact elements yielding tiny droplets as footprints onto contact substrates, involves 

the formation of microdot arrays by capillary submicron stamping using spongy 

continuous nanoporous block copolymer stamps with regular hexagonal arrays of contact 

elements. After infiltration of AgNO3 solution from the stamps’ backside, arrays of 

discrete two-dimensional AgNO3 microdots with an average diameter ~ 730 nm on silicon 

wafers extending several square millimetres were generated, while under higher pressure 

holey AgNO3 films were obtained. Subsequently, the patterns were transferred into Si 

wafers by surface-limited metal-assisted chemical etching (MACE). Topographically 

patterned silicon (tpSi) characterized by hexagonal arrays of wells resulted from MACE 

of Si wafers patterned with AgNO3 microdots, while MACE of Si wafers patterned with 

holey AgNO3 films yielded ordered Si pillar arrays. H2PtCl6, PdCl2 and HAuCl4 aqueous 

solutions were also employed as inks for preparation of tpSi by insect-inspired capillary 

sub-microstamping and MACE. Exploratory experiments suggest that inkjet printing of 

polymeric inks onto tpSi could yield persistent and scratch-resistant polymer blot patterns 
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without coffee ring-like features for potential utilization as permanent identity labels or 

quick response codes. Hexagonal arrays of Au microparticles were rationally positioned 

by solid-state dewetting of thin gold films on tpSi at an elevated temperature under Ar 

atmosphere. The rationally positioned Au microparticles subsequently acted as seeds for 

the growth of dense, homogeneous layers of overlapping three-dimensional (3D) gold 

nanodendrites by templated galvanic displacement reactions. The obtained 3D gold 

nanodendrite layers on tpSi featuring high specific surfaces as well as abundance of sharp 

edges and vertices showed promising performances in SERS-based sensing and the 

heterocatalytic reduction of 4-nitrophenol to 4-aminophenol. 

The second example involves the functionalization of polymer surfaces with arrays of 

inorganic lubricant microparticles for friction management and the tailoring of tribological 

properties based on an imprint lithographic approach. For example, the tailoring of the 

interfacial shear behavior of a movable polymer part might be customized in this way by 

functionalizing the polymeric parts’ surfaces with MoS2 microparticle arrays. 

Monodomain monolayers of MoS2 microparticles were prepared on SiO2-coated Si wafers 

via thermal sulfurization arrays of ammonium tetrathiomolybdate microparticles obtained 

by imprint lithography. After transfer of the MoS2 microparticle arrays to poly(methyl 

methacrylate) (PMMA) monoliths (PMMA_MoS2) under conservation of the array order 

in such a way that the MoS2 microparticles were partially embedded into the PMMA and 

partially exposed, the obtained PMMA_MoS2 exhibited modified mechanical properties 

characterized by low friction coefficients half as that of non-modified PMMA monoliths. 

Therefore, the functionalization of surfaces with microparticle arrays is a viable and 

promising strategy to generate unprecedented surface functionalities.
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1 Introduction 

Functional surfaces with various morphologies and different physicochemical/mechanical 

properties1 have been comprehensively investigated during the past decades because of 

their practical applications in different fields, including data storage, optoelectronics,2 

smart machines,3 antireflection and self-cleaning engineering,4 tissue engineering, 

biomedicine,5 catalysis,6 sensor technology,7 energy conversion and storage,8 as well as 

interfacial tribological engineering.9 Among functional surfaces, topographically 

patterned surfaces have attracted significant interest because versatile functionalities are 

linked to topographic surface features. Examples include regularly patterned oxide 

semiconductors for high-efficient gas sensors,10-11 ordered arrays of discrete nanoscale 

magnets for memory storage electronics,12-13 arrays of microstructures for light 

manipulation or as quick-response substrates,14-15 periodic metal nanoclusters used as 

surface plasmon waveguides,16-17 spatially regular metal nanoscale catalysts seeded for the 

growth of carbon nanotube arrays to be used as flat-panel displays or growth of metal 

nanostructures for sensing,18-19 as well as regularly functionalized surfaces for tuning 

interfacial friction.20-21 These topographically patterned surfaces with nano- or micro-

structured features are usually produced by approaches like photolithography, electron 

beam lithography, soft lithography, dip-pen lithography and its derivate lithographic 

methods, and nanoimprint lithography.22-23  

Aim of this thesis is the development of strategies to functionalize surfaces with surface-

bound microparticle arrays. Consequently, the surface functionalities implemented in this 

way are not only related to the properties of a material deposited onto the surface but also 

related to the organization of the deposited material as surface-bound microparticle array. 

In this work, two exemplary strategies to functionalize surfaces with microparticle arrays 

will be investigated. 

In the first part (Chapter 3) of this thesis, insect-inspired capillary submicron stamping, 

inspired by the adhesive secretion of insect feet’ hairy contact elements yielding tiny 

droplets as footprints on the contact surfaces, was developed by designing spongy 

continuous nanoporous polymeric stamps for preparing arrays of functional spots/drops 

(AgNO3 microdots) or holey films extending several square millimetres on Si wafers. 
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Combined with surface-limited metal-assisted chemical etching (MACE), the patterns 

were transferred into the Si substrates to generate ordered topographically patterned silicon 

(tpSi) with depths of a few 100 nm or Si pillar arrays. The obtained tpSi was demonstrated 

to be a potential substrate for persistent and scratch-resistant polymer blot patterns without 

coffee ring-like features formed by inkjet printing of polymeric solutions – aiming at the 

potential use as permanent identity labels or quick response codes. First and foremost, the 

tpSi was used to generate hexagonal arrays of gold microparticles. The gold microparticles 

rationally positioned by solid-state dewetting of thin continuous gold films deposited onto 

tpSi were employed as seeds for the growth of 3D gold nanodendrite arrays via galvanic 

displacement reactions (GDRs). The obtained dense layers of 3D gold nanodendrities were 

active for SERS-based sensing and heterogeneous catalytic reduction of 4-nitrophenol.  

In the second part (Chapter 4), ordered hexagonal arrays of MoS2 microparticles were 

incorporated into sliding surfaces of polymeric monoliths as lubricants to tailor the 

interfacial shear behavior of the sliding surfaces. Advantages of microparticle arrays over 

continuous thin film-like coatings include better adhesion and suppression of crack 

propagation. Monodomains of MoS2 microparticles were obtained by thermal sulfurization 

of arrays of ammonium tetrathiomolybdate (ATM) microparticles under conservation of 

the array order. The ATM microparticles were in turn formed by using PDMS molds 

(obtained by double replication of macroporous silicon) via imprint lithography. The 

ordered MoS2 microdot arrays obtained in this way were transferred to and embedded into 

the surfaces of poly(methyl methacrylate) (PMMA) monoliths (PMMA_MoS2), resulting 

in halving of the friction coefficient as compared to unmodified PMMA monoliths.  

These two methodologies exemplarily demonstrate that surface-bound microparticle 

arrays may modify surface properties in a way specifically benefiting from the 

organization of the material modifying the surfaces as microparticle arrays. 
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2 State of the art 

2.1 Surface patterning by directed deposition of materials 

Over the past few decades, printing technologies have been dramatically improved to 

pattern functional materials with precision down to μm or sub-μm scales for research and 

engineering fields like optics, electronics, catalysis, bio-analytics and medical science, as 

well as for novel manufacturing methods. Existing lithographic methods for topographic 

patterning include traditional techniques (xerography and ink-jet, screen, offset and 

intaglio printing), and relatively new methods such as microcontact printing, 

nanoimprinting, dip-pen lithography, polymer pen lithography, laser-induced forward 

transfer and robotic deposition. In this part, three groups of relevant surface patterning 

methods for directed deposition of materials will be introduced. The first group deals with 

methods involving the contact of a stamp or a mask with a substrate for printing and 

includes a set of parallel patterning methods like soft lithography, microcontact printing, 

and stamping. The second group comprises methods based on scanning-probe lithography 

for serial and arbitrary patterning of substrates, including dip pen nanolithography and its 

derivates, polymer pen lithography, and nano-fountain pen lithography. The third group 

comprises techniques involving ballistic ink transfer to the substrates without direct 

contact. These ballistic printing methods include inkjet printing, aerosol jet printing and 

laser-induced forward transfer. 

2.1.1 Contact lithography 

Contact lithography involves bringing a mask or stamp into direct contact with a substrate 

to be patterned. The pattern can be transferred by illumination, by deposition of a material 

or by imprinting the substrate. Among contact-lithographic patterning methods, soft 

lithography,24-26 a set of printing techniques for micro- and nano-fabrication, is based on 

using an elastomeric stamp or mold as tool for parallel large-area transfer of the patterns 

of interest to substrates. Examples for soft-lithographic methods are microcontact 

printing,27 replica molding,28 micro-transfer molding,28 micromolding in capillaries,29 

solvent-assisted micromolding,30 phase-shifting edge lithography,31 decal transfer 

lithography32 and nanoskiving.33 These patterning methods yield two-dimensional or 
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three-dimensional patterns with feature sizes down to nanometre scale. Microcontact 

printing (μCP),26 the most representative method in the contact lithography family, was 

first reported in 1994 by Whiteside’s group (Figure 2.1).24 Whiteside and coworkers used 

stamps fabricated by molding an elastomer against a master obtained by photolithography 

to deposit alkanethiol patterns on metal-coated substrates. Reportedly, the minimum 

feature size obtained in this way amounted to 0.2 μm with a high edge resolution of less 

than 50 nm.34 Besides the nonporous PDMS molds, porous polymeric stamps fabricated 

by one-step phase separation micromolding were also reported by Xu et al for microcontact 

printing of polar inks, especially aqueous solutions of dendrimers, proteins, and 

nanoparticles, which could directly transfer nanoparticles of about 60 nm in diameter onto 

substrates.35 Another patterning method that uses polymeric molds called micromolding 

in capillaries is an improved version of soft lithography through the combination of 

nanoimprint and the use of elastomeric molds. When a positive or negative polymeric mold 

is positioned on an ink-coated substrate, capillarity forces drive the ink into the recesses 

of the channels formed between the mold and the substrate so that a negative replica of the 

mold is formed. Not only the common PDMS molds, but also other polymeric molds are 

used for micro-molding in capillaries.36 For instance, an ultraviolet-curable mold made of 

polyurethane functionalized acrylate groups37 was employed for sub-hundred-nanometre 

lithography, which effectively enhanced the range of potential applications of the 

generated patterns especially for nanobioanalytics. 

As compared to traditional photolithography, soft lithography has several advantages, 

especially regarding the preparation of microscale patterns for chemical/biological 

aplications.38-40 μCP is a bench-top process that can be carried out without costly 

instrumentations; it provides exquisite control over surface chemistry and is applicable to 

curved as well as non-planar substrates. Large-area patterning (>1 cm2) in a non-disruptive 

and fast way is established;41 and a broad variety of materials ranging from small 

molecules, proteins, nucleotides, glycans, cells, to many other complex soft matters can be 

deposited by µCP.42 The other printing methods in the soft lithography family are tightly 

associated with μCP, aiming at providing more possibilities to directly or indirectly 

immobilize or transfer molecules to substrates.24 

However, soft lithography also suffers from some drawbacks. First and foremost, it is a 

time-consuming process because the targeted transfer material has to be adsorbed onto the 

surface of the solid stamps prior to each stamping cycle. Attempts to use porous polymer 



 2. State of the art  

7 

 

stamps prepared by phase separation of polymer solutions combined with micromolding 

to overcome this problem suffered from large stamp feature sizes and limited stamp 

stability.35 The sizes of the deposited features or patterns are closely influenced by the 

mechanical properties of the stamp. If the topographic features of the stamp are separated 

too far apart, “roof collapse” occurs. Portions of soft stamps in between of the contact 

elements not supposed to form contact with the substrate contact the substrate. If the 

contact elements of the stamps are located too close to each other, adhesion results in 

agglomeration and clustering of the contact elements.43 Another drawback is the limited 

amount of ink that can be transferred since ink needs to be adsorbed on the outer stamp 

surface prior to printing. Also, multiplexing (controlled deposition of different inks) has 

remained challenging. Although printing multiple different inks is possible, usually these 

molecules are not uniformly distributed on the stamp. Producing multilayer and 

multicomponent patterns at the same position still remains challenging due to the imperfect 

alignment stamps in multistep printing processes. 

 

Figure 2.1 Schematic of the procedure for micro-contact printing of patterned self-assembled 

monolayers (SAMs) of alkanethiolates on gold surfaces.24 
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2.1.2 Scanning probe lithography 

The invention of scanning tunnelling microscopy (STM) in 1981 enabling the 

characterization of conducting surfaces with atomic resolution using vacuum tunneling,44-

45 and the emergence of atomic force microscopy (AFM)46 in 1986 enabling the 

investigation of insulating surfaces under ambient conditions have initiated the 

development of a broad range of analytic and preparative scanning probe technologies. 

The atomic-scale surface modifications of a nearly perfect germanium crystal by STM,47 

molecular manipulation using a STM,48 and positioning single atoms with a STM49 were 

demonstrated. STM allows to spatially displace single atoms on metals or semiconductors 

using tunnelling current between the biased tip and a substrate. However, the required 

ultrahigh vacuum restricts the possible modes of use. AFM involves probing surfaces with 

cantilevers having sharp tips that act as force probes to scan the sample surface and detect 

various types of interactions between cantilever tip and sample surface. It not only partially 

compensates the insufficiency of STM, but also provides more possibilities for creating 

nanoscale constructions, investigating the topography, chemistry, and other properties of 

a surface. Jaschke et al. deposited organic materials (octadecanethiol) onto the surface of 

mica by the tip of a scanning force microscope (SFM) to obtain irregular lateral shape 

patterns with a homogeneous height of 1.2 ± 0.3 nm, which demonstrated the immediate 

occurrence of deposition while the cantilever tip contacted the counterpart surface, starting 

from small, and randomly placed spots that grew during scanning.50 

Based on this backdrop, dip-pen nanolithography (DPN),51 a direct-write lithography 

technique, was developed in 1999 by Mirkin’s group. They used a sharp AFM tip for direct 

deposition of chemical adsorbates onto Au surfaces to create monolayer patterns with 

diameters as small as 15 nm and feature-to-feature resolutions down to the 5 nm range. As 

shown in Figure 2.2 (a), when an ink-coated AFM tip is brought into contact with the Au 

substrate, a liquid meniscus forms between the tip and the substrate, through which the ink 

molecules diffuse from the tip to the underlying Au substrate to generate well-defined self-

assembled monolayers. The resolution of DPN could be adjusted by tip-substrate contact 

time, scanning speed, the volume of the meniscus, the surface chemistry, and the relative 

humidity. In Figure 2.2 (b), different nm-scale dots of 1-octadecanethiol (ODT) and 16-

mercaptohexadecanoic acid prepared with different contact times under various humidity 

conditions, as well as a molecule-based grid with 100 nm wide lines, are displayed. 



 2. State of the art  

9 

 

DPN has various advantages including (1) its mask-less nature, (2) the accessibility of line 

patterns with a width down to a few nanometers and of complex array patterns, a high spot 

density, (3) and the possibility to image the generated patterns by the same AFM tip. DPN 

has been demonstrated to be a versatile and general lithography technique for the 

patterning or grafting of various types of nanostructures consisting of small organic 

molecules, polymers, DNA, proteins, carbon nanotubes, sol–gels and metal ions on 

different functional substrates.52-54 

   

Figure 2.2 (a) Dip-pen nanolithography (DPN). (b) ODT (A image) and 16-mercaptohexadecanoic 

acid (B image) dots via contacting with the substrate for 2, 4, and 16 min (left to right) or 10, 20, 

and 40 s under a relative humidity of 45% or 35%; (C image) ODT dot array; (D image) lateral 

force image of a molecule-based grid.51 

In contrast to µCP, DPN is a serial lithographic method. Slow printing of DPN with only 

one AFM tip suffers from low writing speed. Additionally, the small transferred ink 

volumes may result in fast drying, and only limited areas defined by the maximum 

displacement of the piezoelectric scanner can be patterned. In order to improve the 

throughput, Mirkin’s group developed parallel DPN using arrays of cantilever tips.55-56 

The printed ODT patterns were well-defined on large areas (>1 cm2) at the resolution of 

single-pen DPN. To increase the low amount of ink absorbed on the DPN tips and to enable 

DPN of high molecular weight molecules (some functional biological molecules), Wu et 

al. generated adjustable hydrophilic nanoporous poly(4-vinylpyridine) structures on the 

surface of Si3N4 AFM tips through layer-by-layer self-assembly techniques.57 The coated 

PVP nanoporous layer efficiently increased the volume of ink reservoir and maintain the 

biomolecules’ functionalities for extended periods. In addition, Shin et al. utilized a 

nanoporous poly(2-methyl-2-oxazoline) (PMeOx)-coated tips with hundred nanometer 

holes in DPN experiments to transport the relatively large bio-particles, as well as large-

sized viruses.58 
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Almost at the same time, a series of AFM-based printing techniques named nano-fountain 

pen (NFP)59-62 (Figure 2.3), nano-dispenser,63 and microfluidic ultra-microscale 

deposition64 were reported, which involve in situ ink supply through hollow cantilever tips 

connected to ink reservoirs. Ink fills the hollow space inside the tapered tips driven by 

capillary forces, and only flows out of the tapered tips upon contact formation with the 

substrates because of the surface tension of the ink at the apertures of the hollow tips. 

These methods are characterized by great flexibility in feature shapes and the choice of 

deposited materials, and may yield 2D or 3D structures with sizes less than 100 nm. For 

example, Kim et al.60 realized patterns of 40 nm wide 16-mercaptohexadecanoic acid 

(MHA) lines on a gold substrate. Abhijit et al. fabricated 3D platinum nanowires and 

copper nanowire arrays through an electrochemical fountain pen technique by controlling 

the movement of a nanopipette away from the substrate to maintain a stable meniscus 

between the nanopipette and the nanowire growth front.65 Fang et al. developed an AFM 

tip-based nanoscale dispensing system with aperture diameters as small as 35 nm by 

focused ion beam nanofabrication to control the size of the deposited droplets down to a 

value of 70 nm on an alkylamine-modified surface.63 These approaches circumvent the 

necessity of ink replenishment associated with classical scanning-probe lithography and 

allow continuous writing and especially the patterning complex or large-area samples. 

However, complexity of design and fabrication of the hollow cantilever tips, high costs, 

and the complex upscaling of the method are limitations of these approaches. 

 

Figure 2.3 (a) Writing mechanism of the NFP device. A molecular ink fed from the reservoir forms 

a liquid–air interface at the annular aperture of the volcano tip. Molecules are transferred by 

diffusion from the interface to a substrate and a water meniscus is formed by capillary condensation; 

(b) ink from the reservoir is delivered to the dispensing tip via capillary force; SEM of a volcano 

dispensing tip (c) and an on-chip reservoir (d).60 
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In order to create patterns with high resolution and registration, and to combine the 

strengths of micro-contact printing and scanning probe approaches, Huo et al. developed 

polymer pen lithography (PPL),66 which utilizes arrays of soft elastomeric tips for 

cantilever-free transfer of inks to substrates in a way of that generates sub-100-nm features 

in a massively parallel manner. In Figure 2.4, a tip array of PPL is shown that was prepared 

by curing an elastomer precursor in an inversely pyramidal Si master made by 

conventional photolithography, attached to a transparent glass backing layer, and mounted 

to the controllable piezo-actuator in an AFM for writing. 

 

Figure 2.4 (a) (A) A schematic illustration of a polymer pen lithography setup. (B) A photograph 

of an 11-million-pen array. (C) 6-Mercaptohexanoic acid (MHA) dot size as a function of relative 

z-piezo extension. The results were obtained using a polymer pen array with 15,000 pyramid-

shaped tips at 25°C at a relative humidity of 40%.66 

Ink diffusion is similar as in the case of DPN. When the polymer pens are brought into 

contact with a substrate, ink is transferred to the latter to form patterns, the size of which 

increases with the prolongation of the dwell time.67 Because of the soft nature of the 

elastomeric polymer pens, the feature size of the patterns also varies with the contact 

force.68 The advantages of PPL include (1) the ability to deposit inks in a massively parallel 

way using up to ~ 107 elastomeric pyramids on a piezo-actuator; (2) the replacement of 

cantilevers by cheaper, easier accessible elastomeric pens and (3) multiplexed patterns of 

different nano- and micro-arrays could be realized. Zheng et al. used PPL to pattern 

multiplexed protein arrays by using the wells of the Si mold used to prepare the pen array 
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also as ink reservoir that could be filled by inkjet printing.69 Recently, Kluender et al.70 

reported a parallel lithographic technique via combining PPL with an ink spray-coating 

method to realize compositional gradients to synthesize Au-Cu bimetallic nanoparticles, 

which were used for carbon nanotube growth. 

Based on PPL, Huo et al. developed an advanced cantilever-free beam pen lithography 

(BPL) technique by changing the control of mass-transfer processes in typical DPN 

procedures to light exposure.71 The transparent pyramidal polymer tip arrays were coated 

with a thin opaque metal layer except at the positions of the tips. When these tips were 

illuminated by a 400 nm halogen light source, the light selectively passed through the 

apertures to a photoresist-coated surface to form a single dot feature per tip. The obtained 

patterns were characterized by diameters of 111 ± 11 nm below the diffraction limit of the 

light source. This patterning technique not only boosts the throughput, but also guarantees 

the near-field distances contact between the BPL arrays and the substrate without damage 

using elastomeric and reversibly deformable pens. Aiming at transforming the BPL into a 

desktop tool capable of nanofabrication, Liao et al. introduced a digital micro-mirror 

device to individually address the tips in a BPL array to print special patterns.72 

 

Figure 2.5 (a) Schematic of BPL, where transparent polymer tips are coated with an opaque metal 

layer (gold) except at the end of the tips. In this way, light only exposes a light-sensitive 

photoresist-coated surface at the tip. (b) SEM image of a chromium dot array created by BPL arrays 
(after metal evaporation and photoresist lift-off), in which the apertures were fabricated by FIB. 

Each feature diameter is 111+ 11 nm.71 

BPL-based hard polymer tips mitigated the throughput problems related to scanning-probe 

lithography, but they offered no improvement in resolution. To address this problem, Si 

tips were mounted onto a spring-like elastomer backing to improve contact formation to 

substrates to be patterned. 73 A variety of inks was delivered to substrates to produce 

patterns with feature sizes < 50 nm on large scales (> 1 cm2). Coating the PPL pens with 

a thin layer of hard SiO2 also improved the resolution of PPL in a reproducible way.74 
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While PPL has significant advantages, limitations are related to the large distance between 

the polymer pens that often exceeds the displacement range of the piezo scanner, as well 

as to the limited range of inks that can be processed as ink solvents need to be compatible 

with the elastomer polymer pens consist of and to the limited amount of material that can 

be deposited on counterpart substrates without reinking.75 

 

Figure 2.6 (a) Schematic illustration of an SL tip array supported by a transparent, soft backing 
layer that provides mechanical flexibility to each tip. (b) SEM image of the Si tip array on 

SiO2/PDMS/glass with a 150-mm pitch between tips. The inset shows a large area of the array.73 

(c) Scheme of the fabrication process for hard transparent polymer pen arrays via coating a layer 

of hard silica.74 

2.1.3 Ballistic printing 

The third category of surface patterning by directed deposition of materials is ballistic 

printing, which is continuous, serial and capable of generating arbitrary patterns. Ballistic 

printing includes inkjet printing, aerosol jet printing, and laser induced forward transfer 

(LIFT).76 As a representative example of ballistic printing, ink-jet printing uses computer-

controlled translation stages and ink-dispensers to propel droplets of ink onto paper, plastic, 

or other substrates. When an external voltage is applied on a liquid-filled chamber, the 

piezoelectric action triggers a sudden, quasi-adiabatic reduction of the chamber volume 

that generates a shockwave in the liquid, causing the ejection of a fixed quantity of ink out 

of the chamber from the nozzle.77 Under the impact of gravity and air resistance, the 
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ejected drop falls and impinges on the substrate, then spreads under the restriction of 

residual momentum.78 Shape and resolution of the patterns are critically determined by the 

viscosity and the surface tension of the ink, the printing height, the jetting conditions, 

substrate surface energy, topography and morphology of the substrate, as well as the nozzle 

diameter.79 

Since the concept of ink-jet printing was introduced in the 20th century and extensively 

developed in the early 1950s, it has been widely utilized to produce functional patterns in 

various industrial and scientific fields. Thus-produced components include organic or 

inorganic thin-film transistors,80 light-emitting diodes,81 solar cells,82 conductive 

structures,83 engineered tissue,84 arrays of living cells,85-86 and medical components.87 For 

example, Sele et al. used a self-aligned inkjet printing technique to print poly(3,4-

ethylenediox-ithiophene) as the first pattern and poly(styrene sulfonate) as the second 

doped pattern for high-performance field-effect transistors.88 Roth et al. demonstrated the 

ability of high-throughput patterning active protein (collagen) patterns as small as 350 μm 

via computer-controlled desktop inkjet printers.85 Recently, Zhao et al. utilized inkjet 

printing to pattern Ag nanowires on flexible substrates (photo paper or polyethylene 

terephthalate), and transferred inkjet-printed patterns onto PDMS substrates to construct 

stretchable Ag nanowire conductors used as stretchable heaters.89 Even though inkjet 

printing has many merits, the patterned features with a resolution > 20 μm and limitations 

regarding the range of inks suitable for inkjet printing restrict the utilization of inkjet 

printing for the production of nanoscale functional components. Aiming at competing with 

inkjet printing, aerosol jet printing,90-91 a mask-less and non-contact printing method for 

deposition of a broad range of functional inks, has been established by using aerodynamic 

focusing to precisely and accurately deposit inks onto substrates for the generation of 

arbitrary patterns with a resolution better than 5 μm for applications in electronics and bio-

sensing as well as for the preparation of multilayer ceramic capacitors. As another 

competitive ballistic printing technique over inkjet printing, LIFT uses a pulsed laser beam 

as the driving force to project material from a donor thin film towards the receiving 

substrate whereon that material would be finally deposited as a voxel.92 LIFT can operate 

with both solid and liquid donor films, which makes it access a broad range of ink 

viscosities and loading particle sizes and access the capability of printing solid films for 

preparation of multilayers and entire devices, or even for 3D printing. The printed patterns 

could be easily controlled to < 10 μm by tuning the process parameters (the laser fluence, 
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beam diameter, donor film thickness), the strong dependence of the composition of ink, as 

well as the surface properties of the substrates.93 

2.1.4 Comparison of patterning methods for material deposition 

Comparing the aforementioned patterning techniques involving material deposition on a 

substrate, DPN and its variations are advantageous for high-resolution generation of 

arbitrary patterns, but suffer from low throughput. Soft lithography such as μCP allows 

high-throughput and large-area patterning of substrates with patterns predefined on molds 

or stamps; DPN, nano-fountain pen lithography, inkjet printing, and aerosol jet printing 

allow multiplexing by deposition of different inks in one patterned substrate area. PPL, 

BPL and hard-tip soft spring lithography show obvious advantages for high-resolution and 

high-throughput printing but require extensive adjustment procedures. The substrate area 

that can be accessed by individual pens is limited by the maximum displacement of the 

used piezo-stage. The limited volume of ink on each tip still impedes continuous printing 

using the contact-lithographic methods reviewed here (µCP, PPL and variations thereof); 

inks need to be adsorbed on the outer stamp surface prior to each stamping cycle to avoid 

the deterioration of the pattern quality. Therefore, an ideal high-throughput printing 

method that could print dense dot arrays in a fast manner is still unrealized. 

2.2 Silicon nano- and microstructures 

Since the integrated circuit (IC) was invented in 1958 by Texas Instruments, silicon has 

been the leading semiconductor material in industry and research for applications in the 

fields of information technology as well as energy conversion and storage. The requests 

for the precise preparation of highly customized silicon structures satisfying the needs of 

fast technology development have become more and more demanding. Si-based micro- 

and nanostructures are of specific interest because they possess unique features like high 

surface-to-volume ratios as well as superior electronic and/or mechanical and/or optical 

properties. State-of-the-art methods for the preparation of Si nano- and microstructures 

include vapor-liquid-solid (VLS) growth, oxide-assisted growth, solution-liquid-solid 

(SLS) growth, reactive ion etching (RIE) in low density plasma, single-step etching at 

cryogenic conditions in inductively coupled plasma (ICP) combined with RIE, and time-

multiplexed deep silicon etching in ICP-RIE configuration reactors. In this part, we will 
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selectively introduce the preparation processes for silicon nano- and microstructures (wires, 

tubes, and macropores silicon) through categorizing into vapour/(supercritical-

fluid/solution) liquid solid growth and metal-assisted chemical etching (MACE). 

2.2.1 Vapor/(supercritical-fluid/solution) liquid solid growth 

More than 6 decades ago, Arnold and workers reported Si filamentary crystals and silicon 

whiskers with <111> orientation, where the term “whisker” nowadays has been substituted 

by “wire” or “nanowire”.94 Subsequently in 1964, Wagner and Ellis95 grew Si crystals 

from vapor deposition of silicon diiodide (SiI2) using different “impurities” (Au, Pt, Ag, 

Pd, Cu, or Ni) as catalysts to establish the vapor-liquid-solid (VLS) mechanism for single 

crystal growth. It was triggered by an assembly process of joining ultra-small Si atoms. 

However, the relatively low efficiency limited the investigation of physical properties and 

practical applications. In 1998, Lieber and co-workers96 developed a strategy combining 

laser ablation cluster formation and VLS growth to synthesize uniform single-crystal 

silicon nanowires with diameters ranging from ~ 6 to 20 nm and lengths ranging from ~ 1 

to 30 μm in large quantities; the range of accessible dimensions of the Si nanowires was 

extended by Lee’s group97 in the same year to diameters ranging from 3 to 43 nm and 

lengths up to a few hundred microns. 

 

Figure 2.7 Schematic illustration of the VLS growth mechanism.98 

Accordingly, the VLS process could be divided into four steps: (1) a silicon precursor 

decomposes catalyzed by noble metal particles, (2) at elevated temperature, the metal and 

the silicon melt form liquid metal-Si alloy droplets, (3) the gaseous silicon precursor 

molecules preferentially crack at the surface of alloy droplets to create additional Si and 

then dissolve in the metal-Si droplets, (4) super-saturation of the additional Si leads to 

nucleation at the alloy/Si(s) interface resulting in precipitation of the excess Si, thereby 
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producing Si nanowires. Following this mechanism, size and purity of the nanoscale 

catalytic droplets finely control the growth of the Si nanostructures in a high yield manner. 

In analogy to the VLS process,98 the supercritical-fluid/solution-liquid-solid (SLS) growth 

mechanism is based on supply of silicon precursors from supercritical-fluids or solutions, 

as reported by Korgel et al.99 These authors utilized solutions of diphenylsilane and 

SiH2(C6H5)2 in hexane to stabilize gold nanoparticles in a high pressure (200-700 bar) 

reactor at a relatively low temperature (500 oC), where hexane becomes supercritical. The 

obtained defect-free Si nanowires exhibited diameters ranging from 4 to 5 nm and lengths 

of several micrometres. Au colloid particles and the silicon precursor diphenylsilane are 

fed into the solution when heated and pressured above the critical point of the solvent. 

Then, the uniformly dispersed alkanethiol-capped Au particles function as nucleation sites 

to grow silicon nanowires. When the temperature is above 363 ℃ and in a condition of 

Au’s concentration is more than that of Si over 18.6%, an equilibrium state of Au alloying 

with solid Si forms. Thus, Si atoms dissolve into the Au nanocrystals consequently super-

saturated with Si. As a result, uniform nanowires protruded from the Au-Si alloy particles 

form. Compared with VLS, SLS yields Si nanowires at relatively low temperature using 

metal catalysts originating from the extra addition or thermal degradation of 

organometallic precursors in the liquid phase. In addition, SLS reduces the fabrication cost 

even for large-scale production, and can be adapted to the preparation of other 

semiconductor nanowires like germanium (Ge) wires, indium phosphide (InP) and gallium 

arsenide (GaAs) nanowires.100 

2.2.2 Metal-assisted chemical etching (MACE) 

The morphologies of Si wires prepared via VLS-based methods are dominated by circular 

cross-section, and the traditional wet etching could not prepare Si structures with high 

surface-to volume ratio that propel researchers to explore innovative approaches for 

preparation of desired Si structures. Reactive ion etching (RIE),101-102 a dry etching 

technique with accurate controllability and selectivity, involves etching solid substrates 

through reactions with active species. However, silicon structures produced by RIE usually 

have a thin defective region close to the etched surface, which might impede purposed 

applications. In 1997, Dimova-Malinovska et al. fabricated thin (100 nm) porous silicon 

layers by chemical etching a thin Al film coated Si substrate in an etching solution 
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containing HF, HNO3 and H2O.103 As compared to stain etching (spontaneous, free charge 

transfer involved and initiated by hole injection from a sufficiently strong oxidant),104 this 

etching process almost needs no incubation time owing to the presence of Al and HNO3 

on Si surface that generate required reactive holes (h+) for a fast initiation of chemical 

etching. It marks the emergence of metal-assisted chemical etching (MACE). 

Subsequently, a much more sophisticated MACE method was reported by Li and Bohn,105 

who demonstrated that a thin sputtered layer of noble metal (Au, Pt, or Au/Pt alloy) on a 

Si surface could catalyze the Si etching to produce straight pores or columnar structures in 

a mixed etchant of HF, H2O2, and ethanol. This etching method gains soaring attention and 

has been widely utilized to develop Si-based nanostructures. For example, Peng et al. 

developed a nano-electrochemical MACE strategy to fabricate wafer-scale align Si 

nanowires, and performed a series of experiments to investigate the etching mechanism 

using aqueous HF solution with different oxidizing agents, including H2O2, Fe(NO3)3, 

K2PtCl6, KAuCl4 and HNO3.
106 Not only the oxidizing agents or noble metals were varied, 

the HF could also be substituted by some fluoride-based salts such as NH4F,107-108 

NH4HF2
109-110 and NaBH4

111 in AgNO3 acidic solution for etching. 

In MACE processes noble metals catalytically assist localized Si oxidation and 

subsequently dissolve the formed Si oxides in a mixture solution containing HF and 

oxidizing agent. Metal-covered Si areas are etched much faster than uncoated Si; the metal 

is displaced into the Si substrate and finally located at the bottoms of the formed pores or 

around the bases of the formed nanowires. The MACE processes can be classified into 

one-step and two step MACE. 

2.2.2.1 One-step MACE 

For one-step MACE etching solutions are used that contain metal precursors. Metal 

deposition and silicon etching are taking place in the same solution. Peng et al.112-113 first 

fabricated arrays of vertical silicon nanowires or pillars in an etchant containing 0.02 M 

AgNO3 and 4.6 M HF. The potential of the Ag+, which is expected to be closed to 1.77 V 

(vs. SHE), is higher than that of the Si site (close to 1.2 V (vs. SHE)).114 Therefore, a 

galvanic reaction takes place in which Ag+ is reduced to elemental silver particles, 

dendrites or films. Silicon is simultaneously oxidized and dissolved in HF according to 

reaction (2.1):  
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                                   4 Ag+(aq) + Si0(s) + 6F- → 4 Ag(s) + SiF6
2-(aq).                           (2.1) 

AgNO3 can be substituted by other metal salts such as KAuCl4, HAuCl4, H2PtCl6, and 

metal nitrates (Me = Cu, Ni, Mn, Fe, Co, Cr, Mg). One-step MACE is a convenient way 

to prepare Si nanostructures and especially for fabricating nanowires. However, it is 

challenging to control the uniformity and the dimensions of the generated features. 

2.2.2.2 Two-step MACE 

For two-step MACE, noble metal particles (Ag, Au, Al. Bi, Cu, etc.) are deposited onto 

silicon surfaces before etching. The etchant contains HF and an oxidizing agent, like 

H2O2,
115 Fe(NO3)3,

115 KBrO3 or KIO3,
116 or deionized water with dissolved molecular 

O2.
117 Reactions between noble metal and Si can be analogized to the electrochemical 

formation of porous Si.118 The metal particles act as local cathodes, while exposed Si 

works as local anode. A local cell current flow forms between local cathode and anode 

sites during etching. The oxygen atoms of H2O2 used as the oxidizing agent119 are reduced 

at the metal particles that take up two electronic holes per reacted H2O2 molecule. The 

reaction at the cathode is: 

                                     H2O2 + 2H+ → 2H2O + 2h+.                                              (2.2) 

The generated holes inject into the valence band of the Si and oxidize elemental silicon to 

SiF6
2-, which is either a two-hole or four-hole process with direct dissolution of Si in a 

divalent or tetravalent state depending on the H2O2 concentration. H2 evolution during the 

MACE was first attributed to the reduction of protons by Li and coworkers,105 but Chartier 

et al.119 attributed it to the following anode reaction:  

                     Si + 6HF + nh+ → H2SiF6 + nH+ + [(4-n)/2] H2↑.                              (2.3) 

The overall reaction is: 

                     Si + 6HF + n/2H2O2 → H2SiF6 + nH2O + [(4-n)/2] H2↑.                    (2.4) 

2.2.2.3 Parameters influencing MACE 

Different etching conditions result in different morphologies. Parameters affecting the 

topography of Si structures obtained by MACE include the nature of the metallic catalysts, 

the composition of the etchant, the doping of the silicon, as well as etching time and 

temperature. Ag exhibits the fastest etching speed in HF/H2O2 solution, followed by Au, 
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Pt, Pd, and Rh;120-121 well-distinguished metal particles with diameters of around hundred 

nanometers usually generate well-defined pores, while the pores of Si structures catalyzed 

by Pt are of conical shape and lined with mesoporous Si.122 The morphologies are strongly 

influenced by the HF concentration (ρ = [HF]/[HF] + [H2O2]). Low oxidizing agent 

concentrations (ρ > 70%) result in cylindrical pores, medium oxidizing agent 

concentrations (20% < ρ < 70%) produce conical pores with walls lined with porous Si, 

high oxidizing agent concentrations (ρ < 20%) result in the formation of craters, and very 

high oxidizing agent concentrations (ρ < 7%) lead to surface polishing.119 The etching rate 

reaches a maximum level when ρ equals approximately 80%. The porosity of Si 

nanostructures at side walls or metal/Si interface increases with the dopant concentration 

in the Si. The etching direction preferentially aligns with the crystallographic <100> 

direction of Si at a low etch rates regardless of the substrate orientation, and orients in the 

vertical direction when the etching rate increases in non-(100) substrates. Elevating the 

temperature accelerates the etching kinetics and lowers the aspect ratio of the generated Si 

structures.123 

Electroless deposition of metal ions in a HF-based precursor solution, which get reduced 

to nucleate onto the Si surface and inject holes into the valence band of Si, is a versatile 

strategy to produce varieties metal morphologies ranging from isolated nanoparticles to 

continuous metal films.124 The size of nanoparticle, the thickness of metal film, the 

uniformity, grain, and domain size are all controllable. The regularity and controllability 

of diameter, length or depth of etched Si structures, and of the density of nanowires or 

holes are determined by patterns or masks of noble metals, which can in turn be adjusted 

by various patterning methods. For example, Huang et al. accurately controlled diameter 

and height of individual Si nanowires as well as their spacing by polystyrene nanosphere-

lithography (NL) combined with MACE.125 Hamelin et al. first reported the fabrication of 

a silicon MEMS resonator defined by submicron vertical trenches with an aspect ratio of 

16:1 by electron beam lithography or photolithography for masking and MACE.126 An 

interference lithography (IL) method was developed by Choi et al. to prepare Si nanowires 

with different array structures, different cross-sectional shape, and perfect ordering.127 

Huang and workers used an ultrathin anodic aluminum oxide (AAO) membrane as mask 

for the deposition of metal onto Si substrates so that well-defined arrays of Si nanowires 

with diameters of several nanometers were obtained.128 Chang et al. prepared densely 

packed arrays of high‐aspect‐ratio silicon nanowires with uniform crystallographic 
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orientation and with diameters and spacings down to 19 nm and 10 nm by combining 

MACE and block-copolymer lithography (BCL)129. However, the combination of 

electroless deposition and MACE for preparation of highly ordered Si nanostructure has 

seldom been reported. 

2.3 Wetting and dewetting on structured surfaces 

2.3.1 Wettability and wetting on rough surfaces 

Wetting is a natural phenomenon that describes the ability of a liquid to sustain contact 

with a solid surface which results from intermolecular or electrostatic interactions between 

the liquid and solid interface. Wettability, the degree or extent of wetting, reflects the 

tendency of a liquid to spread on, or adhere to a solid surface, determining by the balance 

between adhesive forces and cohesive forces.130 The relation of interfacial tensions at 

three-phase contact angles can be derived from Young’s equation, which was established 

under an assumption of non-reactive liquid spreading on an ideal solid substrate.131 

Wetting or spreading is categorized as non-reactive wetting and reactive wetting.130 

Normally, most of the non-metallic liquids (water or polymeric) spread on inert solids non-

reactively without any external trigger caused by surface interactions, such as van der 

Waals forces or electrostatic interactions. 

Wetting is a complex phenomenon and sensitive to several factors. In nonreactive 

spreading, it is influenced by the nature of liquid and substrate, roughness and 

heterogeneity of the surface, and the atmospheric conditions. Among these factors, 

roughness has a significant influence on the wetting behavior of fluids.132 

 

Figure 2.8. (a) A droplet on a solid surface surrounded by a gas forms a characteristic contact angle 

θ. (b) The liquid is in intimate contact with the solid asperities of the rough surface, the droplet is 

in the Wenzel state. (c) If the liquid rests on the tops of the asperities, it is in the Cassie-Baxter 

state.133 
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As compared to smooth surfaces, rough surfaces provide additional interfacial area for 

liquid spreading that leads to a change of the apparent contact angle. One of the most 

important models is Wenzel’s model (Figure 2.8b) that describes wetting on a rough 

surface involving conformal contact between liquid and solid. The corresponding Wenzel 

equation:  

                                                     cosθw = r∙cosθ                                                     (2.5) 

reveals the relation between the equilibrium contact angle (θ) and the apparent contact 

angle (θw) formed on a rough solid surface,134-135 where r is the average roughness ratio, 

the factor by which roughness increases the solid-liquid interfacial area. Therefore, r is the 

ratio of actual wetted surface over projected or geometric surface measured from the radius 

of wetted base, which is always bigger than the unity. A more complex model not assuming 

conformal contact between liquid and rough surface was developed by Cassie and Baxter 

(Figure 2.8c). The Cassie-Baxter scenario, in which the liquid contacts only the asperities 

of a rough surface, is represented by the Cassie–Baxter equation:  

                                                cosθCB = rf f cosθ + f   ̶1                                            (2.6). 

Here θCB is the Cassie-Baxter apparent contact angle, rf is the roughness ratio of the wet 

area, and f represents the fraction of the solid/liquid interface in the entire composite 

surface beneath the liquid. When f = 1, rf = r, and the Cassie–Baxter equation turns into 

the Wenzel equation. In both cases, when contact angle is lower than 90°, an increase of 

roughness results in the decrease of the apparent contact angle. If the contact angle is larger 

than 90°, the apparent contact angle increases when the roughness increases, implying that 

both lyophilicity and lyophobicity are enhanced by an increase in roughness.136-137 

2.3.2 Dewetting on topographically pre-patterned surfaces 

As the opposite process of wetting, dewetting means that a thin liquid film ruptures on an 

inert substrate (a liquid or a solid) to form an ensemble of separated objects. Dewetting is 

driven by minimization of the surface energy and the interface energy between film and 

substrate. Seemann et al.138 proposed three possible dewetting mechanisms: (1) 

heterogeneous nucleation, where nucleation might be initiated from dry spots, or defects; 

(2) spinodal dewetting,139 where films break up through the amplification of periodic 

thickness fluctuations, such as capillary waves; and (3) thermal nucleation, which is 

sufficient to overcome the potential barrier to nucleate at a dry spot characterized by a 



 2. State of the art  

23 

 

continuous breakup of holes.140 Liquid dewetting behavior changes with the film thickness, 

especially the thickness lower than hundred nanometers. Since the film-substrate interface 

and the film-air interface start interacting due to the intermolecular interactions between 

these two interfaces that amplify the capillary waves by increasing the amplitude of the 

fluctuation. For thicker films, there are no obvious interfacial attraction and do not undergo 

spontaneous dewetting. 

In analogy to liquid dewetting, solid films also dewet on inert substrates when diffusion 

activation energy is overwhelmed under conditions like thermal annealing, nanosecond 

pulsed laser annealing, or the application of ion beams and electron beams.141 The 

dewetting may occur below the film’s melting point while the film still remains in the solid 

state. This process is referred to solid-state dewetting. Generally, solid-state dewetting 

undergoes three distinct stages: hole formation, hole growth and impingement, and 

ligament breakup. Compared with liquid dewetting, the mechanisms of solid-state 

dewetting are more complicated and tightly related to the complex interplay of capillary-

driven diffusion, grain growth, texture evolution, surface energy, interface energy, 

temperature, and faceting evolution.142-143 The reduction in film thickness leads to an 

increase in driving force and an acceleration of the dewetting rate, whereas the temperature 

for dewetting initiation decreases with an increase in film thickness. 

Usually, dewetting a thin solid or liquid film on a flat inert substrate generates randomly 

distributed particles or droplets with broad size distributions. Controlling dewetting 

processes by using chemically and/or topographically pre-patterned substrates may result 

in pre-defined spatial distributions of the objects formed by dewetting.142, 144 For instance, 

Kumar and Whitesides demonstrated the use of regularly pre-patterned surfaces for the 

generation of diffraction gratings.145 Heterogeneously patterned surfaces consisting of 

well-defined hydrophobic and hydrophilic regions with micrometer-scale periodicities 

were prepared by patterning the adsorption of ω-functionalized alkanethiolates in self-

assembled monolayers (SAMs) on gold. Condensing water on the pre-patterned surface 

results in droplet patterns following the pattern of hydrophilic SAMs. The condensation 

patterns function as optical diffraction gratings for reflected (or transmitted) light. 

Controlled dewetting of polymer and metallic thin films on topographically patterned 

substrates is an effective method to prepare ordered arrays of micro- and nanostructures. 

Giermann and Thompson146 reported the fabrication of ordered arrays of metallic 

nanoparticles (Figure 2.9A) with well-defined particle size, spacing and aligned crystalline 
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orientation by thermally dewetting a thin metal film on a substrate with a periodic array of 

pyramidal pits. The periodic local curvatures modulate the chemical potential that 

introduce an additional driving force for diffusion from the position with positive local 

curvature (asperities or ridges) to the position with negative local curvature (wells and 

pits). Therefore, curvature-driven diffusion associated with capillarity-driven diffusion 

results in the formation of ordered arrays of nanoparticles for a relatively specific range of 

film thicknesses, pit spacings, and pitch depths. El-Sayed et al. fabricated metallic 

nanoparticle arrays by thermally annealing a thin metal layer on electrochemically 

generated dimpled Ta (DT) substrates.147 The prepared nanoparticles exhibited uniform 

feature size and spacing control over a large area. Figure 2.9B illustrates two possible paths 

of gold film dewetting on DT surfaces while excluding the evaporation-condensation 

mechanism. The preferred path II involves diffusion of metal atoms from the mesas into 

the dimples during annealing, resulting in a decrease in solid/air interfacial area (Figure 

2.9B), thereby decreasing the overall interfacial free energy of the system at all stages. 

Besides, when pre-patterned surfaces featuring steep sidewall are used as substrates, solid-

state dewetting results in the formation of single particles on the mesa and in the holes, 

respectively.148 Additionally, dewetting of metallic bilayers with defined composition 

produces alloy nanoparticles, and even nanoporous metal nanoparticles can be prepared 

plus a subsequent de-alloying step.149 

  

Figure 2.9A. SEM image of Au particle array with one particle per pit after dewetting a 21 nm 

thick Au film on a periodically patterned substrate with 175 nm mesas (the scale bar is 500 nm).146 

Figure 2.9B. Scheme of two theoretically possible pathways of dewetting of a metallic thin film 
on a dimpled Ta (DT) surface upon thermal annealing. (a) As deposited metal film on a DT surface, 

(b) and (c) intermediate stages of dewetting, and (d) final stage of dewetting to generate a particle 

array. Path II is preferred, as it results in the lowest total interfacial energy (and the lowest final 

surface area).147 

(A) (B) 
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2.4 Dendritic gold structures 

Since gold nanoparticles were reported by Michael Faraday in the 1850s, gold-based 

nanostructures like spheres, rods, cubes, cages, hollows, stars and dendrites have been 

prepared. These gold nanostructures are characterized by interesting optical properties, 

large surface to volume ratios, low toxicity, facile surface modification and 

biocompatibility – advantageous properties which cannot be found for their bulk-state 

counterparts. Therefore, gold nanostructures have been demonstrated to be versatile 

platforms for applications in various fields like photonics, catalysis, and medicine.150-151 

Gold dendrites are branched or star-shaped nanostructures consisting of a core body with 

protruding branches/leaves. Generally, the optical properties, such as localized surface 

plasmon resonance (LSPR), depend on the size and shape of gold nanostructures. The core 

part of gold dendrites can work as an antenna to enhance the electromagnetic field at the 

tips, while the length and number of the dendritic branches determine the LSPR signal.152 

In recent years, a variety of liquid-phase syntheses for gold dendrites has been reported. 

For example, Saltykova et al. prepared dendritic structures of electrolytic gold deposited 

from molten eutectic chlorides.153 Zhang et al. utilized in situ generated ionic polymers as 

templates to fabricate dendritic gold particles.154 Tang et al. fabricated dendritic gold 

through a one-step hydrothermal reduction of HAuCl4•4H2O using ammonium formate as 

a reducing agent with the stabilizer (poly(N-vinyl-2-pyrrolidone)).155 Xu and coworkers 

reported gold nanodendrites monodispersing on graphene oxide (GO) nanosheets via a 

clean ultrasonic treatment of GO and HAuCl4 solution at room temperature.156 These 

works are either complex operations, time-consuming or need of specific 

surfactant/assistant reagents. Galvanic displacement reactions have thus emerged for the 

facile preparation of gold dendrites.157 This method is a type of electroless deposition 

where metal ions are reduced spontaneously by the electrons generated from the substrate, 

driven by the difference of standard electrochemical potential between the deposited metal 

and the sacrificial substrate (Figure 2.10).158 It is a room-temperature reaction that only 

requires water, semiconductor, metal salt, and a fluoride acid source which dissolve the 

insulating oxide forms on the surface of the semiconductor to accelerate the contact of 

generated electrons and metal ions for reduction. Obviously, galvanic displacement 

reactions are quite attractive because of their simple execution and their high throughput. 

For instance, Xia et al. created gold dendrites on porous silicon substrates via one step 
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galvanic exchange reaction.159 Qi and coworkers prepared hierarchical, three-fold 

symmetrical, single-crystalline dendritic gold nanostructures on a zinc plate through which 

a reaction happens between the zinc plate and an ionic liquid [BMIM][PF6] solution of 

tetrachloroaurate.160 However, to the best of our knowledge, the preparation of dense 

layers of overlapping three-dimensional gold nanodendrites in a HF based solution without 

any templates, surfactants, or stabilizers has remained challenging. 

 

Figure 2.10. Sketch of galvanic displacement. A semiconductor substrate in contact with a solution 

of sufficiently oxidizing metal ions (M+) will reduce M+ to M0 on the surface of the semiconductor. 

The semiconductor, in turn, is oxidized.158 

2.4.1 Dendritic gold structures for SERS and Catalysis 

Dendritic gold nanostructures usually possess morphological features like sharp edges, tips 

and vertices, as well as nanoscale junctions. Thus, dense arrays of gold nanodendrites 

exhibit high specific surface areas and high densities of hot spots characterized by high 

field enhancements that enable efficient pre-concentration sensing by surface-enhanced 

Raman scattering (SERS), bio-imaging, and catalysis.161-162 SERS is a powerful 

vibrational spectroscopy technique for highly sensitive detection and identification of 

minute amount of analytes in material research, surface science, and medical diagnostics. 

It was first observed in 1973 for pyridine adsorbed on a roughened silver electrode.163 

After decades of development, SERS has been used in highly sophisticated studies dealing 

with single molecule spectroscopy, tip enhanced Raman spectroscopy (TERS), ultraviolet 

(UV) SERS, and SERS integrated with ultrafast spectroscopies.164 The enhancement of 

Raman spectroscopy can be attributed to an improvement of the apparent Raman cross-

section of the analyte through local amplification of electromagnetic fields, which are 

generated in the close proximity of metal nanostructures and caused by the excitation of 

localized surface plasmon resonances (LSPRs).162 This mechanism can enhance Raman 

signals by a factor of 103 to 108, and is independent of the nature of the analyte 
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molecules.165 Besides the electromagnetic enhancement, chemical enhancement was also 

reported to amplify Raman signals by up to three orders of magnitude via the resonance of 

the excitation waves with the metal-molecule charge transfer electronic states, which is 

highly selective to the chemical properties of the analyte as well as the analyte-surface 

interactions and affinities.166 Nevertheless, both enhancement mechanisms are based on 

the proximity of analyte molecules and plasmonic surfaces. To boost Raman signals, 

plasmonic metal nanostructures are prepared in which upon light excitation the conduction 

band electrons collectively oscillate to give rise to LSPRs.167 When LSPRs couple with 

incident light, a secondary electric field localized around the plasmonic nanostructures 

forms. Plasmonic hotspots may result that are characterized by high electromagnetic field 

enhancements at/near the metallic surfaces. In particular, hotspots form in the gaps, 

crevices and at sharp features of plasmonic materials, which implies that gold 

nanodendrites grown on substrates are highly interesting candidates for SERS. The sharp 

edges and vertices, as well as the nanoscale junctions result in strong enhancement of 

Raman signals. 

Gold nanoparticles were found to exhibit catalytic properties for CO oxidation superior to 

those of bulk counterparts, as revealed by Haruta two decades ago.168-169 Numerous 

research works have focused on the investigation of nanostructured metallic catalysts for 

CO oxidation, water gas shift reactions, selective oxidations, and selective hydrogenation 

of unsaturated hydrocarbons.170-172 A precise morphology control of gold nanostructures 

is a crucial factor for the optimization of the catalytic activity. Typically, small-size 

nanoparticles tend to exhibit better catalytic properties because of their relatively high 

surface-to-volume ratio. Dendritic precious metal nanostructures show excellent catalytic 

properties due to the high density of high-energy edges and corner sites and their large 

specific surfaces. For instance, Qin et al. demonstrated that the hierarchical, three-fold 

symmetrical, single-crystalline gold dendrites exhibited excellent performances toward 

electrocatalytic oxidation of methanol in alkaline solution.160 Ye et al. prepared gold 

dendrites on commercial aluminum foil in the presence of NaF or NH4F which effectively 

catalyzed the reduction reaction of 4-nitrophenol to 4-aminophenol and 2-nitrophenol to 

2-aminophenol at room temperature.161 The catalytic reduction of p-nitrophenol, since first 

utilized by Pal et al. and Esumi et al., has been developed as a suitable model reaction to 

evaluate the catalytic properties of free or immobilized nanostructures.173 
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2.5 Molybdenum Disulfide 

Since graphene was discovered from micromechanical exfoliation of mono-graphite layers 

in 2004, enormous efforts have been dedicated to the investigation of materials that exhibit 

laminar atomic structures with strong intra-layer bonds and weak van der Waals 

interactions between the layers. Such materials are referred to two-dimensional (2D) 

materials. Among these 2D materials, transition metal dichalcogenides (TMDCs) are 

widely applied in the field of electronics, photonics and biological areas for their unique 

physical, chemical and biocompatible properties. The chemical formula of TMDCs is MX2, 

which normally consists of a transition metal element M (group IV (Ti, Zr, Hf), group V 

(V, Nb, Ta), or group VI (Mo, W)) and a chalcogen element X (S, Se and Te). As a 

representative example of TMDCs, MoS2 has been insensitively investigated and applied 

in applications such as electronics, biomedicine or lubrication engineering. In 1923, 

Dickson and Pauling revealed that mineral molybdenite possesses a hexagonal axis and 

six symmetry planes by taking a Laue photography with an incident beam normal to the 

basal plane.174 Then, Frindt employed a micromechanical peeling technique to obtain thin 

layers of MoS2 on mica substrates with a thickness of 1.2-1.5 nm (corresponding to two 

molecular layers) in 1966.175 Subsequently in 1986, Morrison et al. reported the 

preparation of MoS2 monolayers through lithium intercalation plus a liquid phase 

exfoliation.176 In addition, Koma and Yoshimura fabricated an ultrathin heterostructure 

consisting of single layers of MoS2 and MoSe2 with a sharp and defect-free interface via 

the van der Waals epitaxy technique.177 In 1990, Yang et al.178 demonstrated the existence 

of octahedrally coordinated Mo atoms in a strongly distorted single-layered MoS2 in 

contrast to the trigonal prismatic coordination of Mo in bulk MoS2 by theoretically and 

experimentally investigating the structure of single-layered MoS2 obtained from 

exfoliation of lithium-intercalated MoS2 in water. 

2.5.1 Crystal structures of MoS2 

MoS2 forms lamellar structures of covalently bonded S-Mo-S fragments, whereby the S 

atoms are arranged in two hexagonal planes modulated by a plane of Mo atoms. In Figure 

2.11a, each Mo atom situates at the centre of a trigonal prism created by six S atoms, and 

such three S-Mo-S atomic layers compose a monolayer of MoS2 with a thickness of 0.65 
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nm. The distance between two sandwiched S atoms is 3.1 Angstroms, the length of Mo-S 

is 2.4 Angstroms, respectively. Adjacent atomic sandwich units can stick in three possible 

configurations (Figure 2.11b) bounded by weak van der Waals interactions between 

neighbouring S-S planes. As the two main types of MoS2 crystals, 2H and 3R phases have 

trigonal prismatic coordination. The 2H-MoS2 has hexagonal symmetry with two layers 

per primitive cell, while the 3R phase has three S-Mo-S units per cell stacking in the 

rhombohedral symmetry. The third type is 1T metallic phase MoS2 that has only one S-

Mo-S layer unit as a repeat cell in the tetragonal symmetry with octahedral coordination. 

The 1T and 3R phases of MoS2 are metastable and can easily be converted to 2H-MoS2 by 

heating or aging. 

                                                    

Figure 2.11. (a) Hexagonal structure of S and Mo layers composes the three phrases illustrated in 

panel (b); (b) Crystal structure of MoS2: Octahedral (1T), Trigonal prismatic (2H) and Trigonal 

prismatic (3R) unit cell structures.179 

2.5.2 Synthesis of MoS2 

The synthetic strategies of MoS2 nano- and microstructures can be categorized into 

syntheses of sheet-like 2D MoS2 nano- and microstructures and syntheses of 0D MoS2 

nano- and microparticles. 

(a) (b) 
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2.5.2.1 Synthesis of sheet-like 2D MoS2 nano- and microstructures 

In analogy to the preparation of graphene via the simple “Scotch tape method”, layered 

MoS2 can also be obtained by attaching the bulk phase MoS2 to adhesive tape, repeatedly 

exfoliating, and transferring to a substrate. Although this method can produce MoS2 

monolayers, it is not suitable for large-area production due to its low yield and non-

controlled layer thickness, shape and size. In 2012, Gacem et al. developed a general 

technique named anodic bonding to prepare high quality two dimensional layers in a 

relatively controlled manner.180 A bulk MoS2 precursor is bonded to a borosilicate glass 

substrate by an electrostatic field and then cleaved off to leave few layers of MoS2 on the 

substrate. The obtained MoS2 layers (10 ~ several hundred micrometer) are mostly thicker 

than those produced by Scotch tape micro-cleavage and easy to be transferred. 

 

Figure 2.12. Electrochemical lithiation process for the fabrication of 2D MoS2 nanosheets from 

bulk MoS2.
181 

Another classic method is liquid phase exfoliation, which involves mechanical exfoliation 

and atomic intercalation. The former is a physical process such as sonication, shearing, 

grinding and bubbling. In 2011, solvent-based exfoliation was reported by Coleman et 

al.182 to prepare MoS2 nanosheets by exfoliating suspended bulk MoS2 flakes in organic 

solvents. Atomic intercalation-based exfoliation involves ion intercalation via solution 

chemistry or electrochemistry. Typically, lithium ions are widely utilized to intercalate 

bulk MoS2 and enlarge the interlayer spacing, thus facilitating the following mechanical 

exfoliation.183 Zhang et al. developed a controllable electrochemical lithiation method for 

the preparation of 2D semiconducting nanosheets.181 They monitored and controlled the 

lithium intercalation during discharge process in an electrochemical cell while 

incorporating the layered bulk MoS2 as cathode and lithium as anode (Figure 2.12). 
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Followed by an ultra-sonication and exfoliation, single-layer MoS2 was obtained with a 

high yield of 92%. Liquid phase exfoliation is a simple and costless technology that yields 

large amounts of 2D MoS2 nanosheets with high quality, and especially suits for large-

scale industrial production. 

As the deposition method most compatible existing semiconductor technology, chemical 

vapor deposition (CVD) generates films by chemical reactions of gaseous precursor 

molecules on the substrates and/or on films formed on the substrates. CVD has been 

employed frequently to grow MoS2 thin films on insulating substrates like SiO2 or sapphire 

at elevated temperatures in the presence of precursor reagents including metallic Mo films, 

Mo-based compound powders, or MoS2 powder. In 2012, Li and coworkers reported the 

preparation of large-area, monolayer MoS2 films on Si/SiO2 through a CVD method using 

molybdenum trioxide (MoO3) and sulfur (S) powders as solid reactants.184 The prepared 

MoS2 film-based bottom-gate transistors exhibit typical n-type semiconductor behavior 

with a current on/off ration of 104. In order to optimize large-area uniformity for 

preparation of MoS2 layers, Zhan et al. reacted sulfur vapor with a thin layer of pre-

deposited Mo at 750 ℃ to form bi- or tri-layered MoS2.
185 The interlayer spacing was ~6.6 

± 0.2 Å. Yu et al. prepared centimeter-scale uniform MoS2 films using molybdenum 

chloride (MoCl5) as precursor via a self-limiting CVD method under a pressure around 2 

Torr.186 Similar to a physical vapor transport growth approach for Bi2Se3 and Bi2Te3 

nanoplates,187 Xu and coworkers employed bulk molybdenum disulfide powder and Ar as 

carrier gas to prepare MoS2 monolayers.188 Another effective way to synthesize wafer-

scale MoS2 films is pyrolysis of bi- or tri-layer continuous ammonium thiomolybdates 

((NH4)2MoS4) films, which was first reported by Lain-Jong Li and workers (Figure 

2.13).189 Moreover, a high temperature sulfurization treatment in S vapor or H2S 

atmosphere could improve the crystallization of MoS2 to a large extent. 

 

Figure 2.13. Schematic illustration of the two-step thermal decomposition of (NH4)2MoS4.
189 
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2.5.2.2 Synthesis of 0D MoS2 nano-and microparticles 

In addition to the synthesis of 2D MoS2 sheets, several solution-based chemical processes 

were also developed for the preparation of MoS2 nano- and microparticles as well as 

quantum dots including hydrothermal and solvothermal synthesis. These two common 

methods involve the reaction of molybdates (e.g. (NH4)6Mo7O24∙4H2O) with sulfur or a 

low-toxic organic sulfur source, such as thiourea or thioacetamide, in a PTFE-lined 

stainless steel autoclave.190-191 These methods yield high-surface-area and high crystalline 

2D MoS2 with abundant reactive sites and few defects on a large-scale amount that show 

obvious advantages for electrocatalysis, photocatalysis, and use in lithium battery anodes 

as well as supercapacitors.192-193 

2.5.3 Electronic properties of MoS2 and related applications 

The most appealing property of MoS2 is the possibility of electronic bandgap engineering. 

Bulk MoS2 is an indirect bandgap semiconductor with a bandgap of 1.3 eV. Quantum 

confinement effects occur normal to the 2D MoS2 sheets; the fundamental indirect 

bandgap increases with decreasing numbers of MoS2 layers. When the thickness reduces 

to a monolayer, MoS2 becomes a 2D direct band-gap semiconductor with a direct bandgap 

of 1.9 eV.194 This behavior endows the suitability of MoS2 for the design of new electronic 

devices. For instance, MoS2 monolayers were reported195 to show improved electron 

mobility as high as 900 cm2 V-1s-1 and a high current on/off ratio of 107-108. Single-layer 

MoS2 exhibits an extensive optical absorption up to 107 m-1 in the visible range, and a 

strong photoluminescence caused by the direct bandgap attributes. Lopez-Sanchez et al. 

found that mono-layered MoS2-based phototransistors exhibit a high photo-responsivity 

of 880 A/W at a wavelength of 561 nm, which is better than the performance of similar 

configurations based on graphene.196 

Owing to the bandgap transformation by manipulating the number of layers to tune the 

electronic and optoelectronic properties, MoS2 exhibits outstanding performance when 

utilized in energy conversion and storage.194 Three phases of MoS2 (1T, 2H and 3R) were 

reported to function as electrocatalysts and photocatalysts in hydrogen evolution reactions 

(HER).197 Among them, the 1T phase shows the highest performances since both the edges 

and the basal planes of MoS2 deliver high catalytic activities that accelerate the effective 
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charge transport and inhibit electron-hole recombination, while the active sites of 2H MoS2 

only stem from the edges whereas the majority of basal surfaces are inactive.198-199 In 

addition, 1T MoS2 with metallic conductivity and high density of active sites is in favor of 

HER,200 which also exhibits enhanced performance and stability in photoelectrochemical 

conversions (PEC).201 2D layered structures are beneficial for optimizing times and 

distances of charge transport. This feature provides the possibility of PEC measurements 

as analytical method for bio-sensing, which depends on the reactions between the 

photogenerated charge carriers and an analyte.202 Recently, MoS2 was reported to work as 

electron acceptor in an organic solar cell by coupling with the organic π-donor polymer 

PTB7 to construct a large-size type-II heterojunction.203 The PTB7-MoS2 bilayer 

heterojunction exhibits a short-circuit current density (Jsc) of 1.98 mA/cm2, open-circuit 

voltage (Voc) of 0.21 V, and a power conversion efficiency (PCE) of 0.1%. Compared with 

bandgap-free graphene that cannot be used in pristine form for nanoelectronic applications, 

MoS2 has a wide bandgap and exhibits photoluminescence and light-absorption properties 

that overcome the restriction when used in low-power electronics like photodiodes and 

phototransistors. Another important application area is energy conversion and storage, 

such as for supercapacitors and Li-ion batteries.204 Chhowalla and coworkers205 invented 

sponge-like vertically aligned MoS2 flexible super-capacitor electrodes with capacitance 

values ranging from 400 to 700 F cm-3 in aqueous electrolytes; Wang et al. reported a high 

capacity of 400 mAh/g at 0.25 C from the exfoliated MoS2-Carbon composites.206 

2.5.4 Mechanical properties of MoS2 and related applications 

MoS2 exhibits excellent mechanical properties under ambient conditions with a Young's 

modulus of 0.33 ± 0.07 TPa, a yield stress of 15 ± 3 N/m, a friction coefficient of 0.15 ~ 

0.20 and an estimated shear strength of 56.0 MPa.207 Thus, MoS2 is widely utilized as an 

additive in lubricating oils or greases and as dry lubricant,208 as disclosed in patents209 

already filed in 1930s. MoS2 in solid film lubricants reduces friction of moving machine 

assemblies, of impingement coatings, of greases and specialized grease-like products like 

pastes, as well as of automotive and industrial lubricating oils.210 The lubricant effects of 

MoS2 can be attributed to the lamellar crystalline structure, where the MoS2 sheets are only 

bonded by weak van der Waals interactions, giving rise to easy shear, cleavage and low 

friction. When sliding happens, the crystalline layers easily slide and orient parallel to the 

direction of relative movement, while the strong covalent bond between Mo and S prevents 
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lamellar asperities penetration. In addition, MoS2 has pronounced chemical stability 

against acids, is insensible to radiation and stable at up to 350 °C in oxidizing 

environments.211 In fluid lubricants, MoS2 dispersions reduce friction, wear and 

temperature in the boundary lubrication conditions. 

Tremendous efforts have been paid to the investigation of friction coefficients and shear 

strengths of MoS2 under various conditions.208 For example, Donnet and workers212 

studied the tribological performance of radio-frequency magnetron sputtered MoS2 

coatings on cleaned bearing steel surfaces, and realized a super-low friction coefficient 

below 0.004 under dry nitrogen in ultra-high vacuum (UHV) with an interfacial shear 

strength of 1 MPa, which is about ten times lower than that of standard physical vapor 

deposition coatings. Oviedo et al. used the focused ion beam technique to investigate the 

interlayer sliding of MoS2 layers thinned to atomic dimensions, and the shear strength 

under normal load was derived to be 25.3 ± 0.6 MPa.213 Charoo et al. used four sizes of 

MoS2 particles (35 μm, 7 μm, 3 μm, and 90 nm) as additives in the lubricant SAE 20W40 

to disclose that the friction coefficient and wear volume decrease with the reduction of the 

particle size, which might be caused by the rolling of the small particles into the contact 

zone.214 Hao et al. studied the dynamic response of CVD-grown MoS2 microstructures to 

mechanical wear by combining controlled dry sliding wear tests and in situ site-specific 

nano-mechanical testing.215 Tedstone et al.216 conducted a compression test on a sub-

micrometer diameter pillar of Cr-doped MoS2 prepared by aerosol-assisted CVD via in 

situ TEM, which bridges the gap between the nanoscopic/mesoscopic and the macroscopic 

length scale. However, all these works consider thin MoS2 layers or coatings obtained by 

physical vapor deposition or CVD. Yet, little attention has been paid to the use of ordered 

MoS2 microparticle arrays as lubricants to optimize the tribological performances of 

polymer monoliths. Although several papers reported the preparation of MoS2 dot 

arrays,217-218 the controlled positioning of MoS2 microparticles with sizes down to few 

hundred nanometers as monodomain monolayer on large-scale has remained challenging.
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3 Ordered topographically patterned silicon 

by capillary submicron stamping and MACE: 

preparation and applications 

In this chapter, a method for the high-throughput production of topographically patterned 

silicon (tpSi) by combining insect-inspired capillary submicron stamping and surface-

limited metal-assisted chemical etching (MACE) with ammonium bifluoride as a HF 

source is described. Capillary submicron stamping to prepare arrays of functional spots 

relies on the use of spongy nanoporous poly(styrene-b-2-vinylpyridine) (PS-b-P2VP) 

stamps with hexagonal arrays of nanoporous contact elements. Ordered arrays of 

submicron AgNO3 dots extending square millimeters were generated on Si by manual 

stamping with cycle times of a few seconds under ambient conditions. Under higher load, 

large-area ordered holey AgNO3 films were obtained. Subsequently, the patterns were 

transferred into the Si wafers by surface-limited MACE yielding ordered topographically 

patterned silicon (tpSi) with hexagonal arrays of indentations or Si pillar arrays. In addition, 

microdot arrays and holey films of other metal precursors such as gold(III) chloride 

hydrate (HAuCl4•xH2O), chloroplatinic acid hexahydrate (H2PtCl6•6H2O) and 

palladium(II) chloride (PdCl2) were also generated by capillary sub-microstamping and 

converted to tpSi and Si pillar arrays by MACE. 

The prepared tpSi structures were utilized as substrates for inkjet printing of polymer 

solutions and as templates for rationally positioning hexagonal arrays of gold 

microparticles which further used as seeds for the growth of 3D gold nanodendrite arrays. 

The latter were applied for pre-concentration sensing based on surface enhanced Raman 

spectroscopy (SERS) and for heterogenerous catalysis. (I) Inkjet printing of polymer 

solutions onto the tpSi yielded patterns of polymer blots conformally covering the tpSi. 

Such polymer blot patterns on silicon surfaces could potentially be used for the 

development of persistent and scratch-resistant identity labels or quick response codes. (II) 

A synthetic algorithm yielding dense layers of overlapping 3D gold nanodendrites attached 

to tpSi substrates was developed as the second application discussed in this chapter. 

Regular hexagonal arrays of Au microparticles ~300 nm in diameter with a lattice constant 

of 1.5 μm were formed on tpSi through topographically guided solid-state dewetting of 
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thin continuous Au films. The solid-state dewetting process resulted in the formation of 

one gold microparticle per indentation. Then, the regularly arranged arrays of gold 

microparticles were employed as seeds for the growth of 3D gold nanodendrites by 

galcanic displacement reactions (GDRs). It was evaluated to what extent structural features 

of 3D gold nanodendritic layers can be optimized by optimizing the GDR conditions. 

Growth initiation of dendritic features at the edges of the gold microparticles resulted in 

the formation of 3D gold nanodendrites while dendritic growth within the substrate plane 

was prevented. The obtained dense layers of overlapping 3D gold nanodendrites attached 

to underlying tpSi substrates exhibited high SERS sensitivity with a reasonable degree of 

homogeneity over large areas. Their catalytic performance in the reduction of 4-

nitrophenol (4-NP) to 4-aminophenol (4-AP) by sodium borohydride (NaBH4) was 

superior to that of gold dendrites randomly grew on silicon substrates, of silicon substrates 

covered by thin gold films and of gold microparticle arrays. 

3.1 Preparation of tpSi 

3.1.1 Materials and methods 

3.1.1.1 Materials 

Asymmetric PS-b-P2VP (Mn(PS) = 101000 g/mol; Mn (P2VP) = 29000 g/mol; Mw/Mn(PS-

b-P2VP) = 1.60; volume fraction of P2VP 21%; bulk period 51 nm) was obtained from 

Polymer Source Inc., Canada. 1H,1H,2H,2H-Perfluorodecyltrichlorosilane (PFDTS, 

purity 97%) was purchased from ABCR GmbH. Macroporous silicon templates patterned 

with either hexagonal arrays of pyramid-like or cylindrical macropores with a periodic 

distance of 1.5 μm were bought from SmartMembranes (Halle, Saale), fabricated by a 

conventional lithography process and a photo-electrochemical etching procedure.219-220 

The base diameter of the inverse pyramidal etch pits amounted to 920 nm and the depth to 

650 nm, while the cylindrical macropores’ diameter amounted to 800 nm and the depth 

amounted to 1.0 µm. (100)-oriented p-type silicon wafers with a resistivity of 1−3 Ω·cm 

were purchased from Siegert Wafer. Polystyrene standard (product number 32 775−1; Mw 

= 29670 g/mol; Mn = 29640; Mw/Mn = 1.01), ammonium bifluoride (NH4HF2), silver 

nitrate (AgNO3 (99.5%)), gold(III) chloride hydrate (HAuCl4xH2O, 99.995%), 

chloroplatinic acid hexahydrate (H2PtCl66H2O), palladium(II) chloride (PdCl2), HNO3 
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(64−66%), H2SO4 (98%), H2O2 (30%), acetophenone, tetrahydrofuran (THF, 99.9%), and 

ethanol were purchased from Sigma-Aldrich. 

3.1.1.2 Preparation of nanoporous stamps 

Macroporous silicon templates were hydrophobically modified with PFDTS by vapor 

deposition at 85 °C for 2 h and 130 °C for 3 h following procedures reported elsewhere.221 

Then, 50 μL of a 10 wt-% solution of PS-b-P2VP in THF was deposited onto pieces of 

silanized macroporous silicon templates with areas of 1 cm2, and kept at room temperature 

overnight to evaporate the solvent THF. The obtained PS-b-P2VP replicas of the 

macroporous silicon templates were nondestructively detached and then converted to 

nanoporous stamps with spongy continuous nanopore systems by treatment with ethanol 

at 60 °C for 4 h, as reported elsewhere.222 After drying for 12 h, the smooth but porous 

backside of the nanoporous stamps was exposed to oxygen plasma at 100 W for 4 min. 

The upper surface of the nanoporous stamps, at which the pyramidal contact elements were 

located, was exposed to oxygen plasma at 100 W for 2 min. Thus, circular nanoporous 

stamps with an area of ∼0.5 cm2 were obtained. 

Macroporous silicon templates with hexagonal arrays of cylindrical macropores were also 

used for molding PS-b-P2VP to prepare spongy nanoporous PS-b-P2VP stamps with rod-

like contact elements having hemispherical tips (height 950 nm; base diameter 1.0 μm). 

3.1.1.3 Patterning AgNO3 microdot arrays by insect-inspired capillary sub-

microstamping 

We used home-made hollow poly(etheretherketone) (PEEK) cylinders with an inner 

diameter of 1.0 cm and an outer diameter of 1.2 cm as stamp holders (Figure 3.1). The 

stamp holders were open at their upper side and had a cylinder base with a circular hole 

2.0 mm in diameter for ink supply to the nanoporous stamp. To prepare the elastomeric 

PDMS interlayers located between the nanoporous stamp and the stamp holder, base and 

curing agent of SYLGARD 184 formulation (Dow Corning, Midland, MI, USA) were 

mixed at a weight ratio of 10:1. The mixture was cast onto pieces of Si wafers located in 

plastic containers. After curing for 3 days under ambient conditions, the obtained PDMS 

films with a thickness of∼1.0 mm were mechanically detached, roughened with P1200 

SiC sanding paper on both sides, and cut. Using double-sided adhesive tape (Tesa 05338), 
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the PDMS interlayers were glued onto the cylinder bases of the cylindrical PEEK stamp 

holders (Figure 3.1) and channels for ink supply connecting the hole in the cylinder base 

of the stamp holders were pierced through the elastomeric PDMS interlayers with needles. 

Si wafer pieces with edge lengths of 1 cm were cleaned by immersion into piranha solution 

(98% H2SO4 and 30% H2O2 at a volume ratio of 3:1) at 80°C for 30 min and copiously 

rinsed with deionized water. The Si wafer pieces were then dipped into a solution of 5 wt % 

NH4HF2 in deionized water for 2 min at room temperature to remove silica and dried in an 

Ar flow. Immediately thereafter, the Si wafer pieces were stamped. For this purpose, 5μL 

of an aqueous solution containing 5 mmol/L AgNO3 and 5 wt % NH4HF2 were pipetted 

into the stamp holder. The ink was allowed to infiltrate the nanoporous stamp with 

pyramidal tips for 2 to 3 min. To ensure that the nanoporous stamp approaches the Si wafer 

piece perpendicularly, the Si wafer piece to be stamped was placed underneath a steel disk 

with a diameter of 5.0 cm having a perpendicular cylindrical hole, into which the 

cylindrical PEEK stamp holder was fitted during approach to the silicon wafer piece 

(Figure 3.1). The cylindrical PEEK stamp holders had internal screw threads at their upper 

openings that allowed affixing steel cylinders with external screw threads having 

appropriate weights to adjust the pressure exerted during insect-inspired capillary 

submicron stamping. 

 

Figure 3.1 Photograph of a hollow cylindrical poly(etheretherketone) (PEEK) stamp holder onto 

which an intermediate elastomeric PDMS layer and a nanoporous stamp are glued. The stamp 
holder is fitted to the central cylindrical hole of a steel disk that is used as guiding structure to 

ensure normal approach of the nanoporous stamp to the counterpart surface. 

3.1.1.4 Transfer of AgNO3 patterns by MACE 

To prepare tpSi and Si pillars, the stamped silicon wafer pieces with AgNO3 microdot 

arrays or holey AgNO3 films were dipped into 40 mL of an aqueous solution containing 
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4.8 mol/L NH4HF2 and 0.4 mol/L H2O2 at room temperature for 40 min under exclusion 

of light. Subsequently, the Si wafer pieces were treated with a mixture of 20 mL of 64−66% 

HNO3 and 20 mL of deionized water for 5 min to remove residual AgNO3. As an 

explorative experiment to investigate the effect of metallic states in terms of wet chemical 

etching, the silicon wafer patterned with AgNO3 microdots were treated with oxygen 

plasma at 100 W for 10 min, and then immediately etched in 40 mL aqueous solution of 

4.8 mol/L NH4HF2 and 0.4 mol/L H2O2 at room temperature for 40 min to yield silicon 

structures. 

3.1.1.5 Patterns of other metal precursors by capillary sub-microstamping and 

transfer by MACE 

Applying the same capillary microstamping procedure, 5 μL of an aqueous 2.5 mmol/L 

HAuCl4 solution was dripped into the stamp holder to infiltrate spongy nanoporous 

polymeric stamps with rod-like contact elements for 2.5 min. Then, the infiltrated stamp 

was brought into contact with Si wafers at a load of ~ 0.04 N and a pressure of ~ 0.74 N. 

Subsequently, the stamped Si wafers were immersed into 40 mL aqueous solution 

containing 4.8 mol/L NH4HF2 and 0.4 mol/L H2O2 at room temperature for 40 min without 

light radiation. Topographically patterned Si or silicon pillars were obtained after removal 

of the residual metal precursor in a mixture of 20 mL of 64−66% HNO3 and 20 mL of 

deionized water for 5 min. Capillary sub-microstamping of aqueous solutions containing 

2.5 mmol/L PdCl2 or 2.5 mmol/L H2PtCl6 were carried out under the same conditions as 

the stamping of the HAuCl4 precursor solution. The patterned Si wafers were converted to 

tpSi by MACE in 40 mL aqueous solution containing 4.8 mol/L NH4HF2 and 0.4 mol/L 

H2O2. 

3.1.1.6 Characterization 

Scanning electron microscopy (SEM) investigations were carried out on a Zeiss AURIGA 

microscope operated at an accelerating voltage of 7 kV. The polymeric samples were 

sputter-coated with a thin Ir−Pd alloy layer before the measurements. Atomic force 

microscopy (AFM) measurements were conducted in the semi-contact mode with a NT-

MDT NTEGRA device using GOLDEN SILICON cantilevers (NSG01/Pt; 

NanoLaboratory). The V-shaped cantilevers had nominal lengths of 125 μm, force 
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constants of 1.45 − 15.1 N/m, and a resonance frequency of 127.8 kHz (within the range 

from 87 to 230 kHz). The tip curvature radius was 35 nm. The AFM images were 

processed by the software Nova Px. 

3.1.2 Design of Nanoporous Stamps 

The stamps were designed to form monolithic units which are entirely penetrated by 

continuous, spongy nanopore networks.223 Compared with classical soft lithography24, 38 

using solid elastomeric stamps and polymer pen lithography,66, 224 the advantage of 

capillary submicron stamping is obvious that a broad range of organic or aqueous inks 

including dissolved functional substances can be supplied from the stamps’ reverse side 

via the nanoporous network to the contact elements or can be stored in the stamps’ 

nanopore systems. 

 

Scheme 3.1 Topographic patterning of silicon by insect-inspired capillary submicron stamping and 
surface-limited MACE. (a) Silanized macroporous silicon (light blue) with inverted-pyramidal pits 

is used as a template for replication molding with PS-b-P2VP. (b) Negative PS-b-P2VP replica of 

the macroporous Si templates (blue-green) are (c) converted into nanoporous stamps (green) by 

swelling-induced pore generation and oxygen plasma treatment. 

As shown in Scheme 3.1 that schematically displays the preparation of tpSi by insect-

inspired capillary submicron stamping, macroporous silicon (light blue) with hexagonal 

arrays of pores (Scheme 3.1a) was employed as a template for the preparation of 

nanoporous stamps. First, the macroporous silicon templates (Figure 3.2a) with base 

diameter of the inverse pyramidal etch pits amounted to 920 nm and the depth to 650 nm 

(Figure 3.2b) were silanized as described in section 3.1.1.2. Then, the THF solution of 

block copolymer polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) was molded 

against the hydrophobic macroporous silicon templates. After nondestructive detachment, 

solid PS-b-P2VP specimens (blue-green; Scheme 3.1b) with topographically patterned 

surfaces consisting of hexagonal arrays of pyramids were obtained, which negatively 

replicated the inverse pyramidal etch pits of the macroporous silicon templates. As 

revealed by SEM (Figure 3.2c), the obtained polymer monolith perfectly replicated the 

regular inverted pyramidal structure. In the next step, the topographically patterned solid 

PS-b-P2VP specimen was converted into a nanoporous stamp (green, Scheme 3.1c) 
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containing a continuous sponge-like nanopore system by swelling-induced pore generation 

process.225-226 

  

  

  

Figure 3.2. Scanning electron microscopy images of the macroporous silicon templates (a) top 

view and (b) cross-section; top view SEM images of nanoporous stamps before (c) and after (d) 

swelling-induced pore generation and treatment with oxygen plasma (e), and cross-section SEM 

image of nanoporous stamp (f). 

Different volume ratios and chain lengths of microphase-separated block-copolymers 

result in the formation of specific self-organized patterns with lamellar, cylindrical, or 

spherical morphologies. When PS-b-P2VP films are heated in ethanol, which is then 

highly selective to the P2VP domains, the latter swell. The swelling of the P2VP domains 

in turn leads to plastic deformation of the non-swollen PS matrix, resulting in morphology 

reconstruction. The size of the holes can be tuned by the swelling time. For this purpose, 

we applied an established protocol that yields PS-b-P2VP specimens containing 

(a) (b) 

(c) (d) 

(e) (f) 
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continuous nanopore systems after swelling in ethanol at 60°C for 4h. The stamps obtained 

in this way are characterized by a mean pore diameter of 40 nm, a specific surface area of 

10 m2/g, and a total pore volume of 0.05 cm3/g.222 However, the nanopore openings only 

occupy a small portion of the stamp surface because of the different selective affinities of 

the block copolymers to the silanized macroporous Si surface (Figure 3.2d). To enable 

efficient ink transfer, an oxygen plasma treatment was employed to increase the area of 

the nanopore openings in the surfaces of the nanoporous stamps (Figure 3.2e). Therefore, 

stamps containing nanopore systems penetrating the entire stamps (Figures 3.3a) were 

obtained, which consisted of a substrate with a thickness of ∼150 μm (Figure 3.3b) 

patterned with an array of pyramidal contact elements. 

  

Figure 3.3. SEM images of cross-sections of nanoporous stamps after swelling-induced pore 

generation followed an oxygen plasma treatment. (a) High magnification image; (b) overview. 

3.1.3 tpSi by Insect-inspired Submicron Stamping and MACE 

3.1.3.1 HF-free MACE 

Since Brahiti et al. recently reported the preparation of silicon nanowires (SiNWs) using a 

new NH4HF2-based chemical solution as etchant,108 the utilization of NH4HF2 as HF 

source has been widely chosen for preparation of silicon nanostructures because (1) it is 

less hazardous than HF, and (2) it is a solid with a positive heat of solution in water that is 

much easier to store and to process than concentrated HF solutions. Because of the easy 

oxidation of silicon, it is always covered by a thin silica layer under ambient conditions. 

While MACE demands the metal catalyst being in direct contact with the Si substrate, we 

removed the native silica layer from the surface of the Si wafers through a short treatment 

in NH4HF2 solution prior to patterning by insect-inspired capillary submicron stamping. 

The reaction between NH4HF2 and SiO2 is according to the following reaction equation: 

(a) (b) 
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                                   SiO2 + 4[NH4][HF2] → SiF4 + 2H2O + 4[NH4]F                      (3.1) 

Besides the removal of the native silica layer from the surface of the Si wafers prior to 

insect-inspired capillary submicron stamping, the presence of NH4HF2 in the ink also 

ensures that AgNO3 deposited on silicon rather than on native silica, as required for MACE. 

In addition, no reduction step of Ag(I) in the deposited AgNO3 is necessary. Electroless 

deposition of Ag onto Si from aqueous solutions containing Ag+ cations and HF is known 

to occur during galvanic displacement reactions.222 Because of the difference of standard 

electrochemical potential of Ag+ and silicon (the redox potential of Ag+ is more positive 

than the valence band of Si), the Ag+ is reduced to metallic Ag, and silicon is oxidized to 

H2SiF6. After metal deposition by insect-inspired capillary submicron stamping, patterned 

AgNO3 is in direct contact with Si. Both the ink and the MACE solution contain NH4HF2 

as a HF source. It is, therefore, reasonable to assume that Ag(I) is efficiently reduced under 

the conditions applied here. The MACE mechanism is proposed as below:107 

     Cathode reaction: H2O2 + 2H+ + 2e ̶ → 2H2O, Ag+ + e ̶ → Ag;                           (3.2) 

     Anodic reaction: Si + 2h++2HF2
 ̶ → SiF4 + H2↑, SiF4+ H+ + HF2

 ̶ →H2SiF6;     (3.3) 

     Overall reaction: Si + H2O2 + 3H+ + 3HF2
 ̶ → 2H2O + H2SiF6 + H2↑.                 (3.4) 

3.1.3.2 MACE of AgNO3 patterns generated by low-pressure capillary sub-

microstamping 

An aqueous solution containing AgNO3 and NH4HF2 was used as ink for capillary 

stamping. After infiltration with ink (pink), the ink-saturated nanoporous stamp was 

approached to the silicon wafers (blue) treated as described in section 3.1.1.3 (Scheme 

3.2b). Applying the simple manual procedure displayed in Figure 1, the nanoporous stamp 

was brought into contact with the Si wafer to be stamped for ∼2 s under ambient conditions. 

The hollow PEEK cylinder used as stamp holder has a hole in its cylinder base for ink 

supply. In between the cylinder base of the PEEK stamp holder and the nanoporous stamp, 

an elastomeric PDMS interlayer with a thickness of ∼1.0 mm was located to offset 

misalignment between the nanoporous stamp and the Si wafer. Ink was supplied to the 

nanoporous stamp through the hole in the base of the cylindrical PEEK stamp holder and 

a connecting channel pierced through the elastomeric PDMS interlayer. In order to ensure 

normal approach and pressure adjustment of the nanoporous stamp to the counterpart 



 3. Topographically patterned silicon: preparation and applications  

44 

 

surface, we used a steel disk with a central cylindrical hole that fitted the cylindrical PEEK 

stamp holder as a guiding architecture (Figure 3.1). 

 

Scheme 3.2 (a) Spongy PS-b-P2VP nanoporous stamp (green). (b) The nanoporous stamp filled 

with AgNO3 solution (purple) is brought into contact with a Si wafer (blue). (c) AgNO3 dots 
(yellow) are deposited at the positions of the contact elements of the nanoporous stamp while 

applied with a low load (0.04 N). (d) At the positions of the AgNO3 dots, macropores are generated 

by surface-limited MACE. 

As stamps are approached to the substrates, the load exerted during insect-inspired 

capillary submicron stamping is a critical parameter to determine in which way the ink 

will be deposited. When a load of 0.04 N caused by the weight of the stamp holder is 

applied, hexagonal arrays of submicron AgNO3 dots (yellow, Scheme 3.2c) with a 

diameter of ∼730 nm (Figures 3.4a and Figure 3.4b) and a height of ∼1 nm (Figure 3.4c) 

were obtained. Thus-patterned silicon wafers were converted to tpSi via MACE in aqueous 

NH4HF2/H2O2 solution, where the AgNO3 dots were converted to concave macropores 

(Figure 3.4d, 3.4e and Figure 3.5a, 3.5b). 

 

          

(a) (b) 

(c) (d) 
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Figure 3.4. SEM image (a) and AFM topography image (b) of AgNO3 dots on silicon generated 
by insect-inspired capillary submicron stamping at a load of 0.04 N; (c) topographic AFM line 

profile along the red line in panel (b); (d) top-view SEM image of tpSi with macropores at the 

positions of the AgNO3 dots. (e) top-view SEM image of large-field views of tpSi obtained by 
insect-inspired capillary submicron stamping at a pressure of ~0.04 N. (f) Photograph in which 

ordered areas are indicated by interference colours. A scale division of the ruler shown in panel (f) 

corresponds to 1 mm. 

 

      

Figure 3.5. High-magnification (a) and cross-sectional (b) SEM image of tpSi generated by insect-

inspired capillary submicron stamping at a load of 0.04 N; (c) AFM topography image and (d) the 

topographic AFM line profile along the red line in panel (c). 

From the SEM cross-sectional image shown in Figure 3.5b and the AFM topography 

image shown in Figure 3.5c and Figure 3.5d of tpSi, the depth of macropores could be 

(a) (b) 

(c) (d) 

(e) 

(f) 
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estimated to be ~ 200 nm. The macropores formed hexagonal arrays with a lattice constant 

of 1.5 μm extending several square millimeters (as shown by Figure 3.4f), which perfectly 

replicated the arrangement of the contact elements of the nanoporous stamps.  

3.1.3.3 MACE of AgNO3 patterns generated by high-pressure capillary sub-

microstamping 

When a high load of 0.74 N was applied during stamping, an inverse pattern as compared 

to low-pressure capillary sub-microstamping is obtained, as illustrated by Scheme 3.3. 

Hence, holey AgNO3 films (Scheme 3.3c) form on the stamped Si wafers (Figure 3.6a and 

Figure 3.6b). 

 

Scheme 3.3. (a) Spongy PS-b-P2VP nanoporous stamps (green) obtained by swelling-induced pore 

generation and oxygen plasma treatment. (b) The nanoporous stamp filled with AgNO3 solution 

(purple) is brought into contact with a Si wafer (blue). (c) When a high load (0.74 N) is applied, 
AgNO3 is deposited by inverse insect-inspired capillary submicron stamping between the contact 

elements of the nanoporous stamp, whereas the contacts between the nanoporous stamp and the Si 

wafer are protected. Thus, a holey AgNO3 film (yellow) is obtained. (d) Surface-limited MACE 

then yields arrays of Si pillars at the positions of the contact elements of the nanoporous stamp. 

 

  

(a) (b) 

(c) (d) 
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Figure 3.6. Inverse insect-inspired capillary submicron stamping at a pressure of ∼0.74 N. (a, b) 
SEM image and (c) AFM topography image of a Si wafer patterned with a holey AgNO3 film; the 

AgNO3 was deposited in between the contact elements of the nanoporous stamp; (d) topographic 

AFM line profile along the red line in panel (c). 

Under the conditions of inverse insect-inspired capillary submicron stamping, the contact 

elements of the nanoporous stamps form direct solid/solid contact with the silicon wafers. 

The ink is pressed out of the nanoporous stamp and covers the Si wafer around the 

positions of the contact elements, whereas no AgNO3 is deposited at the positions of the 

contact elements. AgNO3 films patterned with ordered arrays of holes were obtained. The 

holes have a diameter of ~600 nm and a depth of ~1.5 nm (Figure 3.6b and Figure 3.6c). 

After MACE in the aqueous NH4HF2/H2O2 solution for 40 min, hexagonal arrays of Si 

pillars were obtained at the positions of the holes (Figure 3.6a and Figure 3.6b). The 

generated Si pillars (Figure 3.7a and Figure 3.7b) have diameters of ~600 nm and heights 

of ~250 nm (Figure 3.7c and Figure 3.7d). 

  

     

Figure 3.7. (a, b) SEM images and (c) AFM topography image of Si pillars generated at the 

positions of holes after MACE of patterned holey AgNO3 films obtained by inverse insect-inspired 

capillary submicron stamping at a pressure of ~ 0.74 N. (d) Topographic AFM line profile along 

the red line in panel (c). 

(a) (b) 

(c) (d) 
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The surface-limited nature of the MACE process is caused by the limited stability of silver 

catalysts under MACE conditions and by the fact that only small amounts of Ag are 

deposited during the stamping process. It has indeed been reported that Ag catalysts are 

prone to oxidation.227 The preparation of high aspect ratio features with diameter of a few 

hundred nanometers in Si by Ag-based MACE has remained challenging.228 Therefore, 

Ag appears to be a particularly suitable catalyst for a surface-limited MACE process 

without the formation of MACE features characterized by high aspect ratios. As Figure 

3.4d, 3.5a, 3.5b and Figure 3.7a show, the formation of disordered mesopores is a 

conspicuous feature of MACE with Ag catalysts, as also reported previously.122 During 

etching, excess holes that are injected into the Si contacting metallic Ag may not be 

immediately consumed so that they can diffuse away from the Si−Ag interface and trigger 

dissolution of Si elsewhere.119 Also, dissolution of Ag by the etchant may lead to the 

occurrence of non-localized etching.227 

3.1.3.4 Preparation of nanoporous stamps with rod-like contact elements for 

capillary sub-microstamping and MACE 

In order to optimize the insect-inspired nanoporous polymeric stamps, we converted the 

hexagonal pyramidal tips to rod-like tips by changing the macroporous silicon templates 

with hexagonal inverted pyramidal etched pits to silicon templates with hexagonal arrays 

of inverted rod-like pitches (Figure 3.8a) having cylindrical macropores with a diameter 

of 800 nm and a depth of 1.0 µm (Figure 3.8b). After swelling the PS-b-P2VP replicas of 

the macroporous Si prepared as Scheme 3.1 described in chapter 3.1.2, spongy PS-b-P2VP 

stamps topographically patterned with hexagonal arrays of rod-like contact elements 

having hemispherical tips (height 950 nm; base diameter 1.0 μm as shown in Figure 3.8c 

and Figure 3.8d) were obtained. 

  

(a) (b) 
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Figure 3.8. SEM images of the macroporous silicon templates with cylindrical macropores and 
nanoporous stamps with hexagonal arrays of rod-like contact elements having hemispherical tips 

after swelling-induced pore generation and treatment with oxygen plasma. (a, c) top view; (b, d) 

cross-section. 

The newly prepared nanoporous polymer stamps with hexagonal arrays of rod-like contact 

elements having hemispherical tips were fixed onto the top of a home-made stamp holder 

with double-side adhesive tape. An elastomeric PDMS layer with a central hole (diameter 

~ 2 mm) for ink supply was sandwiched between stamp and stamp holder. After infiltrating 

the nanoporous stamp from the backside with 5μL aqueous solution containing 5 mmol/L 

AgNO3 and 5 wt-% NH4HF2 for 2-3 min, the stamping onto Si wafers was carried out 

under low pressure conditions, yielding circular AgNO3 microdots with a diameter of 

∼1.15 μm and a height of ∼ 6.0 nm (Figure 3.9a, 3.9b and Figure 3.9c) arranged in 

hexagonal arrays with a lattice constant of 1.5 μm. As compared to the AgNO3 microdots 

(Figure 3.4a and Figure 3.4b) prepared by nanoporous stamps with pyramidal contact 

elements, the obtained AgNO3 microdots here are much more circular and thicker, which 

might be attributed to (1) the round vertex of the rod-like contact elements with 

semispherical tips that enable bigger contact area for efficient ink transport during 

stamping, (2) the larger volume of the semispherical tips could infiltrate more ink to 

alleviate the ink loss by evaporation. 

 

Figure 3.9. (a) SEM and (b) AFM images of AgNO3 patterns on Si generated by capillary 

submicron-stamping using nanoporous stamps with rod-like contact elements at a load of ~ 0.04 

N, (c) topographic AFM line profile along the red line in panel Figure 3.9b. 

(c) (d) 

(a) (b) (c) 
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After etching the Si wafer with topographic AgNO3 patterns in NH4HF2/H2O2 solution for 

40 min without light radiation and removing the residual AgNO3 in diluted HNO3 aqueous 

solution, topographically patterned silicon with regular arrays of microindentations 

(Figure 3.10a and the large-area SEM image Figure 3.10b) with a diameter of ∼1.10 µm 

and a depth of ∼200 nm (Figure 3.10c, Figure 3.10d) were obtained. The 

microindentations formed at the positions of the submicron silver nitrate dots with a 

nearest-neighbor distance of 1.5 µm. Apart from the micron-sized indentations tpSi 

contains surface mesopores as a second hierarchical structure level. 

  

                   

Figure 3.10. (a, b) SEM and (c) AFM images of tpSi. (d) Topographic AFM line profile along the 

red line in panel (c) revealing that the depth of the tpSi indentations amounts to ~200 nm. 

3.1.3.5 MACE of oxygen plasma treated AgNO3 microdot arrays stamped using 

stamps with rod-like contact elements 

It has been reported that various noble metal ions like H2PtCl6, PdCl2, AgNO3, and HAuCl4 

supported on porous or nonporous materials can be reduced to their metallic states by an 

Ar or O2 glow discharge plasma treatment without adding any reducing agents229-230. As a 

typical characteristic for all kinds of plasmas, high amounts of high-energy electrons are 

generated independent of the plasma-forming gas that act as the reducing agents and move 

(a) (b) 

(c) (d) 
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towards the noble metal ions due to the electrostatic attraction to reduce the metallic ions. 

On the other hand, primary radicals and molecules originating from interactions of 

absorbed water or impurities with electron-beam pulses, e.g. solvated electrons eaq
− and H• 

atoms can be generated for reduction of metal ions to the metallic states. 

  

  

              
Figure 3.11. Top-view SEM images (a, b) of oxygen plasma treated AgNO3 microdot arrays 
generated by insect-inspired capillary submicron stamping at a load of ~ 0.04 N; SEM images (c, 

d) of tpSi with macropores at the position of the oxygen plasma treated AgNO3 microdots; AFM 

image (e) of tpSi obtained by insect-inspired capillary submicron stamping, and (f) topographic 

AFM line profile along the red line in panel (e). 

Herein, aiming at transforming the AgNO3 microdot arrays to the metallic state, oxygen 

plasma was employed to treat the patterned AgNO3 microdots prepared by insect-inspired 

capillary submicron stamping at a load of ~ 0.04 N. Comparing with the AgNO3 microdots 

(a) (b) 

(c) (d) 

(e) (f) 
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prior to oxygen plasma, the treated microdots (Figure 3.11a the large-area field (Figure 

3.11b)) have a lower lateral diameter. After wet-chemical etching of the plasma-treated 

AgNO3 microdots patterned Si substrates in NH4HF2/H2O2 etchant, silicon topographically 

patterned with hexagonal arrays of microindentations (Figure 11.3c and Figure 11.3d) with 

a depth of ~ 100 nm (Figure 11.3e and Figure 11.3f) was obtained. Its surface contained 

mesopores as a second hierarchical structure level (Figure 11.3c). However, oxygen 

plasma treatment might produce some metal oxides, which leads to the loss of metal 

catalyst resulting in lower mean depths of the microindentations (Figure 3.11f) than for 

tpSi (Figure 3.10d) prepared without oxygen plasma treatment. 

3.1.3.6 MACE of patterns generated by capillary sub-microstamping of other metal 

precursors 

In addition to the patterning of AgNO3 for preparation of tpSi, some other metal precursors 

like gold(III) chloride hydrate (HAuCl4xH2O, 99.995%), palladium(II) chloride (PdCl2), 

chloroplatinic acid hexahydrate (H2PtCl66H2O) were also investigated as inks for 

capillary sub-microstamping. Spongy nanoporous stamps with rod-like contact elements 

were infiltrated with 2.5 mM HAuCl4xH2O aqueous solution. Stamping onto Si wafers at 

a load of ~ 0.04 N yielded regular hexagonal arrays of circular HAuCl4 microdots, as 

shown in the large-area SEM image in Figure 3.12a and the high magnification image in 

3.12b. The corresponding topographic profile of the HAuCl4 microdots was acquired by 

AFM, as illustrated in Figure 3.12c and Figure 3.12d, revealing that the HAuCl4 microdots 

have an average height of 12 nm and a diameter of ~ 200 nm. 

Excluding HF source (NH4HF2) in the HAuCl4 precursor solution results in the generation 

of HAuCl4 microdots (Figure 3.12a and Figure 3.12b) with an aggregation nano-spot in 

the center, which have lower lateral dimension and larger lengthwise size than the 

microdots obtained by stamping of inks containing NH4HF2 solution (e.g. AgNO3 

microdots (Figure 3.9a) by stamping of AgNO3/NH4HF2 solution). Because of the higher 

affinity of HAuCl4 to itself than to the Si substrate, HAuCl4 amassed and crystallized into 

nanoparticles (Figure 3.12b and Figure 3.12c) upon the formation of liquid ink bridges 

between the rod-like contact elements of the nanoporous stamps and the Si substrate during 

capillary microstamping. These generated nanoparticles are smaller than the contact area 

between the stamp and the substrate. Some of the residual HAuCl4 could not aggregate 

after the detachment of the nanoporous stamps, as displayed by the circular patterns in 
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Figure 3.12b, owing to the limited amount of water in the deposited ink quickly dry out 

that blocks the diffusion of HAuCl4 to one entire nanoparticle. 

 

   

Figure 3.12. (a) SEM image, (b) high magnification SEM image and (c) AFM image of HAuCl4 

patterns on Si generated by capillary submicron-stamping at a load of ~ 0.04 N using nanoporous 

stamps with rod-like contact elements, (d) topographic AFM line profile along the red line in panel 

Figure 3.12c. 

Then, the HAuCl4 patterned Si wafers were subjected to a MACE process using an aqueous 

solution containing 4.8 mol/L NH4HF2 and 0.4 mol/L H2O2 at room temperature without 

light radiation. Thus, topographically patterned Si (Figure 3.13a, 3.13b and Figure 3.13c) 

with hexagonal arrays of microindentations having a diameter of ~ 200 nm (Figure 3.13d) 

was obtained. Therefore, the ink of HAuCl4 aqueous solution is an alternative to silver 

nitrate solution in the preparation of topographically patterned Si by insect-inspired 

submicron stamping and MACE. 

(a) 

(b) (c) (d) 



 3. Topographically patterned silicon: preparation and applications  

54 

 

  

                 
Figure 3.13. (a, b) SEM and (c) AFM images of tpSi prepared by MACE of HAuCl4 dot arrays. 

(d) Topographic AFM line profile along the red line in panel (c) revealing that the depth of the tpSi 

microindentations amounts to ~200 nm. 

  

                
Figure 3.14. Inverse insect-inspired capillary submicron stamping at a pressure of ∼0.74 N. (a, b) 

SEM images and (c) AFM topography image of a Si wafer patterned with a holey HAuCl4 film; 

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 
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the HAuCl4 was deposited in between the contact elements of the nanoporous stamp; (d) 

topographic AFM line profile along the red line in panel (c). 

Switching to the inverse insect-inspired capillary sub-microstamping mode with a high 

pressure of ~ 0.74 N, as displayed in Scheme 3.3, yielded holey HAuCl4 films (Scheme 

3.3c) on the Si wafers (Figure 3.14a and Figure 3.14b). During inverse capillary stamping, 

the ink is pressed out of the nanoporous stamp and covers the Si wafer around the positions 

of the contact elements since the formation of direct solid/solid contact between the contact 

elements and the Si substrates. 

  

                

Figure 3.15. (a, b) SEM images and (c) AFM topography image of Si pillars generated at the 

positions of holes after MACE the patterned holey HAuCl4 film obtained by inverse insect-inspired 
capillary submicron stamping at a pressure of ~ 0.74 N. (d) Topographic AFM line profile along 

the red line in panel (c). 

The HAuCl4 films patterned with regular arrays of holes are characterized by a diameter 

of ~ 700 nm and depth of ~ 6 nm (Figure 3.14c and Figure 3.14d). MACE in aqueous 

solution containing NH4HF2 and H2O2 for 40 min yielded a periodic hexagonal arrays of 

Si pillars (Figure 3.15a and Figure 3.15b) located at the positions of the holes of the 

HAuCl4 films (Figure 3.14a). These Si pillars have diameters of ~ 650 nm and heights of 

~ 250 nm, as deduced from Figure 3.15c and Figure 3.15d. 

(a) (b) 

(c) (d) 
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Furthermore, aqueous 2.5 mM PdCl2 and 2.5 mM H2PtCl6 solutions were employed as 

inks for capillary sub-microstamping. As shown in Figure 3.16a and Figure 3.16b, an array 

of PdCl2 microdots was obtained by capillary sub-microstamping at a load of ~ 0.04 N 

using nanoporous stamps with rod-like contact elements. The PdCl2 partially aggregated 

within the microdots because of the higher affinity of PdCl2 to itself than to the silicon 

substrate. After MACE in aqueous solution containing NH4HF2 and H2O2, the patterned 

silicon substrates were converted to topographically patterned silicon with hexagonal 

arrays of microindentations (Figure 3.16c and Figure 3.16d) at the positions of the PdCl2 

microdots. The AFM measurements (Figure 3.16e and Figure 3.16f) disclose that the 

prepared tpSi is characterized by ordered hexagonal arrays of macropores with depths of 

~ 200 nm. When utilizing aqueous H2PtCl6 solution as ink, silicon wafers patterned with 

regular arrays of H2PtCl6 microdots (Figure 3.17a and Figure 3.17b) were obtained by 

capillary sub-microstamping at a load of ~ 0.04 N. MACE with an aqueous solution of 

NH4HF2 and H2O2 correspondingly yielded tpSi with hexagonal arrays of macropores with 

a depth of ~ 200 nm to 300 nm (Figure 3.17c, 3.17d, 3.17e and Figure 3.17f). 

  

  

(a) (b) 
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Figure 3.16. (a, b) SEM images of PdCl2 microdots Si generated by capillary submicron-stamping 

at a load of ~ 0.04 N using nanoporous stamps with rod-like contact elements; (c, d) top-view high-
magnification (c) and large-view (d) SEM image of tpSi; AFM topography image (e) of the tpSi 

and (f) topographic AFM line profile along the red line in panel (e). 

  

  

                          
Figure 3.17. (a, b) SEM images of H2PtCl6 microdots on Si generated by capillary submicron-
stamping at a load of ~ 0.04 N using nanoporous stamps with rod-like contact elements; (c, d) top-

view high-magnification (c) and large-view (d) SEM image of tpSi; AFM topography image (e) of 

the tpSi and (f) topographic AFM line profile along the red line in panel (e). 

(e) (f) 

(a) (b) 

(c) (d) 

(e) (f) 
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3.2 Applications of tpSi 

3.2.1 Experiments for applications of tpSi 

3.2.1.1 Materials 

p-Type (100)-oriented silicon wafers with a resistivity of 1–3 Ω cm were provided by 

Siegert Wafer. Polystyrene (PS) standard (product number 32 775−1; Mw = 29670 g/mol; 

Mn = 29640; Mw/Mn = 1.01), NH4HF2, Gold(III) chloride hydrate (HAuCl4xH2O, 

99.995%), HNO3 (64−66%), H2SO4 (98%), H2O2 (30%), 4-nitrophenol (4-NP), 

acetophenone, 5,5′-Dithiobis (2-nitrobenzoic acid) (DTNB) and ethanol were purchased 

from Sigma-Aldrich. Hydrofluoric acid (HF, 48%) was obtained from Merck (Darmstadt, 

Germany). 

3.2.1.2 Preparation of mesoporous Si 

Mesoporous Si reference samples for the inkjet printing experiments were prepared in the 

same way tpSi except that insect-inspired capillary submicron stamping was omitted. Si 

wafer pieces with an area of 1 × 1 cm2 were cleaned by immersion into piranha solution 

(98% H2SO4 and 30% H2O2 at a volume ratio of 3:1) at 80 °C for 30 min and copiously 

rinsed with deionized water. At room temperature, the Si wafer pieces were then dipped 

into a solution of 5 wt % NH4HF2 in deionized water for 2 min and into 40 mL of aqueous 

solution containing 4.8 mol/L NH4HF2 and 0.4 mol/L H2O2 for 40 min under exclusion of 

light. 

3.2.1.3 Inkjet printing 

Inkjet printing was performed using a printer Dimatix DMP 2800 (Dimatix-Fujifilm Inc., 

Santa Clara, USA) equipped with a 10 pL piezoelectric printhead cartridge (DMCLCP-

11610, contains 16 parallel squared nozzles with a diameter of 21 μm), which dispenses 

droplets with a nominal volume of 10 pL. Only one nozzle was used to print. The printer 

frequency was set to 5.0 kHz, and the spacing between the drops was set to 250 μm. A 

waveform with a maximum voltage of 34 V and a pulse width of 3.5 μs was used. The 

temperature of tpSi was 28 °C, and the relative humidity within the printing chamber was 

30−40%. As ink, we used a solution of 1.5 wt % PS in acetophenone. The viscosity of the 
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ink amounted to 1.745 cP and was measured using an Ubbelohde viscosity meter (type no.: 

501 01; the inner capillary diameter amounted to 0.5−0.6 mm). The prepared ink was 

syringe-injected into a cleaned cartridge, followed by a wait time prior to printing for 30 

min. Prior to inkjet printing, all silicon samples were dipped into 5 wt % NH4HF2 solution 

for 2 min and dried in Ar flow. After printing, the patterned structures were dried at 60 °C 

for 2 h under ambient conditions. The areas of the PS blots generated by inkjet printing 

were determined with the software ImageJ using the freehand selection tool. 

3.2.1.4 Solid-state dewetting 

Smooth Si wafer pieces and tpSi pieces with areas of 0.5 × 0.5 cm2 were coated with a 35 

nm thick gold layer through thermal evaporation using a Balzers BAE 120 evaporator. For 

this purpose, the tpSi and smooth Si wafer pieces were glued on glass slides with double-

sided adhesive tape and placed in a vacuum chamber above the gold source at a distance 

of 25 cm. The chamber pressure was set to 10−4 mbar, the current was set to 4.20 A, and 

the baffle was removed for gold deposition. The thickness of the obtained gold film was 

estimated by weighing glass slides with a known surface area prior to and after gold 

deposition using a quartz crystal microbalance GAMRY eQCM 10 M. Solid-state 

dewetting was carried out in a tube furnace by heating gold-coated tpSi at a rate of 10 K 

min−1 to the target temperature at which the gold-coated tpSi was maintained for 2 h. Then, 

the samples were cooled to room temperature at the natural cooling rate of the tube furnace. 

3.2.1.5 Galvanic displacement reactions (GDRs) 

Prior to the GDRs, the samples were rinsed with diluted HCl(aq) (2 mol L−1) for 4 min, 

treated with O2 plasma at 100 W for 2 min using a Femto plasma etcher (Diener Electronics) 

to remove contaminations and then immersed in a 5% aqueous HF solution for 2 min to 

remove native silica. Then, the samples were immediately immersed in an aqueous plating 

solution containing 20 mL HAuCl4xH2O (20 mmol L−1) and 18 mL HF (48%) at room 

temperature. 

3.2.1.6 Morphological characterization 

Scanning electron microscopy was carried out on a Zeiss AURIGA microscope operated 

at an accelerating voltage of 7 kV using a secondary electron (SE) detector to image the 
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3D gold nanodendrites and an in-lens detector to characterize the gold particle arrays 

obtained by solid-state dewetting. Image analysis of the SEM images was carried out with 

the software ImageJ using the freehand selection tool. 

3.2.1.7 Raman measurements 

2-nitro-5-thiobenzoate (4-NTB) in ethanolic solution was obtained by cleavage of the 

disulfide bond of 5,5′-Dithiobis (2-nitrobenzoic acid) (DTNB) with NaBH4. All samples 

characterized by Raman spectroscopy had an area of 0.25 cm2. Each sample piece was 

immersed in 1.0 mL of a solution of 4-NTB in ethanol (10−5 mol L−1) for 12 h under 

shaking. Then, the samples were washed with ethanol and water three times and dried 

under N2 flow. All Raman measurements were carried out with a WITec Alpha 300R 

Raman microscope (30 cm focal length and 600 grooves per mm grating spectrometer) 

equipped with an EM-CCD (Andor Newton DU970N-BV-353) using the 632.8 nm line of 

a He–Ne laser with a power of 0.4 mW at the sample. The Raman spectra were collected 

under 40× magnification (NA = 0.6) using an air objective with glass correction. Figure 

3.28a shows the averages of 10 Raman spectra recorded at different positions on the 

respective samples with an integration time of 0.5 s. For the mapping displayed in Figure 

3.28c and 3.28d, Raman spectra with an integration time of 0.2 s were acquired. The 

Raman spectra were analyzed and processed with the software Project FOUR. 

3.2.1.8 Catalytic reduction of 4-nitrophenol 

Aqueous solutions of 4-NP (1.33 mL, 0.1 mmol L−1) and solutions of NaBH4 (1 mL, 0.1 

mol L−1) cooled to 0 °C were mixed with 0.67 mL deionized water in standard quartz 

cuvettes with a path length of 1.0 cm. Then, sample pieces with areas of 0.25 cm2 were 

immersed in the mixture. For the measurements of the UV-vis absorption spectra with a 

duration of 2 min the reaction mixtures were separated from the sample pieces by 

transferring into a second identical cuvette. The UV-vis absorption spectra were recorded 

with a Cary 6000i UV-Vis-NIR spectrophotometer in the wavelength range from 250 nm 

to 500 nm at ambient temperature. For the reaction time t, only the time the reaction 

mixtures were in contact with the sample pieces were considered. We fitted −ln[At/A0] as 

a function of t assuming a first-order rate law by linear regression with the software Origin 

2017, where At is the absorbance at reaction time t, and A0 the absorbance at the initial 

stage (t = 0 s). 
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3.2.2 Application I: Inkjet Printing of Polymer Solutions onto tpSi 

Persistent and scratch-resistant deposition of polymer coatings onto Si surfaces has 

remained challenging. Inkjet printing231-233 on silicon has been employed to fabricate 

organic electronics, thus bridging organic device engineering and silicon technology. 

However, the suppression of so-called “coffee rings”,234 commonly unwanted ring-like 

deposits of nonvolatile ink components in structures generated by inkjet printing on silicon, 

has remained a technical problem to be solved. 

  

  

Figure 3.18. SEM images of PS blots deposited by inkjet printing of 10 pL drops of a 1.5 wt% 

PS/acetophenone solution on macroporous tpSi: (a) single droplet, (b) rim of the PS blot in (a), (c) 

detail within the PS blot in (b), (d) selected overview of the printed PS blots. 

In exploratory inkjet printing experiments, we printed droplets of a 1.5 wt-% solution of 

PS in acetophenone with volumes of 10 pL onto tpSi (Figures 3.18) prepared as described 

in section 3.2.1.3, onto mesoporous Si which prepared in the same way as tpSi but without 

insect-inspired capillary submicron stamping of AgNO3 (Figure 3.19), and onto smooth Si 

wafer (Figure 3.20). Figure 3.21 displays the frequencies of occurrence of blot areas 

obtained by evaluating 124 PS blots per sample. The average area of PS blots on tpSi, on 

mesoporous Si and on smooth Si amounted to 33929 μm2, 13810 μm2 and 13400 μm2, 

respectively. Higher magnification SEM images for closer inspection of representative PS 

blots on these three substrates are shown in Figures 3.18b and 3.18c, Figure 3.19b and 

(a) (b) 

(c) (d) 
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3.19c, Figure 3.20b and 3.20c. As shown in Figure 3.18b and Figure 3.18c, the surface 

topography of the tpSi is still discernible anywhere in the blot areas even in the outer rims. 

  

  

Figure 3.19. SEM images of PS blots deposited by inkjet printing of 10 pL drops of a 1.5 wt-% 

PS/acetophenone solution on mesoporous silicon: (a) single droplet blot, (b) rim of the PS blot in 

(a), (c) detail within the PS blot in (b), (d) selected overview of the printed PS blots. 

In addition, pronounced ring-like PS deposits were not present on tpSi. As obvious from 

Figure 3.18a, 3.18b and Figure 3.18c, the PS blot results from solvent evaporation does 

not limit the spread of ink on tpSi. This behavior might be preliminarily interpreted as 

follows. Contact line pinning of the ink on tpSi occurs only on local length scales 

corresponding to the topographic surface features of the tpSi so that the ink can flow 

around the locally pinned contact line sections. In contrast, the PS blots on mesoporous 

(Figure 3.19a, 3.19b and Figure 3.19c) and smooth Si (Figure 3.20a, 3.20b and Figure 

3.20c) exhibit several ring-like PS deposits which could be attributed to contact line 

pinning. If so, several pinning/depinning events occur on mesoporous and smooth Si 

during the initial contact line expansion after impingement of the printed drops that result 

in the formation of coffee rings and overall smaller mean areas of PS blots as compared to 

tpSi. In addition, the phenomena of pores and voids present on the surfaces of the PS blots 

on mesoporous and smooth Si might be interpreted as a signature of evaporation-induced 

phase separation,235 leading to the formation of PS-rich and acetophenone-rich phases. 

(a) (b) 

(c) (d) 
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Figure 3.20. SEM images of PS blots deposited by inkjet printing of 10 pL drops of a 1.5 wt% 

PS/acetophenone solution on a smooth Si wafer: (a) single droplet, (b) rim of the PS blot in (a), (c) 

detail within the PS blot in (b), (d) overview of the printed PS blots. 

 

Figure 3.21. Frequency density of the areas of the PS blots printed on macroporous tpSi, 

mesoporous Si, and smooth Si. 

(a) (b) 

(c) (d) 
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3.2.3 Application II: 3D gold nanodendritic structures for SERS and Catalysis 

3.2.3.1 Gold microparticle arrays by solid-state dewetting 

tpSi with hexagonal arrays of circular microindentations (Figure 3.10a and Figure 3.10c) 

having a diameter of ∼1.10 µm and a depth of ∼200 nm was produced by insect-inspired 

capillary submicron stamping and MACE as descripted in section 3.1. The tpSi pieces then 

were used as templates for preparation of gold nanoparticle arrays by solid-sate dewetting 

of continuous gold films (Scheme 3.4). 

 
Scheme 3.4. Preparation of arrays of gold microparticles with one particle per indentation. (a) 

Silicon topographically patterned with a regular array of indentations (tpSi; blue) is obtained by 

capillary microstamping of metal precursors and metal-assisted chemical etching. (b) A 35 nm 

thick gold film (yellow) is deposited on the tpSi. (c) Thermal annealing at elevated temperatures 
converts the 35 nm thick Au film into an array of gold particles, whereby one gold particle forms 

per tpSi indentation. 

  

                        

Figure 3.22. SEM images (a, b) and the corresponding AFM image (c) of tpSi coated with a 35 nm 

gold film; (d) the topographic AFM line profile along the red line in panel Figure 3.22c. 

(a) (b) 

(c) (d) 
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35 nm thick gold films were deposited onto tpSi in a vacuum chamber. Figure 3.22a and 

Figure 3.22b show that the tpSi was densely covered with gold, as well as revealed by the 

corresponding AFM image (Figure 3.22c). The solid-sate dewetting of gold coated tpSi 

samples were carried out at a set of temperatures including 500 ℃, 600 ℃, 700 ℃, 800 ℃, 

900 ℃ and 1000 ℃ for respective 2h with a heating speed of 10 K/min in a tube furnace 

under Ar flow, and then naturally cooled down to room temperature. The preliminary 

structural evolution in the course of solid-state dewetting was monitored by SEM, as 

illustrated in Figure 3.23. 

   

Figure 3.23. (a, b, c) SEM images of tpSi coated with a 35 nm thick Au film after annealing at 400, 

500, and 600℃ for 2h. 

Annealing at 400 °C for 2 h resulted in partial breakup of the gold films; several 

indentations were, however, still completely covered by a continuous gold layer (Figure 

3.23a). Annealing at 500 °C for 2 h resulted in the concentration of gold films within the 

indentations, whereas the ridges separating the indentations were dewetted (Figure 3.23b). 

Gold atoms and clusters diffuse away from the ridges into the indentations, i.e., from 

locations with convex curvature to locations with concave curvature, in order to reduce 

their chemical potentials, thereby exposing the mesa parts and proceeding the dewetting, 

which is in line with previous report.141 After annealing at 600 °C for 2 h, the formation 

of discrete gold particles inside the indentations is evident (Figure 3.23c), which could be 

attributed to the coalescence and Ostwald ripening that occurred simultaneously during 

the annealing. It means that Au particle arrays could be formed at 600 ℃ using tpSi as 

templates. The underlying formation mechanism, solid-state dewetting,141 involves surface 

diffusion of metal atoms and clusters at temperatures below the melting point driven by 

minimization of the surface energy and the interface energy between gold film and 

substrate. 

 

(a) (b) (c) 
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Figure 3.24. Typical SEM and higher magnification SEM images of annealing 35 nm continuous 

gold film on tpSi at 700 ℃ (a, b), 800 ℃ (c, d), 900 ℃ (e, f) and 1000 ℃ (g, h) for 2h. 

Annealing at 700 °C, 800 °C, 900 °C and 1000 ℃ for 2h yielded regular hexagonal arrays 

of gold particles on tpSi, whereby one gold particle was located in one indentation, as 

illustrated in Figure 3.24a-3.24h. The corresponding histograms (Figure 3.25) of area and 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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circularity of the identified particles were analyzed from the 5000 fold magnified SEM 

images seen in Figure 3.24a, 3.24b, 3.24c, and 3.24d. Annealing at 700 ℃, yielded gold 

particles with a mean apparent area of 0.41 µm ± 0.09 µm2 (Figure 3.25a). Annealing at 

800 ℃ (Figure 3.24c and 3.24d) yielded Au particles with an average area of 0.31 µm ± 

0.09 µm2 (Figure 3.25c), which were smaller than those prepared at 700 ℃. Compared 

with the results of annealing at 800 ℃, gold particles obtained at 900 ℃ exhibit a lower 

mean area of 0.30 µm ± 0.06 µm2 (Figure 3.25e). As compared to Au particles prepared at 

900°C, Au particles prepared at 1000 ℃ (Figure 3.24g and Figure 3.24h) had a smaller 

mean area of 0.19 µm ± 0.03 µm2 (Figure 3.25g), which might be caused by diffusion of 

Au atoms through the SiO2 layer into the adjacent Si wafer at 1000 ℃. 
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Figure 3.25. Relative frequencies of the apparent areas (a, c, e, g) and the circularities (b, d, f, h) 
of Au particles obtained by annealing tpSi coated with a 35 nm thick gold layer for 2 h at a), b) 

700°C, c), d) 800°C, e), f) 900°C and g), h) 1000°C. The relative frequencies were obtained by the 

analysis of SEM images. For an annealing temperature of 700°C (panels a and b) 135 Au particles 

were evaluated, for an annealing temperature of 800°C (panels c and d) 123 Au particles, for an 
annealing temperature of 900°C (panels e and f) 125 Au particles and for an annealing temperature 

of 1000°C (panels g and h) 165 Au particles. 

The circularity C = 4π × area/perimeter2 is a geometric shape descriptor that quantifies the 

deviation of an object’s contour from that of an ideal circle, for which the circularity equals 

1. In Figure 3.25b, 3.25d, 3.25f, and 3.25h, the circularities of the gold particles increased 

from 0.80 ± 0.07 (after annealing at 700 °C for 2 h) to 0.90 ± 0.04 (after annealing at 

800 °C for 2 h) and 0.90 ± 0.02 (after annealing at 900 °C for 2 h) to finally 0.91 ± 0.02 

(after annealing at 1000 °C for 2 h). Notably, the standard deviations of apparent areas and 

circularities decrease with increasing annealing temperature. The mean circularities of the 

gold nanoparticles lie in the range from 0.85 to 0.95, confirming the obtained gold 

nanoparticles are nearly circular. It should also be noted that smaller gold particles (a few 

10 nm in diameter) were located on the ridges between the indentations of the tpSi, likely 

pinned at the positions of larger tpSi mesopores (Figure 3.24b, 3.24d, 3.24f, and 3.24h). 

3.2.3.2 Growth of 3D gold nanodendrite layers by templated galvanic displacement 

reactions 

Growth of 3D gold nanodendrites by galvanic displacement reactions templated by 

rationally arranged gold particles is associated with local dissolution of the sacrificial 

substrate in well-defined interstices without disturbing the generation of 3D gold 

nanodendrites. The size of the formed gold particles and, therefore, the contact area to the 

underlying tpSi strongly decreased when the solid-state dewetting temperature was 

elevated from 900 °C to 1000 °C, possibly resulting in poorer adhesion of the gold particles 

(g) (h) 
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to the tpSi. Hence, we chose gold covered tpSi annealed at 900 °C for 2 h (Figure 3.24e 

and Figure 3.24f) as substrate to carry out GDRs in an aqueous plating solution containing 

HAuCl4 and HF at room temperature, as displayed in Scheme 3.5. Dense layers of 

overlapping 3D gold nanodendrites (yellow) attached to silicon wafers were obtained after 

GDRs. 

 

Scheme 3.5. Preparation of dense layers of overlapping 3D gold nanodendrites attached to silicon 

wafers. (a) Thermal annealing at 900 °C converts the 35 nm thick Au film into an array of gold 

particles, whereby one gold particle forms per tpSi indentation. (b) The gold particles act as seeds 
for the growth of 3D gold nanodendrites by a galvanic displacement reaction (GDR) templated by 

the gold particle array. 

Figure 3.26 shows SEM images of gold particles after different reaction times. Already 

after 0.5 min, gold needles with sub-100 nm dimensions started to protrude from the gold 

particles located inside the indentations of the tpSi (Figure 3.26a) that further grew with 

increasing reaction time, as shown in Figure 3.26b. After 1.0 min reaction time, longer 

needles with length of the order of ~500 nm were generated. After 2 min, the gold needles 

exceeded the dimensions of the parent gold particles and began to branch (Figure 3.26c). 

After 5 minutes, these large gold needles, which were apparently located at the edges of 

the gold particles, started to develop dendritic features, whereas a second population of 

smaller sub-100 nm gold needles protruded from the smooth surface areas of the gold 

particles (Figure 3.26d and Figure 3.27a). After reaction for 10 minutes, dendritic and 

flowerlike structures emanating from the parent gold particles overlapped with their 

nearest neighbors (Figure 3.26e and Figure 3.27b), forming dense 3D gold nanodendrites 

layers. After 15 minutes densified gold layers characterized by agglomerated platelet-like 

structures were observed (Figure 3.26f). 
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(a) 0.5 min                             (b) 1 min                                 (c) 2 min                                

   
(d) 5 min                                (e) 10 min                               (f) 15 min                               

Figure 3.26. Structure evolution for different GDR durations on gold-coated tpSi subjected to 

solid-state dewetting for 2 h at 900 °C. 

Evidently, hexagonal arrays of gold particles a few 100 nm in diameter with a spacing of 

1.5 µm are suitable for the growth of individual 3D gold nanodendrites templated by the 

gold particles. Comparing the results of GDR for 5 min with those of GDR for 10 min, as 

shown in the low-magnification SEM images in Figure 3.27a, 3.27b and Figure 3.27c (a 

large-field SEM image of 3D gold nanodendrites on tpSi obtained by solid state dewetting 

at 900 °C for 2 h and 10 min GDR), a transition from separated gold nanodendrites 

covering only a limited portion of the tpSi surface to a dense layer of overlapping gold 

nanodendrites completely covering the tpSi occurred. The platelet-like gold structures 

generated after GDR for 15 min aggregated and exceeded the nearest-neighbor distance of 

the gold particles (Figure 3.27d). Hence, after GDR for 15 minutes the lithographic 

guidance by the positioning of the parent gold particles faded. Instead, significant amounts 

of irregularly distributed, elongated branched gold structures with lengths of several tens 

of micrometers formed as a second hierarchical structure level (Figure 3.27e). 
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Figure 3.27. SEM images of GDR products. 3D gold nanodendrites on tpSi obtained by solid state 

dewetting at 900 °C for 2 h and GDR for 5 min (a), for 10 min detail (b) and overview (c), and for 

15 min detail (d) and overview (e). Detail (f) and overview (g) of the result of 10 min GDR on a 
gold-coated Si wafer without topographic patterning (referred to as “Si + Au” in Figure 3.28), (h) 

SEM image of tpSi coated with a ~35 nm thick Au film after GDR for 10 min referred to “tpSi + 

Au” in Figure 3.28. 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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For comparison, we carried out a GDR for 10 minutes on a smooth silicon wafer coated 

with 35 nm thick gold layer termed “Si + Au” (Figure 3.27f and Figure 3.27g). The result 

was inhomogeneous substrate coverage with gold structures of various sizes. At nanoscale, 

a non-dense layer of polyhedral gold particles formed (Figure 3.27f). On the macroscopic 

scale, the same type of elongated branched gold structures extending several 10 µm as 

those seen in Figure 3.27e were irregularly distributed on the sample surface (Figure 3.27g). 

As another control experiment, a GDR was carried out for 10 min on tpSi coated with a 

35 nm thick gold layer not subjected to solid-state dewetting (sample “tpSi + Au” in Figure 

3.27h). Non-dense layers of polyhedral gold nanocrystals were generated on the ridges 

separating the indentations on the tpSi. It is therefore confirmed that the presence of 

regularly arranged gold particles acting as seeds during the GDRs is crucial for the 

generation of dense layers of overlapping 3D gold nanodendrites. 

3.2.3.3 SERS performance of 3D gold nanodendrite layers 

Fang et al. reported that the topographically tailed gold mesoparticles with sea urchin-like 

multi-tipped surface showed high SERS sensitivity.236 Further SERS improvement was 

achieved by self-assembling the urchin-like, multi-tipped gold mesoparticles into 

monolayers or multiple layer arrays onto Si substrates to generate additional hot spots 

between adjacent particles, whereby the dimensions of the latter were comparable with 

those of the gold nanodendrites obtained here. These two preparative steps (synthesis and 

self-assembly) boosting SERS performances were integrated into a synthetic algorithm 

yielding dense arrays of 3D gold nanostructures optimized regarding their SERS 

sensitivity that are tightly connected to solid substrates, as required for facile recovery. As 

Scheme 3.6 shows, the obtained 3D gold nanodendrites (yellow) were incubated in 5,5′-

dithiobis(2-nitrobenzoic acid) (DTNB) (green) ethanolic solution for one night before 

SERS measurements irradiated by a laser with wavelengths of 632.8 nm. 
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Scheme 3.6. The dense layers of overlapping 3D gold nanodendrites (yellow) for preconcentration 
sensing by SERS were tested with the model dye 4-NTB (green) under the irradiation of an 

excitation wavelengths of 632.8 nm. 

Thus, we evaluated the SERS performance of samples obtained by solid-state dewetting 

of gold-coated tpSi at 900 °C for 2 h followed by GDRs for 0 s, 0.5 min, 1 min, 2 min, 5 

min, 8 min, 10 min, 12 min and 15 min. The SERS performances were conducted under 

an excitation wavelength of 632.8 nm using 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) 

as a model molecule at a concentration of 10-5 mol/L in aqueous ethanol. As reference 

samples, a smooth silicon wafer coated with a 35 nm thick gold layer that was subjected 

to a GDR for 10 min (“Si + Au”, cf. Figure 3.27f and Figure 3.27g), as well as tpSi coated 

with a 35 nm thick gold layer that was subjected to a GDR for 10 min (“tpSi + Au”; cf. 

Figure 3.27h) were also tested under the same conditions. Sample pieces with areas of 0.25 

cm2 were immersed in 1 mL of a 10 µM ethanolic solution of 4-NTB for 12 h and then 

washed with ethanol and water for measurement. Raman spectra were recorded at 10 

different spots for each sample. The obtained average Raman spectra are presented in 

Figure 3.28a. Raman spectra of all samples show three characteristic peaks located in 855, 

at 1340, and at 1557 cm-1, which can be ascribed to the nitro scissoring vibration, the 

symmetric nitro stretch, and the aromatic ring mode of 4-TNB. We selected the peak at 

1340 cm-1 for the evaluation of samples’ Raman enhancement properties. A plot of the 

relative heights of the 4-NTB Raman peak at 1340 cm-1 is shown in Figure 3.28b. As 

compared to the solid-state dewetted gold particle array on tpSi without the GDR (“0 s”), 

even after short GDR times a doubling of the peak heights occurs (as shown by sample Si 

+ Au or tpSi + Au), which indicates that the formation of needle- and dendrite-like gold 

structures gives rise to effective SERS. As displayed in Figure 3.28b, the highest peak at 

1340 cm-1 is obtained for a GDR duration of 10 min, indicating that 10 min reaction time 

is most suitable for preparing Au nanodendrite arrays. The peak height is one order of 

magnitude higher than that of the sample prepared without GDR (GDR duration of 0 s). 

Moreover, the Raman peak at 1340 cm−1 for a GDR duration of 10 min was 11.3 times 

higher than that of sample “Si + Au” and 12.1 times higher than that of sample “tpSi + 

Au”. This result can be attributed to the dense substrate coverage by touching needle- and 

dendrite-like gold structures that create a high density of SERS hotspots. The peak heights 

slightly decrease for the GDR durations of more than 10 min, indicating deterioration of 

SERS hotspots as needles, edges and vertices are partially buried (Figure 3.26f). 



 3. Topographically patterned silicon: preparation and applications  

74 

 

 

Figure 3.28. (a) Raman spectra of GDR products after 4-NTB incubation. The investigated samples 

include gold particle arrays on tpSi (solid-state dewetting at 900 °C for 2 h) after different GDR 

durations, a smooth gold-coated Si wafer subjected to 10 min GDR (“Si + Au”; Figure 3.27f and 
3.27g) as well as gold-coated tpSi subjected to 10 min GDR without solid-state dewetting (“tpSi + 

Au”; Figure 3.27h). Each spectrum displayed in panel (a) is the average of 10 Raman spectra 

measured at different positions. (b) Relative heights of the 4-NTB Raman peaks at 1340 cm−1 

extracted from the Raman spectra displayed in panel (a). (c) Mapping of the integrated Raman 

intensities of the 4-NTB peak at ∼1340 cm−1 on a 3D gold nanodendrite layer prepared by solid-

state dewetting for 2 h at 900 °C and 10 min GDR; 1677 spectra were captured in an area of 43 × 

39 µm2. (d) Histogram to panel (c) displaying the relative frequencies of occurrence of the 
integrated Raman intensities of the 4-NTB peak at 1340 cm−1. 

The uniformity of Raman signals over sufficiently large areas is a critical benchmark for 

the evaluation of the usability and reliability of SERS substrates in real applications. The 

guidance of the growth of 3D gold nanodendrites by arrays of rationally positioned parent 

gold particles resulted in reasonably homogeneous SERS response over wide sample areas. 

The confocal Raman microscopic mapping of 3D gold nanodendrite layers on tpSi 

obtained by solid-state dewetting for 2 h at 900 °C plus 10 min GDR was carried out under 

0.4 mW of 632.8 nm laser power with an integration time of 0.2 s after overnight 
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incubation in 10-5 mol/L DTNB ethanol solution. We carried out Raman mapping of a 

sample area of 43×39 µm2 acquiring one spectrum per µm2 (overall 1677 Raman spectra). 

Thus, we obtained a false-color image (Figure 3.28c) encoding the integrated intensity of 

the Raman reporter peak at 1340 cm-1. The relative frequency of occurrence of the 

integrated intensity values at 1340 cm-1 derived from Figure 3.28c, as shown in Figure 

3.28d. No “cold spots” with low peak intensities could be found in the whole intensity map, 

which reveals the outstanding spatial homogeneity of the dense 3D gold nanodendrite 

layers as SERS substrate. 

3.2.3.4 Catalytic performance of 3D gold nanodendrite layers 

Because of their high surface-to-volume ratios and their specific morphologies, metal 

structures with sharp branches have been widely reported to exhibit excellent activities in 

catalysis.158 The reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) in the 

presence of sodium borohydride (NaBH4) in aqueous solutions is a well-established 

pseudo-first-order model reaction for the evaluation of the catalytic performances of metal 

nanostructures, as illustrated in Scheme 3.7.173  

 

Scheme 3.7. The catalytic performance of the dense layers of overlapping 3D gold nanodendrites 

was tested by the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP). 

4-NP in aqueous solution shows an inherent absorption band at 317 nm (black curve in 

Figure 3.29a). The conversion of colorless 4-NP to yellow 4-nitrophenolate triggered by 

the addition of NaBH4 is accompanied by the appearance of a new peak at 400 nm which 

is associated with changes in the electronic structure caused by the switch from acidic to 

basic (red curve in Figure 3.29a). The following catalytic reduction of 4-nitrophenolate to 
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4-AP was monitored by UV-vis spectroscopy from the successive decrease in the detected 

absorbance at 400 nm. The absorption spectra (for the reduction of 4-NP in the presence 

of a 3D gold nanodendrite layer on tpSi with an area of 0.25 cm2 obtained by solid-state 

dewetting at 900 °C for 2 h and subsequent GDR for 10 min corresponding to Figure 3.26e 

are shown in Figure 3.29b. The adsorption peak at 400 nm gradually decreases as the 

reaction proceeds. For comparison, catalytic performances of sample “tpSi + Au” – gold-

coated tpSi after 10 min GDR but without solid-state dewetting (Figure 3.29c), smooth 

silicon coated with a 35 nm thick gold layer without further treatment (Figure 3.29d), and 

gold-coated tpSi subjected to solid-state dewetting at 900 °C for 2 h without the GDR 

(Figure 3.29e) were conducted under the same conditions. 

  

  

  

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 3.29. (a) UV-vis absorption spectra of 4-NP (1.33 mL, 0.1 mmol/L) and 0.67 mL deionized 
water prior to (black curve with an absorption band at 317 nm) and after addition of 1 mL 0.1 

mol/L aqueous NaBH4 solution (red curve with an absorption band at 400 nm); (b) UV-vis 

absorption spectra showing the absorption band of 4-NP in the presence of NaBH4 during 4-NP 

reduction catalyzed by a 3D gold nanodendrite array on tpSi obtained by solid-state dewetting for 
2 h at 900 °C and 10 min GDR corresponding to Figure 3.26e, (c) gold-coated tpSi subjected to a 

GDR for 10 min without solid-state dewetting by annealing (“tpSi + Au”), (d) a smooth Si wafer 

covered with a 35 nm thick gold film, and (e) Au particles on tpSi obtained by to solid-state 
dewetting for 2 h at 900° without GDR; (f) Plots of −ln[At/A0] versus reaction time t for the 

reduction of 4-NP in the presence of NaBH4. At is the absorbance of 4-NP at 400 nm at reaction 

time t; A0 is the absorbance of 4-NP at 400 nm at t = 0 s. Black squares: 3D gold nanodendrite 
array on tpSi obtained by solid-state dewetting for 2 h at 900 °C and 10 min GDR; red circles: gold 

coated tpSi after 10 min GDR without solid-state dewetting (sample “tpSi + Au”); blue up-triangles: 

smooth silicon wafer coated with a 35 nm thick gold layer; orange down-triangles: gold particle 

array on tpSi without the GDR obtained by solid-state dewetting for 2 h at 900 °C. The fits were 

obtained by linear regression. 

In order to further evaluate the catalytic efficiency for the reduction of 4-NP of these four 

samples, −ln[At/A0] as a function of reaction time was fitted using a first-order rate law, as 

depicted in Figure 3.29f, where At is the absorbance at reaction time t, and A0 the 

absorbance at the initial stage (t = 0 s), respectively. A linear relationship (slope) between 

−ln[At/A0] and reaction time then discloses the pseudo-first-order kinetics (rate constant k). 

In the presence of 3D gold nanodendrite layers on tpSi prepared by solid-state dewetting 

for 2 h at 900 °C and subsequent GDR for 10 min k amounted to ∼0.09 min−1 (black 

squares in Figure 3.29f). As obvious from SEM investigations (Figure 3.30a and Figure 

3.30b), the 3D gold nanodendrites were still intact after use in the reduction of 4-NP. No 

destruction and collapse could be found as compared to the nanostructures (Figure 3.27b) 

prior to catalysis, which suggests that the 3D gold nanodendrites is a robust and super 

stable catalyst in catalytic applications. 

  

(a) (b) 
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Figure 3.30. SEM images of 3D gold nanodendrite layers on tpSi obtained by solid state dewetting 
at 900 °C for 2 h followed by GDR for 10 min after use in the catalytic reduction of 4-NP. a) Large-

field view; b) detail. 

The k value obtained in the presence of sample “tpSi + Au” – gold-coated tpSi after 10 

min GDR but without solid-state dewetting (red circles in Figure 3.29f) – amounted to 

only ∼0.02 min−1. The k values obtained in the presence of smooth silicon coated with a 

35 nm thick gold layer without further treatment (blue up-triangles in Figure 3.29f) and in 

the presence of gold-coated tpSi subjected to solid-state dewetting for 2 h at 900 °C without 

the GDR (orange down-triangles in Figure 3.29f) were even smaller and amounted to 

∼0.009 min−1 and ∼0.002 min−1, respectively (all above-mentioned samples have an area 

of 0.25 cm2). In the presence of 3D gold nanodendrite layers on tpSi prepared by solid-

state dewetting for 2 h at 900 °C and subsequent GDR for 10 min, ∼92% of the 4-NP was 

converted at t = 24 min, in the presence of gold-coated tpSi after 10 min GDR without 

solid-state dewetting, it was ∼40%, in the presence of smooth silicon coated with a 35 nm 

thick gold layer, it was ∼21% and in the presence of gold-coated tpSi subjected to solid-

state dewetting for 2 h at 900 °C without the GDR, it was ∼5%. This outcome can be 

attributed to the dense sharp edges and vertices of 3D gold nanodendrites possessing high 

specific surface area and abundant catalytic active sites that accelerate the diffusion and 

adsorption of nitrophenol to metal surfaces (rate-determining step), and enhance the 

electron transfer from BH4
– to nitrophenol, thereby boosting the catalytic reaction. 

3.3 Conclusions 

In this chapter, combining insect-inspired capillary submicron stamping and surface-

limited metal-assisted chemical etching resulted in the preparation of topographically 

patterned silicon onto which polymer solution was printed via inkjet printing for 

preparation of persistence and scratch resistance polymer blots and dense layers of 3D gold 

nanodendrites were rationally grown for SERS-based sensing and heterogenerous catalysis. 

Insect-inspired capillary submicron stamping, a lithographic method mimicking adhesive 

secretion of insect feet’s hairy contact elements yielding arrays tiny droplets as footprints, 

has been developed for preparation of arrays of functional spots. In contrast to classical 

contact lithography, stamps entirely penetrated by continuous spongy nanopore systems 

are used, through which ink is supplied to the contact elements and in turn to the 

counterpart surfaces to be stamped. Insect-inspired capillary submicron stamping can be 
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carried out without costly equipment under ambient conditions, allows high-throughput 

generation of ordered patterns using a broad range of inks, and is characterized by cycle 

times in the second range. The stamping method was exemplarily demonstrated by 

depositing ordered hexagonal AgNO3 microdot arrays and ordered holey AgNO3 films 

onto silicon wafers using aqueous solutions as inks. Subsequently, pattern transfer into the 

silicon wafers was achieved by surface-limited MACE. Silicon wafers patterned with 

ordered AgNO3 dot arrays were thus converted into silicon topographically patterned with 

ordered macropore arrays extending several square millimeters; holey AgNO3 films 

yielded ordered Si pillar arrays. The application of the MACE catalyst Ag in the form of 

nanometer-thin AgNO3 layers resulted in the surface-limited nature of the MACE process 

applied here that produces topographic surface patterns with depths of a few 100 nm rather 

than deep holes. Surface-limited MACE will be advantageous if it is desired to 

topographically pattern the surface of Si components rather than altering their bulk 

properties. It should also be noted that the solid compound NH4HF2 was used as a HF 

source for MACE to avoid the handling of aqueous HF solutions. Apart from AgNO3, 

H2PtCl6, PdCl2 and HAuCl4 were also demonstrated to be alternatives for the preparation 

of tpSi by insect-inspired capillary sub-microstamping and MACE using aqueous solution 

containing NH4HF2 and H2O2. 

In exploratory inkjet printing experiments, polymeric inks were demonstrated to readily 

spread on macroporous tpSi to form polymer blots consisting of a thin conformal coating. 

On mesoporous Si without micron-sized indentations and on smooth Si, much smaller 

polymer blots with ring-like deposits formed, which showed signatures of evaporation-

induced phase separation within the ink. If permanent identity tags or quick response codes 

need to be generated on silicon surfaces by inkjet printing or other suitable methods, 

persistence and scratch resistance rather than miniaturization might be the most important 

properties. In this regard, tpSi shows obvious advantages over mesoporous Si and smooth 

Si wafers. 

A second application involved the generation of dense homogeneous layers of overlapping 

three-dimensional gold nanodendrites for SERS-based sensing and heterogeneous 

catalysis. Thin gold films coated onto topographically patterned silicon were subjected to 

solid-state dewetting to form hexagonal gold particle arrays, whereby each indentation 

contained one gold particle. The regularly arranged gold particles with diameters of ~300 

nm and a nearest neighbor distance of ~1.5 µm acted as seeds for the growth of dense 



 3. Topographically patterned silicon: preparation and applications  

80 

 

three-dimensional gold nanodendrite layers in subsequently performed galvanic 

displacement reactions. The configurations of size and spacing of the parent gold particles 

resulted in that the growth of an individual 3D gold nanodendrite at each gold particle was 

initiated. The emergence of dendritic structure features at the edges and vertices of the 

gold particles led to the formation of 3D gold nanodendrites rather than formation of two-

dimensional gold nanodendrites parallel to the substrate plane. The rationally positioned 

parent gold particles are crucial templates for the growth of dense layers of overlapping 

3D gold nanodendrites with reasonable homogeneity over large areas. By optimizing the 

GDR duration, 3D gold nanodendrite layers featuring large specific gold surfaces as well 

as abundance of sharp, nearly touching gold edges and vertices were obtained. The 

homogeneous layers of overlapping 3D gold nanodendrites optimized in this manner 

exhibited excellent performances in SERS-based pre-concentration sensing and 

heterogeneous catalytic reduction of 4-nitrophenol to 4-aminophenol, and were superior 

to configurations obtained without rational prepositioning of the gold nanodendrite growth 

sites. 

 

 

 

 

 

 



 4. Slippery polymer monoliths: surface functional with ordered MoS2 microparticle arrays  

81 

 

4 Slippery Polymer Monoliths: Surface 

Functionalization with Ordered MoS2 

Microparticle arrays 

Because of the lamellar crystalline structure of MoS2 resulting in easy shear, cleavage and 

low friction characteristics,208-209 in this chapter, ordered arrays of MoS2 hexagonal 

microparticles were exploited as lubricants for the tailoring of the interfacial shear 

behavior. For this purpose, contact surfaces of polymeric components were functionalized 

with MoS2 microparticles. MoS2 microparticle arrays were partially embedded into the 

contact surface so that the MoS2 microparticles were partially exposed. To ensure 

controlled interfacial interactions over large areas, it is necessary to rationally position the 

MoS2 microparticles to form ordered monodomain monolayers. The organization of the 

MoS2 as array of microparticles partially embedded into the polymer is advantageous with 

respect to continuous MoS2 films because adhesion is enhanced and crack propagation is 

intrinsically prevented. We used a PDMS mold obtained by double replication of 

macroporous silicon templates (patterned with hexagonal arrays of cylindrical macropores 

with a periodic distance of 1.5 μm, the cylindrical macropores’ diameter amounted to 800 

nm and the depth amounted to 1.0 µm as descripted in section 3.1.3.4 (Figure 3.8a and 

Figure 3.8b)) to prepare monodomains of ammonium tetrathiomolybdate (ATM) 

microparticles on SiO2 coated-Si wafers. In a subsequent high-temperature treatment in 

the presence of elemental sulfur, the ATM microparticles were converted to crystalline 

MoS2 microparticles under conservation of the array order. Finally, the MoS2 

microparticles were partially embedded into the surface of poly(methyl methacrylate) 

(PMMA) monoliths, again under conservation of the array ordering. As compared to pure 

PMMA monoliths, the obtained PMMA monoliths functionalized with MoS2 

microparticle arrays (PMMA_MoS2) exhibited a lower friction coefficient that indicates 

functionalization with MoS2 microparticle arrays is an efficient way to modify the 

tribological properties of polymer monoliths. 
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4.1 Materials and Methods 

4.1.1 Materials 

Macroporous Si templates with hexagonal arrays of macropores (macropore diameter: 800 

nm; macropore depth: 1.0 µm; nearest-neighbor distance 1.5 µm; cf. Figure 3.8a and 

Figure 3.8b) were purchased from SmartMembranes (Halle, Saale). (100)-oriented p-type 

silicon wafers (1-30 Ωcm) with 300 nm thick dry SiO2 layers were purchased from Siegert 

Wafer. Ammonium tetrathiomolybdate (ATM; (NH4)2MoS4, 99.97%), polystyrene (PS) 

standard (Mn = 267.000 g/mol; Mw = 253.000 g/mol; Mw/Mn = 1.05)), potassium hydroxide 

(KOH (85.5%)), 1H,1H,2H,2H-perfluorodecyltrichlorosilane (PFDTS, purity 97%), sulfur 

(99.98%), chloroform (99%), and N,N-dimethylformamide (99.8%) were purchased from 

Sigma-Aldrich. Poly(methyl methacrylate) (PMMA) (Mw = 1.820.000 g/mol; Mn = 

1.580.000 g/mol; Mw/Mn = 1.15) was bought from Polymer Standards Service. 

4.1.2 Fabrication of macroporous PDMS soft molds 

Macroporous silicon templates with an area of 2 × 2 cm2 were cleaned by immersion into 

piranha solution (98% H2SO4 and 30% H2O2 at a volume ratio of 3:1) at 80 °C for 30 min 

and then copiously rinsed with deionized water. In a subsequent modification treatment 

with PFDTS via vapor deposition in a sealed container at 85°C for 2 h and then at 130 °C 

for 3 h macroporous silicon templates with hydrophobic surface were obtained. Then, 80 

μL of a 5 wt% solution of PS in chloroform was poured onto PFDTS-modified 

macroporous silicon. The chloroform was allowed to evaporate overnight. The obtained 

negative PS replicas of the macroporous silicon templates (Figure 4.1a and Figure 4.1b) 

were nondestructively detached and then used as secondary templates to manufacture 

PDMS molds. A well-mixed PDMS precursor mixture containing base and curing agent 

at a weight ratio of 10:1 (SYLGARD 184 formulation, Dow Corning, Midland, MI, USA) 

was cast onto the negative PS replicas in a plastic box. After aging under ambient 

conditions for two days and nondestructive detachment, positive PDMS soft replicas of 

the macroporous silicon were obtained. 
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4.1.3 Preparation of ATM microparticle arrays 

SiO2-covered Si substrates with a size of 2 × 2 cm2 were sonicated in acetone, ethanol and 

deionized water for 10 min. After drying in a compressed nitrogen flow, hydrophilization 

of the SiO2-covered Si substrates and the macroporous PDMS soft molds was achieved by 

oxygen plasma treatment at 100 W for 4 min. Then, 1 μL of a 6.2 mM ATM solution in 

DMF was deposited onto hydrophilized macroporous PDMS molds and covered with a 

SiO2-covered Si substrate treated as described above. After drying for 1 h under ambient 

conditions, the hydrophilized macroporous PDMS molds were manually detached and 

cleaned for reuse by sonification in DMF, ethanol and water. 

4.1.4 Synthesis of MoS2 microparticle arrays 

The synthesis of MoS2 microparticle arrays was carried out by high-temperature annealing 

of ATM microparticles in Ar/H2 atmosphere without any catalysts. SiO2-covered Si 

substrates patterned with ATM microparticle arrays were placed at the central heating zone 

of a tube furnace with 1.5 g solid sulfur at the upstream end. The temperature of the furnace 

was increased to 700 ℃ at a ramp rate of 30 K min−1 under flow of a mixture of argon 

(100 s.c.c.m) and hydrogen gas (25 s.c.c.m). After annealing at 700 ℃ for 60 min for the 

conversion of ATM to MoS2, the system was cooled down to room temperature at the 

natural cooling rate of the tube furnace.  

4.1.5 Surface functionalization of PMMA monoliths with MoS2 microparticle arrays 

A solution containing 5 wt-% PMMA in chloroform was spin-coated on top of the prepared 

MoS2 microparticle arrays at 500 rpm for 5 s and then at 3000 rpm for 10 s. After thermal 

treatment of the PMMA monoliths functionalized with MoS2 microparticles in an oven 

preheated to 180 ℃ in air for 10 min, the SiO2 layer covering the Si substrate was etched 

with an aqueous 30 wt-% KOH solution for 20 min. The detached PMMA monoliths 

having the MoS2 microparticle arrays partially embedded into their underside 

(PMMA_MoS2) were rinsed with deionized water for several times. As reference samples, 

pure PMMA monoliths were prepared by the same procedure but in the absence of MoS2 

microparticle arrays. 
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4.1.6 Measurement of friction coefficients of PMMA_MoS2 

Friction coefficients of PMMA_MoS2 and pure PMMA monoliths were measured with an 

Advanced Rheometric Expansion System (ARES) from T.A. Instruments. A circular 

sample with a diameter of 1.8 cm and a thickness of 7.2 μm onto the center of the lower 

plate of the motor shaft using Uhu 48720-Drying Super Glue-Supergel (UHU products). 

The upper aluminum plate connected to the transducer shaft was slowly moved down 

manually until – after contact formation with the functionalized sample surface – a normal 

force of 50 g was reached. A sinusoidal stress of 500 Pa was applied to the sample. Then 

the motor shaft was subjected a steady shear rate of 0.5 × 10 ̶ 3s ̶ 1 at a temperature of 24 °C. 

The torque of PMMA_MoS2 and pure PMMA monoliths were measured and recorded 

using the software Orchestrator. Each measurement with a duration of 21 s was repeated 

for three times. 

4.1.7 Morphological Characterizations 

The morphologies of ATM and MoS2 microparticle arrays were analyzed by scanning 

electron microscopy (SEM) on a Zeiss AURIGA microscope operated at an accelerating 

voltage of 7 kV that was equipped with an INCA 350 energy‐dispersive X‐ray (EDX) 

spectroscopy detector (Oxford Instruments). The geometrical parameters apparent area, 

aspect ratio, roundness, and nearest neighbor distances (Figure 4.2a and Figure 4.3b) were 

determined by analyzing SEM images with the software ImageJ using the freehand 

selection tool. Topographical and height profiles were acquired by atomic force 

microscopy (AFM) in the semi-contact mode with a NT-MDT NTEGRA device using 

GOLDEN SILICON cantilevers (NSG01/Pt; NanoLaboratory) with a tip height of 14-16 

μm, a tip curvature radius of 35 nm, a reflective side coating of Pt film (20-30 nm thick), 

and a resonant frequency of 87-230 kHz. For X-ray powder diffraction (PXRD) 

measurements, the MoS2 microparticles were scratched from the SiO2-covered Si 

substrates and collected for the measurements, which were conducted on an X’Pert Pro 

diffractometer (PANalytical) with Bragg−Brentano geometry using Cu Kα (λ= 1.5406 Å) 

radiation (40 kV, 40 mA) and a 2θ step size of 0.0334. Raman measurements of MoS2 

microparticle arrays were carried out with a WITec alpha300 R – confocal Raman imaging 

system (30 cm focal length and 600 grooves per mm grating spectrometer) equipped with 

an EM-CCD (Andor Newton DU970N-BV-353) using the 532 nm line of a He–Ne laser 
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with a power of 1.64 mW, a spot diameter of ~ 3 μm and an integration time of 0.5 s. For 

the mapping, Raman spectra with an integration time of 0.2 s were acquired. The Raman 

spectra were analyzed and processed with the software Project FIVE. The stitching optical 

microscopy image of MoS2 microparticle arrays on SiO2-coated Si taken with an objective 

of Zeiss EC Epiplan-Neofluar 100x/0.9 includes 361 stitching images. 

4.2 Results and discussion 

4.2.1 Preparation of PMMA_MoS2 

The preparation algorithm for PMMA monoliths having surfaces functionalized with 

regular hexagonal MoS2 microparticles (PMMA_MoS2) is displayed in Scheme 4.1. We 

used macroporous silicon templates with cylindrical macropores (Figure 3.8a and Figure 

3.8b) to fabricate macroporous PMDS soft molds via the double replication procedure 

described in section 4.1.3.  

 

Scheme 4.1. Schematic diagram of the preparation of PMMA monoliths having a contact surface 
functionalized with arrays of partially-embedded MoS2 microparticles (PMMA_MoS2). a) A 

solution of ATM in DMF (red) is deposited onto a hydrophilized macroporous PDMS mold (light 

blue), which is b) covered by a hydrophilized SiO2-covered Si waver piece. c) After evaporation 
of the DMF and detachment of the hydrophilized macroporous PMDS mold a regular array of 

ATM microparticles (red) remains on the surface of the SiO2-covered Si wafer piece. d) Thermal 

sulfurization at 700 °C converts the ATM microparticles into MoS2 microparticles (gray), whereby 

the array ordering is conserved. e) The MoS2 microparticles are covered with PMMA by spin-
coating a PMMA/chloroform solution (white-transparent) onto the sample. f) After treatment with 

KOH solution, a PMMA monolith having a contact surface functionalized with an array of 

partially-embedded MoS2 microparticles (PMMA_MoS2) is obtained. 
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The prepared soft PDMS molds feature macropores with a diameter of 800 nm and a depth 

of 1.0 µm (Figure 4.1c and Figure 4.1d), which perfectly replicate the topography of the 

macroporous silicon templates. The process of imprint lithography was carried out by 

dropping 1 μL of ATM solution onto the surface of the macroporous PDMS mold, 

followed by placing a piece of hydrophilized SiO2-coated Si wafer on top. After 

evaporation of the solvent DMF for about 2 h, ordered arrays of ATM microparticles were 

obtained on the SiO2-coated Si wafers. The arrays of ATM microparticles were retained 

after careful detachment of the macroporous PDMS molds. The photograph of the SiO2-

covered Si piece patterned with an ATM microparticle array (Figure 4.2e) displays 

iridescent colors under white light illumination, similar to the corresponding molds. 

  

  

Figure 4.1 Scanning electron microscopy images of (a, b) a negative PS replica and (c, d) a positive 

PDMS secondary replica of the macroporous silicon templates. (a, c) Top view and (b, d) cross-

section. 

Scanning electron microscopy (SEM) images (Figure 4.2a) from representative samples 

show high regularity of the ATM microparticle arrays, as also evidenced by the large-area 

SEM image in Figure 4.2b. The size of ATM microparticles was probed by atomic force 

microscopy (AFM). A topographical image is shown in Figure 4.2c, and a topographic 

profile along the red line in Figure 4.2c is displayed in Figure 4.2d. The diameter and 

height of the ATM microparticles amounted to ~ 800 nm and ~ 160 nm, respectively. 

(a) (b) 

(c) (d) 
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Therefore, highly regular hexagonal ATM microparticle array were accessible by this 

intrinsic costless template solvent evaporation technique on a large-scale.  

  

  

Figure 4.2. (a, b) SEM and (c) AFM images of ATM microparticle arrays. (d) Topographic AFM 

line profile along the red line in panel (c) revealing that the height of the ATM microparticles 

amounted to ~160 nm. (e) Photograph of an ATM microparticle array. 

Reportedly, thermolysis of ATM at 120-360 °C under inert gas atmosphere leads to the 

conversion of (NH4)2MoS4 to MoS3, as illustrated in equation 4.1. The subsequent 

conversion of MoS3 to MoS2 requires a higher annealing temperature above 800 °C 

(equation 4.2)189, 237. However, under H2 atmosphere the conversion temperature of 

(NH4)2MoS4 is reportedly lowered to ~ 425 °C, and the reaction follows equation 4.3. The 

corresponding reaction equations are as follows:  

             Equation 4.1: (NH4)2MoS4 → 2NH3↑+ MoS3 + H2S↑;                   (4.1) 

             Equation 4.2: MoS3 → S + MoS2;                                                   (4.2) 

             Equation 4.3: (NH4)2MoS4 + H2 → 2NH3↑ + H2S↑ + MoS2.          (4.3) 

It is rational to hypothesize that thermolysis of (NH4)2MoS4 at a higher temperature would 

produce high-quality MoS2. However, it turns out that the direct annealing in an inert gas 

atmosphere at high temperature does not lead to high-quality MoS2 even up to 1000 °C, 

(a) (b) 

(c) (d) (e) 
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which is because several steps involved in the transformation from (NH4)2MoS4 to MoS2 

are easily affected by the presence of oxygen. That is why hydrogen was introduced in 

some synthesis processes to avoid oxidations. Therefore, in this work the ATM 

microparticle arrays on SiO2-covered Si substrates were thermally annealed in the 

presence of sulfur under Ar/H2 flow at 700 °C for 60 min, as shown in Scheme 4.1c and 

Scheme 4.1d, to prepare large-area MoS2 microparticles arrays. 

  

   

           
Figure 4.3. (a, b, c) SEM images of a MoS2 microparticle array and EDX mappings of (d) Mo and 

(e) S in the image field of panel (c); (f) AFM image of a MoS2 microparticle array; (g) topographic 
AFM line profile along the red line in panel (f) revealing that the height of the generated 

microparticles amounts to ~80 nm. 

The (NH4)2MoS4 microparticle arrays were annealed at 700 °C for 60 min in a chemical 

vapour deposition system consisting of a tube furnace with sulfur powder at the upstream 

end of a quartz tube, through which an Ar/H2 gas mixture (v/v = 100 s.c.c.m /25 s.c.c.m; 

34.3 Pa) flowed. After this treatment, the order of the microparticle arrays was conserved, 

(a) (b) 

(c) (d) (e) 

(f) (g) 
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as revealed by the SEM images in Figure 4.3a, 4.3b and Figure 4.3c. The corresponding 

energy‐dispersive X‐ray (EDX) spectroscopy mappings for Mo (Figure 4.3d) and S 

(Figure 4.3e) indicate that Mo and S are homogenously distributed within the (NH4)2MoS4 

microparticles. Their diameter and height amounted to ~ 800 nm and ~ 80 nm, as probed 

by AFM (Figure 4.3e and Figure 4.3f). In addition, the optical microscopy stitching image 

of a MoS2 microparticle array located on SiO2-coated Si (Figure 4.4) proves the suitability 

of the method reported here for the production of large-area MoS2 microparticle arrays 

that provides more possibilities for further application. 

 

Figure 4.4. Stitching optical microscopy image of a MoS2 microparticle array located on SiO2-

coated Si. 
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Figure 4.5. Relative frequencies of the apparent areas (a, b), the aspect ratios (c, d), the roundness 
(e, f), and the nearest neighbor distances (g, h) of ATM particles (a, c, d, and g) and of MoS2 

microparticles (b, d, f, and h) prepared by thermal annealing of the patterned ATM microparticles. 

The relative frequencies were obtained by the analysis of SEM images. 44 ATM microparticles 

(Figure 4.2a) and 47 MoS2 microparticles (Figure 4.3b) were evaluated. 

To further evaluate the shape evolution during the conversion of ATM microparticles to 

MoS2 microparticles, geometrical parameters and shape descriptors like apparent area, 

aspect ratio, roundness, and nearest neighbor distances prior to and after thermal annealing 

were determined. To this end, the SEM images shown in Figure 4.2a and Figure 4.3b were 

analyzed with the software ImageJ. The corresponding histograms are shown in Figure 4.5. 

The mean apparent area of the ATM microparticles of 0.36 µm2 ± 0.05 µm2 (Figure 4.5a) 

was reduced to 0.29 µm2 ± 0.07 µm2 for MoS2 microparticles (Figure 4.5b). The aspect 

ratio is the ratio of length and width of an object. The mean aspect ratio increases from 

1.20 ± 0.14 for ATM microparticles (Figure 4.5c) to 1.33 ± 0.28 for MoS2 microparticles 

(Figure 4.5d). The roundness describes how closely the contour of an object resembles a 

mathematically perfect circle. The mean roundness decreases from 0.85 ± 0.09 for ATM 

microparticles (Figure 4.5e) to 0.78 ± 0.14 of MoS2 microparticles (Figure 4.5f). The 

nearest neighbor distances between the microparticles amounted to 1.38 µm ± 0.05 µm for 

ATM particles (Figure 4.5g) and to 1.34 µm ± 0.10 µm for MoS2 microparticles (Figure 

4.5h). Notably, the standard deviations of the apparent area, aspect ratio, roundness, and 

nearest neighbor distances of the MoS2 microparticles are larger than those of the ATM 

microparticles. The decrease in the average apparent area and the mean roundness, and the 

increase in the aspect ratio, as well as the more fluctuating nearest neighbor distances after 

thermal annealing may indicate shape reconstructions occurred during the conversion of 

ATM microparticles to MoS2 microparticles. Compared to the ATM microparticles, the 

MoS2 microparticles had more pronounced edges, which might be caused by the formation 

of defined crystal faces during the generation of crystalline MoS2. 

To characterize the crystal phase of the MoS2 microparticles, PXRD and Raman 

spectroscopy were employed. As shown in Figure 4.6a, the PXRD pattern of a powder of 

MoS2 microparticles that had been scratched from the SiO2-covered Si substrate shows 

peaks at 2ϴ values of 14.2°, 32.7°, 39.6°, 49.4°, 58.5°, and 60.3°, which could be assigned 

to the (002), (100), (103), (105), (110), and (008) diffraction peaks of hexagonal MoS2 

with the space group P 63/mmc (JCPDF card number: 37-1492) in line with previous 

reports.238-240 More importantly, the sharp diffraction peaks and the absence of peaks not 

originating from hexagonal MoS2 indicate the generation of single-phase crystalline MoS2 
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microparticles. The intensity of (002) reflection is comparable to the intensity of the (100) 

reflection (Figure 4.6a). The (100) reflection in XRD patterns obtained from MoS2 single 

layers was reported to be significantly less intense than the (002) reflectionn.240-241 

  

              
 

Figure 4.6. (a) X-ray powder diffraction (PXRD) pattern of MoS2 microparticles; (b) Raman 
spectrum obtained on top of a MoS2 array located on SiO2-coated Si under a 3 μm in diameter laser 

spot irradiation; (c) Schematic of Raman-active modes E1
2g and A1g of bulk MoS2; (d) Raman 

mapping at 383.2 cm-1 of a hexagonal array of MoS2 of microparticles including 225 spectra 
captured in an area of 15 × 15 μm2; (e) stitching optical microscopy image of a MoS2 microparticle 

array. 

A representative Raman spectrum of three randomly selected adjacent MoS2 

microparticles located on SiO2-covered Si is shown in Figure 4.6b. Two characteristic 

peaks situated at 383.2 cm-1 and 407.5 cm ̶ 1 could be attributed to the in-plane E1
2g and 

out-of-plane A1g vibrational Raman modes of MoS2. The in-plane phonon mode E1
2g 

pertains to the vibration of two S atoms in one direction with respect to the vibration of a 

Mo atom, as sketched in Figure 4.6c, while the out-of-plane A1g vibration involves just the 

S atoms vibrating out-of-plane242-243. It has been reported that the frequency difference of 

these two modes can be employed as an effective “thickness indicator” for sheet-like MoS2, 

(c) (d) 

(a) (b) 
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because the frequency of the E1
2g peak decreases with the increase of thickness while A1g 

increases. This behavior is caused by an enhancement of the dielectric screening that 

reduces the long-range Coulomb interaction between the effective charges, thereby 

lowering the overall restoring force on the atoms.244-245 In addition, the intensities of these 

two peaks decrease with the decrease of thickness. The frequency difference of 25.3 cm ̶ 1 

found here indicates that the prepared MoS2 microparticles do not show confinement 

effects, which is consistent with the results of AFM. The spatial confocal Raman-

microscopic mapping performed for the E1
2g mode at 383.2 cm ̶ 1 (Figure 4.6d) not only 

demonstrates the successful conversion of ATM microparticles to MoS2 microparticles 

under conversation of the array order, but also reveals the defect-free and uniform 

distribution of the MoS2 microparticles. 

A solution of PMMA in chloroform was spin-coated onto the arrays of MoS2 

microparticles on SiO2-covered Si pieces. Partial etching of the SiO2 layer by KOH 

solution allowed the detachment of the PMMA monoliths (thickness ~ 7.2 μm; cf. Figure 

4.7a) with hexagonal arrays of partially-embedded MoS2 microparticles (PMMA_MoS2). 

SEM (Figure 4.7b and Figure 4.7c), AFM (Figure 4.7e) and Raman spectroscopy (Figure 

4.7d) were performed to characterize the PMMA_MoS2 monoliths. The MoS2 

microparticles were partially embedded into the contact surfaces of the PMMA monoliths 

in such a way that their upper part was exposed. The hexagonal array order was still 

preserved. In addition, the Raman spectrum of three randomly selected adjacent MoS2 

microparticles located on the PMMA (Figure 4.7d) exhibits two characteristic peaks at 

382.3 and 490.8 cm ̶ 1 corresponding to the in-plane E1
2g mode and out-of-plane A1g 

vibration mode of bulk molybdenum disulfide, indicating that the transfer of the MoS2 

microparticles was successful on a large-scale. The corresponding AFM image (Figure 

4.7e) confirms that the MoS2 microparticles were transferred to and partially embedded 

into the contact surface of the PMMA monoliths. The MoS2 microparticles protruded ~ 14 

nm from the surface (Figure 4.7f). 
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Figure 4.7. Characterization of as-prepared of PMMA_MoS2 (a) Cross-sectional SEM image and 

(b, c) SEM top-view images; (d) Raman spectrum of the surface of PMMA_MoS2 and (e) AFM 

image. (f) Topographic AFM line profile along the red line in panel (e). 

4.2.2 Tribological performance of PMMA_MoS2 

To evaluate the impact of the MoS2 microparticle arrays on the interfacial tribological 

properties of the PMMA specimens, the as-prepared PMMA_MoS2 monoliths were glued 

onto the lower plate (Scheme 4.2a) of an Advanced Rheometric Expansion System to 

measure the torque in a steady shear rate test mode. The measurements were carried out 

under a preload (Scheme 4.2a) of 50 g at room temperature (24 °C) and with an angular 

(a) (b) 

(c) 

(e) (f) 

(d) 
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velocity of 0.5 × 10 ̶ 3s ̶ 1. Figure 4.8a displays the results of three successive measurements 

of torque on PMMA_MoS2 and PMMA monoliths. 

 

 

Scheme 4.2. (a) Schematic diagram of the tribological testing of a PMMA monolith (light green) 

functionalized with MoS2 microparticles (dark grey) (PMMA_MoS2). The contact surface of the 
PMMA_MoS2 sample is brought into contact with the surface of a transducer component (grey) 

under a set normal load prior to rotational movement at constant angular velosity. (b) Relationship 

between force F and torque τ in a rigid rotation plane (forces and moments due to gravity and 

friction not considered). 

  

Figure 4.8. (a) Measurements of torque for PMMA_MoS2 and PMMA monoliths at a constant 

angular velocity of 0.5 × 10 ̶ 3s ̶ 1; (b) corresponding friction coefficient. 

Normally, the magnitude of torque of a rigid body is determined by three quantities: the 

applied force, the lever arm vector connecting the origin of torque to the point of force 

application, and the angle between the force and the lever arm vectors (Scheme 4.2b): 

                                                      τ = r × F,                                                (4.4) 

(a) 

(b) 

(a) (b) 
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                                                      τ = |r||F|sinθ,                                          (4.5) 

where τ is the magnitude of the vector torque τ; r is the position vector (a vector from the 

origin of the artificially defined coordinate system to the point where the external force F 

is applied); F is a force vector; and θ is the angle between the force vector and the lever 

arm vector. Because the torque was measured under a constant angular velocity, the whole 

process could be seen as a constant-velocity rotation. The magnitude of friction force ffriction 

equals the magnitude of the force F in the direction perpendicular to the lever arm (|F|sinθ), 

which was derived from the measured torque. The friction coefficient can be calculated as  

𝜇 =
𝑓friction

𝑚𝑔
=

𝜏

𝑚𝑔𝑙𝑠𝑖𝑛𝜃
,                          (4.6) 

where m is the mass of the rigid body and 𝑔 is the acceleration of gravity. While the normal 

force load is 50 g, θ is 90o, l = 0.9 cm is the radius of circular samples. The torque obtained 

by three successive measurements and the resulting friction coefficients derived from the 

formula (4.6) are summarized in Figure 4.8 and in Table 4.1. For comparison, reference 

measurements with PMMA monoliths prepared in the same way than PMMA_MoS2 

samples but without MoS2 microparticles were carried out. 

Table 4.1 Friction coefficients of PMMA_MoS2 and PMMA monoliths measured in the steady 

shear rate test mode with a constant angular velocity of 0.5 × 10  ̶ 3s ̶ 1. 

Run number 
PMMA_MoS2  

Friction coefficient 

PMMA 

Friction coefficient 

First  0.13886 0.22631 

Second 0.12601 0.2279 

Third 0.11303 0.23101 

 

The results reveal that the friction resistance of PMMA_MoS2 reduces in successively 

performed measurements. The friction coefficient decreases from 0.13886 (first cycle) to 

0.12601 (second cycle) to 0.11303 (third cycle). The friction coefficient of the pure 

PMMA monolith is almost as twice as large than that of PMMA_MoS2 and even slightly 

increased with each measurement. This outcome indicates that functionalization of the 

contact surfaces of polymer monoliths with MoS2 microparticle arrays is an efficient way 

to manipulate their tribological performance. The modification of the tribolocical behavior 
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of PMMA_MoS2 can be attributed to the intrinsic layered structure of MoS2 resulting in 

lubricating properties that reduce the friction coefficient. 

  

      

Figure 4.9. (a, b) SEM images and (c) AFM image of a PMMA film functionalized with a MoS2 
microparticle array after three successive tribological measurements; (d) topographic AFM line 

profile along the red line in panel (c). 

To probe the worn morphology, a PMMA_MoS2 monolith after three successive 

tribological measurements was studied by SEM and AFM, as shown in Figure 4.9a, 4.9b 

and 4.9c. The entire hexagonal microparticle array still existed with some defects, which 

might be caused by the adhesive interaction between MoS2 and the upper plate of the setup 

used for the measurements. In the higher magnification SEM image (Figure 4.9a), abrasion 

of the individual MoS2 microparticles can be seen; most of the MoS2 microparticles are 

flattened and exhibit additional protruding branches. As also demonstrated by the 

corresponding AFM image shown in Figure 4.9c, the microparticles were worn down, and 

debris was generated as also revealed by the corresponding topographic profile in Figure 

4.9d. The latter reveals a decrease in height of the MoS2 microparticles as compared to 

prior to the tribological measurements (Figure 4.7f). This can be attributed to the 

mechanical shear between the sample surface and the counterpart surface. The wear of the 

MoS2 microparticles in turn causes the lubricant effects. Because of the lamellar sheet-like 

(a) (b) 

(c) (d) 
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structure of MoS2 and the weak inter-laminar van der Waals interactions, the sheet-like 

MoS2 layers orient parallel to the direction of relative movement and to slide, thereby 

leading to easy shear. 

4.3 Conclusions 

In this work, ordered MoS2 microparticle arrays were prepared via imprint lithography of 

ammonium tetrathiomolybdate and thermal annealing under Ar/H2 flow in the presence of 

sulfur powder. A PDMS mold with macropore arrays fabricated by double replication of 

macroporous silicon templates was employed to prepare monodomains of ATM 

microparticles on SiO2-covered Si wafers. Highly regular hexagonal arrays of MoS2 

microparticles with diameters of ~800 nm and heights of ~80 nm were obtained in a 

subsequent high-temperature treatment step in the presence of elemental sulfur. The 

prepared MoS2 microparticle arrays were demonstrated to work as lubricants after joining 

them to the surfaces of PMMA monoliths in such a way that the MoS2 microparticles were 

partially embedded into the monoliths’ contact surfaces. The corresponding mechanical 

tests revealed that thus-obtained PMMA_MoS2 shows modified tribological performance 

characterized by about half the friction coefficients of pure PMMA monoliths. This 

behavior can be attributed to the intrinsic lubricating properties of MoS2. This result 

indicates that functionalization with MoS2 microparticles is an efficient way to optimize 

the tribological properties of polymeric surfaces. 
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5 Summary 

In this thesis, lithographic methods were developed to functionalize surfaces with 

microparticle arrays. The surface functionalities implemented in this way are not only 

related to the nature of the materials used for surface modification, but also by the 

organization of these materials as surface-bound microparticle arrays. The starting point 

for the first example is capillary submicron stamping of noble metal salt microdots with 

spongy nanoporous polymer stamps. Capillary submicron stamping shows obvious 

advantages over classical soft lithography and its derivatives (such as polymer pen 

lithography) based on the use of solid elastomeric stamps, because continuous spongy 

nanopore networks allow continuous ink supply to the stamps’ contact surfaces without 

interruption of the stamping operation. A broad variety of aqueous or organic inks 

containing a likewise broad variety of functional and, optionally, auxiliary substances can 

be stamped manually under ambient conditions. This stamping method was demonstrated 

by patterning Si wafers with ordered arrays of hexagonal AgNO3 submicron dots 

extending several square millimetres, while at higher pressure during stamping holey 

AgNO3 films were obtained. Subsequently, the generated patterns were transferred into 

the Si wafers by surface-limited metal-assisted chemical etching (MACE) to obtain 

ordered topographically patterned Si (tpSi) with arrays of wells from AgNO3 submicron 

dot arrays and Si pillar arrays from the holey AgNO3 films. To avoid the use of aqueous 

HF solutions, solid NH4HF2 was employed as the HF source for MACE. Because of the 

small amount of metal catalyst deposited by stamping, MACE resulted in topographic 

surface patterns characterized by depths of a few 100 nm. Therefore, the bulk functionality 

of the Si components is not affected. Exploratory experiments suggest that inkjet printing 

of polymeric inks onto tpSi may yield persistent and scratch-resistant polymer blot patterns 

without coffee-ring like ink depositions that could be potentially useful as permanent 

identity labels or quick response codes. 

Solid-state dewetting of 35 nm thick gold layers deposited onto tpSi at different 

temperatures yielded hexagonal arrays of gold particles, whereby one particle per 

indentation was obtained. The gold particles with a size of ~ 300 nm were regularly 

arranged with a nearest-neighbor distance of ~1.5 µm and directed the growth of dense, 
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homogeneous layers of overlapping 3D gold nanodendrites in subsequently performed 

galvanic displacement reactions (GDRs). Size and spacing of the parent gold particles 

resulted in the initiation of the growth of individual 3D gold nanodendrites at individual 

gold particles; the emergence of dendritic structure features at the edges and vertices of 

the gold particles led to the formation of 3D gold nanodendrites rather than of 2D gold 

nanodendrites parallel to the substrate plane. When the GDR duration lasted for 10 min, 

the obtained 3D gold nanodendrite layers featured large specific gold surfaces as well as 

abundance of sharp, nearly touching gold edges and vertices. The generated homogeneous 

layers of overlapping 3D gold nanodendrites exhibited promising performance in SERS-

based pre-concentration sensing. For the heterogeneous catalytic reduction of 4-

nitrophenol a kinetic rate constant 10 times higher than on smooth silicon coated with a 35 

nm thick gold layer and 5 times higher than on Si substrates with Au particles without 

further GDR was obtained. 

As a second example, arrays of molybdenum disulphide (MoS2) microparticles were 

incorporated into the contact surfaces of polymeric monoliths in order to modify the 

tribological performance of the latter. A PDMS mold with arrays of wells was first 

prepared by double replication of marcoporous silicon templates. Then, ordered arrays of 

ammonium tetrathiomolybdate microparticles acting as precursors for the MoS2 

microparticles were prepared onto SiO2-coated Si wafers by imprint lithography on 

ammonium tetrathiomolybdate solutions. Subsequent thermal annealing of the ammonium 

tetrathiomolybdate microparticles under Ar/H2 flow in the presence of sulfur powder 

yielded crystalline MoS2 microparticles with a diameter of ~800 nm and a height of ~80 

nm. The prepared MoS2 microparticle arrays were finally transferred onto the surface of 

PMMA monoliths by spin-coating PMMA solutions onto the MoS2 microparticle arrays 

and subsequently removal of SiO2 layer into aqueous solution containing KOH. In this 

way, PMMA monoliths having arrays of MoS2 microparticles (PMMA_MoS2) embedded 

into their contact surface were obtained, while the array ordering initially imposed by the 

macroporous silicon was still preserved. Tribological measurements revealed that the 

friction coefficients of PMMA_MoS2 were halved as compared to that of pure PMMA 

monoliths. This result can be attributed to the intrinsic lubricating properties of MoS2 

related to its laminar sheet-like structure. Hence functionalization of the contact surfaces 

of polymer monoliths with MoS2 microparticle arrays is an efficient way to optimize their 

tribolocical properties. 
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The arrays of gold microparticles on tpSi with hexagonal arrays of microindentations 

prepared by capillary submicron stamping combined with MACE, and the slippery 

polymer monoliths functionalized with ordered MoS2 microparticle arrays obtained by 

imprint lithography and pyrolysis are two examples illustrating the application potential 

of surfaces functionalized with arrays of surface-bound microparticles. 
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Abbreviations 

 

MACE Metal-assisted chemical 

etching 
 tpSi Topographically 

patterned silicon 

GDRs Galvanic displacement 

reactions 

 SERS Surface enhanced Raman 

spectroscopy 

“tpSi + Au” A GDR for 10 min was 

carried out on tpSi coated 

with a 35 nm thick gold 

layer without subjecting to 

solid-state dewetting 

 “Si + Au” A GDR for 10 minutes 

on a smooth silicon 

wafer coated with 35 nm 

thick gold layer 

At The absorbance at 

reaction time t 

 A0 The absorbance at the 

initial stage (t = 0) 

SEM Scanning electron 

microscopy 
 AFM Atomic force microscopy 

XRD X-ray diffraction  EDX Energy‐dispersive X‐ray 

QR Quick response  µM MicroMolar 

(NH4)2MoS4

(ATM) 

Ammonium 

tetrathiomolybdate  

 PMMA Poly(methyl 

methacrylate) 

PS-b-P2VP Polystyrene-block-poly(2-

vinylpyridine) 

 HAuCl4

xH2O 

Gold(III) chloride 

hydrate 

PFDTS 1H,1H,2H,2H-

Perfluorodecyltrichlorosil

ane 

 H2PtCl6

6H2O 
Chloroplatinic acid 

hexahydrate 

 

DMF N,N-Dimethylformamide  DTNB 5,5′-Dithiobis (2-

nitrobenzoic acid) 

DPN Dip pen nanolithography  LIFT Laser induced forward 

transfer 
µCP Microcontact printing  NFP Nano-fountain pen 

PPL Polymer pen lithography  BPL Beam pen lithography 

SLS supercritical-

fluid/solution-liquid-solid  
 AgNO3 Silver nitrate 

PEEK Polyether ether ketone  NH4HF2 Ammonium bifluoride 

VLS Vapor-liquid-solid   RIE Reactive ion etching 

H2SiF6 Hexafluorosilicic acid  PDMS Poly(dimethyl siloxane) 

HF Hydrofluoric acid  SiF4 Silicon tetrafluoride 

HF2
 ̶ Difluoride ion  τ Torque vector 

4-NTB 2-nitro-5-thiobenzoate  r Position vector 

4-NP 4-nitrophenol  F Force vector 

4-AP 4-aminophenol  ffriction Friction force 
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