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Surface science: a study at the boundaries 

Surfaces and interfaces may represent only a tiny part of our world, when compared to the 

space occupied by bulk masses, but innumerable reaction, creation or destruction processes 

start on the shallow boundaries defining and separating materials, lands or seas, living cells or 

individuals. Taking the planet Earth as an example, the small boundary layer below about 5 

km of altitude above its solid crust represents only a tiny fraction of its total radius (~ 6400 

km), but all the intricate physical and chemical processes necessary for the emergence and 

subsistence of a complex life are gathered in that confined space. 

Likewise, the first few nanometers at the surface of a material can entirely determine its 

interfacial properties (wetting, catalytic activity, etc.). In chemistry, surfaces are situated at 

the confluence of all disciplines: analytical, theoretical, physical, inorganic, organic and 

bioorganic chemists can find interesting developments for their work while studying surfaces. 

Lately, the highest award in the field of chemistry, the Nobel prize, was awarded to Gerhardt 

Ertl for his pioneering surface chemistry relating to the interaction of gases with metal 

surfaces, a field of research that has helped uncover the mechanisms at work in many gas-

solid and liquid-solid catalyzed reactions.1 Some of these heterogeneous reactions, such as the 

synthesis of ammonia developed by Haber and Mittasch (1905-1912), or refining of 

petroleum oil by catalytic cracking to produce gasoline, are indeed part of the foundations of 

our modern economies.2,3  

 

Figure 1. Time line of historical development in surface science (adapted from G.A. 

Somorjai2). 
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Other areas of surface science include colloids science, electrochemistry, surface 

spectroscopy and microscopy. Within the various fields of surface science, the preparation of 

covalently attached organic monolayers has been especially developed in the last 30 years 

(Figure 1). This technique for the surface modification of inorganic substrates involves the 

formation of organic monolayers of linear molecules, attached through a covalent bond 

between one of their end groups and the inorganic surface. These composite structures have 

allowed a precise control of the interfacial properties of solid materials, among which 

especially gold, glass and silicon surfaces have been studied in detail.4 

Examples of organic monolayers 

These three main classes of covalent organic monolayers differ in the nature of the covalent 

bonds linking the alkyl chains to the inorganic surface (Figure 2): thiol monolayers on gold 

rely on the interaction of sulfur with noble metals, like gold, silver, or copper. Alkylsilane 

monolayers can be formed by the reaction of an alkyl silane (usually chloro- or alkoxysilane) 

with the surface hydroxyl groups of oxygen-containing materials, like glass or silica. Alkene-

based monolayers are in most cases formed by a hydrosilylation reaction between alkene 

molecules and hydrogen-terminated silicon surfaces. 

 
Figure 2. Three main classes of covalent organic monolayers. 
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Silicon-rich materials 

This thesis is focused in particular on other surfaces, and discusses the preparation and 

study of alkene-based monolayers on robust silicon-rich materials, namely silicon-rich silicon 

nitride (SixN4, 3.5 < x < 4.5) and silicon carbide (SiC). In addition, it presents fundamental 

studies relating to their application in biofunctional and biorepellent surfaces. The exceptional 

mechanical and chemical robustness of SixN4 and SiC makes these substrates attractive for 

applications where harsh conditions and / or prolonged exposure are applied. Moreover, SixN4 

and SiC have properties that differ from those of materials commonly used for the formation 

of organic monolayers (gold, glass, or silicon), and the chemistry presented in here thus 

provides the scientist or engineer with more choices in the selection of a suitable substrate 

(Table 1). 

 

Table 1. Properties of inorganic substrates for the formation of organic monolayers* 

Material (Formula) Type** Bandgap 

(eV) 

Hardness 

(kg.mm-2) 

Refractive 

index 

Silicon (Si) SC 1.1 1150 3.87 

Silicon carbide (SiC) SC 2.3 – 3.35 3720 2.6 

Silicon nitride (Si3N4) I 5.1 3400 26 

Si-rich silicon nitride 

(SixN4, 3.5<x<4.5) 
I / SC 2 – 4 - 2 – 2.37 

Diamond (C) I 5.5 > 6000 2.42 

Silica (SiO2) I ~ 9 741 1.46 

*All data from Weber, J.M. Handbook of Optical Materials,8 unless stated otherwise. 
** I: insulator, C: conductor, SC: semiconductor. 

 
Stoichiometric silicon nitride (Si3N4) can form robust insulating coatings, but this material 

can develop a very high surface stress that negatively affects its mechanical properties.9 In 

comparison, silicon-rich silicon nitride displays very low residual stress, and can form 

homogeneous coatings by chemical vapor deposition (CVD).6 The composition of the 

material can be controlled by tuning the proportions of the compounds used as precursors in 

the CVD process (usually NH3/SiH2Cl2). This material is indeed used commonly, for 
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example, for the coating of microfabricated membranes (microsieves, see Chapter 3 and 9) or 

microelectromechanical systems (MEMS). Silicon carbide had long been perceived as a 

potential replacement for silicon in electronic applications, but it was only in 1989, with the 

founding of CREE Inc., that SiC LED’s (light emitting diodes) and high quality wafers 

became widely available due to the breakthrough of “step-controlled epitaxy”.5 Since then, 

the quality and availability of SiC materials have been steadily improved, and applications in 

high-power electronics and sensors are increasingly investigated.  

Application of SixN4 and SiC can even be enhanced if effective surface modification 

techniques are becoming available. Therefore, the aim of the research presented in this thesis 

was to develop versatile modification methods for SixN4 and SiC and to investigate the 

functionalization of these surfaces with robust organic monolayers for various applications.  

Outline of the thesis 

This thesis focuses on the formation of organic monolayers, and Chapter 2 and 3 give an 

overview of their potential and actual applications: Chapter 2 gives a description of thiol, 

silane, and alkene-based monolayers, and their application in biocompatible coatings, surface 

nano- and micropatterning, and sensing. Chapter 3 describes the particular case of 

microfabricated silicon nitride filtration membranes (microsieves), and the possibility to 

increase their surface biocompatibility with oligomeric or polymeric protein-repellent 

coatings.  

Chapter 4 gives a number of examples of chemical and biochemical functionalizations of 

SixN4 surfaces, using a thermal grafting method combined with conventional surface organic 

reactions. Emphasis is put on the stability of the coatings, and on the possibility to produce 

tailor-made biofunctional silicon nitride surfaces. Chapter 5 describes the extension of this 

method to the modification of SiC surfaces and the formation of ester-terminated surfaces. 

Chapter 6 presents a mild modification technique – UV-induced grafting of alkenes onto 

SixN4 and SiC surfaces – that also lead to a significant improvement of the monolayer quality. 

Besides easier reaction conditions and lower consumption of reactants, this reaction opens the 

way to surface patterning of the inorganic surfaces and the modification of sensitive 

microfabricated devices. In Chapter 4 to 6, the chemical functionalizations are studied using 

X-ray photoelectron spectroscopy (XPS), infrared reflection absorption spectroscopy 

(IRRAS), atomic force microscopy (AFM), time-of-flight secondary ion mass spectrometry 
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(ToF-SIMS) and static water contact angle, and compared to results obtained for unmodified 

surfaces in order to elucidate the mechanism of the attachment reactions. 

In Chapter 7, the UV-induced functionalization method is used to graft ethylene glycol 

oligomers directly onto plain SixN4 surfaces, to study the biorepellence of the obtained 

coatings. The adsorption of two proteins, BSA and fibrinogen, is studied in situ with 

reflectometry, and ex situ with AFM and static water contact angles, and the potential of these 

monolayers to prevent protein adsorption onto surfaces is evaluated. 

Chapter 8 reports preliminary results regarding the formation of oligoethylene glycol 

coatings on the surface of silicon nitride microsieves, in order to improve their filtration 

performance. The characterization of the modified membranes with XPS and some initial 

filtration experiments is described in combination with the encountered experimental 

challenges.  

Chapter 9 presents an alternative physical functionalization method of methyl-terminated 

alkyl monolayers on silicon and SixN4 surfaces, using a controlled oxidation with a plasma. 

The fast (< 3 s) and reproducible reaction is studied with IRRAS and XPS, and reflectometry 

is carried out to demonstrate the potential of this functionalization method to produce 

biosensing surfaces. 

Chapter 10 briefly discusses the main results of the research described in this thesis. In 

addition, it presents a critical evaluation of the main scientific future challenges that are 

relevant for the continuation of this highly exciting line of research.  
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Chapter 2 

Covalent Organic Monolayers for 
Bionanotechnology 

This chapter is a review of some applications of covalent organic monolayers related 
to bionanotechnology. An introduction to the formation of alkylthiol, alkylsilane and alkene-
based monolayers is given, followed by examples of their implementation in three fields of 
research: the formation of biorepellent surfaces, the micro- and nanopatterning of surfaces and 
the production of optical and electrical biosensors. 

 

 

 

 

 

 

 

 

 
 
 
A modified version of this chapter will be published as:  
“Covalent Organic Monolayers for Bionanotechnology”, Rosso, M.; Schroën, C.G.P.H.; 
Zuilhof H., manuscript in preparation 
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 Introduction 

Within the wealth of applications of surface science (catalysis, coating, colloids science, 

etc), the preparation of covalently bound organic monolayers has been especially developed 

in the last 20 years.1-8 This technique for the surface modification of inorganic substrates 

involves the formation of organic monolayers of (linear) molecules, attached by one of their 

end groups to the surfaces by a covalent bond. These composite structures allow a precise 

control over the interfacial properties of solid materials, among which especially gold, glass 

and silicon have been studied in detail. 

 

Figure 1. Examples of potential combinations obtainable by the formation of organic 

monolayers on the surfaces of inorganic materials. 

The main advantage of organic monolayers is to add functionality to inorganic materials via 

the versatile tuning of surface properties (Figure 1): the bulk features of the material 

(electrical, optical, magnetic, mechanical, structural) are largely maintained, while their 

surface behavior (wetting, passivation, bioresistance, biochemical affinity, etc) can be tuned 

through a nanometer-sized coating. 

In the first part of this chapter, an overview is given of the preparation of three of the most 

used categories of monolayers: alkyl thiol monolayers on gold surfaces, alkyl silane 

monolayers on glass and alkene monolayers on silicon surfaces. 
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In a second part, illustrative examples are presented of applications of these covalently 

attached organic monolayers. Three areas of research are discussed in relation to 

biotechnology: the formation of bioresistant surfaces, the use of monolayers to from micro- 

and nanopatterns onto surfaces, and finally the use of organic monolayers in biosensors, 

where several optical and electrical detection techniques are discussed. 

The list of applications presented here is intended as an illustrative one and not an 

exhaustive one. But even then, it is clear that there are numerous possibilities that arise from 

the combination of materials and coatings. Especially noteworthy is the multidisciplinarity of 

the progress in this field. For example, the development of micro- or nanostructured 

membranes for biological application not only requires state-of-the-art techniques in 

fabrication and process design, but also a precise control of surface wetting and bioresistance. 

Another example is a antibody-based biosensor on photonic crystals, which needs a good 

characterization of the crystal structure and optical properties, combined with the accurate 

measurement of the loading and bioavailability of the immobilized proteins. 

This convergence of different skills and knowledge enables the development of applications 

and furthers the collaboration of scientists from various fields. This, in turn causes new fields 

of research to emerge. Indeed, some of the techniques that are presented here (SPR, enzyme 

electrodes, microcontact printing…) have been highly successful, and whole fields of research 

are now dedicated to each of them. 
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Formation of covalent organic monolayers 

The three main classes of covalent organic monolayers discussed here differ by the nature 

of the covalent bonds linking the alkyl chains to the inorganic surface (Figure 2): the 

formation of thiol monolayers on gold relies on the covalent interaction of sulfur with noble 

metals like gold.9-11 The same chemistry can be applied for the formation of monolayers on 

silver or (oxide-free) copper surfaces. Alkylsilane monolayers can be formed by the reaction 

of a reactive silane (usually chloro- or alkoxysilane) with the surface hydroxyl groups of 

oxygen-containing materials, like glass, silica or aluminum oxide.6,12 Alkene-based 

monolayers are in most cases formed by a hydrosilylation reaction between alkene molecules 

and hydrogen-terminated silicon surfaces,7,8,13-15 although very recently this has also been 

shown to work on –OH terminated surfaces such as silicon carbide,16,17 amorphous carbon18,19 

or oxidized silicon.20 

 

Figure 2. Formation of covalent organic monolayers on the surface of inorganic materials: 

alkylthiols onto gold, alkylsilanes onto oxides, and 1-alkenes onto hydrogen-terminated 

silicon. 
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Alkylthiol monolayers 

Since the first studies reporting on the formation of thiol monolayers on gold surfaces,9,11 

these coatings have been widely studied and applied in numerous fields of interest, including 

self-assembly on surfaces, wettability, biocompatible coatings, molecular and organic 

electronics and affinity separations on surfaces.1,21-23 A variety of sulfur-containing 

compounds can form self-assembled monolayers on gold surfaces: terminal alkyl thiols have 

been the most studied,24,25 but dialkyl disulfides,11,26 dialkyl sulfides,27,28 cystein29,30 or 

xanthates31 also form ordered monolayers. 

The mechanism of attachment of thiols can be described as an oxidative addition to form 

the gold (I) thiolate (RS-) (Figure 2);10 this mechanism has also been proposed for the 

formation of dialkyl disulfides.32,33 

A wide variety of functional end groups can be grafted directly onto gold surfaces (Figure 

3): next to methyl, ether,34-36 ester or acid groups,24,25 examples of complex thiols attached on 

surfaces also include ferrocenyl,37-39 porphyrins,40-42 DNA43-45 or even nanoparticles46 and 

complete vesicles47 

 

Figure 3. Functionalization of gold surfaces using alkyl thiols. From left to right: bound thiols 

functionalized with methyl, oligoethylene oxide, ester or acid moieties, ferrocene, porphyrin 

and ds-DNA. 



Chapter 2 
 

14 
 

This type of monolayer is not limited to gold surfaces: thiol compounds also form self-

assembled monolayers onto silver and (oxide-free) copper surfaces,48-52 although the 

reproducibility of the monolayer formation onto these metals is more difficult to control than 

on gold.53 The same is true for other metals such as Pt54,55 and Fe,56 or even Hg57 and Pd.58 

Alkyl thiols also bind to some semiconductor materials, such as GaAs59,60 and InP,61 which 

opens more applications for organic electronics or nanoparticle coatings. 

Clearly, thiols represent one of the mildest and flexible way to covalently functionalize 

metal surfaces.  This approach does not require special conditions, and such self-assembled 

monolayers do not require additional thermal or photochemical activation for their formation.  

As a result, they are the most used in nanotechnological applications, and the coating of 

metallic electrodes or nanoparticles with DNA to detect hybridization, or the fast writing of 

organic nanopatterns with dip-pen nanolithography are just two of numerous successful 

examples.  However, the Au-S bond is also relatively weak, which causes the monolayer to be 

rather unstable under mechanical stress or long-term exposure to even neutral water. In 

addition, the thiolate is relatively rich in electrons, and as such prone to oxidation, especially 

in the presence of light.62-64 Effectively the ease of formation is inversely related to their 

medium- or long-term stability. 

Alkylsilane monolayers on oxide materials 

Another widely used technique for the formation of covalently attached organic monolayers 

involves the adsorption of alkylsilanes onto oxidized inorganic materials.6,12 These 

monolayers can be formed using chlorosilane or alkoxysilane precursors (usually methoxy or 

ethoxy precursors), as depicted in Figure 4. For chlorosilanes, the Cl-Si bond is readily 

attacked by the hydroxyl groups of the oxide surface, forming the more stable Si-O-Si 

linkage. However, trace amounts of water in the solvent or at the solid-liquid interface can 

also cause hydrolysis and polymerization of chlorosilanes without the involvement of surface 

hydroxyl groups.65 The resulting formation of non-covalently linked aggregates can lead to a 

lower quality and stability of trichlosilane-based monolayers. Therefore, trichlorosilanes are 

sometimes substituted by precursors that have some of their chlorine atoms replaced by e.g. 

methyl groups, such as alkyldimethylchlorosilanes.  
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Figure 4. Monolayers formation from alkyltrichlorosilane and alkylalkoxysilanes precursors. 

The formation of monolayers requires the hydrolysis of the alkoxy group by water in the 

presence of a basic or acidic catalyst, to give free silanol groups. These compounds then 

adsorb at the oxide surfaces and form covalent siloxane bonds by condensation with the 

surface, as well as between neighboring silanes. A final curing step (e.g. heating at 100 ºC in 

ambient air) finalizes the cross-linking of the coating and usually increases its stability). 

Silane monolayers can be formed on any inorganic material, provided that this material 

presents stable hydroxyl groups at its surface. This is the case for most oxides such as glass, 

silica (SiO2) or alumina (Al2O3), but also for materials such as silicon or silicon nitride 

(SixN4) and silicon carbide (SiC) that are covered under ambient conditions with a top layer of 

native silicon dioxide, silicon oxynitride or silicon oxycarbide. In the case of SiC this is 

actually also the case for acid-etched surfaces.66 The oxidation of these materials by harsh but 

controllable chemical (e.g. H2O2/H2SO4: 3/7)67 or physical treatments (heat, O2 plasma)16,68 

will then reproducibly provide reactive surfaces for the formation of organosilane 

monolayers.  

Alkyl monolayers can be formed on SiC,69-71 to develop, for example, sensors based on the 

electronic properties of this high-bandgap semiconductor.66 Organosilane monolayers have 

also been used to covalently attach proteins on flat SixN4 surfaces, and to develop sensing 

systems based on fluorescence72 or electrical impedance,73,74 to functionalize AFM tips75 or to 

improve the colloidal properties of Si3N4 particles.76 
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However, obtaining a good reproducibility in the formation of organosilane monolayers is 

more difficult than with thiols on gold surfaces, because the monolayer formation is highly 

dependent on the reaction conditions.1 In particular, the nature of the solvents,77 the 

temperature,78-80 and the water content and aging of solutions81,82 play an important role in the 

quality of the obtained coatings. For example, water in the solvent can start the hydrolysis of 

the organosilane precursors, and the subsequent polymerization of silanes in the liquid can 

cause the formation of aggregates that deposit onto the surface, affecting the homogeneity of 

the final coatings. This will thus influence the quality and stability of the resulting monolayers 

in a negative way. Under some circumstances, small amounts of water can also remain 

between the self-assembled monolayer and the oxide surface: since the condensation reactions 

also occur between adjacent precursors within the monolayer, a significant fraction of silanol 

groups can remain unattached to the surface.65,79,83,84 The monolayer then forms a “net” above 

the surface, which traps the water film adsorbed on the hydrophilic surface. 

Although the preparation of organosilane monolayers can be fast in ambient conditions, 

they have a poor overall stability in basic conditions,85-87 and even at pH 5 at 80 ºC.86 Due to 

the presence of Si-O bonds, organosilane monolayers are also sensitive to hydrolysis with 

HF.8 Even aqueous solutions at neutral pH can compromise the stability of organosilane 

compounds: polyethylene glycol coatings onto oxidized silicon substrates displayed a near-

complete loss of biorepelling activity after a week even in aqueous buffer (pH = 7.5).88 Other 

studies have reported the instability of similar coatings in physiological conditions89,90 (PBS 

buffer pH 7.4, 37 ºC), with a decrease of more than half of the thickness of polyethylene 

glycol monolayers after 1 month. 

 

Alkene-based monolayers on silicon-rich surfaces 

Another method for the formation of covalently bound alkyl monolayers on silicon-

containing surfaces involves the reaction of terminal alkenes or alkynes with HF-treated 

substrates.7,8,13-15,91 In particular, this method avoids the need of an intermediate oxide layer 

between the organic functional groups and the silicon-containing bulk, as it does not need the 

presence of surface hydroxyl groups, like in the case of alkyl silanes. This reaction is a 

variation on the widely used hydrosilylation reaction between 1-alkenes and organo-silanes in 

solution: the hydrosilylation on silicon-containing surfaces occurs through the addition of Si-

H on the terminal carbon-carbon double bond (Figure 5). Densely packed monolayers are 
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obtained from alkenes and alkynes on hydrogen-terminated silicon surfaces using thermal 

reactions92-94 or photochemical initiation with UV20,95-98 or visible light,99-101 although some 

reports also mention the spontaneous formation of monolayers at room temperature.102,103 The 

high quality and chemical versatility of monolayers formed with these methods allow a 

rapidly growing number of applications of modified silicon surfaces in molecular electronics 

and sensors.104,105 

The mechanism of hydrosilylation of alkenes on pure silicon surfaces (Figure 5) is 

characterized by a radical chain reaction.106 Nanometer-sized islands of alkyl chains are first 

formed, which then progressively cover the whole surface of the material. While this radical 

propagation mechanism is widely accepted, several mechanisms have been proposed to 

explain the initiation of the reaction. The success of high temperatures and UV light to initiate 

monolayer formation first lead to the hypothesis that a homolytic Si-H bond cleavage was 

needed to start the reaction.95 The energy of UV light (3.5 eV for 350 nm light) is sufficient to 

break the Si-H bond (binding enthalpy ~ 3.5 eV) and form surface Si• radicals. However, this 

mechanism cannot explain the possibility to form monolayers with visible light (wavelengths 

> 400 nm, up to 700 nm) or at room temperature. In this case, a different initiation mechanism 

was put forward: after absorption, photons with energies lower than 3.5 eV, but higher than 

the band-gap of the semiconductor, are able to excite an electron and form an electron-hole 

pair (Figure 5). The hole localized on silicon atoms acts as an electrophile, and induces 

reactivity with alkenes (or other electron-rich compounds such as alkynes, halogens, O2, etc), 

after which monolayer formation starts.101,107  

 

Figure 5. Mechanisms for the initiation of monolayer formation with alkenes on hydrogen-

terminated silicon surfaces (adapted from Sun et al.101). 
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Alkene-based monolayers were also formed on flat SixN4
108,109 and 6H-SiC and 

polycrystalline 3C-SiC16 using thermal conditions close to those used for the surface 

modification of silicon. Good quality monolayers were obtained with several simple alkenes 

(e.g. water contact angles up to 107 ° for hexadecene-derived monolayers on both SiC and 

SixN4). The UV-induced formation of monolayers of semi-carbazide on H-terminated Si5N4 

surfaces prepared under UHV conditions was also reported by Coffinier et al.110 In addition, 

methyl- and ester-terminated monolayers were also formed on Si3.9N4
108 and 3C-SiC 

substrates,16,17 using wet etching with HF and UV irradiation in the presence of alkenes, under 

ambient conditions of temperature and pressure. Semi-carbazides and esters can be easily 

converted to amine110 and acid groups,17 respectively, which can serve for further attachment 

of biomolecules or biorepelling molecules and polymers.111-113 

The advantage of alkene-based monolayers is their stability, mainly due to the absence of a 

silicon oxide layer, and the presence of stable and non-polar Si-C bonds, in the case of Si92 

and SixN4,108 and stable C-O-C bonds in the case of SiC surfaces.16 Stability measurements 

revealed the outstanding stability of thermally produced 1-hexadecene monolayers on SixN4 

substrates, in acidic or basic conditions at 60 ºC, with changes in contact angles of less than 5º 

after 4 h of such a treatment.108 On SiC substrates, a good stability is also obtained after 4 h 

treatments in 2M HCl at 90 ºC and at pH 11 at 60 ºC, with resulting water contact angle 

values of 106º and 96º, respectively (coming from 108/109º for the original alkyl 

monolayer).17 Even after 1 h in 2.5% HF solution, under which Si-O-Si bonds dissolve 

rapidly, 1-hexadecene monolayers on SiC still displayed water contact angles of 99º, which 

indicates the presence of a stable hydrophobic coating. 

Hydrogen-free diamond surfaces were also reacted under UHV conditions114-116 with 

alkenes via a [2+2] cycloaddition or Diels-Alder mechanism. Hydrogen-terminated diamond 

surfaces could be functionalized with alkenes under UV irradiation.117-120 The reaction forms 

new carbon-carbon bonds, ensuring a robust grafting of monolayers. The same modification 

can be applied to amorphous carbon.18,121,122 Functional molecules, including DNA could be 

grafted in this way to diamond surfaces117,123 and the hybridization with complementary DNA 

strands could be monitored on the surfaces. In this case, the surface reactivity differs from 

that of silicon: the reaction initiation on diamond and amorphous carbon surfaces is due to 

their negative electron affinity.118 Upon irradiation with sub-bandgap wavelengths, electrons 

are ejected from the surface into the surrounding alkenes, causing the formation of charged 

reactive species in the liquid close to the diamond surface.120 
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Applications of Organic Monolayers 

Biorepellent materials 

For applications in which the devices come into contact with biological solutions, the non-

specific adsorption of biomaterials onto surfaces is an inevitable problem. As an example, the 

unwanted non-specific adsorption of proteins or polysaccharides onto sensing areas will 

decrease the specificity and signal-to-noise ratio of any surface-based detection technique. In 

the case of other applications, such as microfiltration, the adsorption of biomaterials will 

decrease the performance of membranes and can eventually cause complete blocking of the 

pores. Other applications require materials with biocompatible surfaces, which can have a 

well-defined activity in biological environment. Such surfaces can, for example, promote the 

adhesion of cells without causing the denaturation of proteins, or adsorb an analyte in solution 

without the interference of other compounds. In biomedical applications especially, where 

synthetic materials are placed in the presence of complex biological solutions, protein 

denaturation and/or inflammatory responses can cause a failure of the intervention 

(installation of prosthesis or measuring probe). New developments involving nanomaterials, 

such as bioimaging with nanoparticles (vide supra), also require the application of coatings to 

dissolve the nanomaterials in aqueous conditions. In all these examples, biorepellent coatings 

have been developed to limit the unwanted adsorption onto surfaces. We present here the 

most illustrative examples for organic monolayers. 

Biorepellent coatings are typically hydrophilic, as this property strongly minimizes the 

adsorption of proteins in aqueous solutions.34,124-126 In this category, two approaches prevail, 

each with their own mode of action. For short oligomers, the high internal hydrophilicity of 

the grafted chains traps a water molecules at the liquid-solid interface. Colloids and proteins 

from the liquid phase cannot readily displace this strongly bound water.127 In the case of long 

polymers, the biorepellence is mainly caused by the osmotic effect of hydrated chains. The 

adsorption of e.g. proteins is unfavorable, as the concomitant compression of the grafted 

chains would locally increase the concentration of polymer chains near the surface.128,129 

Polyethylene glycols (PEG), also called polyethylene oxides (PEO), constitute one of the 

most widely used polymers to produce biorepellent surfaces.130,131 Table 1 presents examples 

of other hydrophilic polymers that have been used to improve surface properties, in the 
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particular case of membranes. Most of these coatings have been prepared on organic 

substrates, but these modifications can be extended to inorganic membranes with a proper 

grafting method (vide infra). 

Table 1. Examples of biorepellent hydrophilic polymers. 

Monomer Polymer structure Reference 

Ethylene glycol (EG) 
 

130,131 

Acrylic acid (AA) 

 

132-135 

Polyethylene glycol 
methacrylate (PEG-MA) 

132,135,136 

Diethylene glycol vinyl 
ether (DEGVE) 

 

137 

Vinyl acetate (VA) 

 

138 

Vinylsulfonic acid (VSA) 

 

139 

 

The grafting of oligomers and polymers onto surfaces can be done using two different 

approaches: “grafting-on” methods involve the attachment of pre-formed polymer chains onto 

surfaces, whereas “grafting-from” methods use the in-situ polymerization of monomers from 

the surface (See Figure 6). 

 

Figure 6. “Grafting-on” and “Grafting-from” strategies for the formation of polymer brushes 

on solid surfaces. 
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When applied to small oligomers, the “grafting-on” approach gives a close packing of the 

grafted chains and a good passivation of the substrate.140 In addition, the grafted compounds 

can be precisely characterized before attachment, ensuring a good control of the coating. In 

particular, the use of monolayers functionalized with oligoethylene glycols has been reported 

extensively: monolayers formed on gold with thiol compounds end-functionalized with 3 to 9 

ethylene glycol units have been extensively studied to obtain the key parameters for efficient 

biorepellent properties.141-146 Beside the hydrophilicity of the oligomers, the packing density 

of the ethylene glycol chains is an important parameter,34-36,147-152 since a too close packing of 

the grafted oligomers has been shown to reduce protein-repellent properties, compared to 

similar monolayers with lower packing densities (Figure 7). This can be explained by the 

reduced internal hydrophilicity of closely packed monolayer: the penetration of water inside 

the monolayer is a prerequisite for good biorepellent properties. In a similar way, temperature 

also has a significant effect on biorepellent properties, as it influences the packing density of 

ethylene glycols.153 

 

Figure 7. Influence of monolayer packing on biorepellent activity (adapted from Herrwerth et 

al.35). 

On silica, ethylene glycol monolayers can also reduce the adsorption of proteins88,154,155 and 

microorganisms.156 Organosilane compounds were also used to form monolayers of 

oligoethylene glycol onto oxidized silicon nitride substrates,157 but no studies on their protein 

resistance or hydrolytic stability have been reported. Besides ethylene glycols, other linear 
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compounds, such as some derivatives of zwitterionic phospholipids158,159 (-(CH2)15-(PO4)--

(CH2)2-NR3
+ (R = CH3 or H)) have been attached to oxide surfaces, reducing lysozyme or 

fibrinogen adsorption by about 90% compared to bare substrates.  

On silicon surfaces, oligo ethylene glycol-containing monolayers could also be attached 

using the hydrosilylation reaction:160-162 these biorepelling surfaces were used for example for 

the specific attachment of DNA molecules163 or the formation of nano-patterned biorepellent 

surfaces.164 In a recent study from our laboratories monolayers of alkene-based oligoethylene 

glycol compounds (3 and 6 repeating EG units) were formed on Si3.9N4 substrates,165 which 

decreased the adsorption of proteins down to the detection limit of reflectometry. 

Complementary water contact angles and AFM measurements on surfaces coated with 

compounds containing 6 ethylene glycol units confirmed the absence of any contamination, 

when tested for BSA and fibrinogen adsorption. Since these monolayers display a very high 

hydrolytic stability, even in acidic or basic media,108,109 this technique can be extended to 

silicon nitride nano- and microdevices such as microsieves membranes166-169 (See Chapter 3), 

and studies on this topic are currently ongoing in our laboratories. Another development 

concerns the coating of bio-compatible microdevices, like silicon carbide-based medical 

prosthesis and micro-electrodes.170-175 For sensing and biomedical applications, SiC surfaces 

would benefit from surface modification with biocompatible monolayers, which is also 

possible by all means, using thermal or light-initiated monolayer formation with alkenes.16,17 

Some articles also reported on the attachment of linear PEG polymers onto SixN4 

cantilevers using polymer chains bearing NHS (N-hydrosuccinimide) esters that can form 

amide bonds with the surface NH2 groups,176-178 to study molecular recognition with atomic 

force microscopy. Another example mentions the grafting of PEG chains (MW: 5000) on flat 

silicon nitride substrates by direct condensation at 100ºC of –OH groups with the silanol 

groups at the surface to form strong Si-O-C bonds.179  

If a silane group is present as part of the polymer, it can be grafted directly to the surfaces. 

This modification has been used for instance to attach long PEG chains (MW 750-5000) on 

silica89,90 or glass180 surfaces and on alumina membranes.181 PEG methyl ether acrylate could 

also be included in a copolymer182 with 3-(trimethoxysilyl)propyl methacrylate 

(poly(TMSMA-r-PEGMA), MW of PEG: 475) and attached onto oxidized silicon substrates. 

These coatings could dramatically reduce the adsorption of BSA and fibrinogen, but could 

also reduce the adhesion of fibroblast cells onto surfaces. Still using silane chemistry, the pre-

formed poly(TMSMA-r-PEGMA) copolymer has also been applied to SixN4 microsieves to 
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introduce PEG chains onto the membrane surfaces.85 Such modified membranes displayed a 

more efficient filtration of BSA or skimmed milk than untreated microsieves, when using a 

backpulsing device, which repeatedly removes deposited particles from the surface. However, 

these coatings had a relatively low stability at pH 12, which can be related to the instability of 

silanes in alkaline solutions and to the poor control over polymer grafting. Silane pre-coatings 

also allowed the grafting of amines183,184 or aldehydes,185 which can then be grafted with PEG 

or dextran, respectively.  

Since the “grafting-from” of polymer chains on solid substrates has been developed mainly 

for organic substrates186-188 and organic membranes,135,189-192 polymer grafting on inorganic 

surfaces requires the prior formation of organic monolayers. Indeed, using such a method, the 

polymerization of oligo(ethylene glycol) methyl methacrylate (OEGMA) could give protein-

repellent glass surfaces. The polymerization was carried out by atom transfer radical 

polymerization (ATRP)193 or ozone-induced graft polymerization194 on glass surfaces 

modified with silanes bearing ATRP initiators or hydrocarbon chains, respectively. Besides 

ATRP and ozone initiation, UV irradiation,133,195,196 plasma-induced graft 

polymerization,134,135,189 or radical initiators such as azobisazobutyronitrile (AIBN)197 and the 

redox couple K2S2O8 - Na2S2O5
132,136,139 can initiate graft polymerization. Although not all 

these methods have already been used to graft polymers onto organic monolayers, they 

represent an important route to exploit the chemistry of polymers on inorganic substrates. 

Direct graft-polymerization can also be applied, like in the case of the plasma-induced graft 

polymerization of poly(ethylene glycol) methyl ether methacrylate (PEGMA, MW of PEG: 

1000) onto oxidized silicon surfaces; the resulting polymer layers reduced significantly the 

adhesion of BSA and platelets.198 This direct grafting of polymers onto inorganic surfaces 

represents a simple alternative to the use of preformed monolayers, but the quality of the 

grafting is then difficult to control and frequently a low packing density is obtained for long 

polymer chains. As a result, the nature of the polymer-inorganic substrate interface must be 

investigated in each case, and the layer properties must be optimized. In conclusion, the 

application of a well-defined monolayer, prior to the grafting of oligomers or polymers, is 

usually preferred, because of the flexibility of this approach, which allows many different 

substrates to be modified in a similar way. 
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Micro- and Nanopatterning of Surfaces 

Two main approaches are generally presented for the formation of nanostructures (Figure 

8): the first approach, called “top-down”, involves the use of bulk materials that are reduced 

to smaller dimensions. The classical photolithographic methods used for the industrial 

fabrication of microelectronic components falls into this category. A second method, called 

“bottom-up”, is characterized by the assembly of small preformed building units. This more 

elegant approach is the one used by nature, where the natural building blocks fabricated by 

the living cells (proteins, lipids, carbohydrates…) assemble according to a complex scheme 

predetermined by the structure of the individual components. The recent development of 

supramolecular chemistry promises more applications in the future by this fabrication 

strategy. 

 

Figure 8: Top-down vs. bottom-up approaches for micro- and nanofabrication. 

Organic monolayers can be prepared with extremely accurate spatial geometries: low-

dimensional features on surfaces can be readily formed using techniques such as dip-pen 

lithography or microcontact printing. For this, surface patterning methods usually combine 

both top-down (fabrication of molds and masks), and bottom-up (self-assembly onto the 

patterned surfaces) strategies. Among all techniques known for micro- and nano-patterning of 

surfaces,199-205 we present here two examples which have been particularly used for 

structuring of bioactive surfaces: dip-pen lithography and micro-contact printing. 

Dip-pen lithography. Dip-pen lithography uses AFM to deposit controlled amounts of 

liquids over surfaces. Capillary forces are here the main driver for the deposition of the liquid 

from the AFM tip onto the surface (Figure 9). The use of thiol compounds as an “ink”, 

deposited over gold surfaces206-209 allows the formation of small features, with widths of no 
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more than 30 nm. With the excellent horizontal control offered by the AFM, any two-

dimensional structure can be reproduced. The use of functional thiols to pattern the surface 

can also be used to direct the self-assembly of other component on the surface, in a second 

step: carboxylic acid-terminated thiols,210 for example can be used to form ordered arrays of 

charged polystyrene beads by electrostatic interactions. Such patterned monolayers can also 

be functionalized covalently, to form DNA arrays.211 Later, the direct patterning of 

oligonucleotides212 or proteins213 was also demonstrated. The main advantage of this 

technique is the possibility to directly write on surfaces, while other techniques (lithography, 

micro-contact printing) can only reproduce a predefined pattern. However the parallelization 

of the writing, to reproduce quickly large areas of patterned surfaces, is a difficult task. This 

was made possible by using microfabricated arrays of AFM tips,214-216 where up to 1024 

synchronized AFM tips were used to write identical patterns over an area of 9 mm2. From its 

initial simple writing function, dip-pen lithography can then perform the replication of 

nanoscale patterns. 

 

Figure 9. Principle of patterning by dip-pen lithography, using an AFM tip, wetted with the 

material to deposit on the surface (e.g. deposition of alkyl thiols onto gold surfaces). 

The use of such parallel writing AFM tips has made possible the fast sub-micrometer 

patterning of active proteins such as collagen,217 histidine-tagged proteins218 or antigens of 

protein A/G219 onto surfaces, or even the formation of arrays of immobilized mosaic 

viruses220,221 with an absolute control on their position and orientation.  

Similarly to dip-pen lithography, AFM can be used to perform electrochemical patterning 

of organic monolayers. Maoz et al.222-224 first reported this technique, where an electrical bias 

applied between the sample to pattern and the AFM tip caused a reaction on the surface in a 

confined area. The most common reaction used with this technique is the tip-induced 

electrooxidation of organic monolayers, yielding oxidized surfaces that can be further reacted 
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with common chemical reactions. An example of this method is the oxidation of 18-

nonadecenyl monolayers, which can then be further reacted with octadecyl trichlorosilane 

(Figure 10a). In a similar way, the use of functionalized silanes in the second step allows the 

formation of arrays of biomolecules such as fibronectin,225 nanoparticle-labeled 

streptavidin,226 ferritin227 or other proteins and DNA molecules.228,229 Electrical dip-pen 

nanolithography was also carried out onto H-terminated silicon surfaces (Figure 10b),230 with 

the attachment of acetylene in the presence of the electrical bias of an AFM tip.  

 

Figure 10. Principles of surface patterning by: a) Tip-induced electrooxidation of vinyl-

terminated monolayer and subsequent reaction with octadecyl trichlorosilane (OTS), b) Tip-

induced reaction of terminal alkynes with hydrogen terminated silicon surfaces. 

Microcontact printing. Microcontact printing (or soft lithography) uses the mechanical 

properties of elastomeric materials to reproduce patterns with nanometers to centimeter 

resolution. The elastomer, usually polydimethylsiloxane is used as a stamp to transfer the 

“ink” onto surfaces, or as a mask to protect defined areas of the surface.  

Self-assembled monolayers can be deposited on gold, using alkyl thiols as an ink,231,232 to 

create features smaller than 1 μm.233,234 After a physical contact between the stamp and the 

surface, facilitated by the flexibility of the PDMS, the ink is transferred and linked to the gold 

surface (Figure 11). Scanning electron microscopy even shows that the structure of 

monolayers obtained by microcontact printing is comparable to that of monolayers prepared 

from solution.235 

Apart from the simple description of microcontact printing given here, variations using 

microfabricated molds for micro- and nanofabrication also include techniques such as replica 

molding, microtransfer molding, micromolding in capillaries or solvent-assisted 

micromolding.201 
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The formation of patterned monolayers by micro-contact printing has yielded numerous 

studies on the formation of bioactive arrays on metals or silicon surfaces. The concept of 

“molecular printboard” has been coined for the use of preformed patterns by microcontact 

printing, where biomolecules or nanoparticles can adsorb selectively from solution.236-239 The 

biotin-streptavidin interaction has been widely used for this approach, for example by 

patterning surfaces with a biotin-containing thiol or silane, followed by the adsorption of 

streptavidin-tagged proteins or nanoparticles. 

 

Figure 11. Principle of microcontact printing of organic monolayers on surface. 

However, the direct deposition of active biomolecules is also possible: the direct printing of 

an extracellular matrix protein showed no adverse effects on the protein (inflammatory 

response, bioincompatibility) by the printing process.240 In this same way, immunoglobulin,241 

ferritin,242 concanavalin A243 or polylysine244 could be patterned on flat surfaces. 

More challenging studies on surface biopatterning have been reported, including the 

production of guiding tracks to control the growth of actin filaments245 or the printing of 

axon-guidance molecules to direct the growth of retinal ganglion cells.246 
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Bio- and Chemosensors 

Covalent organic monolayers have found numerous applications in a third type of 

technology: the fabrication of surface-based sensing devices.247-249 In such systems, the 

detection of specific analytes from a gas or a solution requires three main steps: first the 

analyte is transferred from the bulk phase (gas or liquid) to the surface and bound onto it 

specifically. We will discuss here the case where covalent organic monolayers are used for 

this recognition and binding. In a second step, the surface bound compound is detected in a 

physical way: the chemical binding information is then transformed into physical information: 

we describe here the electrical and optical detection methods. In a last important step, the 

detector is usually connected to an electronic system that allows the storage or read out of the 

detection. Although we do not treat this last topic here, the integration, packaging and 

efficiency of this part of the device is often a crucial parameter for the commercial success of 

a detection technique. 

Optical sensors. Numerous examples of biodetection using organic monolayers have been 

described: for example, biosensors based on fluorescence,72,250 Raman scattering,251 

ellipsometry,252,253 infra-red254 or simply visual techniques255 have used the specificity of 

monolayer-functionalized surfaces. The geometry of the sensor also has a tremendous 

importance for the realization of the devices. Besides classical transmission and reflection 

modes, the need for compact sensors has favored the development of systems based on optic 

fibers and waveguide materials to transport light from the source to the binding area and to 

the detector.256 Miniaturized microfluidics sensors, for example, can use silicon oxide or 

silicon nitride as waveguide and immobilization platform. In particular, SixN4 is widely used, 

for example, as waveguide material in refractometric257-259 or fluorescence260 detection.  

Among all optical techniques, one type of surface-based detection technique, surface 

plasmon resonance (SPR), has had tremendous success in the last 20 years.261-267 Surface 

plasmons are longitudinal waves of charge density that propagate at the interface between a 

metal and a dielectric material. In a typical Kretchmann geometry (Figure 12), light travelling 

through a glass prism hits a thin layer of metal (usually gold or silver, with a thickness smaller 

than the light wavelength) and is totally reflected to a detector. However, a part of the light, 

called the evanescent wave, is able to penetrate some distance (in the order of micrometers) 

beyond the metal-glass interface, and to couple with the free electrons of the metal. This 

coupling results in a drop in intensity of the reflected light. Since this drop is related to the 
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refractive index of the material present at the external surface of the metal, any adsorption on 

that surface will cause a change in the SPR signal. The SPR signal is also highly dependent on 

the angle, wavelength268 and also phase269 of the reflected light, and all parameters can be 

used to monitor the adsorption on the metal surface. 

 

Figure 12. Kretchmann configuration for SPR detection: the light beam is directed towards 

the back side of a metal (gold or silver), by means of a prism. The front side of the metal is in 

contact with the solution to analyze. The adsorption of biomolecules on the metal causes a 

change in the refractive index close to the surface and affects the drop in intensity of the 

reflected light. 

The success of SPR is due to many advantages: the sensors can be cleaned and reused 

indefinitely, the detection does not need any labeling of the analyte and it can be done in real 

time, allowing kinetic studies. The crucial role of gold or silver surfaces in SPR has naturally 

promoted the use of thiol-based monolayers to create specific surface interactions: the specific 

detection of DNA,270 or organic pollutants271,272 and pathogens273 has been made possible by 

coupling of complementary strands of DNA or antibodies, respectively. A further step in 

sensitivity was achieved with the formation of more complex sensing architectures using the 

assembly of nanoparticles onto the gold surface of the SPR: the signal amplification caused 

by the coupling of the SPR signal with the localized surface plasmons of the metal or 

semiconductor nanoparticles46,274 (Figure 13) has resulted in a 1000-fold increase in 

sensitivity, allowing the detection of picomolar concentrations, and approaches the 

performances of classical fluorescence based fluorescence based detection method of DNA-

hybridation.275,276  
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Figure 13. Example of amplified SPR detection: nanoparticle-enhanced SPR (adapted from 

He et al.275). 

The fluorescence of metallic or semiconducting nanoparticles has opened their applications 

in biosensing and imaging.277-279 Similarly to SPR, the free electrons oscillations (localized 

surface plasmons or LSP) in metal nanoparticles can be coupled with environmental factors 

that results in changes in optical properties.280 In particular, the hybridization of DNA on 

surfaces functionalized with monolayers can cause the subsequent immobilization of 

functionalized nanoparticles (sandwich assay);43,45 their presence on the glass sensor can then 

be monitored directly, or after an amplification step, often carried out by reduction of the 

metal salt to increase the size of nanoparticles.45,281 

In a similar way, the aggregation of metal nanoparticles functionalized with thiol-modified 

DNA single strands in the presence of the complementary DNA will cause a change in their 

melting behavior that can be observed by a change in their optical absorption, fluorescence or 

simply the visual aspect of the nanoparticles (Figure 14).282 Besides DNA, variations on this 

method have also enabled the detection of single amino-acids or metal ions.283-285  

Another use of monolayer-functionalized metal nanoparticles involves the coupling of their 

localized plasmon resonance (LSP) with fluorescence286-289 or chemiluminescence:290 the 

attachment of fluorescent molecules to metallic nanoparticles via organic monolayers can 

result in dramatic increases in detection sensitivity, making single molecule detection and 

imaging possible.  
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Figure 14. Two types of DNA-functionalized gold nanoparticles, which carry different parts 

of the sequence to detect, aggregate when the target DNA is introduced, causing a shift in 

optical properties and melting behavior (adapted from Elghanian et al.282) 

Another recent interesting sensing technique based on functionalized solid surfaces involves 

the use of photonic crystals, a type of mesoscopic structure formed by the periodical 

arrangement of nanosized objects. The resulting periodical variation of refractive index 

between bulk and void in the crystal causes the appearance of a photonic bang-gap: typically 

this causes sharp peaks in the transmission spectrum of the material. The position of these 

peaks is highly dependent on the refractive index in the voids of the crystal, allowing for an 

optical monitoring of adsorption processes at this location.291,292 Even the binding of small 

molecules on the highly developed surface of the crystals can cause a significant frequency 

shift in the resonant photonic crystal mode.  

Several studies have investigated the use of surface-modified photonic crystals for 

biosensing applications; in particular, silicon can be used as a material for the fabrication of 

photonic crystals sensors, when combined with surface modification by hydrosilylation 

reactions with alkenes. Indeed, alkene-based monolayers can be readily formed onto the 

surface of porous silicon structures and the attachment and subsequent surface binding events 

can be monitored by the shift of the crystal optical band-gap.293,294 Such a silicon photonic 

crystal was developed to monitor the protease activity of biological samples295 (Figure 15a), 

by immobilizing the protein angiotensine on the walls of the crystal: the degradation of the 

protein caused by the presence of a protease induces a shift in the photonic bandgap of the 

crystal. 



Chapter 2 
 

32 
 

      
Figure 15. a) Immobilization of the protein angiotensine on the surface of porous silicon by 

hydrosilylation, b) Photonic crystal with immobilized protein in the voids: the removal of 

protein by a protease is monitored by a shift in the optical mode of the crystal (adapted from 

Kilian et al.295). 

Electrical sensors. Besides optical techniques, electrical measurements have been 

intensively exploited for the development of biosensors. Metal and semiconductor surfaces 

coated with organic monolayers can be characterized by e.g. resistance, impedance or 

capacitance measurement.247,248 The wealth of combinations of measurement modes and 

functionalized monolayers creates a large variety of sensor designs. Some examples of 

sensors include resistivity measurements to detect DNA hybridization,44 capacitance 

measurements to monitor the adsorption of nanoparticle-functionalized antibodies296 or the 

voltammetric detection of copper (II) ions on a gold electrode functionalized with a thiol-

derived sequence of chelating amino-acids (Gly-Gly-His, Figure 16).297 Impedance 

measurements were also used to detect antibody–antigen interaction, by coating of silicon 

nitride surfaces with antibodies with an alkylsilane linker.73,74 The adsorption of rabbit 

immunoglobulin causes a change in the capacitance of the layer, which is used to monitor the 

interaction. 
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Figure 16. Specific binding of copper (II) ions onto gold electrode using a thiol-based 

monolayer of oligopeptide (Gly-Gly-His), the detection is carried out by voltammetry.298 

An important class of electrical biosensors is constituted by enzymatic electrodes: enzymes 

are immobilized onto metal electrodes and usually kept in presence of a red-ox mediator. In 

the presence of the analyte to detect (e.g. glucose,299 gluconic acid,300 phenolic 

compounds298), the enzyme is converting the mediator into the other red-ox form, which is 

then detected at the electrode. Thiols have been extensively used to immobilize enzymes onto 

gold electrodes, often using acid-terminated monolayers and the subsequent formation of a 

strong amide bond with free amines of the enzyme.301 For enzyme electrodes, numerous 

studies describe the use of artificial bilayer membranes deposited onto electrodes: the two-

dimensional liquid environment of lipid bilayers not only stabilizes the enzyme on the surface 

but also allows enough conformational freedom for the enzyme to function like in a natural 

membrane. Although artificial membranes are out of the scope of this review, it is important 

to highlight the positive role of covalent organic monolayers in the stabilization if these 

membranes. Compact linear alkyl monolayers, for instance, have been shown to stabilize 

bilayers membranes sitting on top of them.302 In other studies, the integration of some thiol 

compound within the bilayers also stabilizes the formation of synthetic membranes303 or 

vesicles;47 such glycolipid-containing vesicles attached to gold electrodes, upon binding with 

concanavalin A, can decrease the typical reduction current of a solution of Fe(CN)6
3- (Figure 

17). 
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Figure 17. Two examples of biomimetic membrane: a) bulky alkyl thiol linker to anchor flat 

phospholipid membrane (adapted from Bao et al.303) and b) mixed vesicle prepared from 

glycophospholipids (for the specific binding of concanavalin A) and linear alkylthiol linkers 

(adapted from Guo et al.47). 

Conclusion 

The formation of covalent organic monolayers is an optimal way to control the surface of 

inorganic materials. The carefully designed bulk characteristics of a conducting, transparent 

or nanostructured inorganic device can be maintained even if surface properties need to be 

adapted to changing environments or applications. In this respect, they allow a supplementary 

freedom in the design of nano- and microdevices. However, monolayers not only serve 

material science in this secondary function; they are nowadays at the center of new fields of 

research, such as nanopatterning or biocompatible surfaces. 

This review has presented three general methods for the formation of covalent organic 

monolayers onto inorganic surfaces and a number of relevant applications where these 

nanometer-thick structures play a central role.  

Despite the wealth of applications, the fundamental aspects of monolayer formation are still 

undergoing intensive investigations; a basic internet query with ISI Web of Science on the 

topic “organic monolayers” shows an ever-increasing number of hits since 1990, which 

reaches almost 400 articles for the year 2008. Considering the current overwhelming trend in 

favor of nanotechnological research, which has brought an intense light upon a world 

dominated by interfacial effects, the interest in organic monolayers is likely to persist for a 

long time. 
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Chapter 3 

Biorepellent Organic Coatings for 
Improved Microsieve Filtration 

 Microsieves are a new type of silicon-based membrane, which are coated with a 
silicon-rich silicon nitride (SixN4) top layer. Although SixN4 is known to be relatively inert, 
surface contamination (fouling through e.g. protein adsorption) is critical for application in 
microfiltration. As a result, surface modification is needed to prevent or minimize these 
interactions. Functional coatings can be formed on the SixN4 surfaces via several grafting 
methods which are presented here. Some stable modifications allow the covalent grafting of 
biorepellent oligomers and polymers whose effect on protein adsorption is shown. 
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Introduction 

Microsieves are a new type of micro-perforated filtration membrane, produced using 

photolithography to create membrane pores with a very well-defined size and shape.1-3 

Crystalline silicon is used to form the well-defined 3-D support structure of microsieves by 

controlled anisotropic etching, while silicon-enriched silicon nitride (SixN4; x typically 3.5 - 

5) - deposited by chemical vapor deposition (CVD) - is used as outer coating with high 

mechanical and chemical stability.4,5 

Studies have been done to assess and optimize the performance of microsieves in filtration, 

especially to purify fluids in food processes, like the removal of yeast from beer or the cold 

sterilization of milk.2 The very thin effective membrane layer of microsieves (< 1 µm) results 

in a high permeability, and allows very low transmembrane pressures (< 100 mbar6) 

compared to ceramics membranes (with pressures of typically 0.5 to 5 bar7,8). Moreover, the 

possibility to accurately design the pore size and shape, the porosity and the thickness of 

membranes gives new degrees of freedom to optimize the filtration processes.9-12 However, 

microsieves suffer, like other microfiltration membranes, from surface contamination, which 

causes a dramatic decrease in the permeate flux during the filtration.13-15 Such membrane 

fouling is one of the main limitations for industrial microfiltration.16,17 

For biological solutions in the food, beverage, or biotechnology industries, surface 

contamination is mainly due to proteins or protein aggregates. Protein fouling in 

microfiltration has been described as a combination of pore blockage, formation of a cake 

layer on top of the membrane and/or adsorption inside the pores (See Figure 1).17-19 Mostly, 

protein adsorption is the first stage of irreversible fouling by other components, therefore 

tackling protein adsorption may be a solution to a bigger problem. 

 

Figure 1. Sources of membrane fouling during microfiltration. 
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In this chapter, we present ways to control the surface properties of membranes to prevent 

the initial adsorption of proteins or other biomaterials. Protein adsorption is strongly reduced 

on hydrophilic substrates,20,21 because the macromolecules then compete with water to 

interact with the solid surfaces. Although the use of hydrophilic surfaces may reduce fouling, 

it cannot totally prevent protein adsorption. To further improve this, strategies involving the 

grafting of organic monolayers or polymer brushes need to be applied, and we present here 

such approaches to prevent adsorption onto surfaces.  

Besides biorepellence, hydrophilic coatings also provide a good wetting of membrane 

pores,22 which is especially critical at the low transmembrane pressure and the high product 

throughput used during microsieve filtration.23  

Surface Properties of Clean Microsieves 

The SixN4 outer coating of microsieves reinforces the spatial structure of the membranes 

and protects surfaces from corrosion by filtrated solutions, cleaning solutions, and exposure to 

air during storage. Silicon carbide (SiC) is also a very robust material24,25 with a high potential 

in biocompatible devices.26-28 The possibility to form homogeneous SiC coatings by CVD29 

offers a possible alternative to SixN4 for the coating of microsieves. This chapter will 

therefore consider the surface modification of both materials. 

Properties of SixN4 and SiC Surfaces 

Besides silicon, the clean surfaces of pure SixN4 and SiC should contain only nitrogen and 

carbon, respectively. However, the composition of these surfaces changes upon oxidation and 

contamination from air, both occurring when the material is stored under ambient conditions. 

Firstly, the surface of both materials is usually covered with an oxygen-rich top layer after 

storage in air.24,30 As a result, the oxidized surfaces of SixN4
30,31 and SiC32,33 behave very 

similar to the surface of pure silica, presenting mainly Si-OH groups and a point of zero 

charge at about pH 3. Consequently, at physiological pH, these surfaces are negatively 

charged because of Si-O- surface groups,34,35 and the remaining surface Si-OH groups can 

also form strong electrostatic dipole interactions and hydrogen bonds with polar compounds, 

including water. Apart from this oxide layer, the solid surfaces are usually contaminated by 

organic compounds from the ambient air.36 
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When exposed to biological solutions, such oxidized surfaces are quickly covered with a 

layer of adsorbed proteins or polysaccharides, which in turn favors the adhesion of bigger 

aggregates or microorganisms and the growth of a biofilm.37-39 

Cleaning of SixN4 and SiC Surfaces 

A sacrificial oxidation step is needed to obtain surfaces free from organic contamination. 

The oxidation of SixN4 and SiC substrates can be carried out by chemical treatment with 

acidic, basic, or oxidizing solutions, or mixtures. The resulting clean oxide layer can be 

subsequently removed using aqueous solutions of pure or buffered HF. A typical oxidative 

cleaning procedure involves oxidation in “piranha” solution (H2SO4:30% H2O2, 3:1), 

followed by etching with a diluted HF solution (2-5%).4 Etching with HF leaves the surface of 

SixN4 deprived of carbon and oxygen,40,41 whereas SiC surfaces still remain oxygen-

terminated.42,43 The resulting monolayer of surface hydroxyl groups on SiC cannot be 

removed unless high-temperature annealing in pure hydrogen or silicon vapor is applied.44,45 

Alternative oxidation methods involve thermal or plasma treatments40,43,46 in air or oxygen, 

which combine efficient oxidation with the convenience of dry treatments, and also allow a 

non-destructive treatment of porous microstructures such as microsieves. Apart from its 

common application in cleaning and oxidation, plasma treatment is also used to obtain highly 

hydrophilic organic membranes21,47 and has as such been applied to SixN4 microsieves.23 This 

dry process can be easily scaled up from the dimensions of experimental microsieves (5 x 5 

mm) to the wafer-sized membranes required for industrial processes. However, the effects of 

the plasma treatment are only temporary, as the high surface energy of the obtained oxide 

surface promotes the adsorption of new contaminants from air or water. As a result, the 

treatment must then be repeated to recover a highly hydrophilic, wettable surface, which 

again only remains this way for a short period. 
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Surface Coating of Microsieves 

Attachment of Organic Monolayers 

The formation of covalent organic monolayers has been widely used to attach specific 

functional groups onto inorganic substrates. Additionally, organic monolayers can serve as an 

anchoring base for further grafting of polymer brushes onto surfaces. The rich chemistry of 

organic polymers can then be explored to produce microsieves with tailored surface 

properties. 

One of the most common methods to form organic monolayers involves the adsorption of 

alkylsilanes onto oxidized inorganic surfaces.48,49 These monolayers can be formed by the 

reaction of chlorosilane or alkoxysilane precursors with any oxidic inorganic material that 

displays stable hydroxyl groups at their surface (See Figure 2a). This is the case for SixN4 and 

SiC with a top layer of native silicon dioxide (or, in the case of SiC, also on bare etched 

surfaces45). Oxidation of these materials by controlled chemical or physical treatments (vide 

infra) will then reproducibly provide proper surfaces for the formation of organo-silane 

monolayers.50-52 However, the specific hydrolytic stability of such layers is not as high as 

needed in a practical application where cleaning steps can be very severe. As a result, the 

potential use of silane-based monolayers is rather limited in membrane applications. 

Another method to form stable alkyl monolayers on silicon-containing surfaces involves the 

reaction of terminal alkenes or alkynes with HF-treated substrates. This method is a variation 

on the widely used hydrosilylation reaction between 1-alkenes and hydrogen-terminated 

silicon surfaces.53-57 That reaction occurs through the addition of Si-H on the terminal carbon-

carbon double bond, following a thermal initiation,58-60 or a photochemical initiation with 

UV61-65 or visible light.66-68 These reactions allow the use of a wider range of reactive 

moieties that are not compatible with silanes. They also do not need an oxide layer, since they 

do not require surface -OH groups, but even when hydroxyl-terminated, surfaces can be 

coated in similar conditions with alkene molecules.43 

Alkene-based monolayers were formed on flat SixN4
40,41 and 6H-SiC and polycrystalline 

3C-SiC43 using thermal initiation or UV irradiation69 in conditions close to those used for the 

surface modification of silicon. Good quality monolayers were obtained with several simple 

alkenes (e.g. water contact angles up to 107° for hexadecene-derived monolayers on both SiC 
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and SixN4). One advantage of alkene-based monolayers is their high stability. This is mainly 

due to the absence of a silicon oxide layer, and to the presence of stable Si-C and Si-N bonds, 

in the case of SixN4,40 and extremely stable C-O-C bonds that even survive boiling at pH = 0 

for hours, in the case of SiC surfaces43 (See Figure 2b and c). 

 

 

Figure 2. Monolayer formation on Si-based materials using a) organosilanes on oxide 

surfaces, and alkene-based coatings on b) SixN4 and c) SiC. 

Other less general methods can be used to graft small organic molecules or polymer chains 

onto inorganic surfaces: in particular, surface -NH2 groups on SixN4 can be reacted with alkyl 

bromides70-72 or aldehydes.73 Only a few examples of direct “grafting-on” polymerization to 

inorganic surfaces exist in the literature. Some reports mention the polymerization of methyl 

acrylate on Shirazu porous glass (SPG) membranes induced by plasma,74,75 the grafting of 

vinyl-terminated polystyrene onto silicon oxide surfaces76 or the electro-grafting of poly-N-

succinimidylacrylate (PNSA) on SiN cantilevers.77 

Biorepellent Oligomer and Polymer Coatings 

Biorepellent coatings are typically hydrophilic, as this property strongly minimizes the 

adsorption of proteins.78-81 In this category two approaches are present, each with their own 

mode of action. For short oligomers, the high internal hydrophilicity of the grafted chains 

traps a big amount of water at the liquid-solid interface, and the resulting layer forms a barrier 

for the adsorption of e.g. colloids from the liquid phase.82 In the case of long polymers, the 

biorepellence is mainly caused by the osmotic effect of hydrated chains. The adsorption is 

unfavorable, as the concomitant compression of the grafted chains would locally increase the 

polymer concentration near the surface.83,84 
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Polyethylene glycols (PEG), also called polyethylene oxides (PEO), constitute one of the 

most widely used polymers to make surfaces biorepellent.85,86 Table 1 presents examples of 

other hydrophilic polymers that have been used to improve the surface properties of 

membranes. Most of these coatings have been prepared on organic substrates, but these 

modifications can be extended to inorganic membranes with a proper grafting method (vide 

infra). 

 

Table 1. Examples of biorepellent hydrophilic polymers. 

Monomer Polymer structure Reference 

Ethylene glycol (EG) 
 

85,86 

Acrylic acid (AA) 

 

21,87-89 

Polyethylene glycol 

methacrylate (PEG-MA) 
87,89,90 

Diethylene glycol vinyl 

ether (DEGVE) 
 

91 

Vinyl acetate (VA) 

 

92 

Vinylsulfonic acid (VSA) 

 

93 

 

The grafting of oligomers and polymers onto surfaces can be done using two different 

approaches: “grafting-on” methods involve the attachment of pre-formed polymer chains onto 

surfaces, whereas “grafting-from” methods use the in-situ polymerization of monomers from 

the liquid onto the surface (See Figure 3). 

When applied to small oligomers, the “grafting-on” approach gives a close packing of the 

grafted chains and a good passivation of the substrate.94 In addition, the grafted compounds 

can be precisely characterized before attachment, ensuring a good control of the coating. In 

particular, the use of organosilanes functionalized with oligoethylene glycols has been 

reported extensively: chains with 3 to 9 ethylene glycol units are usually sufficient to 
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significantly reduce the adsorption of proteins95-97 and microorganisms98 on silica. 

Organosilane compounds were also used to form monolayers of oligoethylene glycol onto 

oxidized silicon nitride substrates,99 but no studies on their protein resistance or hydrolytic 

stability has been reported.  

 

 

Figure 3. “Grafting-on” and “Grafting-from” strategies for the formation of polymer brushes 

on solid surfaces. 

In a recent study from our laboratories monolayers of alkene-based oligoethylene glycol 

compounds (3 and 6 repeating EG units) were formed on Si3.9N4 substrates,39 which decreased 

the adsorption of proteins down to the detection limit of reflectometry. Complementary water 

contact angles and AFM measurements on surfaces coated with compounds containing 6 

ethylene glycol units confirmed the absence of any contamination, when tested for BSA and 

fibrinogen adsorption. Since these monolayers display a very high hydrolytic stability, even in 

acidic or basic media,40,41 this technique can be applied to microsieves, and studies on this 

topic are currently ongoing in our laboratories. 

Some articles also reported on the attachment of linear PEG polymers attached onto SixN4 

cantilevers using polymer chains bearing NHS (N-hydrosuccinimide esters, forming amide 

bonds with the surface NH2 groups,100-102 to study molecular recognition with atomic force 

microscopy. Another example mentions the grafting of PEG chains (MW: 5000) on flat 

silicon nitride substrates by direct condensation at 100 ºC of –OH groups with the silanol 

groups at the surface to form strong Si-O-C bonds.103 Besides PEG, other linear compounds, 

such as some derivatives of zwitterionic phospholipids104,105 (-(CH2)15-(PO4)--(CH2)2-NR3
+ (R 
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= CH3 or H)) have been attached to oxide surfaces, reducing lysozyme or fibrinogen 

adsorption by about 90% compared to bare substrates.  

If a silane group is present as part of the polymer, it can be grafted directly to the surfaces. 

This modification has been used for instance to attach long PEG chains (MW 750-5000) on 

silica106,107 or glass108 surfaces and on alumina membranes.109 PEG methyl ether acrylate 

could also be included in a copolymer110 with 3-(trimethoxysilyl)propyl methacrylate 

(poly(TMSMA-r-PEGMA), MW of PEG: 475) and attached onto oxidized silicon substrates. 

These coatings could reduce dramatically the adsorption of BSA and fibrinogen, but could 

also reduce the adhesion of fibroblast cells onto surfaces. Still using silane chemistry, the pre-

formed poly(TMSMA-r-PEGMA) copolymer has also been applied to SixN4 microsieves to 

introduce PEG chains onto the membrane surfaces.14 Such modified membranes displayed a 

more efficient filtration of BSA or skimmed milk than untreated microsieves, when using 

backpulsing. However, these coatings had a relatively low stability at pH 12, which can be 

related to the instability of silanes in alkaline solutions. Silane pre-coatings also allowed the 

grafting of amines111,112 or aldehydes,113 which were then grafted with PEG or dextran, 

respectively.  

Since the “grafting-from” of polymer chains on solid substrates has been developed mainly 

for organic substrates114-116 and organic membranes,89,117-120 polymer grafting on SixN4 or SiC 

surfaces requires the prior formation of organic monolayers. Indeed, using such a method, the 

polymerization of oligo(ethylene glycol) methyl methacrylate (OEGMA) was carried out by 

atom transfer radical polymerization (ATRP)121 and ozone-induced graft polymerization,122 to 

give protein-repellent glass surfaces. Besides ATRP and ozone initiation, UV 

irradiation,88,123,124 plasma-induced graft polymerization,21,89,117 or radical initiators such as 

azobisazobutyronitrile (AIBN)125 and the redox couple K2S2O8 - Na2S2O5
87,90,93 can initiate 

graft polymerization. Although not all these methods have already been used to graft 

polymers onto organic monolayers, they represent an important route to exploit the chemistry 

of polymers on inorganic substrates. 

Direct graft-polymerization was also applied in plasma-induced graft polymerization of 

poly(ethylene glycol) methyl ether methacrylate (PEGMA, MW of PEG: 1000) onto oxidized 

silicon surfaces; the resulting polymer layers reduced significantly the adhesion of BSA and 

platelets.126 This direct grafting of polymers onto inorganic surfaces represents a simple 

alternative to the use of preformed monolayers, but the quality of the grafting is then difficult 

to control and frequently a low packing density is obtained for long polymer chains. As a 
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result, the nature of the polymer-inorganic substrate interface and the possibilities to optimize 

the layer properties must be investigated in each case. 

A possible adverse effect of polymer coatings is an increase of the membrane resistance, 

due to the growth of thick layers within the pores. In addition, poorly defined polymerizations 

may yield polymer layers with irreproducible thicknesses and other properties (stability, 

protein resistance). However, when properly controlled, the attachment of an organic polymer 

layer of well-defined thickness can tune small pore sizes, especially in ultrafiltration 

membranes, and thus in fact turn a potential problem into a potential benefit. 

Conclusions 

Modification of the surface properties of silicon nitride and silicon carbide substrates can be 

achieved via various techniques. These can rigorously change the surface properties and 

biorepellent behavior. The most extensively studied monolayers involve organosilane-based 

monolayers, either as a fully functional layer or as a reactive intermediate layer from which 

e.g. grafting-on or grafting-from polymerization can be started. In view of its superior 

stability, use of milder chemicals, ease of practical use and wider range of allowed 

functionalities, the more recently developed alkene-based chemistry represents an important 

improvement as a grafting technique for functional coatings (oligomers, polymers) on silicon 

nitride and silicon carbide. 

Using the wide range of grafting techniques and available biorepellent compounds, surface 

chemistry can provide efficient ways to improve filtration with microsieves and thus expand 

their range of applications. 
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Chapter 4 

Covalent Biofunctionalization of 
Silicon Nitride Surfaces 

 Covalently attached organic monolayers on etched silicon nitride (SixN4; x ≥ 3) 
surfaces were prepared by reaction of SixN4-coated wafers with 1-alkenes and 1-alkynes, neat 
or diluted in refluxing mesitylene. The surface modification was monitored with static water 
contact angle, XPS, IRRAS, AFM and ToF-SIMS measurements, which give evidence for the 
formation of Si−C bonds. After etching in diluted HF solutions, yielding both Si−H and N−H 
surface groups, the resulting SixN4 surfaces were functionalized by terminal carboxylic acid 
groups in either of two ways: a) via attachment of a 10-undecenoic acid 2,2,2-trifluoroethyl 
ester (trifluoro ethanol ester) and subsequent thermal acid hydrolysis; b) through attachment 
of a photocleavable ester, and subsequent photochemical cleavage, as this would allow 
photopatterned functionalized SixN4. The carboxylic acids were successfully used for the 
attachment of oligopeptides (aspartame) and complete proteins using EDC/NHS-chemistry. 
Finally, an amino-terminated organic monolayer was formed by reaction of HF-treated SixN4 

surfaces with an N-(ω-undecylenyl)-phthalimide, which yielded an amino-terminated surface 
upon deprotection with hydrazine. 
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Introduction 

Silicon nitride (SixN4; x ≥ 3) is one of the most frequently used materials in the 

semiconductor industry.1 Films of this material inhibit diffusion of water, oxygen and sodium 

ions, and are widely used as passivation layer in integrated circuits.2 The wide use of SixN4 is 

mainly motivated by its superior physical and chemical inertness,3 as it provides an excellent 

alternative to silicon dioxide4 in microelectronic5 and membrane applications.6-9 

Silicon nitride itself has been functionalized via modification of the native SiO2 layer that is 

present as a poorly defined, thin layer on SixN4 surfaces. This has especially found use in the 

modification of AFM tips, and interactions of such tips with various substrates10-13 and 

proteins.14 However, the surface roughness of silicon nitride and the chemical composition of 

its surface change over time under ambient conditions or in aqueous media. This hampers the 

application of this material, for example, in durable membranes (microsieves).8,15,16  

One way to solve the problems posed by the surface of silicon nitride is to provide a well-

controlled and stable modification of oxide-free SixN4 surfaces using the covalent attachment 

of organic monolayers, which proved to be very successful for silicon surfaces17-20 and 

opened up many new opportunities for applications including optoelectronics,21,22 

biosensors,23,24 and micro- and nano-electromechanical systems (MEMS and NEMS).25,26 

Several approaches have been applied to attach organic molecules onto crystalline hydrogen-

terminated silicon surfaces using thermal methods,17,18,27-29 UV irradiation,30,31 

electrochemistry,32-34 hydrosilylation catalysis,35-37 and very recently visible light 

irradiation.38 These methods provide stable, densely packed monolayers with tailor-made 

surface properties, including the covalent attachment of biomolecules39 such as DNA40 and 

fragile carbohydrates.41  

In contrast to the situation with SiO2 and Si surfaces, covalent attachment of organic 

monolayers onto SixN4 was not explored in detail until recently. In addition, no method has 

been reported to photopattern SixN4 itself, rather than the oxide layer on it. A few independent 

modification examples have been reported, which include poorly defined monolayers of 

1-octadecene (static water contact angle θ = 83º),42 and attachment of a carboxylic acid-

functionalized monolayer via N-alkylation with an ω-bromoalkanoic acid.43,44 However, a 

reaction analogous to the reaction of Si−H sites on silicon was unknown, while it would be 

highly useful. 
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Figure 1. Formation of covalently attached organic monolayers onto SixN4 surfaces. 

This prompted us to investigate such surface functionalization in detail, and we reported 

recently preliminary data regarding the development of a method for the thermal 

functionalization and passivation of hydrogen-terminated SixN4 via the reaction sequence 

presented in Figure 1.45 Non-functionalized and functionalized 1-alkenes and 1-alkynes were 

used to form organic monolayers covalently bound to the SixN4 surface by Si−C and N−C 

bonds, and hydrophobic surfaces were obtained (Water contact angle: θ = 107°). Infrared 

reflection absorption spectroscopy (IRRAS) confirmed the formation of organic monolayers, 

but also displayed a smaller degree of ordering of these monolayers in comparison to flat Si 

and SiO2 surfaces, which was hypothesized to be related to the roughness of these surfaces 

(rms roughness of at least 4.3 nm).45 Apart from a preliminary, base-induced ester hydrolysis, 

no further functionalization was reported. Recently, Cattaruza et al. have independently 

reported on HF-treated SixN4 that could be functionalized via the attachment of long chain 

carboxylic acid-terminated monolayers.43,44  

An investigation of the possibilities and limitations of further functionalization of SixN4 

would be of interest, given the different properties of SixN4 (very robust, insulating) in 

comparison to e.g. Si (brittle, semiconductor). For example, a recent report on the direct 

functionalization of HF-treated SixN4 to form DNA microarrays presented a higher density of 

surface functionalization than observed for analogous Si surfaces.46 In addition, mild methods 

for the formation of highly hydrophilic SixN4 surfaces without the involvement of an unstable 

SiOx interlayer would be desirable, as this would yield stable SixN4 surface properties that are 

out of reach from currently reported methods. 

Therefore, we present in this paper the first detailed investigation on monolayer formation 

of highly flattened hydrogen-terminated SixN4 surfaces, and their functionalization with 

esters, carboxylic acids, amine groups, amino-acids and proteins. Static water contact angle 

measurements were used to study changes that occur during the different steps of the 

monolayer formation, and Atomic Force Microscopy (AFM) was used to study the effect of 
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HF treatment on the roughness of the SixN4 surface. On modified surfaces, AFM was also 

used to image any changes in the surface topography and to get information about the quality 

of the layers. IRRAS and X-ray Photoelectron Spectroscopy (XPS) were used to follow the 

progress of the reaction and to characterize the resulting surfaces. Time-of-Flight Secondary 

Ion Mass Spectroscopy (ToF-SIMS) was used to get information about the sites of attachment 

(Si and/or N) during the attachment of the organic monolayer. In addition, the stability of the 

formed monolayers towards different media (acidic and alkaline) was investigated, in regard 

of the practical importance for cleaning procedures normally used for SixN4–based durable 

membranes. Finally, we introduce the use of covalently attached photo-cleavable esters to 

yield highly hydrophilic and photopatternable SixN4 under neutral conditions at room 

temperature. 

Experimental Section 

Materials 

Chemicals 
Petroleum ether (PE 40/60), methanol (MeOH), ethanol (EtOH), toluene, and 

dichloromethane (CH2Cl2) were distilled prior to use. Acetone was used as obtained (Acros, > 

99%). Mesitylene (Fluka, 99%) was distilled twice and stored on CaCl2. The dried mesitylene 

was filtered through filter paper to remove any CaCl2 particles before mixing with the 1-

alkenes or 1-alkynes. 1-Decene (Fluka, 97%), 1-dodecene (Fluka, 99%), 1-tetradecene 

(Sigma, 99%), 1-hexadecene (Sigma, ~ 99%) and 1-hexadecyne (Alpha Aesar, 98%) were 

distilled twice at reduced pressure. 1-octadecene (Fluka, 95%) was distilled three times and 

further purified by column chromatography. 1-Octadecyne was synthesized and purified by 

recrystallization according to the procedure published by Sieval et al.17 HF (Fluka, 50% p.a. 

plus) was diluted with demineralized H2O to get a 2.5% solution. (Warning: HF is a 

hazardous material: it can readily penetrate skin, destroy soft tissue, and decalcify bone, and 

should be handled with care!) All reactions were performed under a nitrogen atmosphere. 

2-Bromo-4′-methoxyacetophenone (Aldrich), bovine milk κ-casein (Sigma, purity > 90%), 

N-hydroxysuccinimide (NHS, Sigma), 1,8-diazabicyclo[5.4.0.]undec-7-ene (DBU, Aldrich), 

N-ethyl-N’-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC, Sigma), n-

octylamine (Sigma) and aspartame (Sigma) were used without further purification. 
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Purification and analysis of the synthesized compounds 
Thin-layer chromatography (TLC) was performed on Merck silica gel 60F254 plastic 

sheets, and detection was performed by oxidation with solution of 10% v/v H2SO4 in EtOH. 

Column chromatography was conducted by elution of a column of Merck silica gel, 230-400 

mesh (Merck) using eluents as specified below. 1H and 13C NMR spectra were recorded on a 

Bruker AC-E 400 spectrometer in CDCl3 (dried over Al2O3). Gas chromatography (GC) 

measurements were performed on a Hewlett-Packard 5890 series II chromatograph that was 

equipped with a DB-17 reverse phase column and an FID detector. GC samples were prepared 

in ethyl acetate or diethyl ether. 

Synthesis of 10-undecenoic acid 2-(4-methoxyphenyl)-2-oxo-ethyl ester (I) 
2-Bromo-4′-methoxyacetophenone (9.16 g, 40 mmol) was added to a mixture of 10-

undecylenic acid (10 g, 54 mmol) and DBU (7.69 g, 50 mmol) in toluene (100 mL). The 

solution was stirred for 2 h under nitrogen at room temperature The suspension was then 

neutralized with 50 mL of 10% v/v HCl in water and extracted 3 times with toluene. The 

organic fraction was washed with water, and dried over MgSO4. The solvent was evaporated 

to give I as a yellowish oily compound. Column chromatography on silica gel with 

dichloromethane (product: rf = 0.6; 10-undecylenic acid: rf < 0.1) yielded 10.5 g (80%) of I. 

1H-NMR (CDCl3): δ = 1.33 (br., 10H), 1.7 (m, 2H), 2.06 (m, 2H), 2.5 (t, J = 7 Hz, 2H), 3.89 

(s, 3H), 4.97 (m, 2H), 5.31 (s, 2H), 5.83, (m, 1H), 6.96 (d, J = 9 Hz, 2H), 7.91 (d, J = 9 Hz, 

2H); 13C-NMR (CDCl3): δ = 25-30 (6C), 33.8, 33.9, 55.5, 65.6, 114.1 (3C), 127.3, 129.6, 

130.0, 139.2, 164.0, 173.3, 190.8. 

Synthesis of 2,2,2-trifluoroethyl undec-10-enoate (II) 
This compound was synthesized according to the procedure published by Sun et al.47  

Synthesis of N-(ω-undecylenyl)-phthalimide (III) 

(III) was prepared according to the procedure reported by Sieval et al.48 and recrystallized 

from distilled methanol. 

Monolayer Formation 

Silicon nitride-coated silicon (single side-polished wafers; thickness of SixN4: 100, 144 or 

200 nm, sample size: 10 x 10 x 0.5 mm3) were supplied by Aquamarijn B.V., The 

Netherlands. SixN4 samples were first cleaned by rinsing several times in chemically pure 
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acetone, followed by wiping the sample several times with a tissue paper saturated with 

acetone. Thereafter, the samples were placed in c.a. 5 mL of acetone and further cleaned in an 

ultrasonic bath for at least 15 min. Finally, the surfaces were cleaned with an air-based plasma 

in a plasma cleaner/sterilizer (Harrick PDC-32G) for 3 min. To facilitate the subsequent 

removal of the native oxide layer the surface was first oxidized by exposure to oxygen plasma 

for 5 min.49 Immediately after the oxygen plasma treatment, hydrogen–termination of SixN4 

samples was carried out by placing the samples in 2.5% v/v HF for 2 min in an ultrasonic 

bath, prior to placing it in the alkene reaction mixture. 

A solution of a 1-alkene or 1-alkyne in mesitylene (10 mL, 0.4 M) was placed in a 20 mL 

three-necked flask fitted with a nitrogen inlet, a condenser with a CaCl2 tube, and a stopper. 

The solution was deoxygenated for at least 45 min, by refluxing it using a metal bath 

(temperature ~ 165 ºC), while slowly bubbling dry nitrogen through the solution. 

Subsequently, a freshly etched SixN4 wafer was placed into the refluxing solution by quickly 

removing and replacing the stopper. The reaction time varied from 2-72 h (see Results and 

Discussion section), after which the reaction mixture was allowed to cool down to room 

temperature Subsequently, the sample was removed from the solution, and rinsed extensively 

with distilled PE 40/60, EtOH, and CH2Cl2. 

Stability tests 
The stability of hexadecyl-modified SixN4 surfaces was tested by placing modified samples 

in pure water, 0.1 M HCl, 0.1 M NaOH and 0.001 M NaOH. The effects were followed via 

static water contact angle and IRRAS measurements. Tests were carried out twice; stability in 

alkaline solutions was measured three times. 

Formation of NHS-functionalized SixN4 surfaces 

A carboxylic acid-terminated SixN4 surface was covered with an aqueous solution of 500 

µL of 0.1 M NHS and 500 µL of 0.4 M EDC, and allowed to react at room temperature for 1 

h at pH = 6.3.40 The wafer was then rinsed copiously with deionized water and CH2Cl2, and 

dried under a stream of nitrogen. 

Attachment of n-octylamine 

An NHS-activated SixN4 surface was covered by a solution of 30 μL of n-octylamine in 2 

mL of DMF for 1 h at room temperature The surface was then rinsed thoroughly with 

deionized water and 1,1,1-trichloroethane, respectively, and dried under a stream of nitrogen. 
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Attachment of protein molecules 

Protein solutions of bovine milk κ-casein in H2O were prepared in different concentrations, 

ranging from 0.1 - 100 mg/mL in 20 mM phosphate buffer at pH 6.8 prepared from NaH2PO4 

and K2HPO4.50 The protein was covalently attached by placing the SixN4 sample in 10 mL of 

protein solution for 1 h at room temperature, followed by copious rinsing with the phosphate 

buffer, after which the surface was dried under a stream of nitrogen gas. Non-covalent protein 

attachment onto protein-modified SixN4 samples was quantitatively monitored using 

reflectometry measurements.51 First, EDC/NHS-modified samples were exposed to aqueous 

phosphate buffer, pH 6.8 for 5 min. Subsequently, the sample was exposed to protein solution 

and adsorption was recorded until a plateau was observed indicating “equilibrium” at room 

temperature At this stage, the modified sample was again exposed to a stream of the same 

buffer solution and/or surfactant solution to record the possible removal of unbound proteins. 

Formation of oligopeptide-substituted surfaces 
An NHS-functionalized SixN4 surface was further functionalized by placing the modified 

wafer in a 0.1 mg/mL aqueous solution of aspartame (IV), for 1 h at room temperature 

Covalent attachment of aspartame was characterized by IRRAS measurements. 

Formation of amino-terminated silicon nitride surface 

A mixture of N-(ω-undecylenyl)-phthalimide (III) and 1-decene (C10) was attached to H-

terminated SixN4 by refluxing 0.4 M solutions with 1:1 and 2:1 molar ratios of III and C10, 

respectively. The formed mixed monolayers were characterized with static water contact 

angle measurements and IRRA spectroscopy. Deprotection of the phthalimide-functionalized 

monolayers was carried out by placing the modified SixN4 in 5% (v/v) solution of hydrazine 

in distilled ethanol for 48 h. The solution was agitated by bubbling nitrogen gas. 

Subsequently, the samples were removed from the solution and cleaned as described 

previously. 

Monolayer Characterization 

Contact angle measurements 
Static water contact angles were obtained using an Erma Contact Angle Meter G-1 (drop 

volume of ultrapure water = 3.5 μL). Contact angles of two or three independent drops were 

measured. The experimental error in the reported values of contact angles is ± 1º. 
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Infrared Reflection-Absorption Spectroscopy (IRRAS) 
FT IRRA spectra were recorded on a Bruker Tensor 27 equipped with a variable-angle 

reflection Auto Seagull accessory. A Harrick grid polarizer installed in front of the detector 

for measuring spectra with p-polarized (parallel) radiation with respect to the plane of 

incidence at the sample surface. Single channel transmittance spectra (4096 scans) were 

recorded using a spectral resolution of 2-4 cm-1. The spectra shown in this paper are ratios of 

single channel data of the modified samples to that of a plasma-cleaned SixN4 sample (i.e. 

plasma-cleaned sample data are treated as background), and baseline-corrected.  

X-ray Photoelectron Spectroscopy (XPS) 
XPS spectra were obtained in normal emission at ~ 10-9 mbar on either of two systems: 1) a 

VG Ionex system operating with a Clam II analyzer and a standard Al Kα X-ray source. On 

this instrument, all C1s peaks corresponding to hydrocarbons were calibrated to a binding 

energy of 285.0 eV to correct for the energy shift caused by static charging. 2) ARXPS 

analyses were performed on a Theta Probe (Thermo VG Scientific, UK) by using a 

monochromatic Al Kα X-ray source with a 400 micrometer spot runs at 100W under UHV 

conditions. XPS data were acquired in angle-resolved mode (8 angles from 23.75 to 76.25 

deg.) by using scanned spectra at a pass energy of 50 eV. Quantifications were done by 

collapsing all angle-resolved data. Results are also a summation of 36 acquisition 

points through the whole wafer.”  

Atomic Force Microscopy (AFM) 
AFM images were obtained on a Nanoscope III Multimode AFM (Digital Instruments, 

Santa Barbara, CA) operating in contact mode in air. The scan size was 2.5 μm at a scan rate 

of 1.0 Hz. Standard silicon nitride contact-mode cantilevers (Digital Instruments; force 

constant ~0.58 N.m-1) were used. 

X-ray Reflectivity 
X-ray reflectivity measurements were performed on a Panalytical X’Pert Pro diffractometer 

using Cu Kα radiation (tube settings 40 kV / 40 mA). The data were collected using a fixed 

divergence slit of 1/32° and a parallel plate collimator on the diffracted beam side. The layer 

thickness was calculated from the interference fringes. The error in the measurement was 

depicted as the standard deviation of 5 measurements on the same sample. 
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ToF-SIMS Measurements 
Time-of-flight secondary ion mass spectrometry (ToF-SIMS)52 was performed on samples 

made by immersion in refluxing neat 1-hexadecene for different periods of time. Each sample 

was analyzed at two points on its surface. To deal with the enormous quantity of data 

produced by ToF-SIMS and to rapidly find the chemical variation in the data without 

introducing user bias, principal components analysis (PCA)53-55 was performed on the 

resulting spectra. 

ToF-SIMS was performed with an ION-TOF ToF-SIMS IV with monoisotopic 25 keV 
69Ga+ primary ions in “bunched mode.” The primary ion (target) current was typically 1.319 

pA, with a pulse width of 20 ns before bunching, and the raster area of the beam was 51.8 x 

51.8 μm2.  

For the principal components analysis (PCA), 192 peak regions from the positive ion ToF-

SIMS spectra were selected and integrated over in the instrument software. The following 

spectral regions were integrated in the positive ion spectra over two ranges -0.2 and +0.2 amu 

around these values: 12, 13, 14, 15, 19, 23, 24, 26, 27, 28, 29, 30, 31, 32, 38, 39, 40, 41, 42, 

43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 62, 63, 65, 66, 67, 68, 69, 70, 

71, 72, 73, 74, 75, 77, 78, 79, 80, 81, 83, 84, 85, 87, 89, 91, 93, 95, 97, 100, 101, 103, 105, 

109, 112, 113, 114, 115, 116, 117, 119, 128, 131, 133, 135, 137, 147, 148, 149, 150, 151, 163, 

169, 185, 201, 207, 213, 216, 221, 251, 281. The following two regions were also included: 1 

to 1.2 and 81.9 to 82.1. Each region was either the “mass excess” region from the integer 

value of a mass up to 0.2 mass units above it, e.g., m/z 55.0 to 55.2, or the “mass deficit” 

region from the integer value of a mass down to 0.2 mass units below it, e.g., m/z 46.0 to 

45.8. The purpose of binning the data in this manner was to separate the organic fragments in 

the mass excess region from the inorganic fragments in the mass deficit region. The entire 

spectra were then normalized by dividing each area by the total area of the spectrum (all the 

integrated regions). The PLS Toolbox 3.0 (Eigenvector Research) in Matlab (Version 6.5) 

was then used to mean center the data and to perform PCA. These preprocessing methods 

have been shown to be effective in PCA analysis of ToF-SIMS data from monolayers on 

gold53 and silicon.56-58  
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Results and Discussion 

Hydrogen-termination of silicon nitride surfaces 
The silicon nitride samples used consisted of a thin layer of SixN4 (100, 144 or 200 nm) 

deposited onto a Si wafer by low-pressure chemical vapor deposition (LPCVD) of NH3 and 

SiH4/N2. The resulting material is somewhat heterogeneous in chemical nature (vide infra), 

but frequently used due to its excellent mechanical properties.8 Hydrogen termination of such 

a silicon-enriched SixN4 (x ≥ 3) surface can be achieved using etching with aqueous HF. 

The static water contact angle θ of as-received silicon nitride samples after an oxygen 

plasma cleaning step was ~18°, which indicates a very hydrophilic surface. Dipping the 

samples in an aqueous solution of 2.5% (v/v) HF for different time intervals (10-360 s) 

gradually increased θ up to 57-59° after 4 min (see Figure 2, left). This result is consistent 

with the formation of both Si−H (2170 cm-1) and N−H bonds (3330 cm-1) on the surface, as 

can also be seen from the IRRAS data (Figure 2, right). Similar results were recently reported 

by Bermudez et al.59 As a result of the etching step, the hydrophobicity of the surface 

increased, but to lower contact angle values than measured for e.g. H-terminated Si surfaces 

(~ 70°) due to the presence of the polar N−H bonds at the surface. 

  

Figure 2. (left) Water contact angles as a function of etching time of SixN4 samples (thickness 

200 nm), and (right) IRRA spectrum recorded immediately after 2 min etching in 2.5% HF 

solution (without sonication). 
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A contact mode AFM image of a plasma–cleaned, unmodified silicon nitride sample is 

shown in Figure 3 (left). The image clearly shows that the surface of as-received SixN4 

substrates was very rough, e.g. compared to nearly atomically flat silicon surfaces. The root 

mean square (rms) variation across the surface amounted to 2.36 nm, compared to ~ 0.2 nm in 

case of a polished Si(100) surface on a commercial Si wafer. The removal of these 

irregularities on the SixN4 surface is desirable prior to the attachment of the organic 

monolayer, as it is expected to retard the formation of a densely packed monolayer. Therefore, 

we studied the effect of the HF treatment on the SixN4 roughness with contact mode AFM. 

Reaction with HF strongly reduced the surface roughness (rms from 2.36 to 0.84 nm in 3 min; 

see Table 1), although it did not lead to complete removal of the irregularities and even 

corrugates the surface after 5-10 min of dipping in the etching solution. However, the average 

surface roughness (rms values) is not the only determining factor for obtaining high quality 

monolayers, as the etching also yields surface Si−F sites (XPS data not shown). Such highly 

stable Si−F surface sites can result in a lower packing density of the monolayer, and thereby, 

also in a reduced stability. We found an optimum monolayer quality after etching for 2 min 

with 2.5% (v/v) HF solution, apparently as the compromise between reduced surface 

roughness and an increasing number of Si−F sites. 

 

Table 1. Surface roughness of SixN4 samples (AFM rms values in nm, ± 2%) after different 

etching times in 2.5% HF. 

Etching time (min) 0 1 2 3 5 7 10 

r.m.s. Surface roughness (nm) 2.36 2.09 0.97 0.84 1.07 1.51 1.64 

 

Interestingly, the surface roughness could be further reduced upon performing the etching 

step while the wafer was placed vertically in an ultrasonic bath. Etching for 2 min then 

yielded a surface roughness of 0.80 nm (compared to 0.97 nm without sonication) and, more 

importantly, lead to the near-complete removal of the biggest surface irregularities. This 

indicates that such wet etching of SixN4 can be best performed in combination with sonication 

(See Figure 3). 
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Figure 3. Contact mode AFM images of cleaned as-received SixN4 surface (left) and SixN4 

surface after HF treatment in ultrasonic bath (right). 

The chemical composition of the silicon nitride surface was investigated by XPS (Figure 4). 

This analysis shows that the silicon nitride surfaces under study are composed of five 

elements. From the XPS survey scan the atomic concentration at the surface was found to 

correspond to 35% Si, 30% N, 24% O, 7% C and 3% F. Similar findings regarding the 

presence of carbon in the as-received surface of SixN4 are reported to be due to environmental 

contamination during growth of silicon nitride in presence of carbon or fluorine.42  

 

Figure 4. XPS measurement on a solvent-cleaned, unmodified SixN4 surface (200 nm 

thickness) before etching. 
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Like the surface roughness, the composite chemical nature of this surface has also a 

negative effect on the production of high quality monolayers. Both the surface roughness and 

the stoechiometry of SixN4 are significantly changed by the preparation method of this 

material. For example, plasma-enhanced CVD produces Si−H, N−H and O−H bonds at the 

surface that are not produced when low-pressure CVD is used.60  

 

 

Figure 5. XPS measurements of as-received, solvent-cleaned SixN4 (200 nm) (dark gray), and 

after wet etching with 2.5% HF for 2 min (black) and 4 min (light gray). 

XPS analyses of HF-treated SixN4 surfaces at different treatment times are depicted in 

Figure 5. After 2 min of etching, the surface composition (atomic %) changed to: Si = 37.8, N 

= 42.6, C = 9.0, F = 6.2 and O = 4.4. It is obvious that the native oxide layer originally present 

in the as-received samples was almost completely removed upon reaction with the HF 

solution. However, even prolonged exposure of the surface to HF solution did not lead to the 

complete removal of oxygen, as some of it is apparently buried in sub-surface levels. While 

the XPS peak corresponding to N−O bonds could not be resolved in the N1s spectra of this 

sample, this peak was very clear in another batch with silicon nitride thickness of 100 nm 

(data not shown). Such silicon oxynitride is not removable by reaction with HF solutions.61 

The removal of the native surface oxide layer can also be seen in the Si2p spectra, where the 

oxide shoulder present in as-received samples at 105 eV has been completely removed as 

shown in the spectra of the HF-treated samples (Figure 5, most left spectrum). Removal of 

this oxide layer also yields a concomitant increase in the Si2p and N1s signals. 
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The 2 eV shift in F1s spectra of the original and etched samples can be attributed to the 

formation of new fluorinated species on the surface by the action of HF, via reactions of F- 

and HF2
- as suggested by Knotter and Denteneer:62  

(-N-)3Si-NH3
+     +   F- (-N-)3Si-F + NH3 or

(-N-)3Si-NH2   +   HF2
- (-N-)3Si-F +   F-

 

Monolayer formation on the silicon nitride surface 
The H-terminated SixN4 surface obtained after HF treatment was successfully used for 

attachment of monolayers from 1-alkenes and 1-alkynes. Table 2 lists the static water contact 

angles measured on SixN4 samples modified with a variety of 1-alkenes and 1-alkynes. We 

previously reported static water contact angle values45 (values shown in parentheses in Table 

2) for SixN4 surfaces that were not smoothed using sonication. Currently reported contact 

angles are slightly higher, which we attribute to the reduced surface roughness obtained using 

sonication. This improved etching step allows for a better/denser packing of the monolayers. 

The contact angles of alkyl monolayers indicate a high hydrophobicity, and the values of θ 

approach those of high-quality alkyl monolayers prepared under thermal conditions on 

crystalline silicon (109-110°).19,38 

So far, the roughness of the as-received samples had prevented any measurement of the 

monolayer thickness with X-ray reflectivity. However, with the strongly reduced surface 

roughness achieved upon sonication, the thickness could be measured, and gave for an n-

C18H37 monolayer a value of 18 ± 1 Å. This result implies an average tilt angle of 36° with the 

surface normal, assuming a linear conformation of the alkyl chain. This angle is comparable 

to a tilt angle of ~ 30° for the corresponding n-C18H37 monolayers on hydrogen-terminated 

silicon (111), and confirms the high packing density of alkyl chains on H-terminated SixN4 

surfaces. The reduced surface roughness obtainable via the new sonication-etching method is 

also clear from the slower intensity fall-off of the specularly reflected X-ray beam. 
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Table 2. Static water contact angles (θ) of SixN4 substrates modified by different 1-alkenes 

and 1-alkynes (refluxing solutions in mesitylene for 24 h; experimental error ± 1°). Values in 

parentheses are the values obtained without sonication during etching. 

Compound (concentration) Contact angles (°) 

CH2=CH-C20H41 (0.4 M) 106 (102) 

CH2=CH-C16H33 (Neat) 108 (107) 

CH2=CH-C16H33 (0.4 M) 108 (104) 

CH2=CH-C14H29 (Neat) 107 (107) 

CH2=CH-C14H29 (0.4 M) 106 (106) 

CH2=CH-C12H25 (0.4 M) 106 (105) 

CH2=CH-C10H21 (0.4 M) 106 (106) 

CH≡C-C16H33 (0.4 M) 106 (104) 

CH≡C-C14H33 (0.4 M) 108 (103) 

 

XPS spectra were recorded at different reaction times to study the attachment sites of the 

alkenes onto silicon nitride (see Figure 6). The amount of C1s increases gradually during the 

reaction, which indicates attachment of the alkyl chains onto the surface. A shoulder around 

287 eV appears in the C1s spectra, which can be assigned to attachment of the alkyl chain to 

the (electronegative) surface nitrogen. The detected amount of Si and N decreased gradually 

during the reaction, indicating the formation of an organic overlayer, in line with the observed 

reduction of the detected amount of F, which is thought to be all Si-bound. The amount of 

surface oxygen was found to slightly increase during the reaction, which suggests a 

competitive reaction of O2 with the H-terminated SixN4 surface during the formation of the 

monolayer. The increase is, however, small, as can be seen from the near-absence of a SiO2 

peak in the Si2p spectrum at 104-105 eV. 

Generally, the formation of a complete monolayer on the H-terminated SixN4 surface is 

much slower than the same reaction on crystalline silicon surfaces (24 vs. 2 h under identical 

thermal conditions). We attribute this to the still higher surface roughness, which will reduce 

the chain length of any radical chain process, and to the presence of N-H sites (BDE ~ 93 

kcal/mol), which has a lower reactivity towards carbon-centered radicals then Si-H (BDE ~ 

76 kcal/mol). 
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Figure 6. XPS measurements following monolayer formation, from 0 to 8 h of reaction: 0 h 

(solvent-cleaned SixN4), 2 h, 4 h and 8 h reaction with 1-hexadecene. (Shades of gray are only 

a help to the reader). 

ToF-SIMS analysis of alkyl monolayers on the SixN4 surface 
ToF-SIMS analysis can provide direct structural information about the attachment reaction. 

A combined analysis of selected peaks or spectral regions56 together with a multivariate 

analysis method, such as principal component analysis (PCA), can prove unambiguously the 

attachment of the monolayer and even yield detailed information about the nature of the 

chemical bonds linking the monolayer to the surface. PCA can be viewed as a tool that first 

“plots” a complete spectrum as a single point in a hyperspace, where a series of spectra appear 

as a set of points in this space. The axes of the hyperspace correspond to the spectral regions 

that one selects for analysis, and the distance a point is plotted along an axis is given by the 

peak area or areas in a particular spectral region. PCA then rotates the axes of this coordinate 

system to find the axis that corresponds to the largest fraction of the variation in the data. This 

axis is known as the first principal component (PC1). The remaining axes are then rotated to 

find the axis that contains the next largest fraction of the variation in the data (PC2). Higher 

PCs are found in a similar manner. The projections of the data points (spectra) on the PCs in 

the hyperspace are known as their scores. Scores plots are often valuable in revealing trends 

between spectra. The projections of the original axes in the hyperspace on the PCs are known 
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as loadings. Therefore, the loadings plot of a particular PC gives the chemical variation that 

corresponds to that PC. 

The scores of the spectra on the first principal component (PC1), which accounts for 87.5% 

of the variation in the data, are plotted in Figure 7. This high percentage indicates that many 

of the peaks in the spectrum are highly correlated.58 Clearly the main variation in the samples 

correlates with the amount of time they spent in the hot alkene. The largest variation between 

the spectra in PC1 occurs at short reaction times when the greatest amount of monolayer 

formation is expected to occur. As the reaction time progresses, the spectra appear to 

asymptotically approach a limiting value, which corresponds to a complete monolayer 

formation. A loading plot for PC1 was also generated, and the ten largest peaks from this plot 

are given in Table 3. These data show that samples made at longer (or shorter) times have 

greater contributions from the positive (or negative) peaks in the loadings plot. The positive 

peaks correspond to organic fragments expected from the monolayer and the negative peaks 

correspond to inorganic fragments expected from the substrate. These results are a strong 

confirmation of monolayer formation on silicon nitride during immersion in hot 1-

hexadecene. That is, the spectra from samples that were immersed for longer periods of time 

in the 1-alkene are richer in organic fragments coming from the organic monolayer, and the 

spectra from samples that were immersed for shorter periods of time are richer in fragments 

that are expected from the substrate. 

 

Figure 7. Scores on PC1 of TOF-SIMS positive ion spectra of 1-hexadecene-derived 

monolayers on silicon nitride for different reaction times.  

One of the most important findings of this ToF-SIMS study is the presence of peaks that 

appear to contain silicon, carbon, and nitrogen, such as SiCH, SiCH5, SiC3H9, and SiC3H13N3  

(Table 3).  
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Because of the low ion fluxes in ToF-SIMS, ion recombination above the surface is not a 

favored process. Therefore, the presence of fragments that contain silicon, carbon, and 

nitrogen, is strongly suggestive of covalent binding between alkyl chains in the monolayer 

and the silicon nitride substrate. While ToF-SIMS clearly points to the formation of Si−C 

bonds, the formation of N−C bonds can neither be proven nor disproved conclusively based 

on these data. 

 

Table 3. Largest peaks from loading plots of PC1 from mean-centered positive and negative 

ion spectra of 1-hexadecyl monolayers on SixN4 surface. 

m/z PC1 loadings Species  m/z PC1 loadings Species 

118.9918 -0.3751 Si3H7N2 or 
SiCH3N2O3 

 68.9942 -0.1443 29SiC2H2N or 
30SiC2H3 

43.0539 0.3664 C3H7  39.0225 0.1289 C3H3 

41.0385 0.3454 C3H5  49.9957 -0.1087 30SiH4O 

46.9893 -0.3231 SiH3O  27.9772 -0.1064 Si 

29.0387 0.2725 C2H5  119.0083 -0.0987 SiC3H13N3 

27.0228 0.2657 C2H3  44.9792 -0.0925 SiHO 

99.9925 -0.2251 Si2CH4N2  31.0193 -0.0915 CH3O 

55.0548 0.2172 C4H7  40.9846 0.0715 SiCH or 29SiC 

30.9979 -0.195 30SiH  1.0078 -0.0653 H 

57.0711 0.1828 C4H9
  67.0548 0.0541 C5H7 

 

Stability of organic monolayers on SixN4. 
(a) In air and water. The stability of alkyl monolayers was studied by exposing modified 

SixN4 surfaces to different media: air, water, acid and alkaline solutions. The stability of these 

monolayers was monitored using water contact angle and IRRAS measurements. SixN4 

samples modified with 1-hexadecene-derived monolayers were exposed to ambient conditions 

in air for one week, and did not show any change in either the static water contact angle θ or 

the IRRAS spectrum of the samples. A decrease of only ~ 2° in θ was observed on several 

samples left in air under ambient conditions (including humid summer months) for five 

months. 
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The stability of 1-hexadecyl modified silicon nitride surfaces towards water was tested for 

different time intervals up to seven days by placing a modified substrate in water at room 

temperature. Over this week θ decreased gradually by ~  2°. Analogous hot water treatment of 

similar samples at 60 °C at different time intervals up to 5 h caused a decrease in θ by ~ 3°, in 

which it was noticed that in the first 2 h there was almost no decrease. Once the contact angle 

starts to drop, which is indicative of growing defects in the monolayer, the decrease speeds up 

autocatalytically. 

    

Figure 8. (left) Variation of the static water contact angle θ of 1-hexadecene-derived 

monolayers on SixN4 upon treatment with 0.1 M HCl and NaOH solutions. (right) Changes of 

CH2 stretching bands on alkyl-modified SixN4 upon treatment with 0.1 M NaOH solutions for 

different time intervals up to 4 hrs.  

 (b) In acid solutions. The stability of 1-hexadecyl monolayers in acid and alkaline 

solutions are represented in Figure 8. The value of θ was not affected by more than 2° for up 

to 4 h in both cold (room temperature) and warm (60 °C) acid solutions (0.1 M HCl). Only 

moderate decreases of θ from 108° to 103° were observed after 20 h in a warm acid solution. 

1-Hexadecyl monolayers on SixN4 even partially resisted dipping in 2% HF solution in 

methanol for 5 min, as θ decreased with about 10° while the CH2 stretching vibrations at 2928 

and 3857 cm-1 could also still clearly be seen in IRRAS. In all cases, the best stability was 

observed for monolayers that showed the highest initial water contact angles, again indicating 

that monolayer removal starts at defects in the monolayer.  
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(c) In very alkaline solutions (pH 13). Figure 8 (right) also shows the changes in the 

quality of the 1-hexadecyl monolayers treated in alkaline solution. Only small changes in both 

θ and the IRRAS spectra were observed for up to 3 h in either cold or warm 0.1 M NaOH 

solution. Thereafter, the contact angle in hot alkaline solution decreased rapidly to 90°, while 

at room temperature the monolayer remains largely intact for ≥ 5 h (θ ≥ 100°). This 

monolayer stability compares very favorably to that of monolayers on crystalline Si, which 

more or less completely disappear after placement in warm 0.1 M NaOH for 100 min. The 

relatively high stability of alkyl monolayers attached to the SixN4 surface can be attributed to 

the outstanding chemical stability of the silicon nitride surface itself, which is not etched 

away easily under these conditions, and which thus minimizes the growth of defects in the 

monolayer structure.  

(d) In ‘milder’ alkaline solution (pH=11): 1-alkenes vs. 1-alkynes. Modified silicon 

nitride surfaces were prepared according to the improved etching procedure (HF + sonication) 

using 1-octadecene and 1-hexadecyne. The resulting monolayers both displayed water contact 

angles of 108°. Both sets of samples were then dipped in alkaline solution (pH = 11) at 60°C 

for different time intervals up to 4 h, and the monolayer stability was monitored via θ. The 

values of θ for a 1-octadecene-derived monolayer attached to the SixN4 surface decreased 

from 108 to 102° (± 1°) after 6 h under these conditions. 1-Hexadecyne-derived monolayers 

showed a much higher stability, as θ only decreased from 108 to 104° (± 1) after 6 h under the 

same conditions, while θ was still at least 102° even after 22 h. We tentatively suggest that 

this implies a double bonding of 1-alkynes to the etched SixN4 surface, which would require 

the cleavage of two covalent bonds, before a real defect in the monolayer structure can arise 

or be enlarged. Therefore we would expect the growth of defects, as indicated by a decrease 

in θ, to be significantly slowed down in the case of 1-alkyne-derived monolayers, which is as 

observed.  

Carboxylic acid-terminated monolayers on SixN4 surface 
The carboxylic acid functional group is one of the most sought-after candidates as terminal 

group for organic monolayers, because of its chemical versatility and wetting properties. 

Together with the amine functionality (vide infra) it can be considered as the key linker group 

for the attachment of biomolecules.40 We presently report two different methods for obtaining 

acid-terminated monolayers. 
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a) Chemical hydrolysis of an ester. An acid-terminated monolayer was obtained via the 

thermal reaction of 2,2,2-trifluoroethyl undec-10-enoate (II) with the H-terminated SixN4 

surface, followed by hydrolysis in acid medium. The IRRA spectra recorded before (Figure 

9a) and after acid hydrolysis in aqueous 2 M HCl solution at 80°C (Figure 9b), give evidence 

for the attachment and the hydrolysis of (II) on SixN4 surfaces. The presence of the 

antisymmetric/symmetric CH2 bands in Figure 9a, at 2924/2854 cm-1 and the C=O band at 

1735 cm-1 prove the formation of a covalent monolayer. However, while the surface could be 

further functionalized, and thus can be modified with some trifluoroester moieties, the 

position of this vibration is different from the vibration of the liquid compound (II) at 1765 

cm-1. We attribute this difference to the partial reaction of the activated ester with surface 

amine groups to form surface amides. The intensities and positions of the CH2 stretching peak 

in Figure 9b are unaffected by the acid hydrolysis conditions, which indicates that the quality 

of the monolayer was not significantly affected by the relatively high acid concentration. The 

carbonyl vibration shifts to 1719 cm-1 corresponding to the carbonyl (C=O) stretching of the 

formed COOH group. The formation of the acid-terminated monolayer was also confirmed by 

the change of the static water contact angle from 84o to 23o. These data are an improvement 

over our previously reported basic hydrolysis, as that step more strongly influenced the 

monolayer quality,63 while the current acidic procedure also yields lower contact angles (23 

versus 44 degrees for the basic hydrolysis). While the use of the trifluoro ester seems to be 

advantageous over the use of methyl esters, near-complete deprotection is not yet achieved (θ 

≠ 0°). 

   

Figure 9. IRRA spectra of a SixN4 wafer modified with (a) ester II, (b) carboxylic acid 

obtained after hydrolysis (2 M HCl, 2 h, 80 ºC) and the subsequently attached (c) NHS-

terminated monolayer. 
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The attachment and hydrolysis of the trifluoroester to SixN4 was further investigated with 

XPS. Figure 10 shows the C1s and F1s XPS spectra before (top) and after (bottom) hydrolysis. 

The C1s spectrum of the ester-modified sample (top right) shows peaks at 285, 288, 289.65 

and 293.9 eV, which can be assigned to the different carbons in the trifluoroethanol ester.67 

The peaks at 288 and 293.9 eV in the C1s spectrum and at 689 eV in the F1s spectrum indicate 

the covalent attachment of the trifluoroester to the SixN4 surface, although the low intensity of 

the CF3 peak at 293.9 eV confirms the partial disappearance (~ 50%) of the trifluoroester 

moiety upon monolayer formation that was observed in IRRAS. The peaks characteristic for 

the CF3CH2 moiety were removed for ~ 90% upon hydrolysis in aqueous HCl solution as 

clearly shown in the XPS spectra of the hydrolyzed sample. The F1s spectrum also clearly 

points to the presence of two different fluorine binding sites, which we attribute to Si-bound F 

(~ 688 eV) and C-bound F (~ 691 eV).                        

 

 

Figure 10. F1s and C1s XPS spectra of trifluoroethanol ester attached to a SixN4 samples 

before (a, b) and after (c, d) hydrolysis in 2 M HCl for 2 h at 80 °C. 
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b) Photochemical hydrolysis of an ester. The formation of a terminal carboxylic acid 

under milder conditions, as compared to basic and acidic hydrolysis, can be very useful in 

view of the stability of the monolayers and for the formation of patterned monolayers. 

Therefore, we investigated the use of a light-induced deprotection. The ester I was thermally 

attached to the SixN4 surface and characterized by both water contact angle (θ = 82°) and 

IRRAS measurements (Figure 11a). The characteristic bands due to the aromatic C=C, the 

aromatic C=O and the ester C=O groups appeared at 1600, 1695 and 1732 cm-1, 

respectively.64 The irradiation of this sample (λ = 371 nm) in ethanol for 20 h at room 

temperature lead to the formation of a more hydrophilic surface (θ = 34°) and to the 

disappearance of the aromatic carbonyl band (1695 cm-1) and the aromatic C=C band (1600 

cm-1). While the contact angles are not as low as obtained with the acid hydrolysis (θ = 23°), 

the mild conditions of this photochemical deprotection make it a very valuable additional tool 

in the formation of acid-functionalized surfaces. 

     

 

Figure 11. (a) IRRA spectra of ester (I) attached to SixN4 and (b) the same sample after 

irradiation in absolute ethanol (λ = 371 nm) for 20 h. 

Bio-activation: formation of NHS-esters and their reaction with octylamine 

The presence of free carboxylic acid was also demonstrated by carrying out further 

reactions. The chemical activation of the acid function with N-hydroxy succinimide (NHS) 

was used to prepare surface-bound NHS-activated esters.40 

SixN4 C10H20COOH  +  NHS/EDC r.t., 1h C10H20COONHSSixN4  
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Figure 9c represents an IRRA spectrum of an acid-terminated surface that was chemically 

activated with aqueous NHS/EDC for 1 h at room temperature. It shows the complete 

disappearance of the peak due to the acid-terminated surface at 1720 cm-1, while the 

appearance of the new peaks at 1743 cm-1 can be assigned to the NHS ester. These results are 

consistent with a hydrosilylation reaction mainly taking place at the carbon-carbon double 

bond. The availability of the NHS groups on the surface was demonstrated by reaction of the 

NHS-terminated surface with n-octylamine. Figure 12a displays the IRRA spectrum measured 

on a SixN4 samples after reaction of the surface NHS ester with n-octylamine. The figure 

shows the disappearance of the NHS ester (characteristic peaks at 1743 cm-1; see Figure 9c), 

and the appearance of new peaks at 1665 and 1565 cm-1, assigned to the NH-C=O groups. An 

additional peak at 3330 cm-1 is also observed and attributed to an N−H stretching vibration. 

 

SixN4 C10H20COONHS  + C8H17-NH2
r.t.

1-2 h
SixN4 C10H20CONH C8H17

 

 

Figure 12. IRRA spectra of the NHS-modified SixN4 surface modified after (a) reaction with 

n-octylamine, and (b) with bovine milk κ-casein.  

Attachment of proteins 
Figure 12b shows an IRRA spectrum recorded on a NHS-modified SixN4 sample after 

reaction with a protein, in this case bovine milk κ-casein. The IRRA spectrum indicates that 

the amount of carbonyl and methylene groups significantly increased after reaction. The 

attachment of the protein to the surface was further detected by the in-growing NH2 band at 
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3300 cm-1. Figure 13 (left) shows the AFM height image of a sample with κ-casein attached 

to the surface. The protein layer seems to be relatively structured with protein globules. 

Reflectometry measurements (Figure 13, right) showed that the amount of protein near the 

surface increases until after ~ 2.5 min of exposure to the protein solution. Upon subsequent 

rinsing with buffer, only a small fraction of the protein (~ 25%) was removed, which is in line 

with a substantial covalent attachment, next to irreversible protein adsorption that will 

definitively also contribute to the total amount of attached protein. A tight binding was also 

confirmed by a washing with 0.5 M dodecylbenzene sulfonate solution, as this resulted in no 

additional loss of κ-casein. 

  

 

Figure 13. (left) AFM image and section analysis of a NHS-modified SixN4 sample after 

reaction with κ-casein. (right) Adsorption-desorption isotherm of κ-casein on NHS-

terminated SixN4 surface. 

Attachment of oligopeptides 
Figure 14 presents the IRRA spectrum recorded on a NHS-functionalized SixN4 sample 

after reaction with diamino-acid aspartame (IV). A strong C=O band appears at 1744 cm-1, 

which indicates the successful attachment of the aspartame molecule to the monolayer. The 

spectrum is also characterized by the high intensity of the antisymmetric and symmetric CH2 

bands at 2925 and 2854 cm-1, respectively. A characteristic sharp NH stretching band appears 
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at 3328 cm-1. These peaks strongly indicate the covalent attachment of the aspartame 

molecule to the NHS-functionalized SixN4 surface, to form a super-sweet monolayer.  

         

 
Figure 14. IRRA spectrum of NHS-functionalized SixN4 reacted with aspartame at room 

temperature. 

Amino-terminated monolayers 
Mixed monolayers with different surface densities of amino groups can be prepared by 

using mixtures of the protected amine derivative N-(ω-undecylenyl)-phtalimide (III) and 1-

decene (C10) in the surface modification of SixN4. Two different C10 : III ratios were used 

(1:1 and 2:1) in the thermal reaction with HF-treated SixN4. As previously reported,48 

incorporation of the phtalimide group to the surface is expected to lower the water contact 

angle of the modified sample. This was indeed observed: contact angles of 84o and 86o were 

obtained for C10 : III ratios of 1:1 and 2:1, respectively. Similar results were reported for 

mixed monolayers on silicon,65 and oxidized silicon surfaces.66  The incorporation of a higher 

percentage of III in the monolayer decreased the contact angles, which can be attributed to 

both the polarity of the phthalimide group and the increased disorder –partially by steric 

effects of the bulky phthalimide group48– upon increase of the relative amount of phthalimide 

groups.  

The IRRA spectra of the carbonyl group and the C−H regions of the 2:1 monolayer of C10 

and III are shown in Figure 15. The C=O vibration of the phthalimide group is clearly visible 

at 1715 cm-1 in the spectrum of the as prepared monolayer (Figure 15a). The maxima of the 
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methylene C−H stretching vibrations are visible at 2925 and 2854 cm-1, values that are 

somewhat higher than those of a monolayer of a pure C10-modified SixN4 surface (2923 and 

2853 cm-1). This again indicates that this mixed monolayer of C10 and III is not as ordered as 

those of neat 1-alkenes. No frequency change in either the CH2 or C=O stretching vibrations 

was observed when C10 / I ratios increased from 1 : 1 to 2 : 1.  

The phthalimide-containing monolayers were deprotected by reaction with hydrazine 

hydrate for two days, to form amino-terminated monolayers. After the monolayer was reacted 

with the hydrazine solution, the C=O vibration disappeared completely (Figure 15b). In 

addition, a small peak around 3300 cm-1 appeared, while the water contact angle dropped 

significantly upon deprotection, from 84° to 57°. This value approaches that of monolayers 

that are fully terminated with NH2 groups.67,68 

These observations confirm that phthalimide groups have been removed by conversion into 

amine groups via reaction with hydrazine. In contrast to observations during the deprotection 

reaction on silicon surfaces,48 the peaks for the methylene vibrations have in the current case 

changed towards more ordered monolayers (2923 and 2852 cm-1). The increase in the 

ordering of the monolayer was achieved by the removal of the bulky phthalimide group.  

 
Figure 15. IRRA spectra showing the C=O and CH2 regions of SixN4 samples modified with 

1-decene and phthalimide III (ratio 2 : 1) before (a), and after (b) deprotection with hydrazine 

hydrate for 2 days. 
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Conclusions 

Silicon nitride surfaces can be successfully modified via a thermal covalent attachment of 

organic monolayers of 1-alkenes and 1-alkynes. HF treatment in combination with sonication 

provides a smooth silicon nitride surface and the resulting monolayers are of good quality: the 

water contact angle for alkyl monolayers is up to 108°. This is slightly lower than measured 

on e.g. Si surfaces, due to the chemical heterogeneity of silicon nitride surfaces, which 

contain both reactive Si–H and N–H sites, and their increased roughness. Both XPS and ToF-

SIMS data point to the formation of Si–C bonds, while the involvement of N–C bonds can be 

neither really proven nor disproved based on our data. 

The resulting monolayers have two important characteristics. First, they are far more stable 

than any corresponding monolayer on silicon, silicon oxide, or gold under both acidic and 

alkaline conditions. Second, they can be functionalized at will, as was shown by the formation 

of monolayers with –COOH and –NH2 moieties, and the attachment of oligopeptides and 

proteins onto such monolayers via standard coupling techniques. Given the complementary 

properties of silicon nitride (insulator, very robust) in comparison to either silicon, silicon 

oxide or gold, this reveals the wide potential of such monolayers.    
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Chapter 5 

Covalent Attachment of Organic 
Monolayers to Silicon Carbide Surfaces 

This work presents the first covalently bound alkyl monolayers on HF-treated silicon 
carbide surfaces (SiC) through thermal reaction with 1-alkenes. Treatment of SiC with diluted 
aqueous HF solutions removes the native oxide layer (SiO2) and provides a reactive hydroxyl-
covered surface. Very hydrophobic methyl-terminated surfaces (water contact angle θ = 107°) 
were obtained on flat SiC, whereas attachment of ω-functionalized 1-alkenes also yields well-
defined functionalized surfaces. Infrared reflection absorption spectroscopy (IRRAS), 
ellipsometry and X-ray photoelectron spectroscopy (XPS) measurements were used to 
characterize the monolayers and show their covalent attachment. The resulting surfaces were 
extremely stable under harsh acidic conditions (e.g., no change in θ after 4 hrs in 2 M HCl at 
90 °C), while their stability in alkaline conditions (pH = 11, 60 °C) also superseded that of 
analogous monolayers such as those on Au, Si and SiO2. These results are very promising for 
applications involving functionalized silicon carbide. 

 

 

 
 
 
 
 
 
This chapter is published as:  
“Covalent attachment of organic monolayers to silicon carbide surfaces”, Rosso, M.; Arafat, A.; 
Schroën, K.; Giesbers, M.; Roper, C. S.; Maboudian, R.; Zuilhof, H. Langmuir 2008, 24, 4007-4012. 
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Introduction 

The modification of inorganic surfaces with covalently bound organic monolayers is an 

attractive and rapidly expanding research area from both fundamental and applied 

perspectives.1 Well-known examples include monolayers of alkyl thiols onto gold surfaces,2 

of alkyl chlorosilanes onto silica surfaces,3 and of alkenes and alkynes onto silicon1,4-11 and 

germanium.1,12  One of the major challenges in this area is the stable surface functionalization 

of mechanically and physicochemically robust materials. A few groups have succeeded in the 

covalent attachment of organic monolayers on diamond,13-15 and amorphous carbon 

surfaces.16-19 In the same direction, we recently reported on the modification of silicon nitride 

with covalently attached, highly stable functionalized monolayers.20,21 To further expand the 

modification of mechanically robust and chemically stable materials, we explore in the 

current work the functionalization of silicon carbide (SiC) surfaces. This semiconducting 

material is mechanically extremely hard (Mohr’s index = 9) with a large energy band-gap (2.3 

to 3.2 eV, depending on the crystalline polytype). Because of these properties, SiC has been 

pursued for high-power, high-voltage applications, and for sensing in harsh environments.22,23 

The recent development of a method to obtain single-crystalline SiC with a low density of 

defects promises to further expand the application base for this material.24 In addition, well-

controlled use of poly-crystalline 3C-SiC has made it possible to measure zeptogram (10-21 

g) quantities of material. These results open up the opportunity to extremely sensitive 

biosensors25 if functionalization with specific recognition moieties would be feasible. Some 

theoretical studies have been reported on the chemisorption of organic molecules onto clean 

or hydroxylated SiC surfaces,26,27 which show the potential of this material to form hybrid 

structures for biotechnological applications. This is of interest, since the biocompatibility of 

SiC itself allows its use in medical applications, for instance as a supporting material of 

bioactive layers for sensing, or as a passivation coating for prosthesis or microelectrodes.28-32  

The current paper presents the first example of the covalent functionalization of SiC with 

alkyl monolayers, in analogy to organic monolayers on Si, SixN4, and Ge. However, the 

surface chemistry of SiC leads to a different bonding of the monolayers, as indicated by X-ray 

photo-electron spectroscopy (XPS), infrared reflection absorption spectroscopy (IRRAS) and 

the analogy of reactions with organosilanes, which are all discussed in detail below. Finally, 

ester-terminated SiC surfaces were also prepared by this method, as they are one of the most 
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potent functionalities for further (bio-) functionalizations, via hydrolysis and formation of 

activated esters.2,33 

Experimental Section 

Materials 

1-Decene (> 97%), 1-dodecene (> 99%), 1-tetradecene (> 97%), 1-hexadecene (99%), and 

methyl 10-undecenoate (96%) were purchased from Sigma-Aldrich and distilled twice under 

reduced pressure before use. 1-Octadecene (> 95%, Sigma-Aldrich) and 1-docosene (> 99%, 

TCI Europe) were recrystalized twice at 4 ºC in ethyl acetate with ethanol as anti-solvent. 

2,2,2-Trifluoroethyl 10-undecenoate34 and 11-fluoroundecene8 were synthesized as described 

elsewhere. 

Monolayer Formation 

Three different types of SiC surfaces were investigated, namely polished Si-rich and C-rich 

faces of 6H-SiC substrate from TDI USA, and polycrystalline 3C-SiC films (thickness of 250 

nm) obtained by chemical vapor deposition on Si(100).35 Overall, polished 6H-SiC surfaces 

(both C-face and Si-face) gave similar results to the polycrystalline 3C-SiC (poly-SiC) films, 

hence only the latter is discussed here. With the exception of contact angle data depicted in 

Figure 4, all data reported were obtained on poly-SiC samples with a root-mean-square 

roughness of < 1 nm. SiC samples (1 × 1 cm2 or 3 × 1.5 cm2 for IRRAS) were cleaned first by 

sonication in acetone, followed by oxidation in air-based plasma for 10 min and wet-etching 

of the native oxide with a 2.5% solution of HF for 2 min. Right after this step, wafers were 

placed into heated neat alkenes at 130 ºC under argon atmosphere, and left to react for at least 

6 h. After this time, samples were removed and rinsed several times with petroleum ether, 

ethanol and dichloromethane, and sonicated in the same solvents.  

Monolayer Characterization 

Static Water Contact Angle 
Silicon carbide surfaces were characterized by static water contact angle measurements 

performed using an Erma Contact Angle Meter G-1 (volume of the drop of demineralized 

water = 3.5 μl).  
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X-ray Photoelectron Spectroscopy (XPS) 
The XPS analysis was performed using a JPS-9200 Photoelectron Spectrometer (JEOL, 

Japan). The high-resolution spectra were obtained under UHV conditions using 

monochromatic Al Kα X-ray radiation at 12 kV and 25 mA, with an analyzer pass energy of 

10 eV. High-resolution spectra were corrected using a linear background subtraction before 

any peak deconvolution. 

Fourier Transform Infrared Reflection Absorption Spectroscopy (FT-IRRAS) 
Spectra were obtained with a Bruker Tensor 27 FT-IR spectrometer, using a commercial 

variable-angle reflection unit (Auto Seagull, Harrick Scientific). A Harrick grid polarizer was 

installed in front of the detector, and was used for measuring spectra with p-polarized 

(parallel) radiation with respect to the plane of incidence at the sample surface. Single channel 

transmittance spectra were collected using a spectral resolution of 4 cm-1 and 1024 scans in 

each measurement. The optimal angle for data collection was found to be 68º; hence, all the 

reported measurements were performed at this angle. The raw data were divided by the data 

recorded on a plasma-oxidized reference SiC, to give the reported spectra. 

Ellipsometry 
Ellipsometric thickness measurements were performed on poly-SiC samples with a 

computer-controlled null-ellipsometer (Sentech SE-400) using a He-Ne laser (λ = 632.8 nm) 

and an incident angle of 70º. The mode ‘polarizer + retarder, aperture, strict’ was used. The 

layer thickness was determined using a three-layer model in the ellipsometry software from 

Sentech. Values of 3.85 and 0.02 were used for the refractive index (n) and the imaginary 

refractive index (k) of silicon, respectively. Refractive index values of 2.64 and 1.46 were 

used for silicon carbide36 and organic monolayers,5 respectively.  

Atomic force microscopy (AFM) 
Images were obtained with an MFP-3D AFM from Asylum Research (Santa Barbara, CA). 

Imaging was performed in AC mode in air using OMCL-AC240 silicon cantilevers (Olympus 

Corporation, Japan), and was mainly used for assessing the surface roughness and the 

cleanliness after modification. 
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Results and Discussion 

Attachment of covalently bound organic monolayers onto SiC (vide infra) required a pre-

treatment that provided the surface of this material with a reproducible reactivity. This pre-

treatment involved cleaning of as-received SiC with organic solvents, subsequent oxidation 

by air plasma, and wet etching in 2.5% aqueous HF solution. The XPS wide scans after these 

two last steps (Figure 1, a and d), obtained with minimal exposure to air, show the significant 

decrease of the O1s signal upon etching, relative to the silicon and carbon signals, while a 

small amount of fluorine is observed after exposure to HF. The removal of the native oxide is 

also seen on the high-resolution scan of the Si2p region (Figure 1b, and e). The SiO2 layer on 

top of the SiC substrate can be observed at 103 eV, while the two components of Si2p in SiC 

can be resolved at 101.1 and 100.4 eV. Upon wet etching in HF, the peak at 103 eV 

disappeared completely, to be replaced with a small peak at 101.8 eV, indicating a small 

amount of Si singly bound to oxygen. The disappearance of the electrically insulating SiO2 

layer also becomes apparent from the significant increase in the XPS signal, which manifests 

as a significant improvement in the signal/noise ratio (compare Figure 1b, and 1c with 1e, and 

1f, respectively). The high-resolution C1s region (Figure 1c, and f) also shows intermediary 

oxidation states of carbon via the wide shoulder at 283.8 eV: the relatively large width at half 

maximum of this peak (1.5 eV, instead of 0.9 eV) indicates that it consists of partially 

overlapping peaks, likely due to C−C, Si−C−O, C−O and C=O species.37,38 This etching 

method was reported to leave silicon carbide surfaces terminated with a thin silicon 

oxycarbide layer with terminal -OH groups.22,39-42 Removal of the hydroxylic groups would 

require exposure to pure hydrogen under UHV conditions,43,44 treatment with HCl/HF 

followed by hydrogen plasma treatment at elevated temperatures,45 or heating to temperatures 

exceeding 1000 ºC.46,47 This -OH termination was confirmed by measurement of the water 

contact angle (θ), which was still close to 0º after the HF etching. 

The availability of the surface hydroxyl group for subsequent chemical reactions was 

investigated by immersing an etched wafer in a solution of octadecyl chlorosilane in toluene 

for 1h. A hydrophobic monolayer was indeed formed (static water contact angle of 111º), 

which remained stable upon sonication in toluene. However, an exposure to 2.5% HF solution 

removed this monolayer after 10 min (water contact angle < 40º).   
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Figure 1. XPS data measured on plasma-oxidized SiC (1a, 1b, and 1c) and HF-etched SiC 

(1d, 1e and 1f), respectively wide scan, Si2p and C1s regions. 

The –OH terminated SiC surface was modified with various alkyl monolayers by 

immersing them into neat 1-alkenes under an argon atmosphere for at least 6 hrs, at a 

temperature of 130 ºC. The surface wettability, measured via the water contact angle was a 

rapid indicator for the quality of alkyl-terminated surfaces. Table 1 presents the static water 

contact angles measured on SiC wafers after monolayer formation with several 1-alkenes. 

These values did not change upon sonication of modified wafers in petroleum ether and 

dichloromethane.  

 

Table 1. Static water contact angle values for monolayers formed on poly-SiC, for alkenes 

with different chain lengths. 

Alkenes Water contact angle, on poly-SiC (± 1º) 

CH2=CH-C8H17 95 

CH2=CH-C10H21 101 

CH2=CH-C12H25 106 

CH2=CH-C14H29 106 

CH2=CH-C16H33 107 

CH2=CH-C20H41 105 
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The high water contact angle values obtained show the formation of hydrophobic 

monolayers, with an optimal value for alkyl chains containing at least 14 carbon atoms. These 

contact angle values approach those obtained for highly packed monolayers, such as thiol 

monolayers on gold or alkene monolayers on H-terminated silicon. 

To support the covalent attachment of alkyl monolayers on SiC surfaces, IRRAS 

measurements were carried out on crystalline 6H-SiC samples and poly-SiC samples 

modified with a hexadecyl monolayer (Figure 2). The C−H stretching area shows a CH3 

stretching band at 2957 cm-1, and antisymmetric and symmetric stretching bands of CH2 at 

2925 and 2854 cm-1, respectively, independent of whether flat poly-SiC or the much rougher 

crystalline SiC was used. Such values are characteristics of disordered monolayers, in contrast 

with values for closely packed monolayers observed on crystalline Si (2920 and 2850 cm-1 for 

antisymmetric and symmetric CH2 stretching, respectively).48 Ellipsometry measurements on 

poly-SiC modified with 1-docosene (C22H44) revealed a monolayer thickness of 20 ± 2 Å, 

which is about 70% of the theoretical length of 1-docosene in an all-trans conformation (27 

Å). Since the optical model does not include the thin oxycarbide layer, these values are only 

semi-quantitative and do not allow the assignment of a specific tilt angle, as is possible for 

monolayers on H-terminated silicon8 or with alkyl silanes on silicon oxide49 with values 

between 15 and 26º. 

 

Figure 2. IRRA spectrum of 1-hexadecene modified poly-SiC. 

Figure 3a shows the C1s region of several XPS spectra recorded on SiC wafers after 

monolayer formation with a series of alkenes with chain lengths of 10, 14, 18 and 22 carbons. 

The spectra are normalized by aligning their baseline and setting the peak height at 282.5 eV 

at the same value.  
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Figure 3. XPS of alkene monolayers on poly-SiC. (a) C1s region for HF-etched SiC, and SiC 

wafer coated with monolayers of 1-decene (C10), 1-tetradecene (C14), 1-octadecene (C18) and 

1-docosene (C22). (b) Si2p region of a typical monolayer-coated SiC wafer. 

With increased monolayer chain length, the signal at the binding energy of 284.4 eV 

increases with respect to the signal of the bulk silicon carbide at 282.5 eV. The relative 

increase of the high-binding energy C1s signal – attributed to alkyl CH2/3 carbon atoms not 

bound to oxygen – follows very closely the increase of chain length. More specifically, for the 

C10, C14, C18 and C22 monolayers, peak area ratios of 8.9 : 13.0 : 16.6 : 21.3 (normalized on 

the C14 monolayer) are obtained, closely following the expected ratios of 9 : 13 : 17 : 21, in 

absence of any significant electron attenuation effects. The spectra clearly indicate formation 

of an alkyl monolayer on the etched SiC surface.  

 An extra shoulder can be detected at about 285.9 eV, corresponding to carbon bound to 

oxygen.37 The ratio of the areas under the C-H2/3 to C-O carbon peaks, at 284.4 and 285.9 eV, 

respectively, is found to be 3.2 : 3.8 : 5.0 : 5.8 for the C10, C14, C18 and C22 monolayers. 

Again, a clear increase of this ratio is found for the longer alkyl chains, indicating the 

formation of a monolayer. From a comparison of the peaks at 102.3 eV in the Si2p spectra of 

the modified samples (the Si2p region of a wafer with a C14 monolayer, as a typical example of 

monolayer-coated wafer, is shown in Figure 3b) with that of HF-treated SiC wafers (see 

Figure 1e), it is clear that the oxycarbide signal does not change significantly. This confirms 

the formation of an incrementally thicker organic monolayer on top of the oxycarbide layer of 

fixed thickness that is present after HF etching. Since the XPS peak at 285.9 eV is attributed 

to both the oxycarbide layer already present, and to the CH2-O atoms of the monolayer, an 
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increase of the overall C-H/C-O ratio is expected for longer alkyl chains but with a slower 

rate than for the C-H2/3 signal itself (at 284.4. eV). This is indeed observed. 

The monolayer properties (based on wettability and IR data) did not change within 

experimental error upon storage under ambient conditions for 1 year. The stability of 

monolayers prepared from 1-hexadecene was further assessed by exposing them to rather 

severe acidic and alkaline conditions (2M HCl at 90 ºC and 0.001 M NaOH at 60 ºC, 

respectively). Under hot acidic conditions, only small changes were observed, especially on 

the rougher surfaces, on which the decrease was within the experimental error (Figure 4a). 

While a similar stability in acidic environment has been reported for alkyl monolayers bound 

to SixN4,20,21 the stability under warm basic conditions is unparalleled (Figure 4b). While 

monolayers of thiol on gold, silanes on glass, and alkenes on silicon display a very weak 

stability under basic conditions, even alkene-derived monolayers on SixN4 cannot withstand 

such harsh environments as the monolayers attached onto SiC could. Even after exposure for 

4 h, all samples retained water contact angles higher than 85º (see Figure 4), which should be 

compared to the completely hydrophilic surface (θ < 15º) of bare hydroxyl-terminated SiC. 

We attribute this stability to the formation of carbon-enriched SiC surfaces upon HF etching, 

and thus to the predominant formation of C-O-C bonds rather than Si-O-C bonds, as the latter 

would display poorer stability under basic conditions. Predominance of C-O-C bond 

formation is confirmed by stability tests in 2.5% HF solution, which yield even upon 

prolonged exposure water contact angles > 90º.  

 

Figure 4. Water contact angle measured on 1-hexadecene-modified SiC surfaces exposed to 

a): 2M HCl at 90 ºC, b): 0.001M NaOH at 60 ºC. The flat surface corresponds to rms < 1 nm, 

and rough surface to rms ≈ 120 nm. 
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Figure 5. XPS (left) and IRRAS (right) of 11-fluoroundec-1-ene attached onto SiC. 

This very high stability opens prospects for the use of these monolayers in applications 

where stable and well-defined surface properties are required under a wide range of chemical 

conditions. 

To get more insight into the attachment mechanism, monolayers were prepared with 11-

fluoroundec-1-ene, H2C=CH-(CH2)9-F, an alkene without a terminal methyl group. These 

monolayers were studied with XPS (Figure 5, left) and IRRAS (Figure 5, right). On the wide 

scan XPS (Figure 5, left), a significantly increased F1s signal is clearly observed (cf., Figure 

1d for the amount of F present after HF etching), confirming the formation of a fluorine-

terminated monolayer on SiC. The IRRA spectrum reveals the appearance of a shoulder at 

2960 cm-1 that is absent in the FT-IR of the liquid compound. This can be attributed to the 

formation of a methyl group upon attack of a hydroxylic oxygen on the secondary carbon of 

the double bond. This evidence suggests that the thermal formation of alkyl monolayers from 

alkenes on hydroxyl-terminated surfaces occurs via a Markovnikov addition, as depicted in 

Figure 6. These results are similar to the quantitative IRRAS study of decyl monolayers on 

oxidized silicon surfaces by Wayner et al.,50 in which the addition was proposed to take place 

via an acid-catalyzed process. However, monolayers obtained in that work did not have the 

extremely high stability observed in the present study for monolayers on silicon carbide. This 

can be explained by the stability of the superficial oxycarbide layer, compared to the SiO2 

layer formed on silicon. More specifically, in the case of defects in the monolayers, the 

underlying substrates can be exposed and etched by corrosive environment. Due to the 
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presence of Si-C bonds, SiOC compounds are very resistant to the nucleophilic attack of OH– 

or F– ions51,52 under conditions where SiO2 is soluble.53  

The binding of 1-alkenes via the second carbon of the chain, instead of the first one as was 

the case for reaction with hydrogen-terminated silicon surfaces, is also probably the 

explanation for the formation of somewhat less ordered monolayers. 

 

 

Figure 6. Attachment of alkyl monolayers on hydroxyl-terminated SiC surfaces 

Apart from the stability of methyl-terminated surfaces, the integration of organic 

functionalities onto inorganic materials opens an extended field of research. Functional 

groups like amines54,55 or carboxylic acids56,57 have been covalently bound onto several 

materials. From these, carboxyl groups are one of the most investigated groups, because of 

the possibility of easy functionalization with biomolecules via the widely-used chemistry of 

activated esters. However, esters are often used as protective groups33,58 to be hydrolyzed after 

attachment, since direct attachment of acids can cause interferences with the monolayer 

formation.59 Our hydroxyl-terminated surfaces could as well be reactive towards carboxyl 

groups, and thus hinder the formation of a proper functional monolayer by decreasing the 

density of -COOH groups available. 

Ester monolayers were prepared on SiC, from methyl undec-10-enoate and 2,2,2-

trifluoroethyl undec-10-enoate. XPS data (Figure 7) for these monolayers clearly show the 

characteristic oxidation states of each carbon of the ester functions. In Figure 7a, the peaks at 

292.8 (-CF3), 289 (O-C=O) and 287.5 eV (O-CH2-CF3) show comparable areas, confirming 

that attachment of the trifluoroester at least predominantly occurs via the alkene moiety, 

leaving the functionality available for further reactions. The same can be observed for the 

methyl ester (Figure 7b), although the resolution of the characteristic peaks is poorer because 

of the overlapping peaks around 286 eV.  
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Figure 7. High-resolution C1s XPS data of monolayers attached onto poly-SiC, derived from 

(a) 2,2,2-trifluoroethyl undec-10-enoate, and (b) methyl undec-10-enoate. 

These observations are in line with IRRAS data (Figure 8), which depict that besides the 

usual methylene and/or methyl stretching bands, the carbonyl stretching of the trifluoroethyl 

and methyl esters are at essentially the wavenumbers observed for the pure liquid alkenes 

(1760 and 1745 cm-1, respectively). In other words, the SiC surface can be readily 

functionalized with esters via the attachment of ω-ester-1-alkenes. 

 

Figure 8. IRRA spectra of monolayers of 2,2,2-trifluoroethyl undec-10-enoate (bottom) and 

methyl undec-10-enoate (top) on poly-SiC. 
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Conclusions 

This work presents the first covalently bound alkyl monolayers on silicon carbide surfaces, 

by reaction of neat alkenes with HF-etched surfaces to produce well-defined, chemically 

tunable, and highly stable coatings. IRRAS and XPS provide evidence that the covalent 

attachment of alkenes occurs via a Markovnikov-type addition of oxygen on the double bond. 

The obtained layers show a lower degree of order than monolayers obtained with 1-alkenes on 

hydrogen-terminated silicon or with thiols on gold. However, the coatings on SiC are 

extremely stable under acidic conditions, relatively stable in alkaline media, and do not show 

any significant degradation in ambient conditions over a year. The attachment reaction is 

compatible with esters, allowing the formation of functionalized surfaces, ready for further 

modification with organic and/or biologic moieties that would retain their activity upon 

immobilization, and provide coatings usable in sensing and other biotechnology applications. 
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Chapter 6 

Covalently Attached Organic 
Monolayers on SiC and SixN4 Surfaces: 

Formation using UV Light at Room 
Temperature 

We describe the formation of alkyl monolayers on silicon carbide (SiC) and silicon-
rich silicon nitride (SixN4) surfaces, using UV irradiation in the presence of alkenes. Both the 
surface preparation and the monolayer attachment were carried out under ambient conditions. 
The stable coatings obtained in this way were studied by water contact angle measurements, 
infrared reflection absorption spectroscopy (IRRAS), X-ray reflectivity and X-ray 
photoelectron spectroscopy (XPS). Besides unfunctionalized 1-alkenes, methyl undec-10-
enoate and 2,2,2-trifluoroethyl undec-10-enoate were also grafted onto both substrates. The 
resulting ester-terminated surfaces could then be further reacted after hydrolysis using amide 
chemistry, to easily allow the attachment of amine-containing compounds. 

 

 

 
 
 
This chapter is published as:  
“Covalently Attached Organic Monolayers on SiC and SixN4 Surfaces: Formation Using UV 
Light at Room Temperature”, Rosso, M.; Giesbers, M.; Arafat, A.; Schroën, K.; Zuilhof, H. 
Langmuir 2009, 25, 2172-2180. 
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Introduction 

Several methods have been developed over the last two decades to covalently attach organic 

monolayers onto semiconductor surfaces. Silicon surfaces1-6 have been the most widely 

investigated: stable and densely packed monolayers were obtained from alkenes and alkynes 

on hydrogen-terminated silicon surfaces using thermal reactions7-10 or photochemical 

initiation with UV11-15 or visible light.16-18 The high quality and chemical versatility of 

monolayers formed with these methods allowed various applications for modified silicon 

surfaces in molecular electronics and sensors.19,20 

Alkenes and alkynes were also attached onto flat hydrogen-terminated germanium 

surfaces2,21 in conditions close to those used for silicon, but only few results were obtained so 

far on this material. Diamond surfaces were recently studied: hydrogen-free surfaces were 

reacted under UHV conditions22-24 with alkenes via a [2+2] cycloaddition or Diels-Alder 

mechanism, and hydrogen-terminated diamond surfaces could also be functionalized with 

alkenes under UV irradiation.25-28 

The development of methods to tune the surface properties of two other robust high-

bandgap materials, silicon-rich silicon nitride (SixN4, 3.5 < x < 4.5) and silicon carbide (SiC) 

would significantly increase the possible use of these materials as well. SixN4 is widely used, 

for example, as waveguide material in refractometric29-31 or fluorescence32 detection, and as 

coating material for sensors based on electrical impedance33,34 or vibrating microcantilevers.35 

SiC has a high potential for similar applications.36-41 Another development concerns the 

coating of bio-compatible microdevices, like micro-fabricated SixN4 membranes 

(microsieves),42-45 or SiC-based medical prosthesis and micro-electrodes.46-51 For such 

sensing and biomedical applications, both materials would benefit from specific surface 

modification. In this regard, we reported recently on the thermal modification of flat SixN4
52,53 

and 6H-SiC and polycrystalline 3C-SiC54 using thermal conditions close to those used for the 

surface modification of silicon. We obtained stable and good quality monolayers from several 

simple alkenes (e.g. contact angles up to 107° for octadecene-derived monolayers on SiC). In 

addition, ester-functionalized monolayers could be prepared, allowing further (bio-)chemical 

surface modifications. Coffinier55 et al. also reported on the formation of monolayers of 

protected amines on H-terminated Si5N4 surfaces prepared and irradiated under UHV 

conditions in the presence of alkenes. 
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In this work, we investigated the UV-assisted formation of organic monolayers on 3C-SiC 

and SixN4, using only wet chemistry under ambient conditions (temperature and pressure), as 

this would significantly increase the range of monolayer functionalities that can be attached. 

Indeed, photochemical reactions at room temperature would allow the attachment of reactants 

that can not withstand the reaction conditions required for the thermal attachments (typically 

> 150 ºC). In addition, photochemical reactions strongly reduce the required amount of 

material (only the irradiated surface needs to be covered with a thin film containing the 

molecule to attach), and allow the patterning of surfaces using common photolithographic 

techniques. 

The attachment of a variety of 1-alkenes was investigated, starting from unfunctionalized 

alkenes (CH2=CH-(CH2)nCH3) providing methyl-terminated monolayers, to ω-functionalized 

1-alkenes (esters, fluoroalkene) on SiC and SixN4 surfaces, after a standard cleaning and 

etching procedure. The wavelength dependence of the attachment reaction was studied in the 

range from 254 to 330 nm. Static water contact angle measurements, infra-red reflection-

absorption spectroscopy (IRRAS), X-ray photoelectron spectroscopy (XPS) and X-ray 

reflectivity were used to characterize the modified surfaces. The stability of alkyl monolayers 

was tested in acidic and alkaline conditions, and further chemical modifications were 

performed on ester-terminated surfaces. After hydrolysis of ester monolayers and subsequent 

N-hydrosuccinimide (NHS) activation of the obtained carboxylic acid-terminated surfaces, 

amide formation with m-(trifluoromethyl)benzylamine (TFBA) showed the possibility of easy 

surface (bio-)functionalization of both SiC and SixN4. 

Experimental Section 

Materials 

1-Hexadecene (99%) was purchased from Sigma-Aldrich and distilled twice under reduced 

pressure before use. Undec-10-enoic acid (98%), undec-10-en-1-ol (98%), N-

hydroxysuccinimide (NHS), 1-(ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and m-

(trifluoromethyl)benzylamine (TFBA, 97%) were purchased from Sigma-Aldrich and used as 

received for synthesis. 2,2,2-Trifluoroethyl undec-10-enoate16 and 11-fluoroundec-1-ene18 

were synthesized as described elsewhere. 
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Monolayer Formation 

The alkyl monolayers were formed on stoechiometric polycrystalline 3C-SiC films 

(stoechiometric SiC, thickness: 250 nm, surface rms roughness determined with AFM: 1.5 ± 

0.5 nm) obtained by chemical vapor deposition (CVD) on Si(100),56 and on CVD-deposited 

SixN4 (x ~ 3.9, thickness 140 nm, surface rms roughness determined with AFM: 0.45 ± 0.05 

nm, Lionix B.V., The Netherlands) onto Si(100). SiC and SixN4 samples (standard: 1 × 1 cm2; 

for IRRAS measurements samples of 3 × 1.5 cm2 were used) were cleaned first by sonication 

in acetone, followed by an air-based plasma treatment for 15 min. The resulting oxidized 

surfaces were etched with a 2.5% solution of HF for 2 min. Right after this step, wafers were 

dipped into argon-saturated neat alkenes, in fused silica (for wavelengths < 300 nm) or glass 

flasks. After 30 more min under an argon flow, the UV pen lamps (low pressure mercury 

vapor, double bore lamp, Jelight Company, Irvine, California, USA) were placed 4 mm away 

from the sample surface and turned on for the desired time. At the end of the experiment, 

samples were removed and rinsed several times with petroleum ether, acetone and 

dichloromethane, and sonicated in the same solvents. After these cleaning steps, no loss of 

surface bound material was observed with IRRAS and XPS after further rinsing; moreover, 

the homogeneity of water contact angle measurements showed all physisorbed species had 

been removed. 

Further surface functionalization 

Basic hydrolysis of esters 
TFE-terminated surfaces were exposed to 0.25 M potassium tert-butoxide in DMSO, for 1 

to 3 min at room temperature. The samples were then rinsed with 1 M HCl, with 

demineralized water and acetone, and finally sonicated in acetone before drying in a nitrogen 

flow.  

NHS ester activation 
Acid-terminated samples were placed in 2 ml of an aqueous solution of EDC and NHS 

(0.04 and 0.01 M, respectively), and reacted for 1 h at room temperature. Samples were then 

rinsed and dried as described previously.  
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Amide formation 
NHS-terminated samples were placed in 5 ml of a 0.1 M solution of TFBA in dry DMSO, 

and let to react at room temperature for 24 h. Surfaces were then rinsed thoroughly with 

DMSO and acetone, sonicated in the same solvents and dried in a nitrogen flow. 

Monolayer Characterization 

Static water contact angle measurements 
The wetting properties of modified surfaces were characterized by automated static water 

contact angle measurements performed using an Erma Contact Angle Meter G-1 (volume of 

the drop of demineralized water = 3.5 μl). 

X-ray Photoelectron Spectroscopy (XPS) 
The XPS analysis was performed using a JPS-9200 Photoelectron Spectrometer (JEOL, 

Japan). The high-resolution spectra were obtained under UHV conditions using 

monochromatic Al Kα X-ray radiation at 12 kV and 25 mA, using an analyzer pass energy of 

10 eV. All high-resolution spectra were corrected with a linear background before fitting. 

Binding energies were calibrated at 285.0 eV for the C1s peak corresponding to carbon in 

alkyl chains, to eliminate charging effects on these high-bandgap materials coated with 

insulating monolayers and compare the data on both SiC and SixN4. To facilitate comparison 

between different samples, XPS intensities measured on SiC were normalized to the intensity 

of the substrate C1s peak at 283.2 eV and XPS intensities measured on SixN4 were normalized 

to the intensity of the N1s peak from the SixN4 substrate at 398.1 eV. Under the conditions 

used in this study, no significant X-ray-induced degradation of monolayers was observed, 

even for repeated XPS measurements on the same spot and sequential surface 

functionalizations. 

Thickness calculations from XPS 

Thicknesses of monolayers on SiC substrates were calculated from XPS electron 

attenuation using the following equation,57 which involves the ratio of C1s XPS signals from 

the substrate and the film. This approach can be used when the kinetic energies of electrons 

from both film and substrate are comparable: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

CHCHS

SSCH
CH I

It
λρ
λρθλ

..
..1ln).cos(.  



Chapter 6 

120 
 

θ is the take-off angle (θ = 1º) of electrons relative to the surface normal. The thickness of 

the organic film (t) was determined as a function of ICH and Is, which are the intensities of the 

C1s XPS signal originating from the organic film and from the substrate, respectively. For 

electrons originating from the C1s level (kinetic energy Ek ~ 1200 eV) an attenuation length 

for the alkyl monolayer (λCH = 2.8 nm) was chosen by extrapolating data from previous 

reports.58,59 Under the conditions used for XPS measurements (θ < 60º, Ek > 100 eV), the 

attenuation length of C1s electrons in silicon carbide could be approximated to their inelastic 

mean free path (IMFP = 2.35 nm),60 within 15% of its value.61 The element density of carbon 

in the monolayer (ρCH), and in silicon carbide (ρS) were estimated at 0.054 and 0.08 mol.cm-3
, 

respectively.  

For monolayers on silicon nitride, the calculation was done using the ratio of C1s signal in 

the film and Si2p signal in the substrate. The element density of silicon in the SixN4 (ρS) was 

estimated at 0.07 mol.cm-3. A value of 3.1 nm was then taken for both the IMFP of SixN4 and 

the electron attenuation length of Si2p electrons (Ek = 1386 eV) in the monolayer, and the 

intensity ratio in the logarithm was corrected for the different sensitivity factors of the C1s (sC) 

and Si2p (sSi) peaks (1 and 0.865, respectively), according to the modified equation: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

CCHCHS

SiSSCH
CH sI

sIt
...

...1ln).cos(.
λρ
λρθλ  

Fourier Transform Infrared Reflection Absorption Spectroscopy (FT-IRRAS) 
IRRA Spectra were measured with a Bruker Tensor 27 FT-IR spectrometer, using a 

commercial variable-angle reflection unit (Auto Seagull, Harrick Scientific). A Harrick grid 

polarizer was installed in front of the detector, and was used to measure spectra with p-

polarized (parallel) radiation with respect to the plane of incidence at the sample surface. 

Single channel transmittance spectra were collected using a spectral resolution of 4 cm-1, 

using 1024 scans in each measurement. The optimal angle for data collection was found to be 

68º for all the surfaces studied. All the reported measurements were performed at this angle. 

Raw data files were divided by data recorded on a plasma-oxidized reference surface, to give 

the reported spectra. 
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Results and Discussion 

Wet etching of SiC and SixN4 surfaces 

Immediately after oxidation and etching with an aqueous solution of 2.5% HF for 2 min, the 

surfaces of both materials were hydrophilic, but SiC surfaces exhibited lower static water 

contact angles (θ < 10º) than SixN4 surfaces (θ ~ 35º). The wide-scan XPS data measured on 

both SiC and SixN4 (x ~ 3.9) (Figure 1) clearly shows the removal of SiO2 with HF, evidenced 

by the decrease of the O1s peak at 532 eV. The quantification of the surface oxygen also 

shows different surface terminations: the SiC surface retained a significant amount of oxygen 

(8%) after etching, while this element was almost absent from etched SixN4 surfaces (< 2%). 

In addition, a significant F1s signal can be observed at 687 eV on both materials (SiC: 1.2%, 

SixN4: 3%), resulting from the inclusion of fluorine in the surfaces during exposure to HF. 

The carbon contamination after wet etching was very low in SixN4 substrates (~ 2%), while it 

was not possible to determine it on SiC, due to the intrinsic carbon content of the material.  

These results are in agreement with our previous work published on the HF etching of both 

substrates.52,54 XPS analysis of etched SixN4 surfaces suggests a bulk composition 

corresponding to Si3.9±0.1N4. Previous XPS and XRD analysis of the used SiC wafers revealed 

the exclusive presence of a 3C-SiC phase in the bulk material,56,62 without significant 

contamination by other elements. 

 

Figure 1. XPS wide scans measured on (a) SiC and (b) SixN4 substrates, before (oxidized 

surfaces) and after 2 min etching with 2.5% HF in water. 
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Figure 2. Si2p XPS narrow-scan data measured on (a) SiC and (b) SixN4 substrates after 2 min 

etching in 2.5% HF. 

A more detailed picture of the surface chemistry was obtained from narrow-scan data of the 

Si2p region. In Figure 2,  the spectrum measured on etched SiC surfaces shows the presence of 

partially oxidized silicon (101.8 eV), next to the peak corresponding to bulk silicon carbide, 

which could still be resolved into its two spin-orbit components, at 100.4 (Si2p3/2) and 101.0 

eV (Si2p1/2). As reported earlier,54,63-65 treatment of SiC with HF leaves a residual silicon 

oxycarbide layer with a high density of surface hydroxyl groups. The oxygen originated 

mainly from surface adsorbed species, as previous SIMS measurements on the same wafers 

yielded values of only 0.04% of bulk oxygen content.56 

The etched SixN4 surfaces, however, only show the main peak of bulk silicon nitride (Si-N, 

102.0 eV), and a small component (~ 6% of the total Si2p signal) at lower binding energy, 

close to the value measured on pure silicon surfaces (100.0 eV). This observation has been 

attributed to the presence of silicon clusters within the CVD-SixN4,
66 or to the diffusion of 

silicon into the SixN4 coating during high-temperature annealing.67 Since no annealing was 

carried out on the used substrates, this 100.0 eV peak is most likely due to the presence of 

silicon clusters. 

 As reported before52,53 the HF treatment of SixN4 surfaces decreased the oxygen content to 

close to the detection limit of the XPS, and left surfaces mainly covered with Si-H or N-H 

bonds. However, we cannot rule out the presence of a small amount of surface hydroxyl 

groups, which is difficult to resolve from nitrogen-bound silicon in the Si2p XPS data. 

Additionally, the presence of a small fraction of silicon clusters at the surface could also 
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affect the chemistry of HF-treated SixN4 surfaces, since pure silicon surfaces react readily with 

alkenes in much milder conditions than the ones presented here. In this respect, the surface 

chemistry of silicon-rich silicon nitride (SixN4) is expected to differ significantly from that of 

stoichiometric silicon nitride (Si3N4), which yields hydroxyl-covered surfaces upon etching 

with HF.68 

Monolayer formation onto SiC and SixN4 surfaces 

The attachment of alkyl monolayers on SiC and SixN4 surfaces using a variety of 

wavelengths was first monitored with static water contact angles. As the reaction took place, 

the surfaces became more hydrophobic (Figure 3). The fastest reaction was obtained using a 

254 nm lamp, and this also gave the highest final contact angles (θ ≥ 107º). Irradiation with a 

330 nm lamp through a glass vessel (cut-off wavelength of 300 nm), or a 285 nm lamp with a 

filter (cut-off wavelength of 275 ± 5 nm, data not shown) never gave water contact angles 

above 95º indicative of the formation of incomplete monolayers. Clearly, a wavelength below 

270 nm was needed to form good monolayers onto both materials. For comparison, samples 

placed into 1-hexadecene and left in the dark for 24 h gave low water contact angle values of 

40 ± 5º. These small values, close to those measured on the initial etched surfaces; show the 

near-absence of thermal reactivity at room temperature of etched SiC and SixN4 surfaces. 

 

Figure 3. Static water contact angles measured on (a) SiC and (b) SixN4 substrates modified 

with 1-hexadecene using irradiation at 254 and 330 nm for different reaction times. 
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Figure 4. Normalized narrow-scan XPS data (C1s region) measured on (a) SiC and (b) SixN4 

substrates etched (HF-treated) and coated with 1-hexadecene for 24 h under irradiation with 

254 nm wavelength.  

The formation of hexadecyl monolayers was confirmed by narrow-scan XPS C1s regions 

measured on SiC and SixN4 surfaces after 24 h of reaction (Figure 4), specifically by the clear 

increase in intensity of the peak at 285.0 eV, corresponding to alkyl chains on top of both 

substrates. Next to the main peak at 285.0 eV on both substrates, the fitted lines displayed in 

Figure 4 allow a more detailed description of the coatings. The spectrum measured on a 1-

hexadecyl-coated SiC surface was fitted with 4 components, taking into account reference 

data measured on a bare etched SiC surface. Two components are related to the SiC substrate: 

a peak at 283.2 eV, corresponding to bulk silicon-bound carbon (SiC), and a peak at 284.7 eV 

corresponding to the carbon contained in the silicon oxycarbide (SiCxOy) surface layer present 

after etching.69 Before fitting, the ratio A(SiC)/A(SiCxOy) was fixed at 2.5, in accordance to 

the ratio observed on bare surfaces right after etching. The two remaining components were 

not present in the etched surfaces, but appear after reaction with hexadecene. The main peak 

at 285.0 eV is characteristic for the attached alkyl chains (CHn), and a small peak at higher 

binding energy (286.0 eV) reveals the presence of C-O bonds, which probably results from 

the attachment of alkyl chains via an ether or silyl ether bond (C-O-C or Si-O-C). The 

(CHn)/(C-O) ratio of 12 indicates that probably all the alkyl chains are linked to the SiC 

surface via a C-O bond, as was reported for the thermal reaction. The ratio of 12 instead of 16 

can be due to the low precision associated with the integration of the small signal at 286.0 eV. 

Stability measurements (vide supra) would tentatively suggest that all alkenes are reacted via 

ether formation. Similar XPS observations were made on SixN4 (Figure 4b); the monolayer 
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formation caused a main alkyl peak at 285.0 eV. For these surfaces, no substrate carbon 

contributions were taken into account for the fitting of the C1s region, since etched SixN4 

surfaces did not contain significant amounts of carbon. In addition, small peaks appeared at 

286.2 eV (attributed to the formation of mainly C-N bonds), and at 283.5 eV, which can only 

be explained by the formation of Si-C bonds between a fraction of the alkyl chains and the 

substrate.70 The (CHn)/(C-N) ratio approached a value of about 11, while the (CHn)/(C-Si) 

ratio was around 33. These results imply alkene attachment to the surface via both N and Si 

sites, but with a clear preference for C-N bond formation. 

When surfaces were irradiated with wavelengths higher than 270 nm, the relative C1s 

intensities measured (CHn peak at 285.0 eV) after 24 h of irradiation displayed only 8% (on 

SiC) and 32% (on SixN4) of the intensity measured on samples modified with 254 nm 

irradiation. This indicates formation of incomplete monolayers, even after prolonged 

irradiation. The significantly higher reactivity of SixN4 surfaces with wavelengths > 270 nm, 

seems to confirm for these etched SixN4 surfaces the presence of surface sites with different 

reactivities (e.g. Si clusters), as was suggested in the analysis of the etched samples (vide 

infra). 

Figure 5 shows XPS data measured on surfaces coated with 1-hexadecene using 254 nm 

light for different irradiation times. SiC and SixN4 displayed similar behavior: when the 

irradiation was carried out for a longer time than 24 h, which ensured an optimal monolayer 

formation (water contact angle ≥ 107º), the relative intensity of the XPS peak at 285.0 eV 

further increased, implying that the grafting of hydrocarbon chains went on even after the 

monolayer formation.  

X-ray reflectivity (XRR) was used to measure the thickness of the 1-hexadecyl layers. 

While no proper signal was obtained on surfaces irradiated for 24 h or less (implying a layer 

thickness < 2 nm), the surfaces irradiated for 48 h showed a thickness of 4.0 ± 0.2 nm, much 

higher than the expected thickness of a hexadecyl monolayer (1.6 to 1.8 nm.9,10). The 

thickness of monolayers at intermediate irradiation times were calculated from XPS data (See 

the experimental part for the details of the calculation method). Thicknesses of alkyl 

monolayers on SiC substrates of 0.5, 0.8, 1.8 and 2.7 nm (± 15%) were obtained for 

irradiation times of 1, 5, 24, and 48 h, respectively. On SixN4, the calculated thickness values 

were 0.7, 1.0, 1.5 and 2.3 nm (± 15%). 
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Figure 5. Normalized XPS (C1s region) data measured on (a) SiC and (b) SixN4 substrates 

modified with 1-hexadecene with 254 nm wavelength, as a function of irradiation time. 

For both substrates, these calculations show a progressive increase of the monolayer 

thicknesses and a value after 24 h of reaction close to the expected thickness of hexadecyl 

monolayers (within the 15% precision of the calculation), which is confirmed by the 

maximum value of water contact angle measured at that time. After 48 h of irradiation, a 

lower thickness than the 4.0 ± 0.2 nm determined by XRR is found, which can perhaps be 

attributed to the assumptions used in the calculations. This approach confirms the formation 

of more than a monolayer for irradiation times longer than 24 h. 

A GC/MS study of the irradiated alkenes (after up to 7 days of irradiation at 254 nm, in the 

presence of SiC or SixN4 substrates) only revealed the presence of the initial 1-hexadecene, 

excluding the UV-initiated formation of rearrangement products or dimers of the alkene as 

these would still be detectable by GC.  

Fluoroalkyl monolayers 
In the previously reported case of the thermal modification of SiC, IRRAS measurements54 

provided evidence for a Markovnikov-type β-attachment of the 1-alkenes via the formation of 

an ether bond between the second carbon of the double bond and the abundantly present OH 

groups on SiC surfaces. This ether bond formation was also observed during the formation of 

alkene monolayers on silicon oxide.13 We performed a similar IRRAS study on 

photochemically prepared monolayers with 11-fluoroundec-1-ene on SiC and SixN4 surfaces, 

using 254 nm irradiation for 24 h. Figure 6 shows the C-H stretching region of IRRA spectra 
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measured on such surfaces. Both materials displayed after monolayer attachment symmetric 

and antisymmetric CH2 stretching vibrations at 2856 ± 2 cm-1 and 2926 ± 2 cm-1, respectively. 

These frequencies are typical for disordered monolayers.8,9 This is in line with the maximum 

values of water contact angles measured on these alkyl layers (~ 107 ± 1º), which are 

significantly lower than values measured on more densely packed monolayers on silicon (~ 

111 – 112º).8 

More importantly, a clear methyl stretching is also observed at 2965 ± 2 cm-1 on both 

surfaces, while no methyl group is initially present in the starting alkene. This indicates that 

UV-induced monolayers are also formed via a Markovnikov-type addition. The methyl 

stretching peak is well resolved on SiC, and this is attributed to clean reactivity of the 

hydroxyl-terminated SiC surfaces via an addition on the second carbon of the double bond, as 

was observed with the thermal reactions. It is more difficult to assign a unique mechanism for 

the attachment on SixN4 surfaces, where broader methyl features are observed in the IRRAS 

spectrum. This could be due to the more complex surface composition of this material, 

allowing several modes of attachment. 

 

 

Figure 6. IRRA spectra measured on 11-fluoroundec-1-ene monolayers on SiC and SixN4 

substrates. 
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Mechanism of attachment 
For the formation of organic monolayers on hydrogen-terminated silicon, radical initiation 

via Si-H homolytic cleavage was first used to explain the reaction initiation for UV methods.3 

The Si-H bond could be cleaved using an irradiation wavelength ≤ 350 nm (3.5 eV). 

However, irradiation with wavelengths above 600 nm also induces monolayer formation; 

electron-hole pair formation at the surface of silicon can then explain the reaction initiation, 

by creating positively charged species at the surface that can react with nucleophiles, like 

unsaturated C-C bonds.70-72 

In the case of SiC and SixN4, GC/MS analysis of 1-alkenes after reaction showed no 

formation of by-products, even after 7 days of irradiation, ruling out reactions in solution. It 

can thus be assumed that the grafting of alkenes is initiated by the formation of activated 

species at the surface of the substrates. Indeed, the 254 nm irradiation has enough energy per 

photon (4.9 eV) to overcome the bandgap of both materials (2.3 to 3 eV for SiC,36 and 3 to 5 

eV for SixN4
66,73), and to break chemical bonds with bond enthalpies < 4.9 eV. In particular, 

once the radiation has been absorbed by the material, a wide variety of bonds can, in 

principle, be broken, including Si-H (3.5 eV)11,74, Si-Si (2.3 eV), or even the stronger Si-C, 

Si-O, Si-N or O-H bonds (all with bond enthalpies ≤ 4.9 eV75,76). Such cleavage reactions can 

form surface radicals, thus leading to the formation of a monolayer by reaction with alkenes. 

While this may indeed play a part on SixN4, the formation of new methyl groups after reaction 

on etched SiC points to an ionic process (Markovnikov addition). 

Stability of alkyl monolayers 
The monolayers formed via 254 nm irradiation for 24 h were very stable under ambient 

conditions, and could withstand several cleaning and sonication steps in various solvents 

(acetone, petroleum ether and dichloromethane). The stability of hexadecyl monolayers in 

aqueous solutions was determined by XPS measurements after dipping these methyl-

terminated monolayers into a 2 M HCl solution at 90 ºC or a 0.001 M NaOH solution at 60 

ºC. The stability was monitored by normalizing the proportions of CHn to the area of the 

substrate-related peaks: C1s(CHn) / C1s(C-Si) for SiC, and C1s(CHn) / N1s for SixN4 (Figure 7).  

The hexadecyl monolayers on silicon carbide display a very good stability: even hot acid at 

negative pH only yields a marginal reduction of the XPS signal, and measurement of the static 

water contact angle does not lead to more than 1° difference after several hours. 
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Figure 7. Stability of 1-hexadecene monolayers: normalized ratio of (a) C1s(CHn) / C1s(C-Si) 

measured on modified SiC and (b) C1s(CHn) / N1s measured on modified SixN4. 

Under warm basic conditions both XPS C1s data and water contact angle measurement 

indicate a somewhat reduced monolayer quality (water contact angle value of 96 ± 1° after 4 h 

versus 107 ± 1° directly after monolayer preparation), but the overall stability is still very 

good in comparison to any other organic monolayer that we know. For modified SixN4 

surfaces a good stability was again found under these warm basic conditions (pH = 11, 60 ºC), 

with a reduction of the XPS C1s signal of 17% after 4 h and a concomitant reduction of the 

water contact angle from 107 ± 1° to 86 ± 1°. In the case of modified SixN4, however, the 

stability under acidic conditions was unsatisfactory: only 40% of the signal corresponding to 

the alkyl coating remained after 4 hours of hot acidic treatment. This could be caused by the 

initial formation of N-C bonds, which may be prone to hydrolysis after protonation. 

Apparently, on SiC no such hydrolyzable bonds are present at the surface. 

Organic monolayers on specifically SiC also display a remarkable stability towards 

hydrogen fluoride. Upon exposure of 1-hexadecyl monolayers to a 2.5% HF solutions for 1 h 

the water contact angle for monolayers on SixN4 drops to 65º, but on SiC surfaces a superior 

stability is indicated by the contact angle value of 99º. This value is even higher than the 

value of 91º obtained after a similar treatment of thermally induced monolayers on SiC 

surfaces.54 This increased stability could be due to the cross linking caused by UV irradiation: 

absorption of photons of 4.9 eV can provide homolytic bond cleavage of all surface-bound 

elements, which can provide surface-bound radicals. These can, even if with low efficiency, 

react with the formed monolayer. This would effect some degree of crosslinking in the 
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monolayer, allowing the retention of a nearly complete monolayer, even if some Si-O-C 

bonds were cleaved by HF. Applications of alkene-based monolayers on SiC and SixN4 

surfaces under aqueous conditions (in sensors or microsystems) can greatly benefit from the 

increased stability of modified surfaces in acidic and basic aqueous conditions, compared to 

organosilane monolayers that have been previously reported on SiC surfaces.77 

Functional monolayers 

Beside alkyl monolayers, functional coatings from covalently attached ω-functionalized 1-

alkenes can be successfully formed onto both SiC and SixN4 surfaces. Methyl undec-10-

enoate and 2,2,2-trifluoroethyl undec-10-enoate (TFE) were successfully attached onto these 

materials using UV light. Figure 8 shows IRRA spectra of SiC surfaces modified with these 

two esters, displaying the expected values of 1747 ± 1 cm-1 and 1763 ± 1 cm-1 that correspond 

to the carbonyl stretching vibration of the methyl and trifluoroethyl ester, respectively.  

 

Figure 8. IRRA spectra of SiC substrates modified with methyl undec-10-enoate (up) and 

2,2,2-trifluoroethyl undec-10-enoate (TFE, down). 

To check that the UV-induced attachment could preserve the ester functionality, the TFE 

monolayers were also studied in more detail with XPS, as the -CH2-C(=O)OCH2CF3 moiety 

can be used as a versatile handle to attach other amine-containing molecules to surfaces.14,78 

Figure 9 displays the XPS data measured on such a TFE-terminated SiC surface. The survey 

spectrum (Figure 9a) shows a high amount of fluorine at 689 eV (see for comparison the 

much smaller amount resulting from etching in Figure 1a). The narrow-scan XPS C1s region 
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(Figure 9b) shows the characteristic binding energies associated with this compound: 293.4 

eV (1: CF3), 289.8 eV (2: C=O), 288.0 eV (3: CF3-CH2-O), 286.2 eV (4: -CH2-CO), 285.0 eV 

(5: -CH2-) and 283.2 eV (6: SiC). The relative areas of the signals of carbons 1, 2 and 3 (after 

background correction, vide infra) were 1.1 : 1 : 1.1, in very good agreement with the 

expected 1 : 1 : 1 ratio, and showing that the ester functionality can be attached in an intact 

manner. Due to the overlap with the large CH2 peaks (285.0 eV), it is hard to quantify the 

components corresponding to carbon 4 (-CH2-CO) or to the carbon atom bound to the oxygen 

at the substrate (SiC-O-CH2). However, the summed intensities of these 2 C atoms together 

with the remaining CH2 intensities is indeed in line with fully intact attachment of TFE-

terminated monolayers. 

 

Figure 9. (a) XPS survey spectrum measured on a 2,2,2-trifluoroethyl undecyl monolayer on 

SiC and C1s (b) and  F1s (c) regions of the XPS data measured on the same sample. Inset: 

assignment of the peaks to the corresponding carbon atoms of the ester. 

The F1s region of the XPS (Figure 9c) reveals the presence of two types of fluorine: a small 

amount of silicon-bound fluorine resulting from the HF treatment (686.7 eV), as was already 

seen in Figure 1, and the fluorine of the CF3 group at 688.9 eV. The calculated 

C1s(monolayer)/F1s(CF3) ratio of 4.5, is in excellent agreement with the expected theoretical 

value of 13/3 = 4.333, after correction for the contribution of the initial SiC substrate and the 

respective XPS sensitivities of carbon and fluorine. 

TFE monolayers were subsequently subjected to further reactions at room temperature, 

including hydrolysis with a 0.25 M solution of potassium tert-butoxide in DMSO, followed 

by a NHS activation of the obtained carboxylic acids and subsequent reaction with m-

(trifluoromethyl)benzylamine (TFBA), as depicted in Figure 10.  
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Figure 10. Functionalization of TFE monolayers on SiC or SixN4 surfaces. 

The different reaction steps were monitored with XPS (Figure 11): the main features 

observed in the high-resolution C1s region clearly provide evidence for the expected 

reactivity: the hydrolysis (Figure 11b) caused the nearly complete disappearance of the CF3 

signal at 293.4 eV. The unperturbed intensity of the peak corresponding to the alkyl chain at 

285.0 eV demonstrates the stability of such monolayers under these hydrolysis conditions. 

The CF3 signal was then brought back upon coupling with TFBA, together with an increase of 

the signal between 285 and 286 eV, corresponding to the other carbon atoms of this 

compound. 

 

Figure 11. C1s regions of the high-resolution XPS spectra measured on SiC substrates coated 

with (a) TFE monolayers, and subsequently subjected to (b) hydrolysis and (c) coupling with 

TFBA. 

While the C1s spectra monitor the overall reaction progress, the XPS F1s region (Figure 12) 

allows a more precise determination of the efficiencies of the various reactions. Exposure of 

the TFE ester to tBuOK in DMSO brought the fluorine signal to 10 to 15% of its initial value, 

indicating an almost complete hydrolysis. The total removal of the trifluoroethyl moieties is 

likely hampered by surface roughness or disorder in the monolayers, causing some hindrance 

to the bulky tert-butoxide base. The coupling with TFBA after NHS activation restored the F1s 

signal to about 70% of its initial value in the TFE monolayers.  
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Figure 12. F1s regions of the high-resolution XPS spectra measured on SiC substrates coated 

with (a) TFE monolayers, and subsequently subjected to (b) hydrolysis and (c) coupling with 

TFBA. 

The less than 100% reaction yield is likely caused by several factors, including the size of 

the reagents used for the NHS-formation. In particular, partial hydrolysis of the NHS ester 

during the reaction with amines in aqueous media, and the size of the bulky EDC molecules – 

hampering the formation of a 100% NHS monolayer – will result in a less than 100% 

conversion.79 The overall reaction yield will, however, be higher than the 70% suggested by 

the recovery of the F1s signal: the different attenuation of electrons through the TFE and 

TFBA monolayers requires an additional step to translate the 70% of recovery in the F1s 

signal to a quantitative reaction yield. The longer TFBA molecules (about 0.5 nm more than 

TFE, considering that the bulkier TFBA will likely adopt a more extended conformation) will 

likely cause the intensity of the substrate signal to be attenuated by 15 to 20% of its value in 

TFE monolayers.58,59,80-82 Since all the reported spectra were normalized to the signal of this 

substrate (C1s, SiC at 283.2 eV), the reported signal intensities for F1s (CF3) can be corrected 

by the same values. The maximum measured recovery of 70% of the normalized F1s(CF3) 

signal would then correspond to an actual recovery of 80 to 85%, respectively, of the ester 

groups bearing the CF3 functionalities. This result is in good agreement with the nearly 

quantitative reaction of amines with NHS ester.83,84  

The same reaction sequence could be performed on SixN4 substrates and monitored by XPS 

(Figure 13 and Figure 14), although the charging of the more insulating SixN4 substrate 

decreased the XPS signal-to-noise ratio, compared to measurements on SiC surfaces. In this 

case, hydrolysis of the ester with potassium tert-butoxide caused a decrease of 95% of the 

F1s(CF3) signal and reaction with NHS and TFBA yielded a recovery of about 65% of this 

signal, similar to the results obtained on SiC surfaces. 
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Figure 13. C1s regions of the high-resolution XPS spectra measured on SixN4 substrates 

coated with (a) TFE monolayers, and subsequently subjected to (b) hydrolysis and (c) 

coupling with TFBA. 

 

Figure 14. F1s regions of the high-resolution XPS spectra measured on SixN4 substrates 

coated with (a) TFE monolayers, and subsequently subjected to (b) hydrolysis and (c) 

coupling with TFBA. 

Conclusions 

A new way to produce very stable, covalently linked monolayers on SiC and SixN4 surfaces, 

using UV irradiation at room temperature is presented. As shown previously in the case of 

thermally produced monolayers,54 the attachment of the alkyl chains on SiC surfaces seems to 

occur via the formation of an ether bond between a thin oxycarbide layer and the second 

carbon of the double bond. On silicon nitride, the attachment seems to occur via several 

mechanisms, including most likely the formation of Si-C and N-C bonds, but the complex 

surface composition of etched SixN4 surfaces makes it difficult to give a more precise 

description. Such UV-modified SiC and SixN4 surfaces could withstand alkaline solutions, 

and alkyl-coated SiC surfaces even showed an excellent stability in both boiling 2M HCl and 
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2.5% HF. The possibility to form multilayers and the increased stability of these layers points 

to the involvement of radicals, which may provide further stability to the monolayers via 

internal cross-linking within the monolayers. 

Robust functionalization of SixN4 and SiC surfaces with a wide variety of (bio-)functional 

moieties is possible using a protecting trifluoethyl ester. This opens access to surface-bound 

amide chemistry that offers a convenient route for the attachment of biomolecules like 

peptides or DNA. A rich chemistry, similar to the one developed for organic monolayers on 

silicon surfaces,8,17,18,85 including surface patterning can then be performed. Protein-repellent 

monolayers can also be formed with these methods, using oligoethylene glycol compounds.86 

This can be used in numerous microtechnological applications that involve SiC and SixN4 as 

coating materials, when controlled sensing or antifouling properties are required.  
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Chapter 7 

Protein-Repellent Silicon Nitride 
Surfaces: UV-Induced Formation of 
Oligoethylene Glycol Monolayers 

Grafting of polymers and oligomers of ethylene oxide onto surfaces has been widely 
used to prevent non-specific adsorption of biologic material on sensors and membrane 
surfaces. In this work, we show for the first time the covalent attachment of short 
oligoethylene oxide-terminated alkenes onto silicon-rich silicon nitride (SixN4) surfaces at 
room temperature using UV light. Reflectometry was then used to monitor in situ the non-
specific adsorption of BSA and fibrinogen onto plasma-oxidized surfaces, and the reduction 
or complete prevention thereof on modified surfaces. Furthermore, we used atomic force 
microscopy (AFM), X-Ray photoelectron spectroscopy (XPS), X-ray reflectivity and water 
contact angle measurements to characterize the modified surfaces before protein adsorption, 
while AFM and contact angles were used to evaluate the surfaces after exposure to protein. 
EOn-coated SixN4 surfaces displayed a dramatically lowered protein adsorption. The 
performance of the obtained EOn layers is comparable to those of similar, highly effective 
monolayers formed on gold or silver surfaces, but the stability of covalently attached 
monolayers on SixN4 is clearly superior. This combination of stability and protein repellence 
allows a significant improvement of silicon nitride-coated microdevices, and in particular 
micro-fabricated membranes. 

 

This chapter will be published as:  
“Protein-Repellent Silicon Nitride Surfaces: UV-Induced Formation of Oligoethylene Glycol 
Monolayers”, Rosso, M.; de Jong, E.; Giesbers, M.; Fokkink, R. G.; Norde, W.; Schroën, K.; Zuilhof, 
H., submitted. 
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Introduction 
Silicon-rich silicon nitride (SixN4) is a widely used insulator for microelectronics and 

microsystem coatings.1 Films of this material inhibit diffusion of water, oxygen and sodium 

ions and are widely used as passivation layers in integrated circuits.2 SixN4 is not only popular 

because of its superior physical robustness and chemical inertness,3 but also because it 

provides an excellent alternative to silicon dioxide4 in microelectronic and membrane 

applications.5-7   

Biocompatibility is an important issue for the use of SixN4 films as coatings for biosensors 

or filtration membranes. In particular, the development of microfabricated filtration 

membranes (microsieves) is hindered by non-specific adsorption of biomolecules on surfaces 

during filtration, especially proteins (aggregates),8,9 which dramatically affect the 

performance of the devices. Furthermore, the adsorption of the first protein layer is a decisive 

step in surface fouling as it usually initiates surface contamination, creating suitable 

conditions for the subsequent adsorption of more protein aggregates,10 but also of cells, 

bacteria and other microorganisms.11  

Increasing the hydrophilic properties of SixN4 surfaces partially solves the problem of 

protein fouling. Indeed, hydrophilic membranes are less subject to fouling and have a longer 

operational life.12-14 An air-based plasma treatment, for instance, that superficially oxidizes 

the silicon nitride surfaces, can improve the wettability and performance of membranes; 

however, the hydrophilic character obtained this way is only temporary.15 

Widely used alternative solutions to reduce protein adsorption onto surfaces include self-

assembled monolayers (SAMS) of ethylene oxide (EO) oligomers. This approach has been 

applied to polymers,16-21 gold and silver,22-30 glass and other oxides,31-39 and etched silicon 

surfaces.18,40-44 The application to silicon nitride would require a method for the robust 

attachment of such EO-based materials. Several studies reported on the specific modification 

of AFM tips45-50 with polyethylene glycol chains, for applications where only a few attached 

chains were sufficient. Some work has been carried out on the attachment of long 

polyethylene glycol chains on oxidized silicon nitride,51 but these heterogeneous coatings 

were not stable in water. Organosilane compounds have been used to graft polyethylene 

glycol methacrylate52 onto oxidized silicon nitride, giving layers with some protein-repellent 

properties, but the obtained layers were not stable in alkaline conditions, probably because of 

the hydrolysis of Si-O bonds. Another report on organosilane-based monolayers of linear 



Protein-Repellent SixN4 Surfaces 

 
 

143

oligoethylene glycol molecules (3 to 12 ethylene oxide units) on oxidized silicon nitride 

substrates53 also mentioned a good thermal stability, but details on the stability in aqueous 

solutions were not given. Recently, we have shown that it was possible to covalently attach an 

organic monolayer onto a silicon nitride54,55 or silicon carbide56 surface, using conditions 

close to those used for the thermal hydrosilylation of silicon surfaces.57-59 Stable and good-

quality monolayers were obtained with several simple alkenes, as well as esters, allowing 

further (bio-)chemical surface modifications. The layers were stable in aqueous solutions, 

which is essential for application on e.g. microsieves. 

Very recently we demonstrated that this modification can also be initiated by UV light at 

room temperature using less compound and a simpler experimental set-up.60 This extends the 

method to monolayers formed with more labile and/or more expensive alkenes. In the current 

paper, we report on the use of this last method to attach oligo-EO-terminated monolayers onto 

silicon-rich silicon nitride surfaces in a single step procedure. In particular, methoxy-

tri(ethylene oxide) undec-1-ene (CH3O(CH2CH2O)3(CH2)9CH=CH2; EO3), and methoxy-

hexa(ethylene oxide) undec-1-ene (CH3O(CH2CH2O)6(CH2)9CH=CH2; EO6) were 

synthesized and grafted onto etched silicon-rich silicon nitride (SixN4) surfaces. The obtained 

monolayers were characterized with X-ray photoelectron spectroscopy (XPS), static water 

contact angle measurements, X-ray reflectivity, and atomic force microscopy (AFM). 

Subsequently, the protein-repelling properties of surfaces were investigated by studying the 

adsorption of bovine serum albumin (BSA) and fibrinogen from solution, both in situ by 

reflectometry and ex situ by static water contact angle measurement and AFM. In each case, 

the anti-fouling properties of modified surfaces were compared to those of plasma-treated 

SixN4 surfaces, to reveal the potential of EO-modified monolayers.  

Experimental Section 

Materials 

Bovine serum albumin (fraction V, min 96% lyophilized powder) and fibrinogen (fraction I 

from pig plasma, 78% in protein) were purchased from Sigma. Sodium phosphate dibasic 

(analytical grade, Acros), potassium dihydrogenophosphate (ACS grade, Merck), potassium 

chloride (pro analysis, Merck) and sodium chloride (puriss., Riedel-de-Haën) were used to 

prepare the PBS buffer. Triethylene glycol (> 99%), triethylene glycol monomethyl ether (> 
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97%) and anhydrous DMF (99.5%) were purchased from Fluka. 11-Undecen-1-ol (98%), 

tosyl chloride (98%), sodium hydride (60% dispersion in mineral oil) were purchased from 

Aldrich. All solvents were distilled before use. 

Synthesis of EO3 and EO6 

EO3 and EO6 were synthesized according the scheme presented in Figure 1. The 

asymmetric oligoethylene oxide moieties were synthesized via a method from Yam et al.,44 

without the use of protecting groups, but using an excess of triethylene glycol 3. The slightly 

less polar CH3-(OCH2CH2)6-OH (compound 4), and the even longer CH3-(OCH2CH2)9-OH 

(not shown) could be easily extracted using CH2Cl2 or CHCl3. 

 

Figure 1. Scheme for the synthesis of EO3 and EO6 molecules. 

Triethylene glycol methyl ether ω-methylbenzenesulfonate (2).  
Triethylene glycol monomethyl ether (1, 34.14 g, 208 mmol) and p-toluenesulfonyl chloride 

(43.80 g, 230 mmol) were dissolved in 100 mL of diethyl ether. Freshly ground KOH (46.70 

g, 830 mmol) was then added in several portions to the ice-cooled solution, keeping the 

temperature below 5 °C. After 3 hours of reaction, 75 mL of ice and water were added, the 

organic phase was extracted 3 times with diethyl ether. The combined organic fractions were 

washed with water, dried on Na2SO4, filtered, and the solvent was evaporated under reduced 

pressure to give 2 as a colorless oil (63.5 g, 96%). 1H-NMR (300 MHz, CDCl3): δ 2.45 (s, 

3H), 3.38 (s, 3H), 3,53 (t, 2H), 3.61 (m, 6H), 3.70 (t, J = 6, 2H); 4.17 (t, J = 6, 2H), 7.35 (d, J 
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= 7.5, 2H), 7.80 (d, J = 7.5, 2H); 13C-NMR (300 MHz, CDCl3): δ 21.58, 58.95, 68.64, 69.23, 

70.51, 70.71, 71.88, 127.93, 129.80, 133.06, 144.77.  

Hexaethylene glycol monomethyl ether (4).  
Under argon atmosphere, triethylene glycol (3, 42 g, 283 mmol) was dissolved in anhydrous 

THF (40 mL), and the resulting solution was brought to reflux. Freshly ground KOH (3 g, 52 

mmol) was added in small portions. After complete dissolution, the solution was cooled to 

room temperature, and 2 (15 g, 47 mmol) in 20 mL of THF was added drop by drop. The 

solution was then refluxed under argon overnight. After evaporation of THF under vacuum, 

water was added to the resulting mixture, and the solution was extracted with 

dichloromethane until no product was detected by TLC (eluent: ethyl acetate). 4 was obtained 

as a pale yellow oil (11.3 g, 81%). 1H-NMR (300 MHz, CDCl3): δ 2.70 (m, 1H), 3.32 (s, 3H), 

3.47-3.62 (m, 24H); 13C-NMR (300 MHz, CDCl3): δ 60.96, 69.99, 70.04, 70.15, 71.61, 

72.34. 

Hexaethylene glycol methyl ether ω-methylbenzenesulfonate (5).  
The synthesis was carried out as for 2. After evaporation of solvents, 5 was obtained as 

colorless oil (11.15 g, 89%). 1H-NMR (300 MHz, CDCl3): δ 2.45 (s, 3H), 3.38 (s, 3H), 3.53-

3.71 (m, 22H), 4.16 (t, 2H), 7.35 (d, J = 6, 2H), 7.81 (d, J = 6, 2H); 13C-NMR (300 MHz, 

CDCl3): δ 21.63, 59.01, 68.67, 69.23, 70.51, 70.55, 70.60, 70.74, 71.93, 127.97, 129.81, 

133.03, 144.77. 

EO3: Triethylene glycol methyl ω-undecenyl ether (7).  
In a dry vessel, under Argon atmosphere, NaH (2 g of 60% dispersion in mineral oil, 27.7 

mmol) was cleaned three times with pentane, and 20 mL of dry DMF were eventually added. 

The vessel being kept at 0 ºC in an ice bath, 10-undecen-1-ol (6, 4.71 g, 27.7 mmol) in THF 

was added dropwise. After 4 hours, hydrogen evolution being finished, 2 (8 g, 25.1 mmol) 

was added dropwise. The reaction was left stirring overnight under argon. After quenching 

with water, the mixture was extracted 3 times with ether. The combined organic phases were 

washed with brine, dried over Na2SO4, and the solvent was evaporated to give a pale yellow 

oil. After purification with silica gel column chromatography, with a 2/1 mixture of ethyl 

acetate/petroleum ether (40/60), 6.1 g (73%) of 7 were obtained as a colorless oil. 1H-NMR 

(300 MHz, CDCl3): δ 1.25-1.4 (br, 14H), 1.58 (t, J = 6, 2H), 2.06 (m, 2H), 3.39 (s, 3H), 3.46 

(t, J = 6, 2H), 3.55-3.68 (m, 10H), 4.97 (m, 2H), 5.82 (m, 1H). 13C-NMR (300 MHz, CDCl3): 
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δ 26.08, 28.92, 29.11, 29.42, 29.46, 29.53, 29.63, 33.80, 59.03, 70.05, 70.53, 70.60, 70.64, 

71.53, 70.95, 114.09, 139.22. 

EO6: Hexaethylene glycol methyl ω-undecenyl ether (8).  
The synthesis was carried out as for 7. After evaporation of the solvents, 8 was obtained as 

pale yellow oil. After purification on column chromatography (eluent: ethyl acetate), 4.52 g 

(65%) of colorless oil was obtained. 1H-NMR (300 MHz, CDCl3): δ 1.3-1.45 (m, 14H), 1.58 

(t, J = 6, 2H), 2.05 (m, 2H), 3.39 (s, 3H), 3.46 (t, J = 6, 2H), 3.55-3.75 (m, 22H), 4.95 (m, 

2H), 5.82 (m, 1H). 13C-NMR (300 MHz, CDCl3): δ 26.08, 28.92, 29.12, 29.43, 29.46, 29.53, 

29.63, 33.80, 59.03, 70.06, 70.53, 70.59, 71.54, 71.95, 114.09, 139.23. 

Monolayer Formation 

Silicon-rich silicon nitride samples (CVD SixN4 on Si100, thickness of 147 nm, obtained 

from Lionix B.V., The Netherlands, with sizes of 1 × 1 cm for XPS or 4 × 0.75 cm for 

reflectometry) were cleaned by sonication in acetone, followed by oxidation in air-based 

plasma for 15 min. The oxidized samples were then etched with a 2.5% aqueous solution of 

HF for 2 min and dried in a nitrogen flow. The substrates were then immediately dipped into 

argon-saturated neat alkenes in a quartz flask. After 30 more min under argon flow, a UV pen 

lamp (254 nm, low pressure mercury vapor, double bore lamp from Jelight Cie, California) 

was placed 4 mm above the SixN4 surface and the sample was irradiated for 24 h. Afterwards, 

samples were removed and rinsed several times with ethyl acetate, ethanol and 

dichloromethane, and sonicated in the same solvents. Reference hydrophilic surfaces were 

only plasma-treated for 10 min. Angle-resolved XPS revealed that such plasma-treated 

surfaces presented a thin hydrophilic layer of silicon oxy-nitride (Atomic composition of the 

first 10 nm: 40% Si2p, 30% N1s, 20% O1s, 10% C1s, values obtained from XPS ± 5%). 

Monolayer Characterization 

Static water contact angle measurements 

The wetting properties of modified surfaces were characterized by automated static water 

contact angle measurements performed using an Erma Contact Angle Meter G-1 (volume of 

the drop of demineralized water = 3.5 μl). 
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X-ray Photoelectron Spectroscopy (XPS) 
The XPS analysis of surfaces was performed using a JPS-9200 Photoelectron Spectrometer 

(JEOL, Japan). The high-resolution spectra were obtained under UHV conditions using 

monochromatic Al Kα X-ray radiation at 12 kV and 25 mA, using an analyzer pass energy of 

10 eV. High-resolution spectra were corrected with a linear background before fitting. 

X-ray reflectivity 
X-ray reflectivity measurements were performed on a Panalytical X’Pert Pro diffractometer 

using nickel filtered Cu Kα radiation (tube settings 50 kV and 40 mA). The data were 

collected using a fixed divergence slit 1/32°, and a parallel plate collimator on the diffracted 

beam side. The layer thickness was calculated from the interference fringes. 

Atomic force microscopy (AFM) 
Images were obtained with an MFP-3D AFM from Asylum Research (Santa Barbara, CA). 

Imaging was performed in AC mode in air using OMCL-AC240 silicon cantilevers (Olympus 

Corporation, Japan). The root mean square (RMS) roughness was calculated from the 

fluctuations of the surface height around the average height in the image. In this way, the 

RMS value describes the topography of the surface. The RMS is the standard deviation, i.e. 

the square root of the variance, of the Z-values within the image, according to: RMS = 

√(∑(Zi)2/n) 

Reflectometry 
In a typical reflectometer (Figure 2), a monochromatic light beam (He-Ne laser; 632.8 nm) 

is linearly polarized and passes a 45° glass prism. This beam arrives at the interface with an 

angle of incidence of 66º for the solvent/substrate interface. After reflection at the interface 

and refraction in the prism, the beam is split into its p- and s-polarized components relative to 

the plane of incidence by means of a beam splitter. Both components are separately detected 

by two photodiodes and the ratio between the intensity of the parallel and perpendicular 

components is the output signal S (S = Ip/Is) (the output signal given by the detection box is 10 

× S). It is combined with a stagnation point flow cell, allowing the introduction of buffer or 

protein solutions, to study homogeneous adsorption on surfaces in diffusion-controlled 

conditions.  
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Figure 2. Schematic representation of the fixed angle reflectometer: 1) laser beam, 2) glass 

prism, 3) sample, 4) beam splitter, 5) photodiodes. 

Strips of SixN4-coated silicon wafer (typical size of 4 × 0.75 cm) were modified with 

alkenes on one end (about half of the sample length), while the other end was used to hold the 

strip in the measuring cell of the reflectometer. The BSA and fibrinogen solutions (0.1 mg/L) 

were freshly prepared in PBS buffer (pH 6.75, ionic strength 0.08 M). All reflectometry 

experiments were performed at 23 ºC. Before measurements were taken, surfaces were 

incubated 1 h in buffer to avoid artifacts due to initial surface wetting (especially relevant in 

the case of EOn-modified samples).  

After placing the samples in the reflectometer, the buffer solution was injected until the 

output signal was nearly constant: fluctuations of less than 0.01 V over 2 min were considered 

satisfactory. Each experiment involved at least one adsorption phase, in which protein 

solutions were injected onto the surface, and one subsequent desorption phase, in which only 

buffer was injected. The adsorbed amounts were calculated from equation 1, where Γ = 

adsorbed amount (mg/m2), Qf = sensitivity factor (mg/m2), S0 (mV) = signal given by the 

reflectometer before introducing protein solutions, and ΔS (mV) = recorded difference in 

signal before and after introduction of the protein solutions:61 

0S
SQ f

Δ
⋅=Γ   (1) 

Qf was determined for each measurement with Prof. Huygens software (www.dullware.nl): 

Qf depends on the signal change (ΔS) and the system parameters (laser incident angle, 

thicknesses, real and imaginary refractive indexes of solid substrates and monolayers, 

refractive index of solutions, and differential refractive index of protein solutions (dn/dC) (see 
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values in Table 1). The values of 0.185 l/kg were chosen for dn/dC of both proteins; the 

possible variations encountered in the literature about these values (± 0.003 l/kg) didn’t have a 

significant influence on our calculations. The same Prof. Huygens software was used to 

determine the optimal angle of incidence (66º) at the solvent/substrate interface and to 

minimize the error in the calculation of Qf due to the angular position of each sample. The 

thickness of the adsorbed protein layer was shown to be unimportant for regular adsorption 

(calculated variation of ± 2% in Qf for values of 3 to 10 nm). However, it is difficult to 

calculate Qf accurately for low adsorbed amounts (d3 < 2 nm; see discussion of the 

experimental results). 

 

Table 1. Parameter values for the calculation of adsorbed amounts of protein. 

parameter Value 

Si100 real ref. index (n1) 3.85 

Si100 im. ref. index (k1) 0.02 

SixN4 real ref. index (n2) 2.15 

SixN4 layer thickness (d2) 147 nm 

Assumed protein layer thickness (d3) 5 nm 

Solution ref. index (n4) 1.33 

BSA diff. ref. index (dnbsa/dC)a 0.185 ± 0.003 l/kg 

Fibrinogen diff. ref. index (dnfib/dC)a 0.185 ± 0.003 l/kg 

Laser incident angle on the surface (θ) 66º 

Laser wavelength (λ) 632.8 nm 

a) De Feijter, J. A.; Benjamins, J.; Veer, F. A., Biopolymers 1978, 17, 1759-1772. 
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Results and Discussion 

Silicon nitride surface modification with EO3 and EO6 

UV-modified surfaces with EO3 and EO6 monolayers exhibited very reproducible static 

water contact angles of 64° and 58° (± 1º), respectively, which is in agreement with previous 

reports on similar monolayers. Indeed, water contact angles of EO3-modified SixN4 surfaces 

(64 ± 1º) are identical to those measured on EO3 monolayers obtained with thiols on gold or 

silver,22 but lower values were obtained for EO3 monolayers obtained by reaction of alkenes 

with hydrogen-terminated silicon (58 ± 1º).40,44 In general, substrates coated with EO3 

monolayers display water contact angle values smaller than 11-methoxyundecene thiol 

monolayers on gold surfaces (~ 84º),24,62 suggesting that internal ether bonds of the ethylene 

glycol moieties are always partially exposed. EO6 coatings on SixN4 were even more 

hydrophilic, with a contact angle of 58 ± 1º, which is between the values of 66° and 49 ± 1º 

for EO6 monolayers on gold23 and silicon44 surfaces, respectively. The hydrophilic character 

of modified surfaces correlates with the disorder within and the packing density of oligo-

ethylene glycol monolayers, exposing polar internal C-O bonds to the outer environment. It 

can thus be concluded that EO3 monolayers on SixN4 are comparable to thiol monolayers on 

gold or silver, while EO6 monolayers on SixN4 are slightly less densely packed. 

This difference in density and resulting thickness was confirmed by X-Ray reflectivity 

measurements, revealing thicknesses of 2.6 ± 0.2 nm for both types of monolayers, which 

would correspond to 95% and 70% of the length of extended EO3 and EO6 molecules, 

respectively. However, besides the 0.2 nm uncertainty associated with the reflectivity 

measurement, the initial roughness of bare amorphous SixN4 surfaces must be considered: 

taking into account rms values of 0.45 ± 0.05 nm, these calculated thicknesses are only semi-

quantitative. This uncertainty does not allow for a direct comparison with reported values for 

EO3 and EO6 monolayers on gold surfaces (2.0 ± 0.2 and 2.8 ± 0.2 nm,24 respectively). 

Although the absolute values cannot be obtained, the deduced different packing densities 

imply different structuring of the layers, EO3 molecules being more or less in an extended 

conformation, whereas EO6 molecules are highly disordered. This result is consistent with 

water contact angle measurements, which indicated for EO3 a packing density comparable to 

monolayers on gold, but a lower packing density for EO6 monolayers. Such a decrease in 
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packing density with increasing chain length of oligoethylene glycols was also observed with 

the formation of thiol monolayers on gold surfaces.23 

The C1s regions of XPS data measured on EO3 and EO6 monolayers (Figure 3) display the 

two characteristic peaks of carbon from the hydrocarbon chains (CH2/3 at 285 eV) and 

oxygen-bound carbon (C-O at 286.8 eV). After fitting the high-resolution spectra, the 

measured (CHn)/(C-O) ratios of 1.3 (EO3 coatings) and 0.77 (EO6 coatings) match very well 

the theoretical stoichiometric values of 1.25 (10/8) and 0.71 (10/14), showing the intact 

attachment of the EO alkenes. Similar attachment experiments at higher temperature lead to 

cleavage of the EO moieties (data not shown), showing the necessity of this mild attachment. 

 

Figure 3. C1s region of XPS data from SixN4 (x ≈ 4) surfaces coated with ethylene oxide-

containing monolayers. Left: monolayer of CH3O(CH2CH2O)3(CH2)11 [EO3]; right: monolayer 

of CH3O(CH2CH2O)6(CH2)11 [EO6]. 

The AFM pictures of Figure 4 show a typical clean SixN4 surface after oxidation (left), and 

two analogous surfaces coated with EO3 (center) and EO6 (right) monolayers. Images and 

profile traces appear identical before and after modification, still displaying the structure of 

the initial SixN4 substrate. All surfaces had a similar roughness with an rms value of 0.45 ± 

0.05 nm. From these characterizations (Water contact angle, XPS, AFM and X-ray 

reflectivity) it can be concluded that UV irradiation can reproducibly produce homogeneous 

EO3 and EO6 monolayers on silicon nitride surfaces. The obtained layers possess better 

features than the ones obtained on silicon, and EO3 monolayers even seem comparable to 

similar monolayers on gold. However, the previously reported much higher stability54 of these 

coatings on SixN4 make them very appealing candidates for applications where long-term 

stability of surfaces is required.54,55,60 
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Figure 4. AFM pictures of oxidized (left), EO3-coated (center), and EO6-coated (right) SixN4 

surfaces and corresponding profile traces. Horizontal scale of pictures: 2 μm, height scale: 8.8 

nm. Profile height scale: 6 nm.  

Exposure of (modified) SixN4 surfaces to protein 

In contrast with all the ex situ techniques used to monitor protein adsorption onto surfaces 

(contact angle, AFM, ellipsometry), reflectometry allows in situ observation of protein 

adsorption without removing the surface from the protein-containing solution and without 

intermediate cleaning steps. Additionally, this allows one to distinguish between reversible 

and irreversible adsorption during the adsorption and desorption phases, respectively. One 

example of reflectometry data recorded in-situ during adsorption of fibrinogen onto oxidized 

and EO6-coated silicon nitride surfaces can be seen on Figure 5. 

An overview of the reflectometry results is given in Figure 6. When submitted to protein 

solutions, the oxidized surfaces (silicon oxy-nitride on top of the SixN4) showed a very 

reproducible maximum adsorbed amount of 1.25 ± 0.05 mg/m2 of BSA, and 2.7 ± 0.05 mg/m2 

of fibrinogen after about 30 min. This adsorption is almost irreversible since an exposure to 

clean buffer cannot remove more than 20 % of BSA or 10 % of fibrinogen, and typically even 

less.  
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Figure 5. Example of raw reflectometry data: adsorption of fibrinogen from solution onto 

bare oxidized (gray) and EO6-coated (black) silicon nitride substrates. 

The surface coverage of the adsorbed proteins gives some information about the structure of 

the adsorbed layers: BSA is a globular protein (MW = 69 kDa) with dimensions 4 × 4 × 14 

nm in solution,63 whereas fibrinogen is a bigger protein (MW = 340 kDa) with dimensions of 

about 9 × 9 × 45 nm.64 Considering these sizes, a monolayer of adsorbed BSA corresponds to 

a maximum coverage of 2 to 6.8 mg/m2, depending on whether the protein is laying flat or 

standing on the surface. For fibrinogen, these maximum coverage values are 1.4 and 7 mg/m2. 

From the reflectometry data, the amount of BSA irreversibly adsorbed onto bare, oxidized 

SixN4 surfaces in Figure 6 (1 mg/m2) would correspond to only 50% of a BSA monolayer 

laying flat on the surface. However, the measured adsorption of fibrinogen (2.5 mg/m2) lies 

within the limits of the predictions, indicating a relatively dense adsorbed layer of this protein. 

Possibly, the ability of BSA to change its conformation and spread over a larger area can  

explain the lower adsorbed amounts observed in this experiment.27,63,65 However, the different 

surface saturations could also be due to the different isoelectric points of the proteins (4.8 for 

BSA and 5.3 for fibrinogen66): at pH 6.75 – as used in these experiments – BSA is more 

charged than fibrinogen, and protein adsorption could thus be partially hindered by 

electrostatic repulsions. This difference in charge can also be the cause of the different 

adsorption rates of the two proteins: adsorption of BSA onto oxide surfaces was much slower 

than for fibrinogen, with adsorption saturation being reached after 20 and 3 min, respectively. 
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Figure 6. Adsorbed amounts of BSA (left) and fibrinogen (right) onto clean (SiN-Ox) and 

EO3/EO6-coated SixN4 surfaces, after subsequent exposure to protein solution and to buffer 

without protein.  

Silicon nitride surfaces coated with EO3 or EO6 monolayers reduced the adsorption of both 

proteins considerably, regardless of the exposure time. Indeed, after the initial signal change 

(in the first 5 min), no visible change in the signal was observed after up to 3 h. Compared to 

oxidized surfaces, BSA and fibrinogen adsorption was sometimes so reduced, that accurate 

quantification above the noise level of the experiment was not possible. For our calculations, 

the value of Qf, used to calculate the adsorbed amounts of proteins, could only be used if the 

thickness of the adsorbed layer is more than ~2 nm (variation of Qf < 5%). For thinner 

adsorbed layers, Qf decreases and the associated uncertainty in the calculations increases 

significantly. The result of this is that values well below 0.3 mg/m2, as found for both the EO3 

and EO6 modified surfaces, are overestimated. In other words, the values in Figure 6 display a 

worst-case scenario: the actual amount of adsorbed protein is very likely even less than 

shown. 

Only for BSA on EO3, some adsorption can still be observed (residual signal of 15%) 

compared to adsorbed amounts on oxidized SixN4 surfaces. Possibly, due to its smaller size 

and flexible structure, BSA may be able to penetrate defects in the monolayer, and interact 

with the underlying surface or the hydrophobic hydrocarbon chains. The longer ethylene 

glycol moiety of EO6 seems to minimize this residual interaction, and provides essentially 

complete antifouling behavior. The better performance of EO6 can also be noted for 

fibrinogen adsorption, bringing adsorbed amounts below the detection level of reflectometry. 
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Another noticeable point concerns the use of oxidized surfaces as reference surfaces for 

adsorption. Other studies have reported protein-repellent behavior by comparison with 

methyl-terminated surfaces, obtained by formation of alkyl monolayers on silicon40 or gold 

surfaces.24 Some of our preliminary measurements showed that such hydrophobic surfaces 

(water contact angles > 100º) induce more protein adsorption (+ 20% in average) with a lower 

reproducibility than found for oxidized surfaces (data not shown). Therefore, it is clear that 

oxidation of SixN4 surfaces is a more reliable way to obtain reproducible reference surfaces. 

Investigation of the wetting properties of surfaces also confirms the antifouling character of 

these monolayers. Figure 7 shows water contact angles before and after protein adsorption: 

the oxidized surfaces showed a clear change in the wettability, with contact angles values 

from < 10º initially to values of 39 ± 2º and 70 ± 5º after adsorption of BSA and fibrinogen, 

respectively. These latter values no longer reflect the surface properties of oxidized SixN4, but 

those of the adsorbed layers of protein. The increased variation in the contact angles measured 

on different positions on the samples after adsorption also points to inhomogeneity of the 

obtained protein layers. Ethylene oxide-coated surfaces, however, retained their initial well-

defined contact angle values of 64 ± 1º (EO3) and 58 ± 1º (EO6) after exposure to the protein 

solution during the reflectometry experiment. Since both the value and the standard deviation 

of the observed contact angles were not affected, this strongly confirmed that these EO3 and 

EO6-coated surfaces were not contaminated by protein adsorption. 

 

 

Figure 7. Static water contact angles values before and after adsorption of BSA (left) and 

fibrinogen (right) onto clean (SiN-Ox) and monolayer-coated (SiN-EO3 and SiN-EO6) SixN4 

surfaces. 
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After each reflectometry experiment (exposure to protein, and rinsing with buffer, followed 

by rinsing with MilliQ water and drying), surfaces were also studied with AFM to provide 

more information on surface fouling. Figure 8 and Figure 9 show pictures of oxidized and 

EOn-coated SixN4 surfaces after exposure to BSA (Figure 8) and fibrinogen (Figure 9). 

Whereas massive protein adsorption is clearly visible on the oxidized surfaces (Figure 8, left 

and Figure 9, left), exposure to BSA caused only small patches of contamination on the EOn-

coated sample (See Figure 4 for comparison with surfaces before protein adsorption). 

Exposure of EOn-coated surfaces to fibrinogen caused almost no visible contamination.  

 

 

Figure 8. AFM pictures and height profiles of oxidized SixN4 (left) and EO3-coated SixN4 

(center), and EO6-coated SixN4 (right), after exposure to BSA. 

 

Figure 9. AFM pictures and height profiles of oxidized SixN4 (left), EO3-coated SixN4 

(center), and EO6-coated SixN4 (right) after exposure to fibrinogen. 
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A quantitative impression of the AFM pictures can be obtained from the roughness 

measurements before and after exposure of the surfaces to protein solutions (Table 2). For 

both proteins, the surface roughness of the reference oxidized SixN4 surfaces clearly increased 

upon adsorption: the rms values of oxidized surfaces changed from 0.45 ± 0.05 nm in average 

to 0.81 ± 0.10 nm after adsorption of BSA or fibrinogen, while the AFM topology provides 

the impression of much more corrugated surfaces (Figure 9). With EO3- and EO6-modified 

surfaces, the change in the rms-values is very low (within the experimental error of the 

measurement), implying only little adsorption, if any. 

 

Table 2. Rms roughness (in nm) measured by AFM on oxidized SixN4 and on EOn-coated 

SixN4, before and after exposure to protein solution. (Values are given ± 0.05 nm) 

Samples 
Before 

adsorption 

After BSA 

adsorption 

Before 

adsorption 

After FIB 

adsorption 

Oxidized SixN4 0.48 0.81 0.49 0.80 

SixN4-EO3 0.49 0.57 0.40 0.37 

SixN4-EO6 0.45 0.52 0.40 0.44 

 

The water contact angle and roughness measurements were mainly used to confirm the 

results of the reflectometry experiments, and these two ex-situ techniques revealed a slightly 

less good behavior of EO3 monolayers regarding BSA adsorption. Indeed, we observed a very 

small decrease in contact angle (~ 1º), and an increase in roughness (from 0.45 to 0.57 nm) of 

these surfaces upon exposure to BSA solutions. However, these variations are still within the 

experimental error associated with these measurements. Moreover, AFM pictures give only a 

local and qualitative impression of surface contamination or the lack thereof.  

Only reflectometry could detect unambiguously and reproducibly the small variations in 

surface contamination on EO3- and EO6-coated SixN4 on a macroscopic scale. The observed 

outstanding protein repellence of these layers, specifically of EO6, was comparable to that 

obtained with similar EO-monolayers on gold and silicon oxide surfaces. However, the 

increased stability of the coatings on SixN4 makes them much more suitable than either of 

these inorganic substrates (Au, SiOx, Si, etc.) for applications where permanent surface 

properties are needed. 
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Conclusions 

For the first time, well-defined monolayers of short oligoethylene glycols, 

CH3O(CH2CH2O)3(CH2)11 [EO3] and CH3O(CH2CH2O)6(CH2)11 [EO6] were successfully 

grafted onto silicon-enriched SixN4 surfaces using a photochemical attachment60 at room 

temperature. Such EOn-modified SixN4 surfaces displayed excellent protein-repelling 

behavior. EO6 monolayers, especially, reduced the adsorption of BSA and fibrinogen to 

negligible amounts (below the detection limit of reflectometry). The proteins were not only 

repelled during the adsorption phase, but when small residual amounts were present, they 

could efficiently be washed away by buffer.  

In addition, while the monolayers on SixN4 display protein-repelling properties comparable 

to similar thiol monolayers on gold surfaces or silanes on oxide surfaces, we have shown that 

their stability in aqueous environments60 and in a wide pH range provides surfaces with long 

term stability. The excellent antifouling behavior of these monolayers opens up a wide variety 

of possible applications of protein-repelling silicon nitride, e.g. in the use of reactor walls or 

lithographically prepared microsieves. 
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Chapter 8 

Formation of Biorepellent 
Oligoethylene Glycol Monolayers on 

Silicon Nitride Microsieves 

This chapter presents our initial work on the formation of covalent organic monolayers 
on microsieves (silicon nitride coated microfabricated membranes). Oligoethylene glycol 
monolayers were successfully formed on microsieves using a UV light technique. The sieve 
surfaces were characterized by X-ray photoelectron spectroscopy (XPS) and atomic force 
microscopy (AFM). Flux measurements, XPS and AFM were used to evaluate the coatings 
and their performance during filtration. 

 

 

 

 
 
 
 
 
This chapter will be published as: 
“Protein-Repellent Coatings on Silicon Nitride Microsieves”, Rosso, M.; Schroën, K.; Boom, 
R.; Zuilhof, H. in preparation. 
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Introduction 

Microsieves are a new type of micro-perforated filtration membranes, produced using 

photolithography to create membrane pores with a very well-defined size and shape.1-3 The 

coating of these membranes consists of a layer of silicon-rich silicon nitride (SixN4; x 

typically 3.5 - 5) - deposited by chemical vapor deposition (CVD). This material is used to 

reinforce the structure of the microsieves, initially created from more brittle silicon. Indeed, 

SixN4 is often used as an insulating or passivating coating for microelectronics and 

microelectromechanical systems.4-6 

Typical commercial microsieves can be obtained with pore diameters ranging from 0.45 to 

8 µm, with an effective thickness of the filtration layer of about 1 µm (Figure 1). The very 

thin effective membrane layer of microsieves results in a high permeability, and allows very 

low transmembrane pressures (< 100 mbar7) compared to ceramics membranes (with 

pressures of typically 0.5 to 5 bar8,9). Moreover, the possibility to accurately design the pore 

size and shape, the porosity and the thickness of membranes gives a new freedom to optimize 

the filtration process.10-13 Microsieves have been especially studied for food applications, such 

as the filtration of beer or the cold sterilization of milk.2 

 

 

Figure 1. AFM picture of silicon nitride microsieves with 0.45 µm diameter. Two 

neighboring pore arrays (left: horizontal scale 20 µm) and details of the circular pores (right: 

horizontal scale 2 µm). 
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However, the surface contamination of microsieves seriously limits their application to 

purify food products, by causing a dramatic decrease in permeate flux during filtration.14-16 

This is a general problem encountered in microfiltration of biological solutions.17,18  

Proteins or protein aggregates constitute the main source of biocontaminants for membrane 

surfaces during the filtration of biological solutions and liquid food products.18-20 In turn, this 

protein layer favors the adsorption of other components, such as biological cells, and is 

therefore a primary target when aiming for biorepellent surfaces. 

Some studies have shown that plasma treatment with air or oxygen, which is commonly 

used to clean and oxidize polymeric membranes, also yields highly hydrophilic surfaces21,22. 

The same approach can be used for SixN4 microsieves.23 Plasma treatment combines efficient 

oxidation with the convenience of dry treatments, and allows a non-destructive treatment of 

porous microstructures such as microsieves. The oxygen plasma, consisting mainly of free 

oxygen atoms,24 activates the surfaces of oxidized silicon nitride by breaking surface siloxane 

bridges (Si-O-Si). The resulting silanol groups (Si-OH) make the surface completely 

hydrophilic (water contact angle ~ 0º). This dry process can be easily scaled up from the 

dimensions of experimental microsieves (5 x 5 mm) to the wafer-sized membranes required 

for industrial processes. However, the effects of the plasma treatment are only temporary, as 

the high surface energy of the obtained oxide surface promotes the adsorption of new 

contaminants from air or water. As a result, the treatment must then be repeated to recover a 

highly hydrophilic, wettable surface, which again only remains this way for a short period. It 

is clear that if a surface is hydrophilic, this is not enough to prevent surface contamination. 

Recently, we have shown that it was possible to covalently attach an organic monolayer 

onto a silicon nitride25,26 or silicon carbide27 surface, using conditions close to those used for 

the thermal hydrosilylation of silicon surfaces.28-30 Stable and good-quality monolayers were 

obtained with several simple alkenes, as well as esters, allowing further (bio-)chemical 

surface modifications. The layers were stable in aqueous solutions, which is essential for 

application on e.g. microsieves. We also demonstrated that this modification can be initiated 

by UV light at room temperature using less compound and a simpler experimental set-up.31 

This extends the method to monolayers formed with more labile and/or more expensive 

alkenes. In particular, we already used this UV modification to attach oligo-EO-terminated 

monolayers onto silicon-rich silicon nitride surfaces in a single step procedure (Chapter 7).32 

Methoxy-tri(ethylene oxide) undec-1-ene (CH3O(CH2CH2O)3(CH2)9CH=CH2; EO3), and 

methoxy-hexa(ethylene oxide) undec-1-ene (CH3O(CH2CH2O)6(CH2)9CH=CH2; EO6) were 
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synthesized and grafted onto etched silicon-rich silicon nitride (SixN4) surfaces. These 

coatings could ‘prevent’ adsorption of bovine serum albumin (BSA) and fibrinogen from 

solution, which actually means that the signals were below the experimental detection limit, 

while considerable amounts of protein always adsorbed onto bare oxidized (plasma-treated) 

SixN4 surfaces. 

In this work, we apply the EO6 coatings to silicon nitride to microsieves. The study includes 

amongst others cross-flow filtration experiments with BSA solutions and AFM study of the 

surface of the microsieves at different stages of the filtration. 

Experimental Section 

Materials 

Bovine serum albumin (fraction V, min 96% lyophilized powder) was purchased from 

Sigma. Sodium phosphate dibasic (analytical grade, Acros), potassium dihydrogenophosphate 

(ACS grade, Merck), potassium chloride (pro analysis, Merck) and sodium chloride (puriss., 

Riedel-de-Haën) were used to prepare the PBS buffer. Milli-Q water was used to prepare all 

the aqueous solutions. The buffer solutions were always filtered before dissolving the BSA 

with 0.2 µm syringe filters (Sartorius, Goettingen, Germany). The synthesis of the 

oligoethylene glycol-functionalized alkenes (methoxy-hexa(ethylene oxide) undec-1-ene 

(CH3O(CH2CH2O)6(CH2)9CH=CH2; EO6), is described in Chapter 7.32 The alkyl monolayers 

were formed on silicon-rich silicon nitride (SixN4) microsieves, which were a generous gift 

from Aquamarijn Micro Filtration B.V., The Netherlands (pore diameter: 0.45 µm). The 

surface area of the sieves was 5.0 x 5.0 mm; the actual filtration area is around 50% of the 

total area. 

Monolayer Formation 

SixN4 microsieves were first cleaned with acetone and milliQ water, followed by an air-

based plasma treatment for 15 min. The resulting oxidized surfaces were etched with a 2.5% 

solution of HF for 2 min. The membranes were then rinsed with water and acetone, and put 

under vacuum for 5 min to dry the devices. Right after this step, they were placed with their 

upper side (filtration layer) against the curved wall of a fused silica flask. Prior to this, a drop 

of the neat to be grafted alkenes was placed on this curved wall and was argon-saturated for at 

least 30 min. The amount of alkene was just sufficient to wet the surface of the microsieves 



Biorepellent Monolayers on Microsieve surfaces 
 

167 
 

and parts of the inner structure. After 30 more min with the etched microsieves and alkenes 

under an argon flow, the UV pen lamps (low pressure mercury vapor, wavelength 254 nm, 

double bore lamp, Jelight Company, Irvine, California) were placed 4 mm away from the 

sample surface and turned on for the desired time. At the end of the experiment, samples were 

removed and rinsed several times with ethyl acetate, water and acetone. 

Surface Characterization 

X-ray Photoelectron Spectroscopy (XPS) 
The XPS analysis of surfaces was performed using a JPS-9200 Photoelectron Spectrometer 

(JEOL, Japan). The high-resolution spectra were obtained under UHV conditions using 

monochromatic Al Kα X-ray radiation at 12 kV and 25 mA, using an analyzer pass energy of 

10 eV. High-resolution spectra were corrected with a linear background before fitting. 

Atomic force microscopy (AFM) 
Images were obtained with an MFP-3D AFM from Asylum Research (Santa Barbara, CA).  

Imaging was performed in AC mode in air using OMCL-AC240 silicon cantilevers (Olympus 

Corporation, Japan). The root mean square (RMS) roughness was calculated from the 

fluctuations of the surface height around the average height in the image. In this way the RMS 

value describes the topography of the surface. The RMS is the standard deviation, i.e. the 

square root of the variance, of the Z-values within the image, according to: RMS = 

√(∑(Zi)2/n). 

Filtration experiments 

The filtration experiments were carried out in a flat-plate module with a channel height of 

0.7 mm. The transmembrane pressure was recorded with electronic sensors (Keller 

Druckmesstechnik, Winterthur, Switzerland), while the filtrate weight was measured using a 

balance (Sartorius CP4202S, Goettingen, Germany). A personal computer logged the pressure 

and weight. For cross-flow experiments, solutions of bovine serum albumin (BSA) were 

recirculated using a 5003U Watson & Marlow gear pump (Cornwall, England) at a flow rate 

of 100 mL.min-1. A valve situated at the retentate tubing, downstream of the module was used 

to keep the transmembrane pressure at 50 mbar for all experiments, while the cross-flow 

velocity was kept at 0.05 m.s-1. 
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Results and Discussion 

The microsieves were characterized with XPS and AFM right after the UV-initiated surface 

modification with EO6 molecules. The XPS survey spectrum of Figure 2 reveals the presence 

of the EO6 monolayers, by the increased amount of carbon compared to bare etched silicon 

nitride surfaces. The presence of the oligomers is especially put in evidence by the high 

resolution C1s spectra, where the two main contributions of carbon atoms of the CHn (285.0 

eV) and C-O (286.7 eV) are visible. The ratio of these two contributions amounts to I (C-O) /I 

(CHn) = 0.72, which is exactly the ratio expected from the stoechiometry of the initial 

compound, and totally matches our previous study of the same coatings on flat silicon nitride 

surfaces (Chapter 7). Another small contribution appears at higher binding energy (288 eV), 

which could correspond to carbon atoms having two bonds with oxygen. This signal was not 

observed when studying the coatings on plain surfaces (Chapter 7) and could be due to some 

oxidation occurring during the UV-irradiation. 

    

Figure 2. Survey XPS spectra measured on a) HF-treated silicon nitride and b) EO6-coated 

silicon nitride microsieve and c) C1s region of the high-resolution XPS measured on EO6 

coatings. 

AFM pictures recorded for the area between the pores of the membranes (Figure 4), do not 

show any differences between plasma cleaned and EO6-coated microsieves. The surface 

roughness was also identical with a value of 2.2 ± 0.2 nm for the rms. The fact that both 

surfaces appear identical with AFM, confirms that monolayers of EO6 successfully form 

homogeneous coatings on the microsieves; the UV-induced reaction did not cause any 

uncontrolled degradation or polymerization on the surfaces. 
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Figure 3. Flux measured during cross-flow filtration of 0.1 g.L-1 BSA solution in PBS buffer, 

a) without prefilter and b) with a 0.2 μm prefilter. The vertical arrows indicate a short manual 

back-flush, applied by squeezing the outlet tubing.  

The membranes were then tested during cross-flow filtration with 0.1 g.L-1 solutions of 

bovine serum albumin (BSA) in phosphate buffer saline (PBS: pH 6.75, ionic strength 0.08 

M). In these conditions, we did not observe adverse wetting effects, even though the EO6 

coating of flat SixN4 surfaces yields static water contact angles of 56 ± 1 º (Chapter 7), 

compared to the extremely hydrophilic surface of plasma-treated surfaces (contact angle < 5 

º). For the start-up of the filtration, no pre-wetting with e.g. ethanol was needed, as is the case 

for hydrophobic membranes.  

Before installation of the pre-filter, the experiments did not show significant differences 

between plasma-treated and EO6-coated membranes (Figure 3a). Both types of membranes 

were ‘blocked’ after about 15 min; a short back-flush would partially restore the flow (arrows 

in Figure 3a), but after two or three times, this action did not have any effect and the 

membranes were completely blocked. It is important to note that the same experiment carried 

out with milliQ water instead of BSA solutions gave exactly the same behavior, with the 

membranes being ‘blocked’ after 15 to 20 min, and that is rather surprising since regular 

membranes don’t show this flux behavior.  

As intriguing as this effect is, we decided to not investigate in depth, and go for a solution 

which is often used in membrane labs all over the world, the use of a pre-filter. When a 0.2 

μm prefilter was applied, (Figure 3b) a value of 0.07 ± 0.01 mL.s-1 was obtained for the flux, 

both for the plasma treated and EO-modified microsieve. Given the size of a single protein 
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molecule, it is not expected that even the presence of a monolayer of protein would result in 

any effect on the flux; therefore, closer observations of the surface were needed. 

An AFM study of the surfaces was done to monitor the adsorption of single proteins on the 

surface of the microsieves (Figure 4): plasma-treated and EO6-coated microsieves were 

analyzed after the filtration of 5, 50, and 100 mL of a 0.1 g.L-1 BSA solution; the set-up did 

contain a pre-filter. Figure 4 (a and e) show the clean surfaces of plasma-treated and EO6-

coated microsieves, respectively. As mentioned previously, the roughness of both membranes 

is the same. The main corrugation visible on these pictures is due to the high grain size of 

these silicon nitride surfaces, resulting in round features with diameters between 100 and 300 

nm. In our previous work on biorepellent SixN4 surfaces (Chapter 7), these big features were 

not observed, and are due to the deposition conditions of the SixN4 coatings. Smaller features 

in the background are also visible, which have a size close to horizontal resolution of the 

AFM (10 to 50 nm), and a height of about 1 nm. These small-sized grains were also observed 

on other smoother SixN4 surfaces.  

After the filtration of only 5 g of BSA solution (Figure 4b and f), the surface of plasma-

treated microsieves clearly shows the appearance of surface contamination by proteins, in the 

form of 2 to 4 nm-high structures. In comparison, this contamination was hardly detectable on 

the EO6-coated microsieves, which display at this stage good protein repellence. 

After the filtration of 50 and 100 mL of protein solution, the initial features of the plasma-

treated microsieve surfaces are barely recognizable, as protein aggregates accumulate on the 

surfaces. Even at this stage, the EO6 coatings seem to prevent a massive adsorption of BSA on 

the SixN4 surfaces, although Figure 4h reveals at least some surface contamination, observed 

via an increase in the number of round features with diameters of 50 to 100 nm. 

This minor surface contamination (compared to the one observed with plasma-treated 

surfaces) could cause a loss in resolution of the AFM, by the adsorption of surface 

contaminants on the tip. Despite this observation, the surfaces of EO6-coated microsieves 

mostly retained their initial features after the filtration experiments, thus displaying good 

biorepellent properties; therefore, it is also expected that the cleanability of these surfaces is 

much better.  
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Figure 4. AFM pictures of plasma treated (left) and EO6-coated microsieves. a/e: clean 

surfaces, and after filtration of (b/f) 5 mL, (c/g) 50 mL and (d/h) 100 mL of BSA solution (0.1 

g.L-1). Horizontal scale: 2 μm, vertical scale: 6 nm.  

a) e) 

b) f) 

g) c) 

h) d) 
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Conclusions 

EO6 coatings applied via a UV technique, which were originally designed for flat surfaces, 

can successfully be applied to porous microsieves. The coatings do not influence the liquid 

flux, nor do they have any adverse wetting effects. An AFM study of the surfaces between the 

pores of the membranes after filtration clearly points to the superiority of the EO6 coatings 

compared to plasma treatment, regarding protein repellence. The plasma treated microsieve 

(very hydrophilic) is heavily contaminated, and therewith, it is clear that the functionality of 

the EO groups is needed to effectively prevent protein adsorption.  
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Chapter 9 

Controlled Oxidation, Bio-
functionalization, and Patterning of 

Alkyl Monolayers on Silicon and SixN4 
Surfaces using Plasma Treatment 

A new method for the fast and reproducible functionalization of silicon and silicon 
nitride surfaces coated with covalently attached alkyl monolayers is presented. After 
formation of a methyl-terminated 1-hexadecyl monolayer on H-terminated Si(100) and 
Si(111) surfaces, short plasma treatments (1 to 3 s) are sufficient to create oxidized 
functionalities without damaging the underlying oxide-free silicon. The new functional 
groups can e.g. be derivatized using the reaction of surface aldehyde groups with primary 
amines to form imine bonds. In this way, plasma-treated monolayers on silicon or silicon 
nitride surfaces were successfully coated with nanoparticles, or proteins such as avidin. In 
addition, we demonstrate the possibility of patterning, using a soft contact mask during the 
plasma treatment, which yields micron-sized arrays. Using water contact angle measurements, 
ellipsometry, XPS, IRRAS, AFM and reflectometry, proof of principle is demonstrated of a 
yet unexplored way to form patterned alkyl monolayers on oxide-free silicon surfaces. 
 
 
 
This chapter will be published as:  
 “Controlled Oxidation, Bio-functionalization, and Patterning of Alkyl Monolayers on Silicon and 
Silicon Nitride Surfaces using Plasma Treatment”, Rosso, M.; Giesbers, M.; Schroën, K.; Zuilhof, H., 
in preparation. 
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Introduction 

Plasma treatments of organic materials have been widely studied to prepare modified 

surfaces for organic membranes1 or materials of biotechnological and biomedical interests.2-4 

Indeed, a short exposure of organic surfaces, usually polymers, to plasma can create directly 

new surface functionalities. The gas present in the plasma chamber determines the obtained 

functionalization:5,6 oxygen or water plasma leads to the oxidation of surfaces, and to the 

formation of polar surface groups (-OH, C=O, O-C=O), whereas exposure to ammonia, for 

instance, will mainly yield surface amine groups (-NH2). In most cases, these treatments 

produce surfaces with a higher biocompatibilty,7-9 but another interesting application involves 

the subsequent functionalization of these surfaces with bio-active molecules for specific 

recognition and sensing.10 While plasma treatments yield lower densities of surface functional 

groups than classical chemical reactions, this does not have to be a drawback given the size of 

the subsequently grafted moieties, whether they consist of biomolecules2 (proteins, 

antibodies, DNA…) or polymer brushes.11,12 

Beside the work carried out on polymer surfaces, several groups have also studied the 

effects of oxygen plasma,13-15 as well as atomic oxygen16,17 or ion beams18,19 on organic thiol 

monolayers on gold. In comparison, very little has been done concerning the further 

functionalization of plasma-treated monolayers. Indeed, plasma treatment provides an easy 

and fast activation of chemically inert organic monolayers (e.g. methyl-terminated), with 

potential applications in bio-sensing. Recently, carbon dioxide20 and oxygen21 plasma 

treatments were used to functionalize alkylsilane monolayers on glass, and the latter work 

demonstrated the attachment of antibodies.  

In this work, we extended the plasma functionalization to alkyl monolayers on oxide-free 

silicon, produced from the reaction of alkenes with hydrogen-terminated silicon surfaces and 

with HF-etched silicon-enriched silicon nitride (Si3.9N4). These high-quality alkyl 

monolayers, prepared by thermal or photochemical reaction of alkenes with hydrogen-

terminated silicon surfaces,22-33 have been studied for their high potential in sensing and 

nanotechnology applications,34-36 due to the possibility to attach biomolecules onto these 

surfaces.37-42 Importantly, these densely packed monolayers possess a much higher stability 

than thiol monolayers on gold or alkylsiloxane monolayers on oxide surfaces, because of the 

formation of strong Si-C bonds,23,25,43 which makes them more robust in various applications. 
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Within the alkenes available for the formation of methyl-terminated alkyl monolayers, 

methyl-terminated, monofunctional alkenes are probably the most convenient to use: their 

purification is easy (distillation) and their grafting conditions are very flexible (liquid state, 

heat-resistant, UV-resistant > 250 nm). Once these stable monolayers are formed, a short 

plasma treatment (0.5 to 2 s) is able to form oxidized functionalities within the top few 

angstroms of the surface, while the underlying alkyl chains retain their initial packing and 

insulation properties of the inorganic substrate. 

In addition, we show the easy formation of coatings of gold nanoparticles and functional 

proteins. In this latter case, the attachment of avidin was used, and the specific interaction 

with biotin-labeled BSA was monitored on the surface with reflectometry. Further, we 

demonstrate the feasibility of surface patterning, using a soft contact mask during the plasma 

oxidation. To our knowledge, this is the first attempt to functionalize alkyl monolayers on 

oxide-free silicon or silicon nitride using plasma. Besides the fundamental interest raised by 

the behavior of monolayers submitted to the plasma treatment, this technique provides a very 

fast (a few seconds) and reproducible grafting and dry patterning method for silicon surfaces. 

Experimental Section 

Materials 

1-Hexadecene (99%) was purchased from Sigma-Aldrich and distilled twice under reduced 

pressure before use. m-(Trifluoromethyl)benzylamine (TFBA) (97%), cysteamine (2-

aminoethanthiol), dimethyl sulfoxide (DMSO, spectrophotometric grade, 99.9%, dried over 

molecular sieves) and N-methyl-2-pyrrolidone (NMP, anhydrous, 99.5%) were purchased 

from Sigma-Aldrich and used as received for surface reactions. Citrate-terminated gold 

nanoparticles (AuNPs; diameter 15 nm) were purchased from Aurion BV, Wageningen, The 

Netherlands. Biotin hydrazide (98%), bovine serum albumin (BSA: fraction V, min 96% 

lyophilized powder), biotin-labeled BSA (lyophilized powder, 80%, extent of labeling: 8-16 

mol biotin per mol BSA) and Avidin (recombinant protein from egg white, expressed in corn, 

~ 12 units/mg protein) were purchased from Sigma. 
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Surface Modification 

Monolayer formation onto Si(100) and Si(111) surfaces.  
1-Hexadecyl-terminated silicon surfaces were obtained via a thermal modification in neat 

alkenes.25 Silicon wafers of Si(100) ± 0.5º and Si(111) ± 0.5º, (both N-type Si, resistivity 1-5 

Ω.cm; Siltronix, France) were first cleaned by sonication in acetone, followed by oxidation in 

air-based plasma for 5 min. Si(100) substrates were then H-terminated using etching in a 

2.5% aqueous HF solution for 2 min, whereas Si(111) substrates were etched in a argon-

saturated 40% aqueous solution of NH4F for 15 min and subsequently rinsed with ultra-pure 

water. Right after etching, substrates were dried with an argon flow, and dipped into argon-

saturated neat 1-hexadecene at 200 ºC to react for 4 h. After reaction, the modified substrates 

were rinsed thoroughly with petroleum ether and acetone and finally sonicated in acetone. 

Monolayer formation onto SixN4 surfaces.  
Si-rich silicon nitride, (SixN4: x ~ 3.9) deposited by CVD on Si(100) (thickness of 147 nm) 

was obtained from Lionix B.V., The Netherlands. 1-Hexadecyl-terminated silicon nitride 

substrates were obtained according to our previous work:44 SixN4 samples (with sizes of 1 × 1 

cm for XPS or 4 × 0.75 cm for reflectometry) were cleaned by sonication in acetone, followed 

by oxidation in an air-based plasma for 15 min. The oxidized samples were then etched with a 

2.5% aqueous HF solution for 2 min and dried in a nitrogen flow. They were then 

immediately dipped into argon-saturated neat alkenes in a fused silica flask. After 30 more 

min under argon flow, a UV pen lamp (254 nm, low pressure mercury vapor, double bore 

lamp from Jelight Cie, California) was placed 4 mm above the SixN4 surface and the sample 

was irradiated for 24 h. Afterwards, samples were removed and rinsed several times with 

petroleum ether and acetone, and sonicated in the same solvents. 

Plasma oxidation and derivatization.  
Monolayer-coated substrates were oxidized using a Harricks plasma cleaner/sterilizer (RF 

power 7.2 W), under a pressure of 5.10-2 mbar, with an air flow of about 25 l/h. After 

evacuation of the plasma chamber, the plasma was turned on for the desired time (0.5 to 3 s). 

The control of the position of the sample in the plasma chamber was important to obtain a 

reproducible degree of oxidation. Oxidized substrates were then directly used for subsequent 

treatments or analysis. Amine attachment: plasma-treated surfaces were dipped into 0.01 M 

solutions of TFBA in dry DMSO for 24 h. After reaction, samples were rinsed with DMSO 
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and acetone, sonicated in acetone and dried in a nitrogen flow. Attachment of AuNPs: plasma-

treated surfaces were reacted with 10-2 M solutions of cysteamine in NMP for 24 h. The 

obtained thiol-terminated surfaces were then reacted with Au NPs in water for 2 h. After 

rinsing with water and acetone, samples were sonicated in acetone and dried. Avidin 

attachment: the plasma-oxidized surfaces were dipped for 24 h in a 10-2 M solution of biotin 

hydrazide in DMSO at room temperature for 24 h, followed by a 1 h incubation in 1 ml of a 1 

mg/l solution of avidin in PBS buffer (pH 6.75). After attachment of avidin, the substrates 

were incubated in a 0.1 g/l solution of unlabeled BSA for 1 h, to passivate the remaining free 

area of the surface and thus avoid non-specific adsorption of protein during the reflectometry 

measurements. 

Monolayer Characterization 

Static Water Contact Angle 
The wetting properties of modified surfaces were characterized by automated static water 

contact angle measurements performed with an Erma Contact Angle Meter G-1 (volume of 

the drop of demineralized water = 3.5 μl).  

Ellipsometry 
Thickness measurements were performed with a computer-controlled null ellipsometer 

(Sentech SE-400) using a He-Ne laser (λ = 632.8 nm) and an incident angle of 70°. The mode 

“polarizer + retarder, aperture, strict” was used. The layer thickness was determined using a 

three-layer model in the ellipsometry software from Sentech. 

X-ray Photoelectron Spectroscopy (XPS) 
The XPS analysis was performed using a JPS-9200 Photoelectron Spectrometer (JEOL, 

Japan). The high-resolution spectra were obtained under UHV conditions using 

monochromatic Al Kα X-ray radiation at 12 kV and 25 mA, with an analyzer pass energy of 

10 eV. High-resolution spectra were corrected using a linear background subtraction before 

any peak deconvolution. 

Fourier-transform infrared reflection absorption spectroscopy (FT-IRRAS) 
Spectra were measured with a Bruker Tensor 27 FT-IR spectrometer, using a commercial 

variable-angle reflection unit (Auto Seagull, Harrick Scientific). A Harrick grid polarizer was 

installed in front of the detector, and was used to measure spectra with p-polarized (parallel) 
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radiation with respect to the plane of incidence at the sample surface. Single channel 

transmittance spectra were collected using a spectral resolution of 4 cm-1, using 1024 scans in 

each measurement. The optimal angle for data collection was found to be 68º for all the 

surfaces studied. All the reported measurements were performed at this angle. Raw data files 

were divided by data recorded on a plasma-oxidized reference surface, to give the reported 

spectra. 

X-ray photoelectron spectroscopy (XPS) 
The XPS analysis was performed using a JPS-9200 Photoelectron Spectrometer (JEOL, 

Japan). The high-resolution spectra were obtained under UHV conditions using a 

monochromatic Al Kα X-ray radiation at 12 kV and 25 mA, using an analyzer pass energy of 

10 eV and a take-off angle of 1º relative to the surface normal. All high-resolution spectra 

were corrected with a linear background before fitting. Binding energies were calibrated at 

285.0 eV for the C1s peak corresponding to carbon in alkyl chains. To facilitate the 

comparison between samples, XPS intensities measured on Si were normalized to the 

intensity of the Si2p signal.  

Atomic force microscopy (AFM) 
Images were obtained with an MFP-3D AFM from Asylum Research (Santa Barbara, CA). 

Imaging was performed in AC mode in air using OMCL-AC240 silicon cantilevers (Olympus 

Corporation, Japan).  
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Reflectometry 
The set-up used for reflectometry measurements has been described in Chapter 7. In short, a 

monochromatic light beam (He-Ne laser, λ = 632.8 nm) is linearly polarized and passes a 45 ° 

glass prism. This beam arrives at the interface with an angle of incidence of 66 º for the 

solvent/substrate interface. After reflection at the interface and refraction in the prism, the 

beam is split into its p- and s-polarized components relative to the plane of incidence by 

means of a beam splitter. Both components are separately detected by two photodiodes and 

the ratio between the intensity of the parallel and perpendicular components is the output 

signal S (S = Ip/Is). Combined with a stagnation point flow cell, the set-up allows the 

introduction of buffer or protein solutions, to study homogeneous adsorption on surfaces 

under diffusion-controlled conditions. Strips of SixN4-coated silicon wafer (typical size of 4 × 

0.75 cm) were coated with a monolayer on one end (about half of the sample length), while 

the other end was used to hold the strip in the measuring cell of the reflectometer. The BSA 

and biotin-labeled BSA (0.1 mg/L) were freshly prepared in PBS buffer (pH 6.75, ionic 

strength 0.08 M). All reflectometry experiments were performed at 23 ºC. Before 

measurements were made, surfaces were incubated 1 h in buffer to avoid artifacts due to 

initial surface wetting. After placing the samples in the reflectometer, the buffer solution was 

injected until the output signal was nearly constant: fluctuations of less than 0.001 V over 2 

min were considered satisfactory. The adsorbed amounts of protein were calculated according 

to the method described Chapter 7. 

Results and Discussion 

Formation and plasma treatment of 1-hexadecyl monolayers on silicon 
After 4 h of reaction in neat 1-hexadecene at 200 ºC, the silicon substrates were coated with 

a hydrophobic hexadecyl monolayer. Water contact angles of 109 ± 1º and 111 ± 1º were 

measured on Si(100) and Si(111) surfaces, respectively, in line with literature data.45 No 

significant difference in layer thickness was measured with ellipsometry, giving monolayers 

on both surface orientations a thickness of 1.7 ± 0.1 nm. 

When submitted to short plasma treatments, these hexadecyl monolayers on Si(100) and 

Si(111) surfaces showed similar behavior, when the reaction was monitored through water 

contact angle and monolayer thickness (See Figure 1): in the first 3 seconds of treatment, the 
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water contact angles decreased from ≥ 109º to 0º, indicating a complete surface coverage of 

polar oxidized species. Simultaneously, the monolayer thickness decreased from the initial 1.7 

± 0.1 nm down to about 1.3 ± 0.2 nm after 3 s. Shorter treatment times resulted in 

intermediate contact angles in a very reproducible way, indicating a progressive oxidation of 

surfaces. In particular, monolayers treated for 0.5 s (water contact angles: 89 ± 3º) were as 

thick as the initial 1-hexadecyl coatings (1.7 ± 0.1 nm), but less hydrophobic. At this stage, 

the oxidation of surfaces started, but no significant part of the monolayer was removed. After 

1 s of treatment, the further decrease in contact angle (64 ± 3º) was accompanied by a small 

decrease in thickness of about 0.2 nm for both Si(100) and Si(111), indicating the oxidative 

fractionation of alkyl chains by the plasma. After 3 s of treatment, about a third of the 

monolayer thickness was removed. 

  

Figure 1. a) Water contact angles and b) ellipsometric thicknesses measured on hexadecyl-

terminated Si(111) and Si(100) surfaces, before and after different times of plasma treatments. 

The XPS analysis at the different stages of the plasma treatment gives more insight in the 

newly created surface functionalities. The C1s region of the high-resolution XPS data 

measured at 0 to 3 s of plasma treatment reveals clearly the appearance of new oxygenated 

species on both Si(111) and Si(100) substrates (See Figure 2). The initial 1-hexadecyl 

monolayer showed a main peak at 285.0 eV, characteristic for alkyl chains (-CHn-) and a 

small peak at 283.7 eV due to the terminal carbon bound to silicon (C-Si).45 
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Figure 2. C1s region of XPS data measured on plasma treated hexadecyl monolayers on 

Si(111) (left) and Si(100) (right) substrates after various reaction times. The data measured on 

Si(111) substrates is shown with the fitted contributions of the different carbon atoms. 

After plasma treatment, a decrease in the intensity of the CHn peak at 285.0 eV is associated 

with an increase in the intensity of peaks at higher binding energies. Interestingly, the total C1s 

intensity did not decrease after 0.5 s of treatment, which implies that the top methyl groups 

are only partly oxidized and not yet removed. This confirms the conclusions already drawn 

from the ellipsometric measurements shown in Figure 1b. Despite the complexity of the 

plasma-induced oxidation reactions, which involve in particular the formation of highly 

reactive oxygen atoms,46 the oxygen-bound carbons can be grouped under three main 

contributions at 286.6 eV (C-O), 288.3 eV (C=O) and 289.7 eV (O-C=O). Figure 3a gives an 

overview of the contributions of these different carbon species. Carbon atoms with a single 

bond to oxygen (C-O) seem the most favored throughout the whole treatment. After 1 s of 

oxidation, C=O bonds represent a significant part of the surface functionalities, most probably 

in the form of aldehyde groups that can react with primary amines to form imine bonds.21 The 
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proportion of these C=O bonds on the surface did not increase much for plasma treatments 

longer than 1 s. This was confirmed by coupling these oxidized substrates with TFBA: 

samples treated for 1 s with plasma gave a maximum value of the normalized intensity of the 

F1s peak measured on these samples at 689.0 eV (See Figure 3b). This maximum value, after 

correction for the different sensitivity factors of the C1s and F1s peaks, indicates that 35 to 

40% of the C=O groups introduced after plasma treatment have reacted. The remaining part 

probably consists of aldehyde groups too hindered to react with the bulky TFBA molecules, 

or functionalities other than aldehydes that were also counted in the peak at 288.3 eV but with 

no or little reactivity towards amines under these conditions. 

 

Figure 3. a) Relative proportions of the C1s XPS signals at different times of plasma treatment 

(values for C-Si are omitted for clarity). b) Normalized F1s intensity after coupling of oxidized 

surfaces with TFBA to form the fluorinated imine. 

Unlike the C1s region of XPS data, the Si2p spectra measured on plasma-treated samples 

reveals an important difference between the Si(100) and Si(111) surfaces (See Figure 4): only 

for monolayers on Si(100) can we see the growth of a peak between 102.5 and 103.0 eV, 

corresponding to the formation of SiO2 at the monolayer-substrate interface. After 3 s of 

treatment, this SiO2 peak corresponds to 5% of the total Si2p signal. In contrast to this 

behavior, the Si(111) substrate was not measurably affected by plasma treatment of 

monolayers. This difference in quality of the monolayers, already observed in their initial 

water contact angles (109 ± 1º and 111 ± 1º on Si(100) and Si(111) surfaces, respectively) can 

be explained by the different etching procedures of the two substrates. Indeed, unlike for 

Si(100), the buffered etching of Si(111) surfaces allows the formation of large atomically flat 

terraces, ensuring a better saturation of the surface after reaction with hexadecene.45 
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Figure 4. Si2p region of the XPS data measured on 1-hexadecyl monolayers on a) Si(100) and 

b) Si(111) at different times of plasma treatment. 

Plasma-treated samples were also characterized using IRRAS, where the observation of 

CHn and C=O stretching vibrations corroborates the previous results. As can be seen in Figure 

5 and Figure 6, the initial intensity of symmetric and antisymmetric CH2 vibrations at 2851 

and 2921 ± 1 cm-1, respectively, gradually decreases upon increasing the duration of the 

plasma treatment. Meanwhile, the CH3 vibration at 2965 cm-1 even disappears totally after 3 s 

of treatment, in line with complete loss of methyl-termination and formation of hydrophilic 

surfaces (water contact angle ~ 0º). The exact position of 2920 cm-1 and 2921 cm-1 for the 

symmetric CH2 peaks on Si(111) and Si(100), respectively, implies a good packing density, 

since disordered monolayers can display values up to 2926 cm-1.47-49 It is remarkable that the 

plasma treatment does not influence the positions of both CH2 peaks, even as their intensities 

decrease. This observation shows that the packing of the alkyl monolayers was not 

significantly affected by the plasma, even upon oxidation of the top surface. While the 

underlying alkyl chains remain unaffected by the plasma treatment, the growth of shoulders 

on the high-frequency side of the CH2 peaks clearly reveals the appearance of a less dense 

layer in the upper part of the monolayer. Despite a low signal-to-noise ratio, IRRAS also 

allows us to monitor the growth of a wide peak centered at 1718 cm-1, characteristic for C=O 

vibrations. This frequency is slightly lower than the typical value for aldehydes (~ 1728 cm-1), 

but the large width of this peak indicates the presence of several carbonyl and carboxyl 

functionalities. Moreover, the exact position of this peak displayed some sample-to-sample 

variation, with values up to 1728 cm-1. 
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Figure 5. IRRAS data in the regions of a) CHn and b) C=O stretching vibrations, measured on 

plasma-treated hexadecyl monolayers on Si(111) substrates, after different durations of 

plasma treatment. 

  
Figure 6. IRRAS data in the regions of a) CHn and b) C=O stretching vibrations, measured 

on plasma-treated hexadecyl monolayers on Si(100) substrates, after different durations of 

plasma treatment. 

From ellipsometry, XPS and IRRAS measurements, it appears that the oxidation caused by 

the plasma treatment of coated Si(111) only affects the top of the monolayer, while its lower 

part retains its insulating properties. No sputtering or desorption of entire alkyl chains was 

observed, as it would lead to holes in the monolayers and subsequent oxidation of the 

substrate (See Figure 7).16 Monolayers on Si(100) substrates displayed a less ideal behavior, 

probably due to the intrinsically lower quality of the etched surfaces, compared to the ones of 

Si(111). 
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Figure 7. Surface reactions during plasma treatment of alkyl monolayers on silicon. 

Attachment of Au NPs on plasma-treated monolayers and patterning.  
For the attachment of gold nanoparticles (AuNPs), we only used Si(111) substrates, as these 

surfaces could completely withstand the plasma oxidation while allowing further 

functionalization. After plasma treatment of hexadecyl monolayers for 1 s, the resulting 

surface aldehydes were reacted with cysteamine (2-aminoethanethiol) to give substrates 

terminated with thiol functionalities. When samples were then placed in a solution of Au NPs, 

these would adsorb at the surface and remain attached due to the formation of Au-S bonds. 

After cleaning and sonication of the substrates in water, the dense coating of nanoparticles 

could be observed with AFM (See Figure 8b). The size of ~ 15 nm for individual Au NPs can 

be measured by the height-to-height distance on the AFM section, showing the presence of a 

single monolayer and the absence of aggregates. For comparison, Figure 8a shows the AFM 

picture of a monolayer-coated Si(111) surface before plasma treatment, which only displays 

the characteristic terraces of the underlying Si(111) surface. 
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Figure 8. AFM pictures and sections measured on monolayer-coated silicon surfaces. Left: 

After exposure to cysteamine and gold nanoparticles without plasma treatment; right: after 1 s 

of air-based plasma followed by reaction with cysteamine and gold nanoparticles. 

We subsequently used the grafting of Au NPs to demonstrate the possibility of surface 

patterning using plasma. Indeed, the combination of plasma treatments and classical 

photolithography techniques has already been proposed to carry out the fine patterning of 

surfaces50,51 and the production of bio-arrays.51 When a soft patterned PDMS mask was 

pressed to the monolayers during to the plasma treatment, the oxidation could be restricted to 

the unexposed area of the substrates. The result of such an experiment is presented in the 

AFM images in Figure 9, where the simple features of the stamp (straight line or angle) were 

perfectly reproduced after reaction with cysteamine and Au NPs. The non-exposed areas are 

comparable to Figure 8a, and retain their strong hydrophobic character, which proves the 

persistence of the intact hexadecyl monolayer. The boundary between the different areas 

displays some irregular features: at the edge of the PDMS stamps, an elevated line is visible, 

which was already observed in previous patterning experiments involving PDMS stamps on 

silicon surfaces.52 In this case, the features might be due to some leaching of uncross-linked 

silicone polymer chains from the PDMS stamp. Since they were only found around, and not 

inside the areas that were covered by the stamps, we conclude that the plasma could oxidize 

these uncross-linked silicone polymers to yield these insoluble residues. The coverage of 

AuNPs does not show an abrupt transition, but a regular decrease over 0.5 μm as they 
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approach the boundary. This imperfection is probably due to limitations to the diffusion of the 

plasma at the edge of the stamp, during the short reaction time. Indeed, similar patterning 

experiments with micrometer-sized features, where the plasma can diffuse under the stamp, 

showed a small mean free path of the plasma (~ 1 μm). Nevertheless, the observed thin 

transition area (~ 0.5 μm) would allow the formation of complex patterns, using soft stamps 

with perforated micron-sized features, such as polymeric microsieves.53  

  
Figure 9. AFM images of monolayer-coated silicon surfaces patterned during plasma 

treatment, and reacted with cysteamine and AuNPs (horizontal range: left 10 μm, right 20 μm, 

vertical range left: 23 nm, right 20 nm). 

Formation of biospecific surfaces.  
To demonstrate the easy bio-functionalization of alkene-based monolayers using plasma 

oxidation, hexadecyl monolayers were prepared on silicon nitride,48,49,54,55 using a 

hydrosilylation reaction similar to the one used for silicon. In particular we used a UV-

mediated reaction of alkenes with etched silicon nitride surfaces,55 and a plasma treatment as 

described above.  The specific surface configuration (monolayer on silicon nitride deposited 

onto a silicon wafer) allows the use of reflectometry to monitor in-situ protein adsorption after 

attachment of specific biomolecules.44. For this purpose, plasma-treated hexadecyl 

monolayers were reacted with biotin hydrazide, and the resulting biotin-terminated substrate 

were incubated with avidin in PBS buffer, and then with BSA. As depicted in 

Figure 10, avidin still has some of its 4 recognition sites available after a specific adsorption 

with the immobilized biotin.56 The final saturation of free surface sites with BSA ensures that 

no protein will adsorb unspecifically during the reflectometry measurements.21  



Chapter 9 

190 
 

 

Figure 10. Formation of avidin-terminated surfaces, using plasma treatment, and subsequent 

reactions with biotin hydrazide and avidin, followed by passivation of the remaining areas 

with BSA. 

The reflectometry measurements displayed in Figure 11a show the specific interaction of 

biotin-labeled BSA with avidin-functionalized silicon nitride surfaces: during the first phase 

of exposure to unlabeled BSA, no adsorption occurred, because all the areas available for 

non-specific adsorption have already been saturated, either by avidin attachment, or by the 

subsequent incubation with BSA. When biotin-labeled BSA is introduced in the cell, an 

adsorption of 0.5 mg/m2 was measured, due to the specific avidin-biotin interaction. For 

comparison, reflectometry experiments were also carried out without the prior surface 

saturation with BSA (Figure 11b). In that case, a first slower non-specific adsorption of 

unlabeled BSA (~ 1 mg/m2) is observed, followed by a fast adsorption of biotinylated BSA 

identical to that observed in the previous experiment. From these adsorbed amounts, we can 

deduce that the biotin-labeled BSA can still occupy roughly one third of the available surface: 

the total surface saturation (BSA and biotin-labeled BSA) of 1.5 mg/m2 was comparable with 

the normal coverage of BSA on bare oxide surfaces. 

The surface density of the functionalization obtained with the plasma treatment is an 

important issue if this method has to compete with classical chemical reactions. It is obvious 

that the simplicity, speed and effectiveness make this method highly competitive, specifically 

for use of binding of relatively big species, such as the proteins or nanoparticles presented in 

this work.  
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Figure 11. Reflectometry data obtained by subjecting avidin-coated silicon nitride surfaces to 

BSA and biotin-labeled BSA, a) with a passivation of the modified surfaces overnight in a 

BSA solution; b) without BSA passivation, directly after attachment of avidin. 

Conclusions 

The reported results show the possibility to use a simple and short (maximally 3 seconds) 

plasma treatment to functionalize methyl-terminated monolayers on silicon and silicon nitride 

surfaces in a fast and reproducible way. The quality of the monolayers and substrates was not 

affected by the activation of the top molecular layer of the coatings, as shown with IRRAS 

and XPS. The plasma treatment allows the ready attachment of functional proteins, as 

demonstrated by the avidin-biotin interaction. Grafting of gold nanoparticles and 

biomolecules can also easily be achieved, while the use of a patterned mask during the plasma 

treatment results in micron-sized arrays. This is a new technique for the spatially-controlled 

chemical and biochemical functionalization of silicon and silicon nitride surfaces, which can 

likely also be applied to organic monolayers that are covalently attached onto other surfaces. 

A similar method for the patterning of proteins on silicon surfaces was already described, 

using the AFM-induced electrooxidation of methyl-terminated oligoethylene oxide 

monolayers;57 using plasma oxidation, larger areas of methyl-terminated monolayers could be 

patterned quickly and in mild conditions. 
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Chapter 10 

General Discussion 

In this last chapter, some of the most striking effects that are described in the previous 
chapters are put into a wider perspective. In particular, the formation and stability of organic 
monolayers is discussed for the various methods that were applied. Further, the application of 
such layers is discussed in relation to biofunctionalization and biorepellence, and the chapter 
is concluded with an overview of the opportunities this provides for surface engineering. 
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Formation and stability of organic monolayers 

We have succeeded in the formation of stable, covalently bound alkyl monolayers on 

silicon nitride and silicon carbide, two materials with interesting mechanical, chemical, 

optical and electrical properties. So far, the only reported way to bind molecules to the surface 

of these materials was to use the reaction of silanes with the poorly defined native oxide 

resulting from the oxidation of these materials. 

The main advantage of the methods we describe in Chapter 4 to 6 is the clear increase in 

stability due to the direct functionalization of the etched materials: all of the native oxide is 

removed by etching, and the alkyl monolayers are attached via the strong predominant Si-C 

and C-O-C bonds resulting from the alkylation of SixN4 and SiC, respectively. These 

intrinsically more robust materials can also contribute to the stability of monolayers, since 

they will be less sensitive to the presence of pinholes in the monolayers, compared to silicon 

or silicon oxide surfaces. The UV modification technique presented in this thesis also adds to 

the chemical resistance of the coatings: the possibility to form multilayers with controlled 

thicknesses seems to point to a radical mechanism that can be propagated through the 

monolayer. In this scenario, the presence of radicals within the monolayer can possibly cause 

cross-linking of the organic chains, which would explain the observed increase in stability. In 

this regard, but also considering its other advantages (small required amount of alkenes, 

reproducibility), the UV-induced reaction should be preferred to the thermal method, as long 

as the organic compounds have a low absorption at the wavelengths used. 

The stability of the obtained alkyl monolayers with the UV-initiated attachment on SixN4 

and SiC can perhaps be increased even more. For example, the use of other reactive groups, 

such as terminal alkynes instead of alkenes could result in a stronger bond to the surface. This 

superior stability of alkynes over alkenes was indeed observed in the thermal monolayer 

formation on SixN4 surfaces (Chapter 4) and previous studies on silicon also mention the 

possibility to form multiple bonds with the surfaces.1 It is expected that the stability of UV-

induced monolayers can also be improved by the inclusion of internal groups (alkenes, 

alkynes or others) in the middle of the linear alkyl chains, as long as the cross-linking and the 

formation of thin homogeneous coatings could be controlled. 

The mechanism of the UV-induced reaction is open to various experimental challenges.  

The reaction apparently involves radicals, but the causes of the reaction initiation are still 
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unclear. Therefore, it might be interesting to study the formation of UV-induced monolayers 

on surfaces with different doping levels: in particular, SiC wafers can be obtained with 

different doping concentrations and the change in electronic band-gap caused by the doping 

could have some influence on the monolayer formation, if a mechanism involving radical-

cation activation were involved, like in the case of silicon.2 

Unlike silicon, SiC and SixN4 are high-bandgap materials and a straightforward explanation 

based on energy differences can be difficult to justify: the electronic bandgaps of SiC (2.3 to 

3.3 eV) and SixN4 (2 to 4 eV) are very similar to the bond enthalpies of most bonds present at 

the surface of the etched materials. In other words, the optimal 254 nm-irradiation wavelength 

that we use, corresponding to an energy per photon of 4.9 eV could well cause both homolytic 

bond cleavages and bandgap excitations. The use of materials with more defined properties 

and/or different bandgaps could show a preference for one or another mechanism. If such 

well-defined SiC surface can be prepared and coated with monolayers, the different 

reactivities of the crystal faces could be studied; notably, the formation of monolayers on the 

most frequently encountered C-terminated (000-1) face and the Si-terminated (0001) face 

could be investigated. 

Apart from these mechanistic studies, it would be highly interesting to know whether 

doping could reduce the irradiation times (number of photons) or the photon energy required 

for the formation of a monolayer. The possibility to use wavelength above 320 nm would also 

allow the direct attachment of sensitive biomolecules, as is possible on silicon using visible 

light.3 In addition, a shorter irradiation time would also make surface patterning with light 

practically easier. 

Another way to improve the monolayers formed on SiC surfaces would be to modify the 

etching method prior to the reaction: indeed, we present here a bench-top wet etching that can 

easily be applied in any laboratory, but these conditions do not allow the formation of 

oxygen-free surfaces on this material. Atomically flat hydrogen-terminated SiC surfaces, for 

example, might show reaction conditions more similar to the one observed on etched silicon 

surfaces, i.e. milder reaction conditions and higher packing density of the monolayer. All the 

combined benefits of a robust material, a well-defined surface and a dense monolayer would 

yield coatings with outstanding stabilities. Moreover, an atomically flat surface might favor 

the more efficient propagation of a radical chain reaction, and the coating procedure could be 

done in a shorter time, as is the case for silicon(111) surfaces. In contrast to this, the high 

density of defects found on hydroxyl-terminated surfaces can prevent this propagation of the 
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coating reaction. Such oxygen-free SiC surfaces could be prepared in high-vacuum 

conditions,4-6 and reacted with alkenes or alkynes in the gas phase. This more controlled 

environment would also allow to scale-up the production of coated surfaces: with a proper 

engineering of the deposition process, batches of several wafers covered with the devices to 

modify could be prepared at the same time. 

Biofunctional monolayers 

The functionalization of both SixN4 and SiC surfaces is clearly demonstrated in this thesis 

through the direct attachment of alkyl chains, esters, phtalimides and oligoethylene glycols. 

Additionally, the deprotection of phtalimides and esters can yield amines and carboxylic acids 

on the surfaces, which can be coupled with virtually any interesting compound via the 

chemistry of activated esters, etc. 

Since UV-induced monolayer formation gives the best results (stability, coating density), 

the preparation of functional monolayers on SiC and SixN4 can be achieved best using 

activated esters: 2,2,2-trifluoroethyl undecenoate, for example, can be coupled with amines in 

almost quantitative yield (> 80%), after a basic hydrolysis and the formation of an NHS (N-

hydroxysuccinimide) ester. This reaction is probably mostly limited by steric hindrance at the 

surface. When the density of surface grafting can be lower, like for the attachment of big 

biomolecules (compared to the size of the alkene precursors), a surface activation with the 

controlled plasma oxidation described in chapter 9 offers a simple and fast alternative to 

produce bioactive surfaces, without the need of a chemical deprotection step. 

However, amines can also react directly with the 2,2,2-trifluoroethyl ester7 (in organic 

solvents), and preliminary solution studies with simple amines, such as 1,2-diaminoethane 

(neat or in DMSO; data not shown) indicated a the possibility for a quantitative surface 

conversion. This approach could be used to produce dense coatings of biologically relevant 

molecules on the surfaces in a fast and reproducible way: The reaction of biotin hydrazide in 

anhydrous DMSO or DMF with a trifluoroester-terminated monolayer would create a dense 

layer of biotin on the surface (Figure 1). Any further biofunctionalization could be done in 

aqueous solutions: the binding of streptavidin on the biotinylated surface and the final 

attachment of a biotinylated proteins (or any biomolecule of interest).  
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Figure 1. Reaction scheme for the biofunctionalization of SiC and SixN4 surfaces coated via 

UV-induced monolayer formation with 2,2,2-trifluorethyl undecenoate. The use of the biotin-

streptavidin interaction provides a flexible attachment platform. 

In theory, many combinations of monolayer formation and chemical functionalization are 

possible. But the one described in Figure 1 currently seems the most promising: It combines 

the reproducibility of the trifluoroethyl ester-terminated monolayer with the fast and 

quantitative reaction with primary amines in anhydrous solvents to form stable amide bonds, 

and the flexibility offered by the widely used streptavidin-biotin system. Indeed, many 

biological molecules can be purchased with a biotin-tag nowadays, and can thus be used for 

the preparation of SixN4 or SiC-based sensor systems. 

If the modification of doped monocristalline SiC surfaces (vide infra) will become possible 

under milder conditions (e.g. temperatures < 60 ºC or irradiation wavelength > 320 nm), as 

should in theory be the case, the direct attachment of biomolecules can be envisaged, 

analogous to what is possible on silicon using visible light.3  

Biorepellent monolayers 

The protein repellence of EO3 and EO6 molecules demonstrated in Chapter 7 and Chapter 8 

can provide a sensitive improvement in the filtration of biological and food-related solutions 

with microfabricated silicon nitride membranes or “microsieves”.8-10 In particular, the results 

shown in Chapter 8 are encouraging to further develop bioresistant microsieves with 

improved filtration performances, by combining surface modification with membrane 

actuation by back-pulsing. Such studies are currently ongoing in our and other laboratories. 

When considering industrial applications of biorepellent coatings, additional improvements in 

coating stability would still be valued: the use of terminal alkynes or extra internal 

functionalities (vide infra) could be used also for biorepellent coatings to allow inter-chain 

cross-linking, while retaining high grafting densities. Another improvement in stability could 
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be reached by using SiC instead of SixN4 for the coating of microsieves, to give them more 

mechanical and chemical robustness. SiC has been much less used than SixN4 in 

microfabrication, but more and more facilities nowadays offer the possibility to produce 

reproducible SiC surfaces by chemical vapor deposition (CVD). 

Biorepellent coatings could also be used for sensing applications: protein microarrays, for 

example, require in practice the absence of non-specific protein adsorption. The passivation of 

unfunctionalized areas could be done, either by UV-induced monolayer formation, as 

described in Chapter 7 and 8, using a photolithography mask. This patterning could also be 

achieved by a selective activation of an already formed monolayer: If an ethylene glycol 

monolayer is exposed to a plasma with a properly perforated soft contact mask, such as 

suggested at the end of Chapter 9, and subsequently exposed to amine-functionalized 

bioactive compounds, then patterned biofunctional and biorepellent areas could be formed 

(Figure 2). This approach was already successful, for example, to create nanoarrays of 

proteins, using the electrooxidation of oligoethylene glycol monolayers on silicon surfaces 

with AFM.11 However, the use of plasma with a contact mask as we describe here allows the 

functionalization of bigger areas in a single fast step. 

 

Figure 2. Opportunity for biospecific patterning of surfaces using plasma activation of 

protein-repellent oligomers monolayers. 

Opportunities for surface engineering 

Many sensing methods could be developed, using the combination of SixN4 or SiC and 

covalent organic monolayers. During the course of this project, for example, we attempted the 

modification of silicon nitride microcantilevers with organic monolayers, in order to develop 

an online gas sensor based on the shift in resonance frequency of the cantilever upon specific 

binding of gas molecules. The complexity of the phenomena we observed did not allow us to 
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draw direct conclusions yet, but this concept, if carried out with due efforts, might yield an 

elegant combination of microfabrication and organic surface engineering. 

Several other techniques already use, or could use, silicon nitride (waveguide refractometric 

or fluorescence sensor,12 field-effect transistors) or silicon carbide surfaces 

(nanoelectromechanical systems or NEMS13, MOSFET or impedance sensors14,15) and a 

complete list of the possible combinations is already too long to be given here. However, the 

formation of robust organic monolayers on the surfaces of materials with diverse properties 

such as silicon, silicon nitride, or silicon carbide bears the promise of challenging material 

design far beyond the limits that are currently in place.  

Surface engineering is one of the best practical contributions that chemists can make to 

microfabrication, micro- and nanoelectromechanical systems, microfluidics, process 

engineering or biosensing, which were once the exclusive domains of physicists, engineers, or 

biochemists. Through the available chemistry and clear opportunities for other fields of 

research, the field of surface engineering will inevitably become more multi-disciplinary and 

create more potent devices than either of the disciplines could have produced individually, 

and allow us to face new challenges for science and society. 
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Summary 

Silicon-rich silicon nitride (SixN4, x > 3) is a robust insulating material widely used for the 

coating of microdevices: its high chemical and mechanical inertness make it a material of 

choice for the reinforcement of fragile microstructures (e.g. suspended microcantilevers, 

micro-fabricated membranes-“microsieves”) or for the coating of the exposed surfaces of 

sensors (field-effect transistors, waveguide optical detectors). To a more limited extent, 

silicon carbide (SiC) can find similar applications, and this material also starts to be more and 

more applied in coating and sensor technologies. 

In all these applications, control over the surface properties of inorganic materials is crucial, 

for example to avoid blockage of membranes during filtration, or to provide sensor surfaces 

with specific (bio-)recognition properties. In this thesis, a variety of methods is developed to 

obtain and study robust functional coatings on SixN4 and SiC. These enable a whole new 

range of applications involving biocompatible and bio-specific surfaces, while retaining the 

bulk mechanical, structural, electrical or optical properties of the inorganic substrates. 

Chapter 2 and 3 of the thesis give an overview of the great potential of covalent organic 

monolayers: Chapter 2 presents the formation of alkylthiol, alkylsilane and alkene 

monolayers, as well as a number of applications in biocompatible surfaces, micro- and 

nanopatterning of surfaces and sensing. The emphasis of this review chapter is put on the 

possible combinations of the bulk properties of inorganic materials (electrical, optical, 

structural) and the surface properties of organic monolayers (wettability, biospecificity, 

biorepellence). Chapter 3 is focused on biorepellent surfaces in the field of filtration with 

microfabricated membranes. Indeed, silicon nitride microsieves, despite their high 

permeability and structural homogeneity, are prone to pore blocking, when submitted to 

biological solutions. The chapter gives a review of the available surface modification 

techniques involving organic coatings that can minimize or even prevent this surface 

contamination. These coatings involve highly hydrophilic oligomers and polymers, which 

have been widely explored for organic surfaces. Covalent organic monolayers formed onto 

inorganic surfaces can extend the applications of these biorepellent coatings to microdevices 

like SixN4 microsieves (as also discussed in Chapters 7 and 8) 

Chapter 4 and 5 present the thermal functionalization with highly stable alkene-based 

organic monolayers of the surfaces of silicon-rich silicon nitride (Chapter 4) and silicon 

carbide (Chapter 5). This work was motivated by the substantial knowledge of similar 
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monolayer formation on silicon surfaces1,2 and the initial success of simple functionalizations 

on silicon nitride.3 The strong covalent attachment of the coating molecules with the 

substrates makes the obtained hybrid structures much more resistant to chemical degradation 

than other types of monolayers on these substrates. The reaction proceeds via attachment of 

the terminal double bond of alkenes with the surface groups (Si-H in the case of silicon nitride 

surfaces or –OH for silicon carbide surfaces). Besides methyl-terminated surfaces, functional 

coatings can be obtained by the use of bi-functionalized alkenes (Figure 1), also allowing 

further surface reactions and the attachment of bio-recognition elements, through covalent 

attachment of diverse chemical (carboxylic acid, amine) or biological (oligo-peptides, protein) 

moieties. 

 

Figure 1. Modification of SiC and SixN4 surfaces with alkyl monolayers 

Chapter 6 describes a modification of this method, where UV irradiation is used instead of 

heat to initiate the modification of both silicon nitride and silicon carbide. For both materials, 

this method allows the grafting of heat-sensitive compounds, needs less starting material 

(using only a liquid film) and provides monolayers with higher quality (as e.g. indicated by 

grafting density and stability) and higher reproducibility. Here again the attachment of diverse 

functionalities is possible, via formation of activated esters. After hydrolysis and activation of 

such grafted ester, amines can be attached in high yield (> 80 %), as demonstrated using X-

ray photoelectron spectroscopy (XPS). Besides the homogeneous modification of plain 

surfaces, this method also opens the way to surface patterning of silicon nitride and silicon 

carbide and the modification of mechanically sensitive microfabricated devices.  

In Chapters 4 to 6, the chemical functionalizations are studied using X-ray photoelectron 

spectroscopy (XPS), infrared reflection absorption spectroscopy (IRRAS), atomic force 

microscopy (AFM), time-of-flight secondary ion mass spectrometry (ToF-SIMS) and static 

water contact angles. Si-C bonds are formed preferentially upon reaction of SixN4 surfaces 
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with alkenes, similarly to what is reported for pure silicon surfaces, albeit that no 

measurement could totally exclude the presence of C-N bonds. The wet etching of SiC yields 

hydroxyl-terminated surfaces, and an IRRAS study reveals the attachment of alkenes via a 

Markovnikov-type addition (O-C bond formed on the second carbon of the double bond). The 

stability of these monolayers is reported in acidic and basic conditions, and it was shown that 

UV initiation yields even more stable monolayers, probably due to some cross-linking of the 

alkyl chains. 

Chapter 7 explores the biorepellence of UV-initiated monolayers on silicon nitride surfaces 

Oligomers of ethylene glycols (3 or 6 units: methoxy-tri(ethylene oxide) undec-1-ene 

(CH3O(CH2CH2O)3(CH2)9CH=CH2; EO3, and methoxy-hexa(ethylene oxide) undec-1-ene 

(CH3O(CH2CH2O)6(CH2)9CH=CH2; EO6) are attached on the silicon nitride surfaces. The 

adsorption of two proteins, bovine serum albumin (BSA) and fibrinogen is used to test the 

biorepellence of the monolayers, in comparison with bare oxidized silicon nitride. Both 

proteins adsorb readily onto bare SixN4 surfaces, with adsorbed amounts of 1.25 and 2.7 

mg.m-2 for BSA and fibrinogen, respectively, of which more than 80 % is irreversibly bound. 

In contrast to this, when oligomers are attached to the surface, this adsorption decreases to 

under the detection limit of the method used for this experiment (optical reflectometry). The 

ex situ study of surfaces with AFM and water contact angles also indicates that some of the 

monolayers completely prevent the adsorption of proteins. 

 

Figure 2. Biorepellent behavior of oligoethylene oxide coated SixN4 surfaces 

Chapter 8 describes the applications of the biorepellent coatings used in Chapter 7 (EO6) to 

silicon nitride microsieves, in order to improve the filtration of biological solutions and liquid 

food products. The EO6 coatings are successfully formed on microfabricated membranes with 
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pore diameters of 0.45 micrometer, using the UV-initiated monolayer formation described in 

Chapter 6. This work shows that these coatings could be applied without loss of permeability 

due to wettability or pore blocking. Moreover, AFM showed that these coatings significantly 

decrease the adsorption of proteins on the surface between the pores. 

Chapter 9 describes an alternative functionalization technique for inorganic surfaces, 

namely the use of plasma oxidation of alkyl monolayers to reproducibly form aldehydes 

(among other oxidized species) onto surfaces. The method described here for silicon and 

silicon nitride surfaces, is developed for the functionalization of sensitive devices and 

substrates. The formation of methyl-terminated alkyl monolayers from linear terminal alkenes 

is one of the easiest to perform, since linear monofunctional alkenes are readily available, 

their purification is easy (distillation) and their grafting conditions are very flexible (liquid 

state, heat-resistant, UV-resistant > 250 nm). Once these stable monolayers are formed, a 

short plasma treatment (0.5 to 2 s) is able to form oxidized functionalities within the top few 

angstroms of the surface, while the underlying alkyl chains retain their initial packing and 

insulation properties of the inorganic substrate. The grafting of gold nanoparticles shows that 

micron-sized patterns can be formed using a soft contact mask to protect a limited area of the 

monolayer. Alternatively, the aldehydes can be used to attach biotin and avidin onto SixN4 

surfaces. The selective adsorption of biotinylated BSA onto the avidin-modified surfaces 

shows that the plasma treatment of methyl-terminated monolayers is a fast and efficient 

method to produce surfaces displaying high specific biochemical interactions. 

In the chapter 10, some of the most striking effects that are described in the previous 

chapters are put into a wider perspective. Especially the formation and stability of monolayers 

is discussed, also in relation to biofunctionalization, biorepellence, and opportunities for 

surface engineering are proposed. 



Samenvatting 

Silicium-verrijkt silicium nitride (SixN4, x > 3) is een robuust, isolerend materiaal dat veel 

wordt gebruikt voor het bedekken van functionele microstructuren. Vanwege zijn hoge 

chemische en mechanische inertheid wordt SixN4 bij voorkeur gebruikt voor de versterking 

van fragiele microstructuren (bijvoorbeeld vrijhangende microcantilevers, of membranen die 

gefabriceerd zijn met behulp van microtechnologie “microzeven”) en voor het bedekken van 

onbeschermde sensoroppervlakken (veldeffecttransistoren, optische detectoren op basis van 

golfgeleiders). Silicium carbide (SiC) wordt minder wijdverbreid gebruikt, maar begint steeds 

meer zijn weg te vinden in de coating- en sensortechnologie. 

Voor al deze toepassingen is de beheersing van de oppervlakte-eigenschappen van deze 

anorganische materialen cruciaal, bijvoorbeeld om verstopping van membranen te voorkomen 

tijdens filtratie of om sensoroppervlakken van specifieke (bio-) herkenningseigenschappen te 

voorzien. In dit proefschrift staan een aantal methoden beschreven die zijn ontwikkeld om 

robuuste en functionele coatings aan te kunnen brengen op SixN4 en SiC. Deze coatings zullen 

tot een heel nieuw bereik aan toepassingen leiden, waarin de oppervlakken biocompatibel en 

biospecifiek zijn, terwijl de mechanische, structurele, elektrische en/of optische 

bulkeigenschappen van het anorganische materiaal behouden blijven. 

Hoofdstuk 2 en 3 van dit proefschrift geven een overzicht van de vele mogelijkheden voor 

covalente organische monolagen: hoofdstuk 2 behandelt de vorming van alkylthiol, 

alkylsilaan en alkeen monolagen, evenals een aantal toepassingen op het gebied van 

biocompatibele oppervlakken, het aanbrengen van micro- en nanopatronen, en detectie. De 

nadruk van dit overzicht ligt op de mogelijke combinaties van de bulkeigenschappen van 

anorganische materialen (elektrische, optische, structurele) met de oppervlakte-eigenschappen 

van organische monolagen (bevochtiging, biospecificiteit, bio-afstotendheid). Hoofdstuk 3 

richt zich op eiwitafstotende oppervlakken voor het specifieke gebied van filtratie met 

microzeven. Ondanks hun hoge permeabiliteit en structurele homogeniteit zijn silicium nitride 

microzeven vatbaar voor porieverstopping wanneer ze aan biologische oplossingen worden 

blootgesteld. Het hoofdstuk geeft een overzicht van de beschikbare coatingtechnieken die 

oppervlaktebesmetting kunnen verminderen en in sommige gevallen zelfs voorkomen. Deze 

technieken zijn gebaseerd op het enten van oligomeren en polymeren en zijn uitgebreid 

onderzocht voor organische membranen. Covalente organische monolagen, zoals die hier 

gepresenteerd worden, maken het mogelijk om ook anorganische materialen, zoals gebruikt 
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voor microzeven, te voorzien van een goede coating (zoals ook besproken wordt in 

hoofdstukken 7 en 8). 

Hoofdstukken 4 en 5 behandelen de thermische functionalisatie van stabiele alkeen-

gebaseerde organische monolagen op SixN4 (hoofdstuk 4) en SiC (hoofdstuk 5). Dit werk 

komt voort uit substantiële kennis over de vorming van soortgelijke monolagen op zuivere 

silicium oppervlakken en het initiële succes van simpele functionalisering van silicium 

nitride. De sterke covalente binding tussen het substraatoppervlak en de coatingmoleculen 

maken de verkregen hybride structuren veel beter bestand tegen chemische degradatie dan 

vergelijkbare monolagen. De reactie verloopt via de koppeling van de eindstandige dubbele 

binding van alkenen aan de oppervlaktegroepen (Si-H in het geval van SixN4 en –OH in het 

geval van SiC oppervlakken). Naast methyl-getermineerde oppervlakken kunnen functionele 

coatings verkregen worden door het gebruik van bi-functionele alkenen welke verdere 

oppervlaktereacties mogelijk maken en de koppeling van bioherkenningselementen, door 

covalente binding van diverse chemische (carboxylzuren, amines) of biologische groepen 

(oligo-peptides, eiwitten) toestaan.  

 

Figure 1. Vorming van alkeen-gebaseerde monolagen op SiC and SixN4 oppervlakken. 

Hoofdstuk 6 beschrijft een variant van deze methode, waarin ultraviolet licht wordt gebruikt 

in plaats van warmte om zowel SixN4 als SiC te modificeren. Voor beide materialen geldt dat 

de koppeling van hittegevoelige verbindingen mogelijk is, minder uitgangsmateriaal vereist is 

(slechts een vloeistoffilm wordt gebruikt) en dat beter reproduceerbare monolagen van een 

hogere kwaliteit worden verkregen (op basis van pakkingsdichtheid en stabiliteit). Ook hier is 

de koppeling van verschillende functionaliteiten mogelijk via de vorming van geactiveerde 

esters. Uit Röntgen fotoelectronspectroscopie (XPS) blijkt dat na hydrolyse en activering van 

een gekoppeld ester, de vervolgreactie met een simpel amine met een hoge omzettingsgraad 
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(> 80%) verloopt. Naast de homogene modificatie van vlakke oppervlakken geeft deze 

methode ook mogelijkheden tot het aanbrengen van patronen op SixN4 en SiC. 

In hoofdstukken 4 tot 6, wordt de chemische functionalisatie bestudeerd met XPS, infrarood 

absorptie spectroscopie (IRRAS), atoomkrachtmicroscopie (AFM) en statische randhoek 

meting. Op het SixN4 oppervlak worden bij een reactie met alkenen bij voorkeur Si-C 

bindingen gevormd, zoals dat ook verwacht wordt voor pure Silicium oppervlakken, al kan 

niet helemaal uitgesloten worden dat ook C-N bindingen gevormd worden. Het nat etsen van 

SiC geen hydroxyl-getermineerde oppervlakken, en IRRAS analyse geeft aan dat de binding 

via een Markovnikov-achtige additie verloopt (O-C binding wordt gevormd op het tweede C 

atoom van de dubbele binding. De stabiliteit van deze monolagen is onderzocht voor zure en 

basische condities, en we konden laten zien dat bij UV initiatie de lagen nog stabieler zijn, 

wat hoogst waarschijnlijk wordt veroorzaakt door crossslinking van de alkyl ketens. 

 

Figure 2. Bio-afstotende ethyleenglycol monolagen op SixN4 oppervlakken. 

In hoofdstuk 7 wordt de bio-afstotendheid van fotochemisch (UV) gevormde monolagen op 

SixN4 oppervlakken onderzocht. Oligomeren van ethyleenglycol (drie of zes eenheden; 

methoxy-tri(ethyleenoxide) undec-1-een ((CH3O(CH2CH2O)3(CH2)9CH=CH2; EO3 en 

methoxy-hexa(ethyleen oxide) undec-1-een (CH3O(CH2CH2O)6(CH2)9CH=CH2; EO6) zijn 

vastgezet op SixN4 oppervlakken, waarna de adsorptie van twee eiwitten, 

runderserumalbumine (BSA) en fibrinogeen is gebruikt om de bio-afstotendheid van de 

monolagen te testen ten opzichte van kaal, geoxideerd SixN4. Beide eiwitten adsorberen 

gemakkelijk op de onbehandelde oppervlakken (1,25 en 2,7 mg.m-2 voor BSA en 

fibrinogeen), waarvan 80% irreversibel gebonden wordt. In tegenstelling tot dit, wordt door 

de aanwezigheid van ethyleenglycol oligomeren de adsorptie tot beneden de detectielimiet 
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van de gebruikte analysemethode (reflectometrie) verlaagd. Verdere bestudering van de 

oppervlakken met AFM en statische randhoek meting duidt er eveneens op dat een aantal van 

deze monolagen de adsorptie van eiwitten volledig verhindert. 

Hoofdstuk 8 beschrijft de toepassing van de bio-afstotende coatings (zoals gebruikt in 

hoofdstuk 7) op silicium nitride microzeven, met het doel de filtratie van biologische 

oplossingen en vloeibare voedingsproducten te verbeteren. De EO6 coatings zijn met succes 

aangebracht op microgefabriceerde membranen met een poriediameter van 0.45 μm, door 

middel van de fotochemische (UV) monolaagvorming beschreven in hoofdstuk 6. Er is 

aangetoond dat de lagen kunnen worden aangebracht zonder verlies aan permeabiliteit, door 

verschillen in bevochting of porieblokkering. Verder laat AFM zien dat deze coating de 

adsorptie van eiwitten op het oppervlak tussen de poriën significant vermindert. 

In hoofdstuk 9 wordt een alternatieve functionaliseringstechniek voor anorganische 

oppervlakken beschreven, namelijk het gebruik van plasma-oxidatie van alkyl monolagen om 

op een reproduceerbare wijze aldehyden aan het oppervlak te vormen (tussen andere 

geoxideerde groepen). Deze methode, hier beschreven voor silicium en SixN4, is speciaal 

ontwikkeld voor het functionaliseren van gevoelige structuren met gevoelige substraten. De 

vorming van methyl-getermineerde alkyl monolagen is relatief makkelijk uit te voeren, omdat 

lineaire monofunctionele alkenen beschikbaar zijn, hun zuivering simpel is (door middel van 

destillatie) en hun eigenschappen (vloeistof, hittebestendig, UV-resistent > 250 nm) flexibele 

koppelingscondities toelaten. Wanneer deze stabiele monolaag gevormd is, is een korte 

behandeling (0,5 tot 2 s) genoeg om geoxideerde functionaliteiten in de toplaag (bovenste 

Angströms) te vormen, terwijl de onderliggende monolaag zijn oorspronkelijke 

pakkingdichtheid en isolatie-eigenschappen behoudt. En patroon van gouden nanodeeltjes op 

microschaal kan ook worden aangebracht door specifieke blootstelling van het oppervlak. Een 

andere mogelijkheid is de aldehyden te gebruiken om biotine en avidine aan SixN4 

oppervlakken te koppelen. De selectieve adsorptie van biotinileerd BSA op avidine-

gemodificeerde oppervlakken laat zien dat de plasmabehandeling van methyl-getermineerde 

monolagen een snelle en efficiënte methode is om oppervlakken met een hoge specifieke 

biochemische interactie te maken.  

Ten slotte worden in hoofdstuk 10 sommige van de meest opvallende resultaten uit de 

eerdere hoofdstukken beschreven en worden ze in een breder kader geplaatst. De vorming en 

stabiliteit van monolagen wordt besproken, vooral in relatie tot biofunctionalisatie en bio-

afstotendheid, en mogelijkheden voor oppervlakte engineering worden voorgesteld.  
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