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− CHAPTER I − 

 

INTRODUCTION 

 

I.1 GENERAL SILICON SURFACE MODIFICATION BY ALKYL MONOLAYERS 

 In the past half century, silicon has played a key role in the rapid development of 

semiconductor and microelectronics technologies. In these areas, silicon’s physical and 

electronic properties are of primary concern. However, because silicon reactions are 

important in a number of the semiconductor processing steps, and silicon surfaces have a 

different structure from bulk silicon and high reactivity, interest in understanding the 

chemical properties of silicon surfaces has also continued. Though silicon surfaces are 

usually passivated, either overnight degassing at high temperature or Ar+ sputtering under 

ultra high vacuum at room temperature can remove their native oxide layers to produce 

the bare silicon surfaces. The radicals or dangling bonds on the bare silicon surfaces 

typically interact to form the Si(100)-2 × 1 or Si(111)-7 × 7 reconstruction.1 These 

reconstructed surfaces are still very reactive because of their strained geometry and 

unsaturated bonding. When they are exposed in the air, oxygen molecules attack these 

silicon surfaces and a native silicon dioxide layer of ca. 15 Å gradually grows on the 

fresh silicon surfaces and eventually passivates them. Much thicker oxide layers can be 

grown onto silicon surfaces by thermo-oxidation methods used in the semiconductor 

industry. In the presence of reactive organic molecules, alkyl monolayers may also grow 

onto the reconstructed silicon surfaces based on direct Si-C bonding via free-radical 

mechanisms. Because of the broad range of choices in organic chemical functionalities, 
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the alkyl monolayers formed on silicon surfaces may then provide specific interfacial 

characteristics needed in many areas, such as microarray technology.2  

Though silicon chemistry has a long history and the silicon-oxygen backbone 

based organic silicon compounds (silicones) are widely used, direct silicon surface 

functionalization by alkyl monolayers can only be tracked back to around a decade ago. 

In 1993, Linford and coworkers first reported that alkyl monolayers could covalently 

bond to hydrogen-terminated silicon surfaces.3 Densely packed alkyl monolayers on 

silicon surfaces were prepared by heating the hydrogen-terminated planar silicon(100) or 

silicon(111) with diacyl peroxides to 90-100 °C for 1 h in a nitrogen/argon atmosphere. 

Stability tests of the alkyl monolayers suggested that the major linkage was through 

direct Si-C bonding, while approximately 30% of the monolayer that was removed under 

hydrolytic conditions was probably bound through Si-O bonding. A radical mechanism 

was proposed for alkyl monolayer formation on silicon surfaces. That is, diacyl peroxides 

underwent pyrolysis to produce alkyl radicals, which readily attacked surface Si-H bonds 

to form alkyl monolayers on silicon surfaces, as well as alkane molecules. The alkyl 

monolayers formed on silicon surfaces demonstrated high stability, even under some 

harsh conditions, such as boiling acids and bases, and concentrated aqueous HF. 

Linford and coworkers subsequently reported that stable alkyl monolayers on 

silicon surfaces could also be prepared from 1-alkenes and 1-alkynes either by the same 

radical mechanism in the presence of peroxide initiators, where the monolayers were 

from both the 1-alkenes/1-alkynes and the initiators, or by thermal initiation.4,5 By radical 

initiation, a mixture of a diacyl peroxide (10%, by weight) and an 1-alkene or 1-alkyne 

(90%) was first heated to 70 °C under vacuum until the diacyl peroxide fully dissolved. A 
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freshly prepared hydrogen-terminated silicon(111) chip and the mixture were then heated 

to 100 °C for 1 h in an argon environment. Alkyl monolayers on silicon surfaces made by 

thermal initiation were prepared by heating a degassed 1-alkene/1-alkyne together with 

freshly etched hydrogen-terminated silicon(111) or silicon(100) under an inert 

environment up to 200 °C for 1-2 h. 

Meanwhile, many other methods that are usually used in organic syntheses were 

reported for growing alkyl monolayers on silicon surfaces. Alkyl Grignard, alkyllithium, 

and alkylmagnesium bromide reagents were used in preparing alkyl monolayers on 

silicon surfaces.7-17 Hydrogen-terminated silicon was found to react with alkyl Grignard 

or alkyllithium reagents and form alkyl monolayers on the silicon surface at room 

temperature. While halogen-terminated silicon surfaces, made by chlorination or 

bromination of hydrogen-terminated silicon(111), were found to be alkylated by alkyl 

Grinard or alkyllithium reagents at 60-80 °C. Boukherroub and Buriak also reported 

Lewis acid-catalyzed alkene/alkyne monolayer formation on silicon surfaces.8,18,19 By 

catalysis with Lewis acids AlCl3, EtAlCl2 or BH3·THF, they prepared alkyl monolayers 

on hydrogen-terminated porous silicon surfaces at room temperature, or on planar 

hydrogen-terminated silicon(111) surfaces at 100 °C. In general, alkyl monolayer 

formation on silicon surfaces with an organometallic reagent or a Lewis acid required 

long times and/or heating. In addition, by further functionalizing alkyl monolayers, 

Wagner and Cicero prepared bioreactive alkyl monolayers on silicon(111) surfaces.20,21 

Terminal methyl groups of alkyl monolayers on silicon were functionalized by photo-

induced chlorosulfonation, followed by a sulfonamide formation with primary or 

secondary amine groups, indicating the possibility of conjugating biomolecules on silicon 

3 



surfaces. Electrochemical grafting was also used in growing alkyl/aryl monolayers on 

silicon surfaces.22-25 When hydrogen-terminated silicon was exposed to an alkyl/aryl 

halide or an alkyne containing solution, upon application of a current to the solution, 

dense alkyl/aryl monolayers grew on silicon surfaces at room temperature. For alkynes, 

cathodic electrochemical grafting or negative bias produced monolayers without 

reduction of C≡C bonds, while anodic electrochemical grafting or positive bias led to 

formation of reduced monolayers on silicon surfaces. As a common method for inducing 

radical reactions, UV irradiation was used to prepare alkyl monolayers on hydrogen-

terminated planar silicon surfaces.26-31 In the presence of an 1-alkene or 1-alkyne, 

irradiating a hydrogen-terminated planar silicon surface with a UV light (wavelength 

between 185-385 nm) resulted in formation of an alkyl monolayer on the silicon surface 

in hours, usually at room temperature, the longer the UV light wavelength, the longer the 

reaction time plus a slight increase in temperature. White light (wavelength 400-600 nm) 

was also found to induce alkyl monolayer formation on hydrogen-terminated porous 

silicon surfaces that were photoluminescent and wet with an alkene or alkyne.32,33 In all 

the methods mentioned above, hydrogen-terminated silicon surfaces were required, 

because weak Si-H bonds easily broke when attacked by free radicals.34 

Reconstructed Si(100)- 2 × 1 surfaces are extremely reactive as mentioned, and in 

general, only exist in a UHV environment. Under UHV conditions, alkenes, alkynes, 

dienes, alkyl halides and other organic compounds containing functional groups reacted 

easily with reconstructed silicon surfaces to form alkyl monolayers.2 Scanning tunneling 

microscopy (STM) was usually used to observe those monolayers on silicon surfaces. 

The STM tip was also used to induce alkyl monolayer formation on hydrogen-terminated 
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silicon surfaces.2 The tunneling current on the STM tip breaks Si-H bonds at room 

temperature under UHV and causes a reaction between silicon and an alkene on areas 

where the STM tip was scanned. 

 

I.2 A NON-CONVENTIONAL METHOD: PREPARING ALKYL MONOLAYERS ON 

SILICON SURFACES BY CHEMOMECHANICALLY SCRIBING 

 Recently, Linford and coworkers developed a simple and effective technique for 

preparing alkyl monolayers on silicon surfaces, chemomechanically grinding/scribing 

silicon with reactive organic compounds.35-44 Grinding/scribing was suggested to break 

Si-Si bonds and produce radicals, which instantaneously initiated alkyl monolayer 

formation on silicon surfaces. 

In 2000 Linford first reported that alkyl monolayers could be chemomechanically 

formed on silicon particle surfaces, where silicon substrates were not hydrogen-

terminated.35 Instead of using sophisticated chemical or physical methods, Linford used a 

mechanical method, grinding silicon with 1-hexadecene, to bypass the inert silicon oxide 

layer, break Si-Si bonds and create reactive silicon dangling bonds or radicals, and form 

alkyl monolayers on silicon particle surfaces, all in one step. Obviously, that was a 

simple and effective way to functionalize silicon surfaces with alkyl monolayers. 

However, grinding is not applicable to planar silicon surfaces. To chemomechanically 

functionalize planar silicon surfaces, Niederhauser and coworkers in the Linford group at 

Brigham Young University developed an analogous method, scribing silicon surfaces in 

the presence of reactive organic compounds, to prepare alkyl monolayers on silicon 

surfaces (see Figure I.1).36 Similar to grinding, mechanical scribing removes the  
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Figure I.1. Scribing silicon to produce reactive species at fracture surfaces and possible 

reactions of reactive species on scribed silicon with a 1-alkene. (Reproduced with 

permission from Langmuir 2001, 17, 5889-5900. Copyright 2001 Am. Chem. Soc.) 
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passivation layer and is believed to create reactive species, dangling bonds and 

reconstructed Si=Si dimers, on a planar silicon surface. In the presence of a 1-alkene, 

alkyl monolayers can be formed on silicon surfaces either through dangling bonds 

attacking C=C bonds, or through a formal [2 + 2] cycloaddition of C=C bonds to silicon 

dimers. A diamond tip driven by either a scribing apparatus (see Figure I.2) developed by 

the Linford group, or a commercially available computer numerical controlled (CNC) 

milling machine was used to scribe silicon. The home-built scribing apparatus basically 

consists of three computer controlled orthogonally mounted translation stages that drive 

the diamond tip over a sample holder. The diamond tip was spring-loaded and attached to 

the Z-stage. The force applied to the diamond tip can be adjusted through the 

compression of the spring. With a new diamond tip, ~10 µm thick lines can be drawn on 

silicon surfaces. Patterns of patches, corrals, circles and other features can be scribed with 

sizes from several centimeters to ~200 µm. The experiments of scribing silicon with 

reactive compounds were generally performed in an open laboratory without degassing or 

otherwise specially treating the compounds. A piece of a clean silicon wafer was first wet 

with a reactive organic compound, and then a pattern was scribed on the wet area and 

thereby functionalized with alkyl monolayers. 

With the chemomechanical scribing technique, Niederhauser and coworkers then 

successfully prepared alkyl monolayers on silicon surfaces with a wide variety of organic 

compounds, such as 1-alkenes,36,37 1-alkynes,36 alcohols,37 alkyl halides,36,38 epoxides,39 

aldehydes,40 acid chlorides,41 and even gas phase compounds.42 Wetting a silicon wafer 

with a gas phase compound was realized by keeping the silicon wafer in an atmosphere 

of the gas phase compound. Figure I.3 shows water droplets held in a pattern of corrals 
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Figure I.2. The scribing apparatus developed in the Linford group, its diamond tip 

construction (upper left) and features that could be scribed on silicon surfaces with the 

apparatus. 
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Figure I.3. Water droplets held in a set of 28 hydrophobic corrals produced by scribing 

silicon(100) in the presence of 1-hexadecene. (Reprint with permission from Langmuir 

2001, 17, 5889-5900. Copyright 2001 Am. Chem. Soc.) 
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scribed on a piece of silicon.36 The corrals were scribed on the silicon surface in the 

presence of 1-hexadecene. The silicon surface was hydrophilic after cleaning. The 

corrals’ capability of holding water droplets indicates that the sidelines of the corrals 

were hydrophobic because of alkyl monolayers grown on them. The XPS spectra of 

scribed areas on the silicon surface (Figure I.4) provide further support for silicon surface 

modification with alkyl monolayers by scribing.36 Silicon scribed in the air, and then wet 

with 1-dodecene shows a very small carbon signal and a significant oxygen signal 

(Figure I.4a). On the other hand, silicon scribed while wet by 1-dodecene or 1-octyne 

shows significant carbon signals as well as much lower oxygen signals (Figure I.4b, c). 

These data indicate that the detected carbon signals were not from 1-dodecene or 1-

octyne by physical adsorption, but from covalently bonded alkyl monolayers on scribed 

silicon surfaces. In addition, as shown in Figure I.5, both the XPS C1s/Si2p ratios and 

water contact angles of scribed areas increased while O1s/Si2p ratios decreased with 

increasing 1-alkene chain lengths.37 That is, the longer the 1-alkene chain length, the 

thicker the alkyl monolayers on silicon surfaces that were obtained, and the better the 

protection to silicon surfaces from oxidation while they were exposed in the air.  

 While scribing silicon surfaces with a diamond tip is facile, it results in rough 

surfaces. To chemomechanically prepare alkyl monolayers on a smooth silicon surface, 

Lua and coworkers used a tungsten carbide ball instead of a diamond tip for scribing.43 

Compared to sharp and hard diamond tips, tungsten carbide balls are smooth and 

somewhat softer. When a carefully controlled, gentle force was applied to the tungsten 

carbide ball, it only broke weak Si-H bonds and created functionalized, smooth areas on 

hydrogen-terminated silicon surfaces. 
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Figure I.4. XPS spectra of silicon: (a) scribed in the air and then wet with 1-dodecene; (b) 

scribed while wet by 1-dodecene; and (c) scribed while wet by 1-octyne. (Reprint with 

permission from Langmuir 2001, 17, 5889-5900. Copyright 2001 Am. Chem. Soc.) 
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 A recent development of the chemomechanical scribing technique was using an 

atomic force microscope (AFM) probe to scribe nano-scale features on hydrogen-

terminated silicon(111) surfaces in the presence of reactive organic compounds.44 Silicon 

surfaces were wet by a 1-alkene or 1-octanol in an AFM fluid cell and then scribed by the 

AFM probe. Because of the extremely small size of AFM probes and only very gentle 

forces applied on them, features in the range of 30-100 nm were created on silicon 

surfaces. This development makes the chemomechanical scribing technique a useful tool 

in nano science and technology, such as nanoshaving45 and nanografting.46-49 

 As mentioned, silicon surface modification with alkyl monolayers aims to provide 

specific interfacial characteristics for different technological areas. Thus, it is critical that 

alkyl monolayers be stable under different environments for further manipulations. 

Linford and coworkers reported that alkyl monolayers formed on silicon surfaces by free-

radical initiation were very stable to long exposures to the air, boiling CHCl3, boiling 

H2O, boiling acidic and basic solutions, and hydrofluoric acid.4 Sieval and Sung reported 

alkyl monolayers formed on silicon surfaces by thermal initiation were stable at 

temperatures up to 615 K in vacuum.5,6 The stability of those alkyl monolayers on silicon 

surfaces was attributed to direct Si-C bonding between alkyl monolayers and silicon. 

Similarly, the stability of alkyl monolayers formed on silicon surfaces by 

chemomechanically scribing was also investigated50 and is reported in Chapter II of this 

dissertation. 

A free-radical mechanism was suggested for the alkyl monolayer formation on 

silicon surfaces by chemomechanically scribing.38 As mentioned above, while there are 

many different approaches to prepare alkyl monolayers on silicon surfaces, very similar 
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free-radical reaction mechanisms were proposed for alkyl monolayer formation on silicon 

surfaces, where an activated silicon surface was a prerequisite.3,51 Once generated, 

reactive silicon dangling bonds and reconstructed silicon dimers on silicon surfaces 

initiated the reaction between silicon and the compound that had functional groups in the 

immediate vicinity. Thus, almost all alkyl monolayers formed on silicon surfaces were 

through direct Si-C bonding. However, no direct evidence for free-radical intermediates 

in these proposed reactions was ever given. For the method of chemomechanically 

scribing, in the case of preparing alkyl monolayers on silicon surfaces from 1-haloalkanes, 

the suggested mechanism was that, by scribing, Si-Si bonds were broken to produce 

silicon dangling bonds, Si·: 

 

 Si· + XCH2(CH2)n-1H → Si-X + ·CH2(CH2)n-1H           (1) 

 Si· + ·CH2(CH2)n-1H → Si-CH2(CH2)n-1H            (2) 

 

If this mechanism was correct, then the combination and/or disproportionation 

byproduct(s) of the free alkyl radical ·CH2(CH2)n-1H could also be present if not every 

free-radical diffused back to the surface. If observed, such species would provide 

evidence for the mechanism (1)-(2). Chapter III reports the observation of these species.52 

 As for applications, Lua and Owen reported the selective deposition of DNA and 

nanoparticles on hydrophobic corrals that were chemomechanically scribed on silicon 

surfaces.43,53 When a DNA or nano-particle solution was dispensed onto the corrals, the 

charged DNA and the nano-particles selectively deposited onto bare or polyelectrolyte 

coated hydrophilic silicon surfaces, instead of alkyl monolayer modified, hydrophobic 
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corral sidelines. Zilch also reported an application of mechanical scribing in microcontact 

printing.54 Silicon surfaces with thin features made by scribing were used as masters for 

stamps. However, this work was not related to alkyl monolayer functionalization of 

silicon surfaces. Chapter IV reports an application of chemomechanical scribing of 

silicon/glass surfaces in matrix-assisted laser desorption/ionization mass spectrometry 

(MALDI-MS).55 Miniaturized sample supports for MALDI-MS were scribed on silicon 

or glass surfaces for improved signal intensity and reproducibility. 

 

I.3 A NEW SURFACE MODIFICATION TECHNIQUE: LASER-ACTIVATION 

MODIFICATION OF SURFACES (LAMS) 

 Surface modification and surface patterning continue to be topics of much interest 

in research and in industry. Thus a wide variety of methods have been developed and 

studied. Except for the methods for the silicon surface modification already mentioned 

above, surfaces can also be modified by photolithography,56 e-beam lithography,57 

microcontact printing,58 and dip pen nanolithography.59 In photolithography, light plays 

the central role. Light was also used to induce monolayer formation on and/or pattern 

hydrogen-terminated,28,31,32,60-62 iodine-terminated,63 and porous silicon.64,65 In these latter 

reports, the exposure time to light ranged from a few minutes up to a few hours, where 30 

minutes was typical. Chapter V reports a new surface modification technique, laser-

activation modification of surfaces (LAMS), in which laser pulses were used to generate 

reactive species on surfaces and induce surface modification. 

LAMS modified surfaces were then characterized by XPS and Time-of-flight 

secondary ion mass spectrometry (ToF-SIMS). As is well known, ToF-SIMS is a 
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powerful tool for surface analysis. Secondary ion spectra, secondary ion images or depth 

profiles can be easily acquired. However, unlike XPS spectra, ToF-SIMS spectra contain 

immense amounts of information. With typical, conventional data analysis methods, only 

a few characteristic peaks would be selected and compared from sample to sample. This 

approach usually works well for known samples. However, it runs the risk of missing 

important information for unknown samples since the majority of sample data is wasted. 

Instead, multivariate data analysis methods, such as principal component analysis (PCA) 

used in ToF-SIMS spectral data analysis, exploit the majority of spectral data to avoid 

possibly missing important information contained in the data set.66 Similarly, automated 

expert spectral image analysis (AXSIA) used in ToF-SIMS image data analysis, extracts 

information from the mean ion image that is reconstructed from the ToF-SIMS total ion 

image of a sample, instead of analyzing some selected individual ion images.67 Chapter 

VI reports multivaritate analyses on ToF-SIMS images of LAMS modified silicon 

surfaces using a series of 1-alkenes.    

 

I.4 REFERENCES 

(1) Hamers, R. J. and Wang Y. Chem. Rev. 1996, 96, 1261. 
 
(2) Buriak, J. M. Chem. Rev. 2002, 102, 1271. 
 
(3) Linford, M. R.; Chidsey, C. E. D. J. Am. Chem. Soc. 1993, 115(26), 12631. 
 
(4) Linford, M. R.; Fenter, P.; Eisenberger, P. M.; Chidsey, C. E. D. J. Am. Chem. Soc. 

1995, 117(11), 3145. 
 
(5) Sieval, A. B.; Demirel, A. L.; Nissink, J. W. M.; Linford, M. R.; van der Maas, J. H.; 

de Jeu, W. H.; Zuilhof, H.; Sudhölter, E. J. R. Langumir 1998, 14, 1759. 
 
(6) Sung, M. M.; Kluth, J.; Yauw, O. W.; Maboudian, R. Langmuir 1997, 13, 6164. 
 

16 



(7) Bansal, A.; Li, X.; Lauermann, I.; Lewis, N. S.; Yi, S. I.; Weinberg, W. H. J. Am. 
Chem. Soc. 1996, 118, 7225. 

 
(8) Boukherroub, R.; Morin, S.; Bensebaa, F.; Wayner, D. D. M. Langmuir 1999, 15, 

3831. 
 
(9) Viellard, C.; Warntjes, M.; Ozanam, F.; Chazalviel, J.-N. Proc. Electrochem. Soc. 

1996, 95(25), 250. 
 
(10) Ozanam, F.; Vieillard, C.; Warntjes, M.; Dubois, T.; Pauly, M.; Chazalviel, J. N. 

Can. J. Chem. Eng. 1998, 76, 1020. 
 
(11) Fide´lis, A.; Ozanam, F.; Chazalviel, J.-N. Surf. Sci. 2000, 444, L7. 
 
(12) Song, J. H.; Sailor, M. J. J. Am. Chem. Soc. 1998, 120, 2376. 
 
(13) Song, J. H.; Sailor, M. J. Inorg. Chem. 1999, 38, 1498. 
 
(14) Kim, N. Y.; Laibinis, P. E. J. Am. Chem. Soc. 1999, 121, 7162. 
 
(15) Kim, N. Y.; Laibinis, P. E. J. Am. Chem. Soc. 1998, 120, 4516. 
 
(16) Royea, W. J.; Juang, A.; Lewis, N. S. Appl. Phys. Lett. 2000, 77, 1988. 
 
(17) He, J.; Patitsas, S. N.; Preston, K. F.; Wolkow, R. A.; Wayner, D. D. M. Chem. Phys. 

Lett. 1998, 286, 508. 
 
(18) Buriak, J. M.; Allen, M. J. J. Am. Chem. Soc. 1998, 120, 1339. 
 
(19) Buriak, J. M.; Stewart, M. J.; Geders, T. W.; Allen, M. J.; Choi, H. C.; Smith, J.; 

Raftery, M. D.; Canham, L. T.  J. Am. Chem. Soc. 1999, 121, 11491. 
 
(20) Wagner, P.; Nock, S.; Spudich, J. A.; Volkmuth, W. D.; Chu, S.; Cicero, R. L.; 

Wade, C. P.; Linford, M. R.; Chidsey, C. E. D. J. Struct. Biol. 1997, 119(2), 189. 
 
(21) Cicero, R. L.; Wagner, P.; Linford, M. R.; Hawker, C. J.; Waymouth, R. M.; 

Chidsey, C. E. D. Polym. Prepr. 1997, 38(1), 904. 
 
(22) Yang, C. S.; Kauzlarich, S. M.; Wang, Y. C. Chem. Mater. 1999, 11, 3666. 
 
(23) Henry de Villeneuve, C.; Pinson, J.; Bernard, M. C.; Allongue, P. J. Phys. Chem. B 

1997, 101, 2415. 
 
(24) Gurtner, C.; Wun, A. W.; Sailor, M. J. Angew. Chem., Int. Ed. 1999, 38, 1966. 
 
(25) Robins, E. G.; Stewart, M. P.; Buriak, J. M. Chem. Commun. 1999, 2479. 

17 



(26) Terry, J.; Linford, M. R.; Wigren, C.; Cao, R.; Pianetta, P.; Chidsey, C. E. D. Appl. 
Phys. Lett. 1997, 71(8), 1056. 

 
(27) Terry, J.; Linford, M. R.; Wigren, C.; Cao, R.; Pianetta, P.; Chidsey, C. E. D. J. 

Appl. Phys. 1999, 85(1), 213. 
 
(28) Effenberger F.; Go¨tz, G.; Bidlingmaier, B.; Wezstein, M. Angew. Chem., Int. Ed. 

1998, 37, 2462. 
 
(29) Burkhard, C. A.; Krieble, R. H. J. Am. Chem. Soc. 1947, 69, 2687. 
 
(30) Cicero, R. L.; Linford, M. R.; Chidsey, C. E. D. Langmuir 2000, 16(13), 5688. 
 
(31) Wojtyk, J. T. C.; Tomietto, M.; Boukherroub, R.; Wayner, D. D. M. J. Am. Chem. 

Soc. 2001, 123, 1535. 
 
(32) Stewart, M. P.; Buriak, J. M. Angew. Chem., Int. Ed. 1998, 37, 3257. 
 
(33) Stewart, M. P.; Buriak, J. M. J. Am. Chem. Soc. 2001, 123, 7821. 
 
(34) Kanabus-Kaminska, J. M.; Hawari, J. A.; Griller, D.; Chatgilialoglu, C. J. Am. 

Chem. Soc. 1987, 109, 5267. 
 
(35) Linford, M. R. U.S. Patent 6,132,801, 2000. 
 
(36) Niederhauser, T. L.; Jiang, G.; Lua, Y.-Y.; Dorff, M. J.; Woolley, A. T.; Asplund, 

M. C.; Berges, D. A.; Linford, M. R. Langmuir 2001, 17, 5889. 
 
(37) Niederhauser, T. L.; Lua, Y.-Y.; Jiang, G.; Davis, S. D.; Matheson, R.; Hess, D. A.; 

Mowat, I. A.; Linford, M. R. Angew. Chem. Int. Ed. 2002, 41(13), 2353. 
 
(38) Niederhauser, T. L.; Lua, Y.-Y.; Sun, Y.; Jiang, G.; Strossman, G. S.; Pianetta, P.; 

Linford, M. R. Chem. Mater. 2002, 14, 27. 
 
(39) Lua, Y.-Y.; Lee, M. V.; Fillmore, W. J. J.; Matheson, R.; Sathyapalan, A.; Asplund, 

M. C.; Fleming, S. A.; Linford, M. R. Angew. Chem. Int. Ed. 2003, 42. 4046. 
 
(40) Lua, Y.-Y.; Fillmore, W. J. J.; Linford, M. R. Appl. Surf. Sci. 2004, 231-232, 323. 
 
(41) Lua, Y.-Y.; Fillmore, W. J. J.; Yang, Li; Lee, M. V.; Savage, P. B.; Asplund, M. C.; 

Linford, M. R. Langmuir 2005, 21(6); 2093. 
 
(42) Lee, M. V.; Linford, M. R. Accepted by Appl. Phy. Lett. 2005. 
 
(43) Lua, Y.-Y.; Niederhauser, T. L.; Wacaser, B. A.; Mowat, I. A.; Woolley, A. T.; 

Davis, R. C.; Fishman, H. A.; Linford, M. R. Langmuir 2003, 19(4), 985. 

18 



(44) Wacaser, B. A.; Maughan, M. J.; Mowat, I. A.; Niederhauser, T. L.; Linford, M. R.; 
Davis, R. C. Appl. Phys. Lett. 2003, 82(5), 808. 

 
(45) Xu, S. and Liu, G.-Yu. Langmuir 1997, 13, 127. 
 
(46) Xu, S.; Miller, S.; Laibinis, P. E.; Liu, G.-Yu. Langmuir 1999, 15, 7244. 
 
(47) Schwartz, P. V. Langmuir 2001, 17, 5971. 
 
(48) Liu, J.-Fu; Cruchon-Dupeyrat, S.; Garno, J. C.; Frommer, J.; Liu, G.-Yu. Nano Lett. 

2002, 2, 937. 
 
(49) Lee, M. V.; Davis, R. C.; Linford, M. R. Accepted by J. of Nano. Sci. & Nano. Tech. 
 
(50) Jiang, G.; Niederhauser, T. L.; Davis, S. D.; Lua, Y.-Y.; Cannon, B. R.; Dorff, M. J.; 

Howell, L. L.; Magleby, S. P.; Linford, M. R. Coll.  Surf. A 2003, 226, 9. 
 
(51) Bronikowski, M. J.; Hamers, R. J. J. Vac. Sci. Technol. A 1995, 13, 777. 
 
(52) Jiang, G.; Niederhauser, T. L.; Fleming, S. A.; Asplund, M. C.; Linford, M. R. 

Langmuir 2004, 20(5), 1772. 
 
(53) Owen, J. I.; Niederhauser, T. L.; Wacaser, B. A.; Christenson, M. P.; Davis, R. C.; 

Linford, M. R. Lab on a chip 2004, 4, 553. 
 
(54) Zilch, L. W.; Husseini, G. A.; Lua, Y.-Y.; Lee, M. V.; Gertsch, K. R.; Cannon, B. R.; 

Perry, R. M.; Sevy, E. T.; Asplund, M. C.; Woolley, A. T.; Linford, M. R. Rev. Sci. 
Instr. 2004, 75(9), 3065. 

 
(55) Linford, M. R.; Davis, R. C.; Magleby, S. P.; Howell, L. L.; Jiang, G.; Thulin, C. D. 

Nanolithography and Pattering Techniques in Microelectronics. Chapter 4. 
Woodhead Publishing, 2005. 

 
(56) Brodie, I.; Murray, J.; Muray, J. J. The Physics of Microfabrication; Plenum, 1982. 
 
(57) Sheats, J. R.; Smith, B. W. Microlithography: Science and Technology; Marcel 

Dekker: New York, 1998. 
 
(58) Xia, Y.; Whitesides, G. M. Annu. Rev. Mater. Sci. 1998, 28, 153. 
 
(59) Piner, R. D.; Zhu, J.; Xu, F.; Hong, S.; Mirkin, C. A. Science 1999, 283, 661. 
 
(60) Linford, Stanford University 1996. 
 
(61) Sieval, A. B.; Linke, R.; Zuilhof, H.; Sudhölter, E. J. R. Adv. Mater. 2000, 12, 1457. 
 

19 



(62) Eves, B. J.; Sun, Q.-Y.; Lopinski, G. P.; Zuilhof, H. J. Am. Chem. Soc. 2004, 
126(44), 14318. 

 
(63) Cai, W.; Lin, Z.; Strother, T.; Smith, L. M.; Hamers, R. J. J. Phys. Chem. B 2002, 

106, 2656. 
 
(64) Lee, E. J.; Ha, J. S.; Sailor, M. J. J. Am. Chem. Soc. 1995, 117, 8295. 
 
(65) Lee, E. J.; Bitner, T. W.; Ha, J. S.; Shane, M. J.; Sailor, M. J. J. Am. Chem. Soc. 

1996, 118, 5375. 
 
(66) Li, Y; Lua, Y.-Y.; Jiang, G.; Tyler, B. J.; Linford, M. R. Anal. Chem. 2005, 77, 

4654. 
 
(67) Smentkowski, V. S.; Keenan, M. R.; Ohlhausen, J. A.; Kotula, P. G. Anal. Chem. 

2005, 77, 1530. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

20 



The major sections of the following chapters have been previously published. 

Permissions to include them in this dissertation have been granted by the corresponding 

publishers. 

 

Chapter II: Reproduced with permission from STABILITY OF ALKYL 

MONOLAYERS ON CHEMOMECHANICALLY SCRIBED SILICON TO AIR, 

WATER, HOT ACID, AND X-RAYS. Jiang, G.; et al. Colloids and Surfaces A: 

Physicochem. Eng. Aspects 2003, 226, 9-16. Copyright 2003 Elsevier. 

 

Chapter III: Reproduced with permission from EVIDENCE FOR A RADICAL 

MECHANISM IN MONOLAYER FORMATION ON SILICON GROUND (OR 

SCRIBED) IN THE PRESENCE OF ALKYL HALIDES. Jiang, G.; et al. Langmuir 2004, 

20, 1772-1774. Copyright 2004 American Chemical Society. 

 

Chapter IV: Reproduced with permission from NANOLITHOGRAPHY AND 

PATTERNING TECHNIQUES IN MICROELECTRONICS. CHAPTER 4: 

CHEMOMECHANICAL SURFACE MODIFICATION OF MATERIALS FOR 

PATTERINING. Copyright Woodhead Publishing 2005. 

 

 

 

 

 

21 



− CHAPTER II − 

 

STABILITY OF ALKYL MONOLAYERS ON CHEMOMECHANICALLY SCRIBED 

SILICON TO AIR, WATER, HOT ACID, AND X-RAYS 

 

II.1 INTRODUCTION 

The Linford group recently reported a facile, new method of modifying and 

patterning silicon, which essentially consists of scribing silicon after it has been wet with 

a reactive compound (a scribing liquid).1-8 It is believed that this new technique is an 

enabling technology for surface modification and patterning that will find wide 

application. Diamond tips, tungsten carbide balls, or atomic force microscopy (AFM) 

probes used in this process penetrate through silicon’s native oxide layer1,3,4,6 or layer of 

hydrogen passivation,5,7 to chemically activate silicon, which then reacts with 1-

alkene,1,6,7 1-alkyne,1,6 1-haloalkane,1,4,6 alcohol,3 and epoxide2 scribing liquids to 

produce alkyl monolayers on silicon surfaces. The fact that monolayer formation occurs 

in the air suggests that scribing liquids react with the surface more quickly than oxygen 

can diffuse to it.1,4 With this new technique, hydrophobic corrals on silicon were prepared, 

i.e., checkerboard patterns of hydrophobic lines on a more hydrophilic background.1,5 

The hydrophobic corrals held droplets of water and liquids of lower surface tensions,1,4,5 

and their interior surfaces were selectively functionalized with polyelectrolyte multilayers 

and other materials.1,5 It is anticipated that the hydrophobic corrals will prove useful in 

optimizing surface reactions and in studying adsorption events in a combinatorial fashion. 
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 The incorporation of a new material into a device requires an understanding of its 

stability to the conditions it will be exposed to. Earlier reports contained a few 

preliminary results of the stability of monolayers on scribed silicon. It was found that 

after the hydrophobic corrals, prepared from 1-hexadecene, were extracted with hot m-

xylene in a Soxhlet apparatus overnight and then immersed in boiling water for an hour, 

they still held droplets of water.1 It was also observed that the C1s/Si2p ratios of X-ray 

photoelectron spectroscopy (XPS) and the water contact angles of monolayers on scribed 

silicon prepared from 1-decene remained nearly constant after immersion in boiling 0.1 

M H2SO4 for 1 h; while under identical conditions monolayers prepared from 1-decanol 

lost carbon and their water contact angles decreased significantly.3 It was hypothesized 

that monolayers derived from 1-alkenes were tethered to the surface through robust Si-C 

bonds, but that those derived from alcohols were primarily tethered through hydrolysable 

Si-O bonds.1,3 An increase in the O1s/Si2p XPS ratios in stability tests for monolayers 

prepared from 1-decene, 1-decanol, and from mixtures of these two liquids was also 

observed. This result suggested oxidation of the silicon substrate.  

Here initial studies were substantially extended by addressing the important issues 

of a) the long-term stability of alkyl monolayers, b) the kinetics of silicon (substrate) 

oxidation and halogen loss in the presence of air and water, c) the kinetics of the decrease 

in hydrophobic corral water capacity, and d) the stability of alkyl monolayers to boiling, 

aqueous H2SO4, and X-rays. While not every monolayer was subjected to every test, 

taken together the data form a composite picture of monolayer stability. Alkyl 

monolayers prepared from 1-alkenes and 1-haloalkanes were extremely stable to all of 

the conditions studied here, including the hot acid, but monolayers prepared from 
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where the factor of 2 appears because there are two oxygen atoms per SiO2 unit. It was 

recognized that the ratio of the corrected areas of the XPS narrow scans of C1s and O1s, 

CXPS/OXPS, was molC/molO. Thus it was found: 

 

MLML
MLoxXPS

oxMLXPS
ox tt

MWC
MWO

t β
ρ
ρ

=







=

2
                                                                     (2) 

 

where 
MLoxXPS

oxMLXPS

MWC
MWO

ρ
ρβ

2
= . Thus, if assuming a reasonable value for the thickness of 

the monolayer, tML, an estimate for the thickness of the silicon oxide layer, tox, can be 

obtained. A formula for estimating the thickness of monolayers on hydrogen-terminated 

silicon has previously been published.11 

 

II.2.6 Finite Element Analysis 

Finite element analysis was performed as described elsewhere.1,12 Briefly, all 

calculations were carried out with the Surface Evolver program using 71.99 mN/m and 

0.9970 g/cm3 for its surface tension and density of water, respectively.10 The 

program was written by K. A. Brakke as part of the Geometry Supercomputing Project 

(now the Geometry Center), sponsored by the National Science Foundation, the 

Department of Energy, Minnesota Technology, and the University of Minnesota. The 

source code is written in C and runs on many systems. Surface Evolver and 

documentation are available free of charge on the Internet at 

http://www.geom.umn.edu/software/evolver/. 
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Figure VI.6. PCA analysis on positive-ion AXSIA component spectra of the ToF-SIMS 

imaging of LAMS of silicon with 6, 8, 10, 12, 14 and 16 carbon 1-alkenes. 
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Figure 12. Negative- (upper) and positive- (lower) ion ToF-SIMS images of LAMS of 

silicon wet with octane. NOTE: The positive- and negative-ion images for the same 

reagents shown above are not necessarily from the same spot. 

126 



 

 

Figure 13. AFM contact mode height image of LAMS of silicon wet with 1-bromooctane. 
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Table 1:  XPS Carbon curve fit summary (Data analysis by Greg Strossman at Charles 

Evans & Associates.). 

 % Carbon seen as  

Sample Si-C 
(carbide) 

C-C, C-H C-O C=O O-C=O Si-C/ 
other C

1-Octene 34.5 ± 4.3 60.9 ± 3.0 3.9 ± 0.9 - 1.2 ± 0.2 0.52 

1-Dodecene 33.9 ± 2.3 61.8 ± 2.5 4.2 ± 0.2 - - 0.51 

1-Hexadecene 26.4 ± 1.9 67.7 ± 2.4 4.4 ± 1.3 - 1.5 ± 0.4 0.36 

1-Iodooctane 47.8 ± 1.2 46.3 ± 2.1 4.0 ± 0.6 - 1.9 ± 0.4 0.92 

1-Hexadecene 
(blank) 

- 83.7 ± 1.8 8.3 ± 0.1 1.7 ± 
0.4 

6.4 ± 1.6 0 

1-Iodooctane 
(blank) 

- 78.2 ± 1.3 10.3 ± 1.4 7.3 ± 
0.8 

4.2 ± 0.8 0 

 

Table 2:  XPS silicon curve fit summary 

 % Silicon seen as 

Sample Elemental Si Si-C 
(carbide) 

Silicone(?) SiO2 

1-Octene 46.3 ± 4.9 30.7 ± 3.8 13.7 ± 1.4 9.4 ± 0.3 

1-Dodecene 46.4 ± 1.5 31.4 ± 2.8 12.5 ± 2.5 9.7 ± 2.0 

1-Hexadecene 47.7 ± 2.0 30.6 ± 1.5 16.0 ± 0.3 5.7 ± 1.2 

1-Iodooctane 47.9 ± 3.0 28.3 ± 2.8 10.3 ± 0.3 13.6 ± 0.3 

1-Hexadecene (blank) 75.3 ± 0.4 - 3.3 ± 0.1 21.5 ± 0.5 

1-Iodooctane (blank) 75.7 ± 0.6 - 3.3 ± 0.8 21.1 ± 0.2 
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