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Self Assembled Monolayers on Semiconducting Substrates: 

Introduction 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
This chapter introduces the thesis giving a brief overview of the preparation, characterization and 

applications of alkyltrichlorosilane self assembled monolayers on semiconducting substrates with 

special relevance to silicon. This chapter also outlines the major objectives and the overall organization 

of the present investigation.   

 
  



Ph. D Thesis                                                             Chapter 1                                               
                                                  

 
National Chemical Laboratory                       Sneha A.  Kulkarni                         University of Pune, April 2007 

2 

1.1 Introduction   

  Almost everyone agrees that the origin of nanotechnology could be easily linked 

to the most cited and famous talk of the great physicist and Nobel laureate Prof. Richard 

P. Feynman in 1959 entitled, "There's Plenty of Room at the Bottom” [1]. His vision was 

to build nanomachines by precise manipulation and design of matter by engineering them 

at the atomic or molecular level that is analogous to biological organisms. Such tiny 

machines, individually or assembled into designed architectures, were thought to 

transport medicine in the body, conduct operations in cells, move cargo around 

microfluidic chips, manage light beams, agitate liquids close to electrode surfaces, and 

search for and destroy toxic organic molecules in polluted water streams. Today, 

Feynman’s dream is surely being realized on a grand and global scale through the 

nanotechnology revolution. Over the next decade, it is believed that, the size of many 

manufactured goods continues to decrease, resulting in ultra-small electronic devices and 

new hybrid technologies using Micro (and nano)-electromechanical system (MEMS/ 

NEMS) which integrate physical, chemical, and even biological processes in micro 

(nano)-and millimeter-scale technology packages through the microfabrication 

technology [2,3]. During this process, the substrate is normally coated with an isolation 

layer followed by subsequent deposition and patterning of a sacrificial spacer layer. The 

microstructural film is then deposited and etched selectively to create freestanding 

microstructures. Such MEMS / NEMS devices are used in many sectors like information 

technology, medicine and health, aerospace, automotive, environment, energy etc [2]. 

              However, one of the major limitations during microfabrication is stiction where, 

unwanted adhesion of the underlying substrate or adjacent microstructures to the 

micromechanical devices, results in the breaking of these structures during their release.  

As a result, several techniques have been employed in the past few years to avoid the 

stiction including supercritical drying (usually with CO2), freeze-sublimation (employing 

methanol), and etching with HF [4,5]. Recently, alkyltrichloro and trimethoxy silane 

Self-assembled monolayers have become particularly useful for MEMS to tackle the 

stiction problem since their mere presence provides a suitable low energy surface coating, 

thus eliminating the ‘release stiction’ and reducing the ‘in-use’ stiction [6,7]. 
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             During the early 1940’s, Zisman et al., discovered that an alkanoic acid could be 

self-organized into a monolayer on a clean platinum surface driven by chemisorption 

from a solution phase [8]. Monolayer prepared by this spontaneous self organization 

against the entropic driving force is called Self-Assembled Monolayers (SAMs). SAMs 

typically are more stable than organic thin film earlier prepared by the Langmuir-

Blodgett method because the molecules in a SAM are attached to the solid surfaces via 

chemical bonds [5, 6]. The applications of organic thin films are further extended by the 

preparation of trifunctional alkylsiloxane monolayers on alumina and SiO2 surfaces by 

Sagiv and similar alkanethiol monolayers on gold surfaces by Nuzzo et. al., during 

1980’s. Both types of monolayers are very robust due to the strong bonding between head 

groups and substrates [6d, 9].   

  Molecular self-assembly, which is at the heart of many physical, chemical and 

biological processes, has its origin from biological systems and is one of the most 

fundamental processes for forming a functional and living structure. The genetic codes 

and sequences built in a biosystem guide and control the self-assembling process. 

Following nature’s lead, scientists are increasingly looking into using self-assembly to 

make structures for a multitude of applications. Thus, designed and controlled self-

assembly is a possible solution in nanotechnology for future manufacturing needs. Two 

major approaches currently being used for the generation of organized nano-scale 

assemblies are the “top-down” (engineering down) and “bottom-up” (engineering up) 

methods. Top down approach involves generation of patterned structures by suitable 

lithographic and ion implantation technique and marks the beginning of silicon-integrated 

chip technology [10]. However, it has been realized that the current rate of 

miniaturization in silicon memory technology will be affected very soon by the physical 

limits of device dimensions imposed by ultra-violet, electron/ion beam and soft X-ray 

lithographic techniques as explained in Moore’s law. Therefore, the idea of building 

structures from the bottom-up, molecule by molecule or atom by atom, is one of the core 

concepts of nanotechnology, which promises to revolutionize many industries. For 

example, researchers in the field of molecular electronics are investigating the use of 

molecular self-assembly to build new types of transistors and switches that could 

potentially replace today’s dependence on silicon electronics [1-3]. The pharmaceutical 
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industry is also pushing hard to find ways to use self-assembly to increase the efficiency 

of drug delivery processes [6]. Other industries are seeking to use SAM as protective 

layers to chemically functionalize a surface to control its reactivity [6,7]. The future relies 

on the efficient integration of nanotechnology and biotechnology with the existing 

technology. However, the challenge remains in integrating nanotechnology with 

micro/nanoelectronics since any ultra small component has to be connected using 

contacts with the real world. The goal should be on how to use nanotechnology to make 

MEMS / NEMS more efficient, multifunctional, and intelligent as well as faster and 

smaller capable of achieving the impossible. Thus nanotechnology comes to life, if we 

can accomplish the integration of nanoscale building blocks with lithographically 

produced structures through self-assembly. Thus self-assembly is to become a useful 

technology, it is important to understand the fundamental mechanisms that drive this 

process, both from a kinetic and structural point of view. An understanding of the driving 

forces involved during chemical self-assembly is imperative as scientists seek to build 

devices on the molecular scale.  

1. 1. 1 Importance of SAM 

  SAMs have attracted a great deal of attention in recent years as potential 

candidates for isolating interfaces and improving interfacial adhesion in newly evolving 

integrated circuit architectures, an interest arising because of its crucial importance in 

modern nanotechnology [6,7]. For example, SAMs of alkyltrichlorosilane on Si / SiO2 

interface have been extensively studied due to their fundamental importance in surface 

modification and also for their diverse potential applications such as emerging flexible 

memory storage modules, nano electromechanical devices, interconnects in molecular 

electronics, interfacial adhesive promoters and molecular lubricants [11]. The close 

packing of molecules with a saturated methylene chain via coordinated interchain van 

der Waals interactions is expected to create a vacuum-like potential barrier at the 

interface that inhibits phenomena such as ionization and diffusion, making them 

extremely useful for interfacial isolation. In addition, the low sticking property of SAMs 

onto themselves is conducive for forming conformal layers whose thickness is 

essentially the length of the comprising molecules facilitating a remarkable control by 
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manipulating the chemistry of the terminal functional group. This enables us to further 

study complex intermolecular, substrate-molecule and molecule-solvent interactions like 

ordering and growth, wetting, adhesion, lubrication, and corrosion. SAMs are also 

structurally well defined thus making fundamental studies of chemistry and physics in 

two dimensions as a tangible possibility. As a result, many structure-function 

correlations have been reported so far using various characterization techniques [6,7]. 

Particularly, it is also possible to tailor both head and tail groups of constituent 

molecules in SAMs to suit specific applications [4] 

1. 2 Preparation  

  The spontaneous adsorption of active surfactant molecules on many freshly 

cleaned substrates can be achieved by solution state methodology, molecular beam 

epitaxy (MBE), and chemical vapor deposition (CVD) process [12]. All these method 

allow SAM formation leading to a highly ordered and compact layer capable of 

incorporating a wide range of groups both in the alkyl chain and at the terminal position. 

Recently, various lithographic techniques such as microcontact printing, dip-pen 

lithography, and nano imprint lithography are reported for patterned SAM formation 

[13]. 
 

 
 
 
 
 
 
 
 
 
 
Figure 1.1: A schematic representation of the self assembled monolayer formation from a very dilute 
solution of the long chain organic compound from a suitable solvent on metallic or semiconducting 
substrate.  
 
  The solution deposition method is one of the most convenient and extensively 

used techniques for SAMs formation (some times called as molecular beaker epitaxy) as 

illustrated in Figure 1.1. In this, a freshly cleaned substrate is dipped into an appropriate 

organic solvent (ethanol, toluene, chloroform, and hexane etc.) containing the relevant 
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molecule for a certain period of time (several seconds to hours). Usually low 

concentration (in mM) and longer immersion time is preferred, which allow molecules to 

assemble in a crystalline film, also providing the possibility of desorbing the physisorbed 

and contaminated impurities upon extensive rinsing. 

  In case of trichlorosilane molecules, the reaction is carried out in nitrogen 

atmosphere, as it undergoes hydrolysis followed by polymerization to form cross-linked 

siloxane networks [6]. The substrate is subsequently removed from the solution, washed 

several times with the same solvent in order to remove the unbound/physisorbed 

molecules, dried, and annealed to get better organization. However, the reaction 

conditions are to be carefully controlled, to form a highly ordered organosilane SAM. 

Some of the key factors that affect the growth of silane SAMs on Si are discussed below. 

 
1. 3 Parameters Controlling SAM Formation 
1. 3. 1 Nature of the Substrate  

   The nature of the substrate plays an important role in the formation of the 

monolayer particularly in terms of its chemical identity, electron density and degree of 

crystallinity. For example, octadecyltrichlorosilane (OTS) molecules, adsorbed on 

coinage metal surfaces (Au, Ag, Cu etc.) behave differently than similar molecules 

organized on semiconducting substrates (Si, GaAs, ITO etc.) since the lattice spacing and 

the lattice geometry of the particular substrate determine the packing density and the 

surface orientation of the film [14]. A summary of such organic molecules along with the 

commonly employed substrates for SAM formation is given in Table 1.1 to provide a 

rationale for the specific interactions facilitating the process. 

 More specifically, SAMs of alkylchlorosilanes, alkyl-alkoxysilanes, and 

alkylaminosilanes require hydroxylated substrate surface for their formation. The driving 

force for this self-assembly is the in situ formation of polysiloxane, which is connected to 

surface silanol groups (-Si-OH) via Si-O-Si bonds. Substrates on which these monolayers 

have been successfully prepared include silicon oxide, aluminum oxide, quartz, glass, 

mica, zinc selenide, germanium oxide, and gold [15-19]. Therefore the quality of 

monolayer may vary with the surface density of -OH groups in all these cases [20]. Also, 
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this substrate-adsorbate affinity influences the adsorption rate of the silane molecules and 

hence the structure of the monolayer, depending on the solvent.  
 
Table 1.1: Examples of organic molecules and the respective substrates used for SAM formation. 
 
Sr. no. Molecules Substrate used for SAM 

1. Thiols, Sulfides, Disulfides , 

diselenides 

Gold, Copper, Silver, Platinum, Mercury, 

Iron, Nanosized γ-Fe2O3 particles, InP, 

GaAs, CdSe, CdS and high temperature 

super conductor surface [21]  

2. Alkane silanols and  Gold (Au) [22] 

3. Carboxylic acids Metal oxides like Al2O3 and Ag2O [6a, 9d] 

4. Alkylchlorosilanes, 

Alkylalkoxysilanes, 

Alkylaminosilanes 

Oxides surfaces, Silicon, Glass, Mica, Zinc 

selenide, Gold, Platinum, and Germanium 

[15-19]  

5. Alkyl amines High temperature super conductor surfaces  

[23] 

6. Phosphine, Phosphonates. Gold, and Phosphonate surface [24] 

7. Long chain alkanes H-terminated Silicon [25-29] 

8. Olefins and Isonitriles Platinum surface, Graphite [30]  

  

  A good monolayer can be prepared only if the substrate like silicon wafer has a 

critical density of silanol groups about 5 x 1014 Si-OH groups/cm2 and hence for 

substrates lacking enough -OH groups, such as mica, a suitable chemical treatment prior 

to SAM formation is an essential prerequisite [31]. For example, steam treatment for 

mica before silanization gives an excellent coverage for SAM formation although thermal 

or electric field treatment for some substrates might significantly reduce the surface 

concentration of -OH groups, thereby suppressing the adsorption rate [14, 32]. However, 

the precise role of the -OH groups on the surface is not yet known. In some reports, the -

OH groups are assumed to be the source of affinity, since at least some of the silane 

molecules are attached to the surface via reaction with the -OH groups [33].  The -OH 

groups may otherwise adsorb a thin layer of water, which is supposed to be important for 
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silanization reactions [34].  Regardless of the precise mechanism in which surface silanol 

groups promote the self-assembly of alkylsiloxanes, it is generally accepted that, to 

facilitate the self-assembly process, surface pretreatments that make the substrates clean 

and hydrophilic are necessary. Most of these treatments are also valid even if the same 

substrate is used for SAM formation in gas phase [34]. 
 
1. 3. 2 Effect of Water Content  

  Although, alkylsilane monolayer formation is carried out in dry nitrogen filled 

glove box, trace amount of water is considered to be crucial for the covalent attachment 

of siloxane molecules to the substrate [35]. In the absence of significant amount of water, 

siloxane SAM growth is extremely slow and it may require many days, whereas the 

critical amount of water promotes the reaction leading to the island growth at the initial 

stages [35-37]. It is now well established that the presence of water in the range of a few 

monolayers on the substrate promotes the ordering. For example, Fairbank et al., have 

reported that three monolayers of water are necessary for high quality surface film 

formation on high surface area silica gel [38]. Infrared and sum frequency generation 

spectroscopic measurements give clear evidence for the presence of a thin water film of 

molecular thickness on the substrate surface [39-41]. During the initial stages of SAM 

growth, silane or silanol molecules are physisorbed on this water film and subsequently 

get cross-linked to form a 2D network. Normally few molecules are also directly attached 

to the substrate during this process and get stabilized by lateral attraction with 

neighboring molecules [42].  

  The above role of water gets further experimental support from the fact that 

control of humidity directly influences the time needed to form a monolayer. For 

instance, when the monolayer is prepared by immersing the silicon wafer in a solution of 

alkyltrichlorosilane maintained in a dry atmosphere, a complete layer is obtained only 

after 5 hours although same experiment under air at 30 % relative humidity forms a 

complete monolayer within approximately 1 h. This difference in rate could be explained 

by the different amount of water adsorbed on the polar surface of the Si / SiO2 substrate, 

which is otherwise available for Si-O-Si linkages [43]. 
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1. 3. 3 Effect of Solvent   

  Solvents like, ethanol, heptane, toluene, chloroform, carbon tetrachloride, 

dodecane, or sometimes mixed solvents are used for the silane SAM formation. The 

choice of a solvent is done usually on the basis of a few criteria like, low cost, low 

toxicity, availability in high purity and lower tendency to get incorporated into the 

monolayer.  

  Water content of the solvent used for SAM formation has a strong effect on the 

quality of alkylsiloxane, since the presence of water is essentially required for the initial 

hydrolysis of the trichlorosilane group [44]. However, a high water content of solvent 

leads to the polymerization of OTS in bulk solution opposing the surface reaction of 

single alkylsilane molecules [45]. In contrast, low water content results in incomplete 

monolayers because of insufficient hydrolysis. For example, a moisture quantity of 0.15 

mg/100 mL of solvent has been reported to be the optimum content for the formation of 

closely packed monolayers [36b, 44b, 46]. Similarly, Rozlosnik et al., reported the effect 

of solvent polarity and concentration on the formation of high-coverage monolayers of 

alkylsiloxanes on silicon oxide surfaces in heptane (intermediate water solubility), 

dodecane (very low water solubility) and toluene (comparatively higher equilibrium 

water)[47]. In case of heptane and dodecane the formation of high-quality 

mono/multilayers was observed although a wide variation in quality is seen as compared 

to toluene. Hence, much of the previously published works on the formation of 

monolayers of OTS have indeed used toluene as the solvent [47, 48].   
 
1. 3. 4 Effect of Temperature 

  Temperature is another important variable, which can control the molecular 

conformations and physical properties of SAMs during the formation itself. It has been 

reported that certain silane molecules can undergo lateral reorganization on the surface to 

have 2D phase transitions [43, 49]. For example, Carraro et al., have reported that the 

self-assembly of octadecyltrichlorosilane (OTS) based monolayers on the oxidized Si 

(100) surface can be initiated by three distinct mechanisms: island growth at low 

temperatures (T < 16 °C), homogeneous growth at high temperatures (T > 40 °C), and a 

mixed regime at intermediate temperatures [50]. Accordingly, Figure 1.2 shows a 
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schematic phase diagram of a Langmuir film in the spreading pressure-specific area 

plane. The solid curves delimit the coexistence regions between liquid-condensed (LC), 

liquid-expanded (LE), and gas phases (G) on Si surface. The dashed lines represent two 

isotherms, one below and one above the triple-point temperature. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. 2:  Schematic phase diagram of a Langmuir film of OTS on Si substrate; the solid curves delimit 
the coexistence regions between liquid-condensed (LC), liquid-expanded (LE), and gas phases (G), the 
dashed line represents two isotherms, one below the triple-point temperature and one above. [Adopted from 
38].  
 
 These results support the concept of a transient Langmuir film at the substrate-

solution interface and the observed growth patterns are consistent with nucleation of LC 

domains coexisting with a two-dimensional G at low temperature, or with a LE at 

intermediate temperatures as shown in Figure 1. 2. In addition, AFM images of quenched 

partial OTS- SAMs on the same substrate over a range of temperatures are shown in 

Figure 1. 3.  

 At a low temperature (10 oC), dendritic islands are observed to grow and coalesce to 

cover the surface, while at a high temperature (40 oC) only a homogeneous uniform film 

is seen. At an intermediate temperature (25 oC), some dendritic islands are observed to 

nucleate and grow. However, before they could coalesce and cover the entire surface, the 

continuous phase between the islands gradually increase its thickness ending the film 

formation. The quenched OTS-SAM prepared on Si substrate at a temperature below ~ 

30 oC contains well-ordered alkyl chains, while those at higher temperatures reveal 



Ph. D Thesis                                                             Chapter 1                                               
                                                  

 
National Chemical Laboratory                       Sneha A.  Kulkarni                         University of Pune, April 2007 

11 

increasing chain disorder [43,50]. For n-octadecylsiloxane monolayers on silicon 

substrate, below a critical temperature (Tc ~30 oC) the surface energy is constant at a 

near-limiting value corresponding to that for a pure -CH3 terminated surface. In this a 

heterogeneous structure with closely spaced islands of densely packed all-trans alkyl 

chains are arranged, nearly vertical to the surface. In addition it shows extremely low 

surface tension (γc = 20.5 mN/m) and low contact angle hysteresis (less than 1o). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. 3: Top: AFM images of partial SAMs of OTS on Si grown at 10, 25, and 40°C for 30 s (left to 
right). Bottom: Depth distribution histograms for the three images above. [Adopted from 38]. 
 
  In contrast, when prepared above Tc, the surface energy monotonically 

increases, and the films exhibit monotonically diminishing coverage with increasing 

preparation temperature. The temperature Tc is an intrinsic property of the silane 

molecule although it depends on the chain length and perhaps insignificantly on the 

nature of the solvent.   

         Further it has also been reported that annealing improves the quality of SAM 

depending on the temperature. For example, Tripp and Hair, using FTIR and 29Si CP/MS 

NMR spectroscopy, showed that no chemical attachment of OTS to the silica surface 

(i.e., Sis-O-Si bond formation, where Sis is a surface silicon atom) occurs at room 

temperature, although the cross-linking reaction (condensation between adjacent silanols 

with formation of a Si-O-Si bond) of OTS is evident at room temperature [44c, 51]. As 

the packing and conformational order of alkyl chains in SAMs depend on the underlying 

structure of the surface silanols and adsorbed water, annealing at temperatures from 120 
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to 200 °C, promotes further condensation reactions [52]. In case of polyoctadecylsiloxane 

(POS), additional cross-linking reactions in siloxane chains do occur at 170-180 °C, as 

reported by Tripp and Hair [44c, 51]. Further, addition of amines, such as triethylamine 

(TEA), is sometimes useful to improve the coverage and attachment of OTS to silica 

substrates [44b]. Also slow heating of OTS-monolayer to 150 °C reduces water 

adsorption by the OTS layers resulting into a cross-linked film with reduced number of 

silanols.  
 

1. 4 Structure, Kinetics and Mechanism of SAM Formation  

 
 

 
 
 
 
 
 
 
 
 
 
Figure 1.4: Schematic of self-assembled monolayers, including the constituents of a molecule and the 
driving force for the spontaneous formation of self-assembled monolayers. 
 
  Figure 1.4 depicts a schematic representation of SAMs, including the 

constituents of a molecule and the driving force for their spontaneous formation. These 

molecules selectively chemisorb on the substrate surface and from the energetic point of 

view should contain three parts–the active head group, hydrocarbon alkyl chain and the 

terminal functional group. All these parts play an important role in controlling the 

stability and dynamics of the monolayer. The active head group chemisorbs on the 

substrate by pinning the functional group to a specific site on the surface to form a 

chemical bond. The energy associated with this process is 40-50 kcal/mole. As the 

process is exothermic, molecules try to occupy every available site on the surface and the 

inter chain van der Waals interactions (~10 kcal/mole) play an extremely important role 

in controlling the stability as well as molecular alignment. The terminal functional groups 

in the monolayer provide hydrophobic interactions especially if they are methyl groups 

and the energy associated with them is less than 1 kcal/mole, which leads to a stable 



Ph. D Thesis                                                             Chapter 1                                               
                                                  

 
National Chemical Laboratory                       Sneha A.  Kulkarni                         University of Pune, April 2007 

13 

monolayer. Even though the preceding scheme may appears simple, formation of a 

compact monolayer of alkylsiloxane in fact, remains challenging. 

  Although a variety of molecules such as long chain alkyl thiols, acids and 

amines are known to form excellent SAMs on metallic substrates, different types of 

organo silicon molecules like trichlorosilane or trimethoxy silanes with a long 

hydrocarbon chain are essential for semiconducting substrates like Si to get compact 

SAMs with high coverage. For example, when freshly cleaned Si substrate is dipped in 

millimolar OTS solution, OTS reacts with the –OH group present on the surface of the Si 

substrate and the trace amount of water so that a monomolecular film is adsorbed on the 

surface. [RSiCl3 + H2O = R Si (OH) 3 + HCl ].   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. 5: Schematic of OTS SAM formation on Si substrate from a very dilute solution using a suitable 
solvent on metal or semiconducting substrate    
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. 6: Schematic description of a polysiloxane at the monolayer –substrate surface. The arrow points 
to an equatorial Si-O bond that can be connected either to another polysiloxane chain or to the surface   
  

In some respects, the SAM could be viewed as an in situ formation of polysiloxane, 

which is connected to surface silanol groups (Si-OH) to form a network of Si-O-Si bonds 
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on the substrate as shown in Figure 1.5 and 1.6. X-ray photoelectron spectroscopy (XPS) 

studies confirm the complete surface reaction of the -SiCl3 groups, upon the formation of 

a SAM [44b]. More interestingly, the Si-Si spacing between the polysiloxane chains is 

4.4 Å and the chains are locked near perpendicular to the surface as shown in Figure 1. 6.  

  Most of the oligomeric units formed in solution will adsorb on the surface faster 

than the monomeric trichlorosilane, resulting in two different isomers, the one in which 

the alkyl chains are connected to the axial position and the other in which it is connected 

to the equatorial position with respect to the Si-O bond. This distribution indirectly 

affects the surface polymerization defining the free volume between the alkyl chains.  

The C-C distance is about 4.25- 4.35 Å (tilt angle ≤ 15 o) and 4.90-5.00 Å (tilt angle ≥ 30 
o) for the axial and equatorial isomers respectively. For example, Tillman et. al, and 

others have reported that alkyl chains in the OTS monolayer tilt ca. 14o from the surface 

normal, which causes a reduction of ~ 0.8 Å in film thickness [16b]. However, 

Biernbaum et al. have reported that the OTS- SAMs are practically perpendicular to the 

substrate (tilt angle 0 ± 5°) using near-edge X-ray absorption fine structure spectroscopy 

(NEXAFS) and X-ray photoelectron spectroscopy (XPS) [53]. Interestingly, the 

adsorption mechanisms of trichlorosilane and trimethoxysilane groups are different, 

resulting in a higher tilt angle of the chains in octadecyltrimethoxysilane (OTMS)-SAMs 

(20 ± 5°). Thickness of the OTS monolayer on Si is 25 ± 2 Å, which is in close 

agreement with the predicated value of 26.2 Å by assuming that the methylene unit (CH2) 

contributes 1.26 Å to the thickness (C-C bond length of 1.54 Å and a tetrahedral angle of 

109.5o), the Si-C, Si-O and terminal methyl group contributes 1.52, 1.33 and 1.50 Å 

respectively [6, 16b, 44b].   

  Usually, the kinetics of monolayer formation follows a simple Langmuir 

isotherm, which assumes that the rate of deposition is proportional to the free space on 

the surface. That is, θ =1-e(-kct) where θ is the adsorbate coverage, t is the reaction time, c, 

concentration of silane and k is the rate constant, which has been frequently used to fit 

kinetic data for SAM growth. Although, Langmuir kinetics is solely determined by the 

competition between desorption, which is assumed to be proportional to the adsorbate 

surface coverage θ, and adsorption that is proportional to the area unoccupied by 

adsorbate, (1-θ). The experimental evidence, however, suggests that the self-assembly of 
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siloxane does not obey simple Langmuir kinetics. The adsorption and desorption depend 

not only on adsorbate surface coverage but also on many processes including diffusion, 

nucleation, lateral organization, hydrolysis and polymerization [54]. Peterlinz and 

Georgiadis, reported that the early stages of monolayer formation follow second-order 

Langmuir kinetics or a diffusion-limited form while a second step obeys zero-order 

kinetics [54a]. In situ IR and X-ray reflectivity studies of alkylsilane SAM growth are in 

reasonable agreement with Langmuir kinetics, except when the data is collected for early 

times or using solutions with a higher water content [55].  

 
Figure 1. 7: Models for the binding of alkylsiloxane monolayers to Si/SiO2, substrates, A) The silicon atom 
in the alkyltrichlorosilane, RSiCI3, forms three lateral bonds to hydroxyl groups at the surface of the 
substrate oxide layer. The formation of this structure does not require any adsorbed water, B) the silicon 
atom in RSiCI3, forms one or two bonds to surface hydroxyl groups. The remainder of the Si-C1 bonds is 
hydrolyzed, resulting in the formation of silanols (Si-OH) and Si-O-Si linkages between adjacent 
alkylsilanes. The Si-O-Si links can also bind within the monolayer alkylsilanes whose silicon atom has not 
formed any bonds to the surface. 
  
  Most often, the irreproducible nature of the siloxane SAM (due to its variable 

tendency to polymerize) adversely affects its applications, where well-defined and 

compact monolayers are required. For example, in the case of silane SAMs, horizontal 

polymerization (cross-linking along the surface plane) is desirable since the cross-linking 

of the siloxane network enhances the stability of siloxane SAMs. However, bulk 

polymerization is undesirable, since this could create many macroscopic islands with ill-

defined morphology (shown in Figure 1.7 A and B) [44b]. Bulk polymerization is 

induced by the hydrolysis of trichlorosilane and is catalyzed by HCl a product of the 

hydrolysis. Consequently, the reaction kinetics is complex and many parameters sensitive 

to reaction conditions need stringent control. It has been reported that subtle variations of 

some experimental conditions, such as trace amounts of water, may alter the growth 

behavior of monolayers significantly [56].  
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     Several laboratories report strikingly different results. For example, ODS SAMs 

have been reported to require reaction times ranging from a few minutes to 24 hours or 

even days and often the reaction is not self-limited to monolayers but to multilayers with 

ill-defined morphology [44b, 57-59]. Wasserman et. al., hypothesized two extreme 

possibilities for the structure of silane monolayers using the x-ray reflectivity as depicted 

in Figure 1.7 [44b]. 

  A complete monolayer is characterized by length, d, and refractive index, n. 

Partial monolayers are formed by removing substrates from solutions containing 

alkyltrichlorosilane before complete monolayer formation and submonolayer coverages 

can be estimated by suitable techniques. In one possible model (uniform model) for an 

incomplete monolayer, the alkyl chains are uniformly distributed over the substrate in a 

disordered manner having a liquid like structure with a refractive index similar to that of 

the complete monolayer despite less thickness. In the alternate model (island model), 

monolayer consists of islands of alkylsiloxane groups having the thickness of a complete 

monolayer although the average refractive index is lower. 

   

 
 
 
 
 
 
 
 
 
 
Figure 1. 8: Models for the structure of incomplete monolayers, a complete monolayer has a thickness, d, 
and an index of refraction, n1, in the uniform model the partial monolayer has a length less than d and an 
index of refraction approximately equal to n, in the island model the incomplete monolayer has a thickness, 
d, but the index of refraction is less than n1 
 
1. 5 Stability of SAMs   
1.5.1 Chemical Stability  

  Stability of SAMs on different substrates been extensively studied using various 

characterization techniques. For example, methyl-terminated siloxanes monolayer (after 

being washed with ethanol to remove contaminants adsorbed from the air) after storing 

for 18 months in closed container in air shows contact angle and length indistinguishable 
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from those determined immediately after preparation. However, detailed studies reveal 

that more polar surfaces get contaminated more rapidly as compared to that of non-polar 

ones. 

Rubbing the surface vigorously with a tissue or cotton swab does not change the 

thickness or wettability of the monolayer. Similarly, silane monolayers are chemically 

stable in 0.1 M HCl at room temperature and also in organic solvents like hexadecane 

even at 75 oC. In comparison, on exposure to aqueous alkali at room temperature, 

approximately 50% of the monolayer gets removed after 80 min. Although the substrate 

appears normal at 80 min, the surface appears visible etched after 160 min. The negative 

length observed in some cases at this point could be explained probably due to the attack 

on the native oxide, since the silicon-oxygen bond gets hydrolyzed under basic condition 

[56]. 
 

1.5.2 Thermal Stability  

 Thermal behavior of monolayer has been reported to be independent of the 

hydrocarbon chain length and monolayers have found to be stable in vacuum even up to 

450 oC [3]. For example, OTS monolayer on Si is stable up to 350 oC in N2 atmosphere 

although its stability in air is limited only up to 225 oC. Some of the monolayers are 

chemically stable in aqueous solutions (e.g., 0.1 M HCl at room temperature) as well as 

in organic solvents like hexadecane at 75 oC. This is especially significant for MEMS 

applications, as SAMs would be capable of sustaining different environments during 

various stages of micro-fabrication [5, 6].  
 

1.6 Characterization techniques  

 The main emphasis of this thesis is on the preparation and characterization of 

the alkyltrichlorosilane monolayer on Si in order to explore their properties for selected 

applications. Monolayers on Si substrate as well as on silica particles have been 

characterized by a host of techniques such as contact angle (CA) measurements, Fourier 

transform infrared spectroscopy (FTIR), X-ray photoemission spectroscopy (XPS), 

Transmission electron microscopy (TEM), Scanning electron microscopy (SEM), X-ray 

diffraction (XRD), Atomic force microscopy (AFM), Thermogravimetric analysis 

(TGA), Cyclic voltammetry (CV) and Impedance measurements. Many other techniques 
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have also been used to get supporting evidence and this part of the chapter is devoted in 

explaining the basic principles of these techniques along with their limitations in 

resolving various aspects of monolayer structure and dynamics.  
 

1.6.1 Contact Angle Measurements  

         CA measurement is a surface sensitive technique, which quantitatively unravels 

the wetting of a solid by a selected liquid like water or hexane, enabling a simple and 

effective method to determine the surface energies, and its relation to the structure and 

composition of a surface [60].   

  It is actually a comparative technique in which the wetting property can be 

studied by placing a small (2-4 μl) drop of the liquid onto a flat solid surface. Since, 

wetting involves the interaction of a liquid with a solid, the spreading of a liquid over a 

surface along with the penetration of a liquid into a porous medium, or the displacement 

of one liquid by another could be monitored to understand the nature of many surfaces. It 

also directly provides information on the interaction energy between the surface and the 

liquid. For example, the water CA for a smooth solid surface exposing closely packed 

methyl groups (-CH3) is 111o-115o, while the hexadecane CA for the same surface is 45o-

46o highlighting the importance of hydrophobic interactions of the terminal group [61-

62].    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. 9: Schematic diagram showing different possible contact angles of a liquid drops on a solid 
substrate 
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  CA is defined geometrically as the angle formed by a liquid at the three phase 

boundary (contact line / wetting line) where a liquid, gas and solid intersect as shown in 

Figure 1.9. Low values of θ indicate that the liquid spreads, or wets well, while high 

values indicate poor wetting. If the angle θ is less than 90o the liquid is said to wet the 

solid (hydrophilicity) while values greater than 90o indicate non-wetting nature 

(hydrophobicity). On one side, a zero CA ideally represents complete wetting while 180o 

on the other side can reveal no interactions.  

  From a thermodynamic perspective, the shape of the liquid drop will be affected 

by the free energy of the surface, which forms an angle with the surface, known as the 

CA, which in turn, is a function of the surface free energy as defined by the Young –

Dupre equation, 

γLVcos θ = γSL - γSV 

where, θ is the angle between the tangent to the droplet and the surface and γSV, γLV and  

γSL are the surface tension at solid-vapor interface, liquid-vapor interface and solid-liquid 

interface respectively [61]. However, this relationship is valid only for a smooth surface, 

which is assumed to be ideal. For real i.e., rough surfaces; Wenzel modified this 

expression by incorporating a roughness (r ≥ 1) as an adjustable parameter, as  

r = cosθ rough surface / cosθ smooth surface, where, surface roughness is defined as a ratio of the 

observed CA (on rough surface) to the CA on the smooth surface. According to this 

equation, surface roughness should increase CA for cases greater than 90 o, and decrease 

for cases less than 90o [63].                   .   

 
 

 

 

 

Figure 1. 10:  Homogenous and Heterogeneous wetting on hydrophobic rough surfaces. 

  Equilibrium wetting on rough surfaces is discussed in terms of a "competition" 

between complete liquid penetration into the rough grooves and entrapment of air 

bubbles inside the grooves underneath the liquid. The former is the homogeneous wetting 
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regime, usually described by the Wenzel equation while the latter is the heterogeneous 

wetting regime that is described by the Cassie-Baxter equation (as shown in Figure 1.10) 

[64]. In case of heterogeneous surfaces, the Cassie equation was suggested for the 

interpretation of wettability results. 

cosθ = f1  cosθ1 + f2  cosθ2, 

where, θ is the CA of a liquid on the heterogeneous surface composed of a fraction f1 of 

one type of chemical group and f2 another chemical group with  f1 + f2 = 1 and θ1 and θ2 

represent CA of  liquid on the pure homogenous surfaces of 1 and 2 respectively.    

  Some surfaces have CAs as high as 150° or even 180°, where water droplets 

simply rest without actually wetting to any significant extent. These surfaces are termed 

‘superhydrophobic’ and this behavior can be seen on fluorinated surfaces (Teflon-like 

coatings) which have been appropriately micropatterned. These new surfaces are based 

on the design of lotus leaf’s surface (a leaf which has little protuberances) and would be 

superhydrophobic even to honey. These surfaces with CA greater than 150o along with a 

low contact angle hystersis (less than 5 o) usually show self cleaning properties [65]. 

  Many methods are used for measuring CAs including sessile drop, captive drop, 

and the dynamic Wilhelmy and Tilting plate. The sessile drop (free standing drop) 

method has been extensively used in this work, since it estimates the wetting properties 

of a localized region on a solid surface conveniently. The method is also ideal for curved 

samples or where one side of the sample has different properties than the other.     

  Since CA depends on liquid purity, temperature, as well as the statistical errors 

in the actual reading of CA, reproducible studies needs accurate control of temperature, 

relative humidity and vapor pressure of the liquid. To minimize these errors in the 

reading, CA measurements should be done in a vibrationless condition, preferably using a 

heavy table equipped with shock absorbers also using a drop of fixed volume and an 

accurate syringe. This can be achieved by working in a closed, insulated compartment 

containing a small beaker with the liquid under study purged with water–saturated 

nitrogen [66].  

      For all our studies, we have used a sessile water drop of 1-4 μL capacity    with 

the help of a Rame-Hart 100 goniometer and a GBX –Model ‘Digidrop’ contact angle 

meter. 
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1.6.2 X-ray Photoelectron Spectroscopy (XPS)  

 XPS is a surface technique useful to study the composition and electronic state 

of the surface region of a sample. Since, the technique provides a quantitative analysis of 

the surface composition it is sometimes known by the alternative acronym, ESCA 

(Electron Spectroscopy for Chemical Analysis) [67]. 

XPS is based on the well-known photoelectric effect (a single photon in/electron 

out process) first explained by Einstein in 1905. Photoelectron spectroscopy uses 

monochromatic sources of radiation (i.e. photons of fixed energy given by relation, E = 

hν, h - Planck constant (6.62 x 10-34 J s), ν-frequency (Hz) of the radiation) such as Al 

Kα (1486.6 eV), or MgKα (1253.6 eV). The photon is absorbed by an atom in a 

molecule or solid, leading to ionization and the emission of a core (inner shell) electron 

as shown in Figure 1.11. In XPS, Soft x-rays (200-2000 eV), and in Ultraviolet 

Photoelectron Spectroscopy (UPS), vacuum UV (10-45 eV) radiations are used to 

examine core levels and valance levels respectively. The kinetic energy distribution of 

the emitted photoelectrons (i.e. the number of emitted photoelectrons as a function of 

their kinetic energy) can be measured using any appropriate electron energy analyzer and 

a photoelectron spectrum can thus be recorded. 

 
 
 
 
 
 
 
 
 
 
 
Figure 1.11: Schematic representation of the emission of a core level electron by photo-irradiation.    
 

The overall process of photoionization is follows:  

A + hν = A+ + e-  

According to conservation of energy,  

E (A) + hν = E (A+ ) + E (e-)  

Since the electron's energy is present solely as kinetic energy (KE) this can be rearranged 

to give the following expression for the KE of the photoelectron:  
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KE = hν - (E (A+ ) - E (A))  

The final term in brackets, representing the difference in energy between the ionized and 

neutral atoms, is generally called the binding energy (BE) of the electron.                         

i.e.  KE = hν – BE. The BE levels in solid are conventionally measured with respect to 

the Fermi-level of the solid, rather than the vacuum level. This involves a small 

correction to the equation given above in order to account for the work function (φ) of the 

solid, KE = hν - BE - φ. Employing photons with fixed energy hν, it is possible to 

measure BE of electron in solid if kinetic energy KE and work function φ of the sample 

are known. Binding energies being characteristic of atoms, different elements present in 

the sample under investigation are identified. The soft X-rays employed in XPS penetrate 

a substantial distance into the sample (~ μm). Thus this method of excitation imparts no 

surface sensitivity at the required atomic scale. However the photoelectrons can escape 

from only a very short distance beneath the surface (< 100 Å). The surface sensitivity 

thus arises from the emission and detection of the photoemitted electrons. Sometimes, 

electrons traveling through a material have a relatively high probability of experiencing 

inelastic collisions with locally bound electrons as a result of which they suffer energy 

loss and contribute to the background of the spectrum rather than a specific peak. The BE 

of an electron depends not only upon the level from which photoemission is occurring, 

but also on the i) formal oxidation state and the ii) local chemical and physical 

environment, changes in either i) or ii) give rise to the small shift in the peak positions in 

the spectrum so called chemical shifts.  

  For insulating samples, when the photoelectrons are emitted out, a positive 

charge zone will establish quickly in the sample surface. As a result, the sample surface 

acquires a positive potential (varying typically from several volts to tens of volts) and the 

kinetic energies of core electrons are reduced by the same amount, C, i.e BE = hν -(KE-

C). The surface charging results in the shift of the XPS peaks to higher BE. In this case, 

the BE has to be calibrated with an internal reference peak i.e. C 1s (BE 284.8 eV) peak 

from the adventitious carbon-based contaminant. In order to neutralize the surface charge 

during data acquisition, a low-energy electron flood gun is used to deliver the electrons to 

the sample surface. The electron flood gun can be tuned to provide the right current to 

push the XPS peaks back to the real position. Atoms of a higher positive oxidation state 
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exhibit a higher BE due to the extra coulombic interaction between the photo-emitted 

electron and the ion core. This ability to discriminate between different oxidation states 

and chemical environments is one of the major strengths of XPS.  

  The basic requirements for an XPS experiment are, X-ray source of fixed-energy 

radiation (usually Mg Kα with hν = 1253.6 eV or Al Kα with hν = 1486.6 eV) and a 

Concentric hemispherical analyser (CHA), which uses an electric field between two 

hemispherical surfaces to disperse the electrons according to their kinetic energy, and 

thereby measure the flux of emitted electrons of a particular energy and a high vacuum 

environment (to enable the emitted photoelectrons to be analysed without interference 

from gas phase collisions). 

   Throughout the investigations described in this thesis, XP spectra of C 1s, Si 2p, 

and O1s, core levels were recorded from a self assembled monolayer on Si (100) 

substrate on a VG Microtech ESCA 3000 instrument at a base pressure greater than 1 x 

10-9 Torr with un-monochromatized Mg Kα radiation (1253.6 eV energy). Measurements 

were made in the constant analyzer energy (CAE) mode at pass energy of 50 eV and 

electron takeoff angle (angle between electron emission direction and surface plane) of 

60° leading to an overall resolution of ~ 1 eV. Chemically distinct components in the core 

level spectra were resolved by a non-linear least squares fitting algorithm after 

background removal by the Shirley method [67]. 
 

1.6.3 Fourier Transform Infrared Spectroscopy (FTIR)  

  Infrared (IR) spectroscopy is a useful, nondestructive technique for the study of 

molecular packing and orientation in mono/multilayers. Since atoms in a molecule 

always vibrate about their mean position if there is a periodic alternation in the dipole 

moment then such mode of vibration is infrared (IR) active (100 μm–1 μm) as the 

vibrating molecule can absorb energy. Consequently, the appearance or non-appearance 

of certain vibrational frequencies gives valuable information about the structure of a 

particular molecule. The frequency of vibration is given by the relation: 

 
where, k is the force constant; μ is the reduced mass.  
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 Various peaks assigned for alkyltrichlorosilane self-assembled monolayer on Si 

substrate are mainly in the C-H stretching region. For example, two bands at 2919 and 

2850 cm-1 are assigned to the antisymmetric and symmetric methylene (CH2) stretching 

vibrations respectively while two weak bands at about 2958 and 2875 cm-1 correspond to 

the asymmetric/degenerate and symmetric methyl (CH3) stretching vibrations 

respectively. The position of the peaks and the increase in intensity of the methylene 

stretching vibrations relative to methyl stretching vibration with chain length indicates 

structural integrity of the molecule. More interestingly, actual peak values of the 

symmetric and antisymmetric CH2 stretching vibrations can be used as a sensitive 

indicator of the ordering of the alkyl chains. The intensity and peak positions of the C-H 

stretching vibrational modes (–CH2 ) of the monolayer film provide information on the 

monolayer formation rates and structural changes during the course of the growth 

process. For example specific shifts from 2928 to 2919 cm–1 and from 2856 to 2850 cm–1
 

for the methylene peaks are well known on going from a liquid to solid alkane phase and 

therefore the observed wavenumbers in our case are indicative of a densely packed 

monolayer of alkyl chains [68, 69]. 

  Different modes are employed for analysis depending on the nature of the 

sample and required level of sensitivity viz., transmission (general mainly powder 

samples), Attenuated total reflectance (ATR) (thick samples, diffusion work), Diffuse 

reflectance fourier transform infrared (DRIFT)-(powders), Reflection absorption infrared 

spectroscopy (RAIRS)-(very thin samples) and Grazing angle infrared spectroscopy – 

(very thin sample)     

  In this work, the OTS monolayer on Si substrate was characterized by grazing 

angle and ATR -FTIR spectroscopy on a Perkin Elmer 1615 spectrometer. Bare silicon 

wafer was used as a background sample and the spectrum was recorded at a resolution of 

4 cm -1 over 256 scans at room temperature. Similarly, OTS monolayer on silica particles 

was characterized by diffuse reflectance mode (DRIFT), in which, sample was made in 

the form of a pellet after mixing with spectroscopic grade KBr. 

1.6.4 Transmission Electron Microscopy (TEM)  

  TEM is a powerful tool for characterizing the atomic-scale structures of 

materials as it not only provides a real space resolution better than 0.2 nm, but also gives 
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a quantitative chemical and electronic analysis from a region as small as 1 nm. In this 

technique, a beam of electrons accelerated by an electric field formed by a voltage 

difference of, typically, 200 kV is focused by condenser lenses, to a spot of 1 mm on the 

thin film under investigation. The transmitted electron signal is then magnified by a series 

of electromagnetic lenses. As the electrons travel through the specimen, they are either 

scattered by a variety of processes or remain unaffected by the specimen. The end result 

is that the non-uniform distribution of electrons emerging contains all the structural and 

chemical information about the specimen appearing on a fluorescent screen or layer of 

photographic film to be detected by a charge coupled device (CCD) camera. In bright 

field imaging, the image of a thin sample is formed by the electrons that pass the film 

without diffraction, while in the dark field imaging mode, a diffracted beam is used for 

imaging. Direct electron images yield information about the microstructure of the 

material and about its defects, while electron diffraction patterns are used to determine 

the crystallographic structure of the material.                                  

  Samples for electron microscopy in the form of very thin films are mounted on 

fine-meshed Cu grids (~ 400 μm mesh). In case near-atomic resolution is required film 

thickness is to be limited to a few tens of Å and hence the quality of the electron 

microscopy work is limited by the thinning-down procedure as structural changes may 

occur during the thinning. Electrons are charged particles, and because collision with 

charged molecules of air will absorb and deflect electrons and distort the beam, the 

optical system of an electron microscope must be evacuated of air. High energy electron 

beam is produced by heating a tungsten filament at voltages usually ranging from 6,000 

to 100,00 volts. Similarly it is better to image as many areas as possible to ensure the 

representative nature before collecting data.   

  In the present study, TEM has been used for determining the size of silica 

nanoparticles drop coated onto a carbon-coated copper grid. TEM measurements were 

done on a JEOL model 1200EX instrument operated at an accelerating voltage of 120 

kV. With the availability of slow-scan CCD cameras and the recent digital revolution, it 

is possible to treat the digital data of electron diffraction patterns and the corresponding 

TEM images recorded under low magnification.    
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1.6.5   Scanning Electron Microscopy (SEM)  

  SEM is a type of electron microscope capable of producing high resolution 

images of a sample surface. The first, true scanning electron microscope (SEM) was 

developed and described in 1942 by Zworykin et al., [70].  In a typical SEM, electrons 

are thermionically emitted from a tungsten or lanthanum hexaboride (LaB6) cathode and 

are accelerated towards an anode; alternatively electrons can be emitted via field 

emission (FE) and this  electron beam with an energy of  about 100 - 50 keV, is focused 

by one or two condenser lenses into a beam with a very fine focal spot sized 1 - 5 nm. 

The beam passes through pairs of scanning coils in the objective lens, which deflect the 

beam in a raster fashion over a rectangular area of the sample surface. Through these 

scattering events, the primary electron beam effectively spreads and fills a teardrop-

shaped volume, known as the interaction volume, extending from less than 100 nm to 

around 5 µm into the surface. Interactions in this region lead to the subsequent emission 

of electrons which are then detected to produce an image. X-rays, which are also 

produced by the interaction of electrons with the sample, may also be detected in an SEM 

equipped for energy-dispersive x-ray spectroscopy (EDX) or wavelength dispersive x-ray 

(WDX) spectroscopy. 

  Spatial resolution of SEM depends on the size of the electron spot which in turn 

depends on the magnetic electron-optical system which produces the scanning beam. The 

resolution is also limited by the size of the interaction volume, or the extent of material 

which interacts with the electron beam. Secondary electron imaging shows the 

topography of surface features a few nm across. Films and stains as thin as 20 nm 

produce adequate-contrast images. Materials are viewed at useful magnifications up to 

100,000 X without the need for extensive sample preparation and ensuring no damage. 

Backscattered electron imaging shows the spatial distribution of elements or compounds 

within the top micron region of the sample and features as small as 10 nm can be 

resolved to determine composition variations of as little as 0.2%. In the present study, 

scanning electron microscopic (SEM) measurements of bare silica and silanized silica 

particles were carried out on a Leico stereoscan model 440 instruments equipped with 

Phoenix energy dispersive analysis of X-ray (EDX) attachment. 
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1.6.6   Atomic Force Microscopy (AFM)   

  AFM was invented in 1986 by G. Binnig and H. Rohrer, where one could probe 

the individual arrangement of the atoms to map the surface with routine single atom 

resolution [71]. In this technique, the surface of a sample is scanned with a stationary tip 

(made up of silicon nitride) mounted on a spring so that the atoms in the tip interact with 

those on the surface and the resulting attraction or repulsive forces could be monitored as 

shown in Figure 1.12. Like all other scanning probe microscopes, AFM utilizes a sharp 

probe rastering over the surface of a sample. The probe is a tip on the end of a cantilever, 

which bends in response to the force between the tip and the sample. The cantilever 

obeys Hooke's Law for small displacements, and the magnitude of deflection depends on 

the atomic forces between the surface atoms and the tip atoms, which in turn, depends on 

their distance of separation. The deflection can be recorded in various ways, the most 

common of which uses a laser focused on the top of the cantilever and reflected onto a 

photodetector. The photodetector signals are used to map the surface topography of 

samples with resolutions down to the atomic scale (i.e., fractions of an Angstrom). The 

lateral and vertical movements of the tip or sample (resolution of better than 0.1 nm) are 

controlled by piezoelectric transducers and a feedback loop that produce voltage 

differences proportional to movements. The image contrast can be achieved in many 

ways out of which, three main classes are contact mode, non-contact mode and tapping 

mode.  

 

 

 

 

 

Figure 1. 12: Image of the tip of a scanning force microscope revealing the interaction between the tip and 
the sample.  

  Contact mode is the most commonly employed one and as the name suggests, 

the tip and the sample remain in close contact as the scanning proceeds. In this case the 
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force on the tip is repulsive with a mean value of 10-9 N. During the measurements, the 

contact tip deflection is used as a feedback signal. The deflection signal is boosted 

against noise and drift by using cantilevers with lower stiffness. But if the tip is moved 

too close to the substrate, where attractive forces might be quite strong, causing the tip to 

'snap-in' to the surface. Therefore, it is advisable to carry out contact mode AFM always 

in circumstances where the overall force is repulsive. On the other hand, in non-contact 

mode the cantilever is oscillated above the surface of the sample at such a distance, where 

there is no longer repulsive interaction. However, as the tip is scanned at a constant 

height, it may inevitably lead to a tip crash with the substrate surface. In addition, if a thin 

layer of water contaminates the surface of the sample, it will invariably form a small 

capillary bridge between the tip and the sample causing the tip to "jump-to-contact". 

Therefore, non-destructive imaging is possible with these small forces. Tapping mode is 

the next most common mode used in AFM. When operated in air or other gases, the 

cantilever is oscillated at its resonant frequency (often hundreds of kHz) and positioned 

above the surface so that it only taps the surface for a very small fraction of its oscillation 

period. The tip were scanned at a constant height, there would be a risk that the tip would 

collide with the surface, causing damage. Tapping mode may be a far better choice than 

contact mode for imaging of soft samples. 

  AFM is a versatile technique, which can be used to study the monolayer 

topography and more significantly, it is possible to deposit molecules on a substrate 

(nanopatterning using an “inked” AFM tip) using the dip-pen nanolithography (DPN), an 

elegant technique recently developed by Mirkin and co-workers, where, patterned silane 

SAM formation has been more recently reported [23,72]. Further, time resolved atomic 

force microscopy could be used to study the growth mechanism of SAM formation, 

determination of surface roughness, grain size, and features on the nanoscale such as 

individual holes, defects (such as pinholes), and atomic clusters. It could be valuable to 

investigate a wide range of materials, including semiconductors, non-conducting 

surfaces, biological samples, high-resistivity materials, insulators, conducting samples, 

and features of microelectronic devices. AFM has several advantages over the scanning 

electron microscopy (SEM) since it provides a true three-dimensional surface profile 

especially because samples do not require any special treatments (such as metal/carbon 
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coatings) that would irreversibly change or damage the sample. It can be operated in 

ambient air or even a liquid environment.  However, a major limitation is that, it can 

image only a maximum height on the order of micrometres and a maximum scanning 

area of around 150 X 150 μm2. Another inconvenience is that, at high resolution the 

quality of the image is limited by the radius of curvature of the probe tip, and an incorrect 

choice of tip for the required resolution can lead to image artifacts. The AFM could not 

scan images as fast as an SEM, requiring several minutes for a typical scan, while an 

SEM is capable of scanning at near real-time (although at relatively low quality) after the 

chamber is evacuated. The relatively slow rate of scanning during AFM imaging often 

leads to thermal drift in the image, making the AFM microscope less suited for 

measuring accurate distances between artifacts on the image. However, speed has been 

improved in video AFM, where reasonable quality images are being obtained at a video 

rate - faster than that used in average SEM. 

  In the present work, AFM images were obtained using a Nanoscope II (Digital 

Instruments, Inc) operated at constant height mode with very low applied force (typically 

under 1 nN). All measurements were performed in ambient conditions using silicon 

nitride probes mounted on the micro-fabricated cantilever (force constant 0.6 N/m) in the 

tapping mode to avoid surface damage. The bearing ratio of the digital instrument 

software was used to estimate the surface coverage of the OTS monolayer. 
 
1.6.7 Thermogravimetic Analysis (TGA) 

  Thermogravimetric analysis (TGA) is a widely employed technique for 

measuring the change in weight of a sample as a function of temperature and time in a 

controlled atmosphere, whereas DSC is particularly useful to understand phase transitions 

including the change of orientation of monolayer upon heating/cooling. Since TGA uses 

heat to force reactions and physical changes in materials, characteristic 

thermogravimetric curves of a material unravel kinetic and mechanistic information from 

unique sequence from physicochemical reactions occurring over specific temperature 

ranges and heating rates. For example, TGA is commonly employed to determine 

degradation temperature, absorbed moisture content of many polymeric materials, 

inorganic and organic components in materials, decomposition points of explosives and 
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solvent residues. It is also used to estimate the corrosion kinetics in the case of high 

temperature oxidation. However, the accuracy, precision and overall quality of thermal 

analysis data depends critically on the ability of the operator to optimize instrument 

performance and the selection of appropriate conditions for the experiment. 

 In the present study, thermogravimetric analysis was carried out on a Seiko thermal 

analyzer model No: TCA/DIA–32 of bare and surface silanized silica particles in air or 

nitrogen atmosphere. 
 
1.6. 8 Electroanalytical Techniques 
1. 6.8.1 Cyclic Voltammetry  

  Cyclic voltammetry is one of the most versatile electroanalytical techniques for 

the study of electroactive species. This has significant applications in the area of SAMs, 

as voltammetric data can provide a means to evaluate monolayer energetics and 

monolayer coverage (especially with respect to the barrier properties) using appropriate 

solvent [73, 74]. It also provides a ready means to estimate the double layer capacitance 

as well as the distribution of defects (like pinholes) in the monolayer. However when the 

monolayer is electro-inactive, an external redox couple like ferro/ferricyanide or 

ferrocene is employed to estimate the surface coverage, pinhole distribution etc.  

 

 

 

 

 

 

 
 
Figure 1. 13:  In cyclic potential sweep, the voltage is swept between two values (initial potential) at a 
fixed rate, although when the voltage reaches V2 (switching potential) the scan is reversed and the voltage 
is swept back to V1 (b); resulting cyclic voltammograms for a reversible case is shown on the right hand 
side, where Ep

a , Epc are anodic and cathodic peak potentials and Ipa, Ipc are anodic and cathodic peak 
currents.  
  The basic principle of voltammetry is the measurement of current after applying 

a linear potential sweep to a working electrode with respect to a reference electrode in an 

unstirred solution and often the potential sweep is reversed to complete one cycle.  The 
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controlled potential applied as a triangular waveform in a linear fashion, could be 

considered as the signal transducing electrochemical changes at the SAM/electrolyte 

interface. The features of a cyclic voltammogram (a plot of current versus applied 

potential) like, peak potential separation and shape are extremely sensitive to the 

polarizability of the SAM/electrolyte interface and hence could provide valuable 

information about the monolayers [75]. The current-voltage curves are measured in a 

potentiostatic circuit using a  three–electrode arrangement in order to  vary the potential 

difference between the working electrode (WE) and the reference electrode (RE) at  a 

predetermined rate (sweep rate).  

The resultant cyclic voltammogram can provide a wealth of information for redox 

processes including the understanding of reaction intermediates, kinetic stability of 

products. For example, for a reversible redox reaction at 25 °C with n electrons peak 

width (ΔEp) should be 0.0592/n V or about 60 mV for one electron. In practice this value 

is difficult to attain because of factors such as uncompensated resistance and 

irreversibility arising due to a slow electron transfer rate resulting in ΔEp > 0.0592/n V, 

which means 70 mV for a one-electron reaction. Voltammetric techniques also have 

ability to unravel many adsorption processes through the appearance of pre-peaks and 

post-peaks in combination with an analysis using Anson plots (Q vs t½). The scan rate can 

be varied by several orders of magnitude to suit the intrinsic rate constant of reactions 

and this along with the use of ultramicroelectode provides many unprecedented benefits 

to study coupled chemical reactions [75a]. Despite these advantages and simplicity it has 

many limitations such as need for charging current (nonfaradaic current) correction, 

dependence of voltammetric features on the nature of working electrode and supporting 

electrolyte, distortions due to ohmic drop, dependence on cycle number etc and hence 

many precautions are needed when one considers results of new systems for 

interpretation. In this work, cyclic voltammetric experiments of bare and monolayer 

derivatized Si electrodes were performed on an Autolab PGSTAT 30 (ECO CHEMIE) 

instrument at various scan rates. 

1.6.8.2   Impedance Analysis 

  Electrochemical impedance is another important electroanalytical technique 

based on the measurements of the frequency dependent response of an electrochemical 
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cell after applying a small-amplitude sinusoidal signal under a potentiostatic control. 

When the impedance varies with frequency then real and imaginary parts come into 

picture. The measurement of the response of the electrochemical cell to a small amplitude 

alternating potential, interpreted using suitable equivalent circuit models can give 

valuable information about surface coverage, dielectric constant and electron-transfer 

behavior of the pinholes of the monolayers [75]. The reasons are often analyzed by 

complex impedance presentation (real versus imaginary plots) and the results are 

interpreted in terms of combining many passive circuit elements like capacitors, resistors 

and inductors. This way of equivalent circuit description of the monolayer–solution 

interface provides many advantages to determine the double layer structure and kinetic 

parameters. 

  For a given applied potential, V (t) = V0 cos (ωt), the resulting steady state 

current is given by I (t) = I0 cos (ωt-θ), where, θ is the phase shift between the voltage 

and the current, which is also a function of the frequency of the input voltage. The 

impedance can be expressed as a complex number Z (ω) = V (t) /I (t) = Z0 (cosθ + jsinθ) 

= Z’ (ω) + jZ” (ω), where, Z’ is the real component and Z” is the imaginary component of 

the impedance respectively. A common way to graphically present impedance data for a 

given system is plotting –Z” against Z’ (Nyquist plot). Each point on the Nyquist plot is 

characteristic of the complex impedance at a given frequency although this representation 

does not indicate the frequency. Alternatively, in the “Bode plot" the impedance is 

presented against the log (frequency) and both the absolute value of the impedance (|Z| 

=Z0) and the phase-shift are plotted on the y-axis. Unlike the Nyquist plot, the Bode plot 

explicitly shows frequency information [76]. The phase shift can also provide 

information about the cell time constants and the ideality of the SAMs capacitive 

behavior. 

  Advantages of impedance over other techniques include the use of low-

amplitude sinusoidal voltage (about 5 mV) which provides only a marginal perturbation 

of the system from equilibrium (steady state), offers the possibility of obtaining 

information on important quantities such as ohmic resistance, double layer capacitance, 

film capacitance, as well as on other important processes such as charge transfer at the 

electrode/film interface and within the film in a single experiment. It is also possible to 
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characterize interfacial properties in the absence of a redox reaction. However, the 

model-dependence of the calculated parameters can sometimes mislead if an 

inappropriate circuit is selected. In addition, the difficulty of interpreting variations in the 

imaginary component is one of the major limitations [76].   

In this work, electrochemical impedance measurements were carried out with 

Solartron 1255B frequency response analyzer (FRA) interfaced to 1287 potentiostat / 

galvanostat. Measurements were performed over a wide frequency range of 100 kHz-0.01 

Hz with 10 mV rms amplitude and these data were analyzed using ZPLOT2 and 

ZVIEW2 for the frequency analysis and equivalent circuit fitting / simulation program 

respectively based on the complex non-linear least square (CNLS) method.  
 

1.6.9   Miscellaneous Techniques 

  Apart from these techniques, several other special characterization techniques, 

such as Ellipsometry, X-ray reflectivity, X-ray diffraction (XRD), Scanning tunneling 

microscopy (STM), Surface enhanced raman spectroscopy (SERS), Sum frequency 

generation (SEG) spectroscopy, Energy dispersive analysis of X-ray (EDX), Electron 

Energy loss spectroscopy (EELS), and Quartz crystal microgravimetry (QCM) have been 

applied for investigation of SAMs [77-80]. 
 
1. 7 Applications of SAM 

  Preparation of ordered ultrathin organic films (a few nanometers to several 

hundred nanometers) has recently attracted considerable attention because of the 

possibility of controlling order and interactions at the molecular level. It can also be 

possible to tailor the terminal groups of SAMs for specific functionalities and molecular 

selectivity to suit these applications [5, 6]. Surface modification through functionalization 

is an essential step for many applications including sensors, microelectronics, thin film 

optics, water-resistant coatings, anti-corrosive coatings, adhesion enhancement, and 

nanoparticle synthesis. Among various surface modification techniques, SAMs have 

demonstrated their superiority over all others due to their simplicity and ease of 

formation [6]. Some of the recent applications are mentioned below.  
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1.7. 1 Patterning of Surfaces  

  Patterned monolayer formation (allows one to control the position and 

attachment of molecules with different functionalities) on metallic and semiconducting 

surfaces has become a central focus of research in recent times. These patterned 

monolayers have diverse potential applications in various areas such as in integrated 

circuits, field-effect transistors, optical memory storage devices, and electroluminescent 

and electrochromic displays. It has also been useful to tailor surface properties such as 

wetting, protein adhesion, selective etching of resists, growth of crystals, and molecular 

recognition along with modulation of regions for specific cell growth or protein fixation 

[81]. 

  The end-group functionality of a patterned SAM can, in principle, be used to 

direct the assembly of functionalized nanoparticles to study specific interactions between 

SAM and nanoparticle interface for many interesting applications in biology (e.g., 

sensors), physics (e.g. photonic crystals, data storage etc.), materials science and in their 

many contiguous areas [82,83]. Many of these methods have been known for the 

patterned SAM formation, like nanoshaving and nanografting, dip pen nanolithography 

(DPN), e-beam lithography, soft lithography, photolithography, nanoimprint lithography 

(NIL) and other techniques [84-90].   
 

 1.7.2   Molecular Electronics  

  SAMs are promising candidates as active components in molecular electronics 

due to its tunable properties. Simple molecular electronic devices usually consist of 

organic molecules sandwiched between conducting or semiconducting electrodes (e.g., 

MIS junctions), leading to a, systematic variation in the electronic properties. Well 

known examples include molecular wires, molecular diodes, single electron transistors 

and even molecular motors and some of these designs use SAMs as interconnects [91, 

92]. In this context electron transport through single molecule has been studied 

extensively by many research groups. The mechanism of charge storage and transport 

properties across monolayers and semiconducting substrate (i.e. across the silicon/ 

organic interface), are some of the key issues common to all the above applications of 
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molecular nanoelectronics. It is possible to make organic transistors, biosensors, and 

hybrid memory devices (in flash or dynamic random access memory) using many 

interesting types of quantum dots sandwiched with SAMs [91- 93].           

  The development and understanding of the electronic properties of organic 

insulating films with thicknesses in the few nanometer (range ~2-3 nm) are two key 

issues for the future of molecular nanotechnologies. SAMs of alkyltrichlorosilane 

molecules chemically grafted on silicon substrate can act as very efficient insulating 

barriers provided their fabrication and molecular architecture are well controlled. Recent 

theoretical and experimental studies established the energy offsets between a silicon 

conduction band and the lowest unoccupied molecular orbitals to be between 4.1 and 4.3 

eV respectively. In addition, that of between the silicon valence band and the highest 

occupied molecular orbital of the alkyl chains to be between 4.1 and 4.5 eV respectively 

in siloxane SAM, irrespective of the alkyl chain length (between C12 and C18). These 

results validated the concept of using SAMs as ultrathin insulators because of a good 

alignment between the carbon sp3 and the silicon sp3 orbitals to achieve the charge 

neutrality and assuming that the band structures of the carbon and silicon are almost 

centered on their respective sp3 level [94]. 
 

1.7.3 Chemical Sensors and Biosensors   

  One of the most frequent applications of SAMs in electroanalytical chemistry is 

in the development of chemical sensors to monitor a variety of analytes like pH, 

inorganic species and organic molecules both for chemical and biological recognition.  

For such applications many ‘integrated molecular systems’ (i.e., integration of multiple 

functionality within a monolayer) have been recently developed. This approach has been 

more recently illustrated using voltammetric pH measurements with the help of two 

redox species, viz quinone (pH sensitive) and ferrocene (pH insensitive reference 

electrode), co-immobilized onto SAM. Oxidation and reduction peaks of quinone shifts 

linearly with pH making it possible to accurately measure the pH between 1-11. Also, in 

some of the SAM based inorganic sensors, it is possible to detect simultaneously both 

redox active and redox inactive species [95].   
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In addition, integrated biosensing systems (lab-on-a–chip) have attracted much attention 

for the detection and analysis of many analytes and in case of biomolecules; monolayer-

modified electrode acts as a template for their immobilization.   For example, Tetsuya 

Osaka et.al., have reported the fabrication of functionalized organic monolayers modified 

Field effect transistors (FETs)  for on-chip ion and biosensing as shown in Figure 1.14 

[95].  

         

 

 

 
 
 
 
 
 
Figure 1. 14: Schematic representation of organic monolayer-modified SiO2 gate FET devices. [Adopted 
from 95].  
            
  In this FET, the sensing electrode is the amino functionalized monolayer as an 

active layer, which is suitable for immobilization of DNA, enzyme, antibody etc. The 

reference electrode is a passive layer such as an alkyl, or perfluoro-alkyl functionalized 

monolayer, which is effective for preventing any undesired adsorption and ionic reaction 

at the surface. This organic monolayer-modified SiO2 gate FET has been found to show 

satisfactory stability and durability to many analytes in aqueous solution. 
 
1.7.4 SAMs as anti-stiction agents in MEMS/NEMS 

1.7.4.1 MEMS/NEMS 

  MEMS are revolutionizing nearly every product by bringing together silicon-

based microelectronics with micromachining technology, making possible the realization 

of complete systems-on-a-chip i.e. lab-on-a-chip. It is an enabling technology allowing 

the development of smart products, augmenting the computational ability of 

microelectronics with the perception and control capabilities of microsensors and 

microactuators and expanding the space of possible designs and applications. Few of its 

applications available commercially include inkjet-printer cartridges, accelerometers, 

miniature robots, microengines, locks, inertial sensors, microtransmissions, micromirrors 
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and micro actuators. Microelectronic circuits can be thought of as the "brains" of a 

system and MEMS augments this decision-making capability with "eyes" and "arms", to 

allow microsystems to sense and control the environment. Sensors gather information 

from the environment through measuring mechanical, thermal, biological, chemical, 

optical, and magnetic phenomena. The electronics then process the information derived 

from the sensors and through decision making capability direct the actuators to respond 

by moving, positioning, regulating, pumping, and filtering, thereby controlling the 

environment for some desired outcome or purpose [3, 4, 96]. MEMS fabrication process 

is compatible to "micromachining" processes, which involve selectively etching of parts 

of the silicon wafer (bulk micromachining) or addition of new structural layers (surface 

micromachining) to form the mechanical and electromechanical devices (Figure 1.15). 

There are three general approaches to the fabrication of MEMS: surface micromachining, 

bulk micromachining, and LIGA processing. 

 

 
 
 
 
 
 
 
   
 
 
 
 
 
Figure 1.15:  Representation of system on a chip, in which MEMS structures are assembled on a single 
substrate through microfabrication process; MEMS are a combination of tiny electrical and mechanical 
devices etched in silicon much like computer chips.  
 

i) Bulk micromachining  

  In bulk micromachining, the single crystal silicon is specifically removed / 

etched to form three-dimensional MEMS structures (Figure 1.16). Typically, wet alkaline 

etchants such as potassium hydroxide (KOH) or tetramethylammonium hydroxide 

(TMAH) is used for the anisotropic dissolution of silicon. This method is particularly 

useful for fabricating, high performance pressure sensors, accelerometers, and photonic 

switches.   
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ii) Surface micromachining  

  Many sequences of steps are involved in the surface micromachining, viz., 

deposition, patterning and etching of thin films on the surface of a substrate (such as 

silicon, glass, alumina, or metal). First, a sacrificial layer (soluble or removable) is 

deposited on a substrate (with a Si3N4 isolation layer) by chemical vapor deposition 

(CVD). This sacrificial layer provides temporary support for the structural layer during 

the subsequent fabrication, commonly used sacrificial layers being metals (Au, Al, etc.), 

ceramics (SiO2 and Si3N4), and plastics (photoresist, polymethyl methacrylate, 

polyimides). A thin film of structural material (typically polysilicon) is deposited and 

etched to define a required structure. After etching the sacrificial layer, the patterned 

structure is separated from the substrate (except at the anchoring point) by removing the 

sacrificial layer to form a freestanding structure (Figure 1.16). This process can be 

repeated to form a stack of structural layers of different thicknesses with sacrificial layers 

sandwiched between them. This multilayer surface micromachining process can be used 

to create complex MEMS structures. Using this method, low cost accelerometers, 

cantilever beam arrays etc., are fabricated.    

 

 

 

 

 

 

 

 

 

 

 

Figure 1.16: Schematic representation of surface and bulk micromachining process; where, the sacrificial 
layer etched to form a freestanding structure and the single crystal silicon is specifically removed to form 
three-dimensional MEMS structures respectively.  

iii) LIGA process  

  LIGA (Lithographie, Galvanoformung und Abformung, German word for 

Lithography, Electrodeposition, and Molding) is again very similar to both wet bulk 
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micromachining and surface micromachining, except with a few considerable 

differences. In both, wet bulk and surface micromachining techniques, photoresists those 

are susceptible to ultraviolet (UV) radiation are used to pattern the metal layers to form 

devices and structures. But under the LIGA process, a different photoresist is used, which 

is susceptible to X-ray radiation. This difference in photoresists can allow for much taller 

objects to be created using LIGA, ranging anywhere from microns to centimeters high. 

The method is mainly used in high aspect ratio (HAR) micromachining. 

 Main advantages of micromachining are its extensive utility in diverse fields of 

applications, ability to mass produce cheaper devices, ultra small and compact nature and 

its versatility to offer effective solutions to many problems. However, there are also some 

major limitations like difficulty to fix due to their ultra-small size, operational problems 

in working with them and more significantly the expensive and sophisticated fabrication 

facility to set up at the beginning, which prevents larger commercial acceptance. 
 

iv) Stictional Problems during the Fabrication of MEMS  

             One of the major factors, which limit the widespread use and reliability of 

MEMS is stiction (unwanted adhesion of compliant microstructure surfaces) not only 

during the fabrication stages, but also during their operation [97]. Stiction arises on a 

molecular level as a result of the dominance of surface forces such as capillary, hydrogen 

bonding, electrostatic, and van der Waals, over interacting at the micro-scale. When such 

internal restoring forces of microstructures cannot overcome all of the contributions of 

surface adhesive forces, these devices suffer from stiction. According to their origin and 

involvement of both adhesion and friction, these could be categorized into two types viz., 

‘release’ and ‘in-use’ types of stiction. The former occurs while removing the sacrificial 

layers from the surface of micromachined structures. In this case, when the structure is 

released from the aqueous solution after wet etching of an underlying sacrificial layer, the 

liquid meniscus on hydrophilic surfaces pulls the microstructure towards the substrate 

and thus the stiction occurs. Although the structure is subsequently oxidized or dried after 

release, stiction still exists, as the high energy hydrophilic surface remains strongly 

adhered to the micro device, which cannot generate enough restoring force to overcome 

the adhesion. This type of stictional problem becomes more complicated as we reduce the 



Ph. D Thesis                                                             Chapter 1                                               
                                                  

 
National Chemical Laboratory                       Sneha A.  Kulkarni                         University of Pune, April 2007 

40 

size of microstructures further since stiction dominates more for smaller microstructures. 

The fact is that the adhesion force decreases linearly with size, whereas gravitational 

force decreases with cube of size. For example, a ball bearing of 1 cm in diameter with a 

dirty surface would experience an adhesion force several orders of magnitude smaller 

than that of gravitational forces. On the other hand, a small ball bearing 1 μm diameter 

experiences an adhesion force a million times greater than that of gravitational force.  

  In comparison, the ‘in-use’ stiction occurs after the release stage, such as when 

the device is in operation, or in storage or when improperly handled.  It is minimized by 

using suitable engineering approaches including novel processing techniques such as 

texturing the surfaces to reduce the contact area, avoidance of liquid–vapor interfaces 

altogether through the use of a supercritical fluid, freeze sublimation drying, vapor phase 

etching of sacrificial layers, and other dry-release methods. Other approaches include 

surface modification techniques such as roughening the surface of structure to reduce the 

contact area, controlling both the topography and the chemical composition of the 

contacting surfaces, supercritical drying using CO2, and changing water meniscus shape 

by chemically modifying the surface. One of the recently emerging concepts is the use of 

SAMs to alleviate the stiction problem in the MEMS fabrication [99].  
 
1.7.4.2   SAM for MEMS 

           MEMS/NEMS have experienced a rapid growth in the past decade due to its 

versatility and breadth of applications. The dimension of the system decreases, the 

surface area / volume ratio increases and this large surface area/volume ratio in 

MEMS/NEMS causes surface forces (i.e., adhesion and friction) to dominate over inertial 

forces as discussed above. Consequently, tribiological limitations, such as stiction, 

friction, and wear, pose many major problems that limit the efficiency, power output, 

steady-state motion, and reliability of MEMS/NEMS devices.  

 Application of sub nanometer-thick films of SAMs during microfabrication has 

attracted a great deal of attention to tackle the stiction problem in MEMS/NEMS because 

of its high hydrophobicity, low surface energies, and compact packing structures (to 

alleviate capillary forces). SAMs usually have low adhesion and friction, which are 

responsible for minimal energy losses and accordingly, exhibit stability within a wide 



Ph. D Thesis                                                             Chapter 1                                               
                                                  

 
National Chemical Laboratory                       Sneha A.  Kulkarni                         University of Pune, April 2007 

41 

range of environmental conditions. More significantly, the self-assembly characteristics 

allow SAMs to form by itself on MEMS surfaces ensuring conformal coverage. Among 

various types of SAM forming molecules on Si surfaces, the best candidates for stiction 

perhaps, are alkylsilane and alkoxyl molecules. This is because, alkylsilane SAMs are 

stabilized by hydrogen bonds to the substrate, continuing one long chain hydrogen bonds 

within the SAM, and also covalent bonds to the substrate. Alkoxyl SAMs that are 

primarily covalently bonded to the SiO2 substrate should be more stable against wear and 

aging [1-10]. 
 

1.8 Motivation, Scope and Organization of the Thesis 

    The genesis of the present thesis is inspired by several interesting issues 

unfolded during the foregoing critical review related to both fundamental and 

technological aspects of SAMs of alkyltrichloro / trimethoxysilane on semiconducting 

substrates. This includes the preliminary studies of several SAM forming on 

semiconducting substrates using various characterization techniques and their diverse 

potential application in the (nanotechnology and) MEMS/NEMS. Some of the details 

have been provided about their growth mechanism, thermal stability and about their 

electron transfer barrier properties on Si substrate.     

  The present thesis addresses few of these important issues related to the 

preparation, characterization, thermal stability and electrochemical properties, of self 

assembled alkyltrichlorosilane monolayer on Si substrate. Few selected applications have 

been investigated due to their importance in fabricating MEMS based device. 
 

1.8.1 Objectives of the Present Study  

  The specific objectives of the present work embodied in this thesis are as 

follows. 

(a) To study the growth kinetics and thermodynamic stability of octadecyltrichlorosilane 

(OTS) SAM on Si substrates;  

(b) To understand the thermal stability and critical surface tension of alkyltrichlorosilane 

monolayer on silicon substrates by varying the chain length of the molecule; 



Ph. D Thesis                                                             Chapter 1                                               
                                                  

 
National Chemical Laboratory                       Sneha A.  Kulkarni                         University of Pune, April 2007 

42 

(c) To understand the electrochemical and barrier properties by varying the chain length 

at Si / SiO2 / electrolyte interface in order to correlate monolayer thickness, coverage, 

change in flat band potential, surface state distribution and rate constant of the redox 

probe;  

(d) To explore the difference in the thermal stability on the planar (2D) and curved (3D) 

silica surfaces;  

(e)  To investigate the wetting behavior of the silica particles by modifying the surface 

using different silane molecules;  

(f)  To form mixed silane mono/multilayers on silica surface in order to achieve 

superhydrophobicity by creating the hierarchical micro-nano roughness;   

(g)  To control etching rate and morphology of the Si substrate through surface 

functionalization; and 

(h)  To investigate the wafer bonding process at a low temperature (less than 80 0C) for 

making molecular/polymeric glue using self assembled mono/multilayers of 

acrylate/methacrylate alkoxysilyl monomer. 

 
1.8.2 Organization of Chapters 

  This thesis consists of seven chapters. Chapter one gives an introduction along 

with a brief overview of the preparation, characterization, and various properties of 

SAMs on semiconducting substrates. Structure, kinetics and growth mechanism of SAM 

formation have been discussed in relation to the nature of molecule, solvent, 

concentration, and temperature with special emphasis on alkyltrichlorosilane SAMs on Si 

substrates. This chapter also deals with the physical principles of different 

characterization techniques that are extensively used for the investigations of SAMs. 

Applications of these techniques to understand various aspects of formation of SAM on 

Si have been summarized. The most important function to tackle the stiction problem of 

MEMS by providing a suitable low energy surface coating has been discussed in more 

details.  In the end, the specific objectives of the present study are discussed with special 

relevance on their growth kinetics, thermal stability, and change in surface energy, 

surface hydrophobicity and chain length dependent electron transfer characteristics. 
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Finally, further scope for research in this area with few of the major existing limitations is 

also discussed.  

Second chapter comprises a study on the growth kinetics and thermodynamics of 

alkyltrichlorosilane monolayer with special emphasis on OTS monolayer on Si. More 

interestingly, the growth kinetics of monolayer formation on Si (100) by using time-

dependent CA measurements has been elucidated, using Langmuir adsorption isotherm. 

Further, these monolayers have been characterized by different techniques, such as CA 

measurements, FTIR, XPS, and AFM.  

Third chapter deals primarily with the electrochemical characterization of OTS 

(C18), dodecyltrichlorosilane (C12) and octyltrichlorosilane (C8) SAMs on Si (100) in the 

presence and absence of an external redox probe like ferrocene. More specifically, the 

electron transfer behavior of ferrocene on Si (100) electrode is found to be drastically 

affected by the presence of monolayers and the reasons for such significant variation are 

analyzed in terms of the change in resistance, dielectric thickness and coverage of the 

monolayer. For example, the double layer capacitance is found to decrease systematically 

with increasing the chain length of the monolayer suggesting a smooth variation in the 

“plane of closest approach” with the thickness of the monolayer, despite the presence of a 

space charge layer on Si electrode. The rate constant of the ferrocene decreases by four 

orders of magnitude on monolayer derivatized Si electrode (in comparison with that on 

bare Si electrode) due to the barrier provided by various monolayers. The reasons for the 

observed shift in the flat-band potential (Efb) and surface states distributions as a function 

of the monolayer chain length have also been discussed. The use of SAMs, thus to 

control the behavior of semiconductor-electrolyte interfaces offers several benefits to 

many applications like microfluidic devices, biosensors, surface engineering and surface 

model systems, contact printing in materials microfabrication, inhibition of corrosion and 

oxidation, lubrication and protein adsorption. 

  Understanding the structural and functional integrity of SAMs of 

alkyltrichlorosilane on Si/SiO2 interface with change in temperature is critical for 

realizing their utility as anti-stiction coatings during the fabrication and functioning of 

MEMS. In the fourth chapter, we compare the thermal stability of two dimensional (2D) 

OTS monolayers on both n-type Si substrate (planar surface) and silica spheres (curved 
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surface). Various surface sensitive spectroscopic techniques like grazing angle FTIR 

spectroscopy and XPS have been used for surface characterization. Interestingly, a 

significant enhancement in the thermal stability is observed for the case of OTS-SAM (up 

to 625 K) on freshly prepared spherical silica surfaces in comparison with the stability of 

OTS-SAM on planar Si substrate. Despite this difference in thermal stability, the results 

of temperature dependent FTIR demonstrate monolayer decomposition in both cases 

through the involvement of both Si-C and C-C bonds leaving Si-O-Si bond intact. These 

results are useful to understand the mechanism by which SAM enhances the interfacial 

adhesion as well as the inhibition of Cu diffusion (electro-migration) into adjacent 

dielectric layers, which obviously improves the interconnect reliability in nanoscale 

electronic devices.     

  Various strategies to develop artificial superhydrophobic surfaces (analogous to 

lotus leaf) have attracted significant attention in recent time due to its fundamental 

relevance of molecular level manipulation of surface energy and consequent implications 

in commercial applications ranging from self-cleaning window glasses, paints, and 

fabrics to low-friction surfaces. Nature exhibits the phenomena of superhydrophobicity in 

‘lotus leaf effect’ to harness the ‘roll-off’ action for self-cleaning of leaves. Several recent 

studies of lotus leaf reveal that its waxy surface is made up of many micron-sized bumps 

that in turn are covered with nanoscale hair-like tubules responsible for the ‘roll-off’ 

action of water. Since SAMs can act like nanoscale hair like structure both structurally 

and functionally, we show in chapter five, the utility of this approach to design an 

artificial superhydrophobic surface. More specifically, we show that the extent of the 

hydrophobicity of the silica nanoparticle (~ 100 nm) film can be tuned remarkably by 

surface functionalization using different self-assembled mono/multilayers of 

alkyltrichlorosilane. More specifically, the hydrophobicity of the silica surface is 

enhanced by a chemical modification that lowers the surface energy i.e., through the 

well-known method of surface silanization. Surface roughness is engineered through 

silanization facilitating a change in both the surface chemical composition and the 

geometrical microstructure to generate hierarchical structures where the CA can be 

anywhere between 60o to 168o. Our results indicate that these types of superhydrophobic 

surfaces obtained by forming mixed mono/multilayer on the silica surface could be useful 
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for many potential applications due to the low surface energy with enhanced thermal 

stability and tunable CA. 

In chapter six, we present some selected applications of SAMs. In the first part 

of this chapter (6A) we demonstrate the role of OTS monolayer for controlling the 

etching rate and morphology of the Si substrate after various pretreatments, such as HF 

(A), piranha (B) and OTS (C) monolayer formation. These treatments generate a, 

hydrogen (-H), hydroxyl (-OH) and methyl (-CH3) terminal functional groups 

respectively on the Si substrates, which assists the kinetics of silicon dissolution along 

with modulating the surface morphology.  

In the second part of this chapter (6B), an improved process for wafer bonding at 

a low temperature (less than 80 oC) by making a molecular (polymeric) glue using self 

assembled mono/multilayers of acrylate/methacrylate alkoxysilyl monomer has been 

demonstrated, which could be used as a molecular glue for bonding silicon-silicon, 

silicon-glass, and glass-glass interfaces. This is mainly possible by the polymerization of 

terminal vinyl unsaturation of mono/multilayers on SAMs using thermal/photosensitive 

initiator. This type of glue will be very useful for the integration of microstructures and 

microelectronics involved in MEMS and Very Large Scale Integration (VLSI) packaging 

processes particularly under harsh thermal environment.  

      A summary of all the major conclusions of the present study with respect to the 

preparation, characterization and various properties of SAM on Si substrate is discussed 

in chapter seven with possible scope for further research in this area. The chapter also 

outlines some of the limitations of these materials along with possible methods to 

overcome them. In addition, plausible precautions and safety hazards during the 

preparation and processing of SAM have been elucidated.  

 Our experimental studies clearly show that, these SAMs can effectively be used in 

MEMS/ NEMS fabrication as well as in devices due to its good thermal and chemical 

stability, low surface energy and adhesion, tunable hydrophobic nature, and insulating 

properties. In addition, these SAMs would be of interest in molecular electronics ranging 

from biosensors to optoelectronic devices. Undoubtedly, these SAMs on Si/SiO2 interface 

have a bright and long term future in both fundamental and technological interests due to 

its interdisciplinary nature involving areas like chemistry, physics, biology, chemical 
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engineering, and material science. Self-assembly as an exciting and attractive 

methodology found many unique applications in nanotechnology due to its flexibility and 

ease of selection of different types of functional groups covering a wide length scale. 

Similarly, SAMs of bifunctional molecules on polycrystalline substrates can be 

effectively used to carry out specific reactions between pendent functionalities and 

solution or gaseous species to produce new hybrid materials for various applications such 

as biosensors, surface engineering in model systems, contact printing in materials 

microfabrication, inhibition of corrosion and oxidation, lubrication and protein adsorption 

in micro-fluidic devices. Thus the results of present study are believed to be useful in all 

these areas of nanotechnology for understanding the fundamental advantages of using 

SAMs due to their tunable properties.     
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CHAPTER   2 

 

Preparation and Characterization of Octadecyltrichlorosilane 

Self Assembled Monolayer on Si/ SiO2 Interface: Growth 

Kinetics and Thermodynamic Stability 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter primarily deals with the kinetics of octadecyltrichlorosilane (OTS) monolayer formation on n-

type Si (100) substrate. Combined evidence of SAM formation gathered from diverse techniques such as 

CA measurements, XPS, FTIR and AFM is used to discuss the growth kinetics and thermodynamic 

stability.   

     

A part of the work reported in this chapter has been published in ‘Materials Letters' 2005, 59, 3890  
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2.1 Introduction     

Ultra-thin organic films like self-assembled monolayers (SAMs) and Langmuir–

Blodgett (LB) films are extensively studied due to their fundamental importance in 

surface modification and also for their diverse potential applications in nanotechnology 

[1–4]. The presence of a simple monomolecular film on a metallic or semiconducting 

surface can cause dramatic changes in its surface properties and hence these SAMs have 

received extensive attention during the last decade due to their ability to control wetting, 

adhesion, lubrication and corrosion [1–9]. For example, the presence of SAM on Si (100) 

surface has been shown to tackle the stiction problem of microelectromechanical systems 

(MEMS) by providing a suitable low energy surface coating [10–13]. These types of 

organic monomolecular films act as a passivation layer can, not only alleviate capillary 

forces and direct chemical bonding on Si–O surface, but also reduce electrostatic forces if 

the terminal group is tailored to possess controlled hydrophobicity. The formation of 

closely packed, covalently bonded monolayer with tunable chain length and hydrophobic 

terminal group on silicon oxide surface would eliminate the release stiction and reduce 

the in-use stiction [1-13].  

Usually alkyltrichlorosilane based SAMs are used for reducing stiction during 

silicon micromachining and suitable candidates include octadecyltrichlorosilane (OTS), 

perflorodecyltrichlorosilane (FDTS) and their other structural analogs [1, 2a, 10-13]. The 

hydrophobic nature of these SAMs eliminates the water capillary forces responsible for 

the release-related stiction, in a liquid–based microfabrication process. Consequently, the 

growth mechanism of OTS-SAM on Si/SiO2 substrate has been extensively studied in 

different solvents with a wide concentration range using various characterization tools 

such as FTIR-ATR spectroscopy, quartz crystal microbalance, contact angle (CA) 

technique, Atomic force microscopy (AFM), ellipsometry and X-ray reflectivity [15-20]. 

These studies demonstrate that the growth of trichlorosilane-based SAMs uniquely 

involve an irreversible covalent cross-linking step and the full coverage (and even in 

some cases multilayer coverage) is obtained within few minutes to hours depending on 

the experimental conditions [21].  For example, Maoz and Sagiv were the first to study 

the kinetics of the monolayer formation of OTS on Si using FTIR spectroscopy and CA 

measurements [12]. Subsequently, qualitative growth kinetics of OTS-SAM was reported 
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by Rozlosnik et al., and also by Wang and Lieberman illustrating the important role of 

solvent selection and humidity control [14, 21]. Although these and several other reports 

are available on the growth mechanism of SAM formation using different organic 

molecules by varying experimental parameters (as discussed in previous chapter), a 

quantitative adsorption–desorption rate constant calculation of OTS on Si is missing. This 

is especially significant for OTS-SAM due to its importance for both micromachining 

and microfabrication as explained in section 1.7.4. Consequently an accurate control of 

the monolayer growth kinetics is important for establishing a protocol for the 

construction of close packed and completely reproducible monolayer on Si surface 

ensuring reproducible behavior [1, 2].  

In this chapter, we study the adsorption kinetics and thermodynamic stability of 

monolayer formation on Si (100) by using time-dependent CA measurements in 

accordance with Langmuir adsorption isotherm considering OTS as a typical example. 

The approximate rate constant and change in Gibbs free energy (ΔG) estimated within the 

assumption of this model are in excellent agreement with values reported by independent 

methods such as quartz crystal microbalance (QCM) and FTIR spectroscopy. The growth 

mechanism of OTS-SAM formation in toluene is also studied using AFM and FTIR 

spectroscopy. In addition, the critical surface tension (γc) for OTS monolayer on Si (100) 

from the Zisman plot shows the flexibility of SAMs to control the interfacial energy.  
 

2.2 Experimental Section  
2.2.1 Materials 

  n-Octadecyltrichlorosilane (OTS) (CH3(CH2)17SiCl3), was purchased from 

Aldrich, while all other chemicals were from Qualigens. Commercially available n-type, 

one-side polished, silicon wafers of (100) orientation with 0.001-0.007 Ω-cm resistivity 

were used as substrates. These substrates (1x1 cm2) were rinsed by milliQplus (18 MΩ 

cm) water, sonicated in ethanol and dried under a flow of nitrogen. These wafers were 

soaked in 1:10 deionized HF:H2O solution for 30 s to remove the native SiO2 layer 

followed by soaking in piranha solution (7:3 H2SO4: H2O2) for 30 min at 90 °C to grow a 

fresh oxide layer, subsequently rinsed with deionized water, dried in nitrogen and used 
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for further experiments. (Caution: ‘‘piranha’’ solution reacts violently with organic 

contaminants, one must be careful when handling).  
 
2.2.2 Monolayer Formation 

 Freshly prepared OTS in toluene (0.05, 0.1, 0.5 and 1 mM) was used for all 

monolayer formation experiments. Silicon wafers were dipped in this OTS solution of a 

particular concentration and were removed after different time intervals. CA of each 

sample was measured on dried surface after washing it several times with appropriate 

solvent used for SAM formation. These steps were carried out in nitrogen filled glove 

box.  
 
2.2.3 Characterization  

All CA measurements were performed using water and hexadecane (HD) sessile 

drops with the help of a RAME-HART NRL–Model CA goniometer and GBX-Model 

‘Digidrop’ contact angle meter. On each sample, CA was measured at three different 

locations and the results were averaged. 

 Critical surface tension of a monolayer surface was measured by sessile drop CA 

measurements using various organic solvents of known surface tension (given in 

parenthesis, dyne/cm) including water (72.1), methanol (22.5), dimethyl sulfoxide (43.5), 

ethylene glycol (47.3), xylene (28.9), chloroform (26.7), and hexadecane (27.5) [22]. 

Monolayers were characterized by grazing angle FTIR spectroscopy as well as ATIR-

FTIR spectroscopy (attenuated total internal reflection) on a Perkin Elmer 1615 

spectrometer. The bare silicon wafer was used as a background sample and the spectrum 

was recorded at a resolution of 4 cm-1 over 256 scans at room temperature.  

  XPS measurements were carried out using VG MicroTech ESCA 3000 instrument 

at a pressure >1 × 10-9 Torr. The general scan and Si 2p and C 1s core-level spectra were 

recorded with unmonochromatized Mg Kα radiation (photon energy = 1253.6 eV) at pass 

energy of 50 eV and an electron take off angle (angle between electron emission direction 

and surface plane) of 60 o. The overall resolution was ~1 eV for XPS measurements and 

the core-level binding energy (BE) was calibrated by taking the adventitious carbon 

binding energy as 285 eV. AFM images were obtained using a Nanoscope II (Digital 

Instruments, Inc) operated at a constant height mode with a very low applied force 
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(typically under 1 nN). All measurements were performed in ambient conditions using 

silicon nitride probes mounted on the micro-fabricated cantilever (force constant 0.6 

N/m) in the tapping mode to avoid any apparent surface damage. The bearing ratio of the 

instrument software was used to estimate the surface coverage of the OTS monolayer. 

The average thickness of the islands was determined from several random height profiles 

of the images and predefined threshold height of the monolayer (2.4 nm) was used for all 

coverage calculations. To avoid tip induced artifacts, each sample was imaged repeatedly 

in the same region for several consecutive scans. 
 

2.3 Results and Discussion  
2.3.1 Contact Angle Measurements  

  CA measurement is one of the important techniques to detect the hydrophobic 

surface properties of a monolayer, despite its poor accuracy and inability to reveal 

microscopic information as described well in chapter 1 (section 1.6.1). For example, the 

extent of hydropobicity of the monolayer derivatized Si substrates could be quantitatively 

assessed using CA. More significantly the change in the CA could be correlated with the 

variation in surface chemical composition of the substrate as well as the extent of the 

monolayer surface coverage using suitable physicochemical model of surfaces [23–26].  

 

 

 

 

 

 

 

 

 
 
Figure 2.1: A comparison of sessile drop contact angle images on the (A) bare Si (< 15o) and monolayer 
derivatized OTS-Si substrate with (B) water (109 ± 2 o ) and (C) hexadecane (38  ± 2 o) respectively.  
              
  A clean Si surface with native oxide (20 nm) has a water CA less than 15o (Figure 

2.1A), which indicates its hydrophilic nature. In sharp contrast, the CA with water 



Ph.D. Thesis                                                Chapter 2                                     
   

 
National Chemical Laboratory                         Sneha A. Kulkarni      University of Pune, April 2007 

    62

0 10 20 30 40 50 60

20

40

60

80

100

120

0 10 20 30 40 50 60

0.2

0.4

0.6

0.8

1.0

  

 1 mM
 0.5 mM
 0.1 mM
 0.05 mM

C
on

ta
ct

 a
ng

le
 ( 
θ

)

Dipping Time (s)

Dipping Time (s)

Fr
ac

tio
na

l C
ov

er
ag

e 
(θ

)

0 10 20 30 40 50 60

20

40

60

80

100

120

0 10 20 30 40 50 60

0.2

0.4

0.6

0.8

1.0

  

 1 mM
 0.5 mM
 0.1 mM
 0.05 mM

C
on

ta
ct

 a
ng

le
 ( 
θ

)

Dipping Time (s)

Dipping Time (s)

Fr
ac

tio
na

l C
ov

er
ag

e 
(θ

)

(Figure 2.1B) and hexadecane (Figure 2.1C) obtained for OTS monolayer surface is 110 

± 1o (due to hydrophobic nature of the surface) and 38 ± 1o respectively, indicating the 

monolayer formation on the Si substrate. This change in CA due to SAM formation is in 

good agreement with the previous reports [1, 2, 18, 19].   
 
2.3.2 Growth Kinetics of OTS Monolayer 

  Figure 2.2 shows the variation of CA (with a sessile water drop) as a function of 

dipping time for different OTS concentrations (e.g. 1 mM, 0.5 mM, 0.1 mM, and 0.05 

mM). Usually a clean Si surface has a water CA less than 15o, which indicates its 

hydrophilic nature. Soon after the immersion of this substrate on an OTS solution in 

toluene, the substrate was removed and washed repeatedly with toluene and dried in a 

stream of nitrogen.   

 

 

 

 

 

 

 

 

 
Figure 2.2: Adsorption kinetics of OTS monolayer on Si (100) substarte; CA variation and inset shows a 
fractional coverage as a function of dipping time for various OTS concentrations (1 mM, 0.5 mM, 0.1 mM, 
and 0.05 mM).  
 

This SAM functionalized substrate shows increased CA, which is comparably 

higher than that of Si wafer dipped in pure toluene (without OTS). Subsequently, all 

samples (dipped in OTS solution for different time intervals) show rapid increase in CA 

values only in the initial stages of immersion and later reach a steady CA 109o 

corresponding to the full surface coverage [1, 2, 16, 27]. For example, in the case of 1 

mM OTS solution, CA values are 57° and 100° for a soaking time of 2.5 and 10 s 

respectively, whereas the steady state value is ∼109 ± 2° (for a soaking time of about 60 

s) indicating the full surface coverage [1, 2, 16, 27]. Also, as the OTS concentration 
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decreases, the time required for complete monolayer formation increases. For instance, in 

case of dilute OTS solutions (0.5 and 0.05 mM) longer time (30 min and 16 h 

respectively) is required for accomplishing full monolayer coverage.  

Above CA values after normalizing with respect to the steady state value are used 

to calculate the fractional coverage (θ), as shown in the inset of Figure 2.2. Although θ 

increases rapidly in the beginning, it subsequently slows down, perhaps due to the 

importance of adsorbate- adsorbate interactions or extensive reorganization. This trend is 

in complete agreement with the reported linear growth up to a surface coverage of 0.75 

for 5 mM OTS and a comparatively slow saturation at higher coverage [28].   
 
2.3.3   Calculations of Thermodynamic Stability of OTS Monolayer 

Rate of adsorption / desorption can be calculated using a simple form of Langmuir 

isotherm, by neglecting the adsorbate-adsorbate interactions. Accordingly, we estimate 

the variation of coverage with time by the following equation, 

                                                                  
where, θ is the fraction of surface covered, (1- θ) represents the available sites for 

adsorption and C is the OTS concentration. The values of both ka and kd corresponding to 

adsorption / desorption rate constants enable us to calculate the thermodynamic 

parameters.  

Integration of equation (1) yields,  

                 θ (t) = K′ [1- exp (-Kobst)]                            (2) 

where, Kobs = kaC + kd    and        

      
The values of K′ and Kobs are obtained by fitting the experimental data (shown as 

an inset of figure 1) with equation 2. Figure 2.3 shows the values of Kobs as a function of 

OTS concentration and a linear fit provides both adsorption (ka) and desorption (kd) rate 

constants. For example, the slope of this plot gives the value of ka =150 ± 30 M-1s-1 and 

the intercept on Y-axis gives the value of kd = 0.156 ± 0.03 s-1. 
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Figure 2.3: Concentration dependence of Kobs for OTS in Toluene. From these data the obtain best-fit 
values of ka =150 ± 30 M-1s-1 and   kd = 0.156 ± 0.03 s-1.  

 
Despite large error originating due to the uncertainty in CA (± 2) values, these are 

useful to provide appropriate quantitative estimate of thermodynamic parameters. Since 

kd > 0, the desorption is significant and the equilibrium constant (Keq), is calculated using,  

                                   Keq= (ka/kd) = (150/0.1561) = 960 M-1 

Using this equilibrium value, the free energy of monolayer formation is calculated as,   

                              ΔGads = - RT ln Keq = - 4.2 kcal / mole. 

This value implies thermodynamic stability of OTS monolayer on Si surface and more 

significantly further tuning is also possible by variation of the chain length and terminal 

functionality. It is interesting to compare the above free energy change with the available 

data for similar systems [23, 29]. The free energy of adsorption decreases by 0.16 - 0.24 

kcal/mole per methylene chain and accordingly, the calculated ΔGads for OTS-SAM (C18) 

should vary between 2.88 - 4.32 kcal / mole [23, 29]. Experimentally calculated value of 

free energy change for OTS-SAM is, therefore, in good agreement with this estimated 

value and also values of similar models [15a, 16a, and 23]. It is instructive to compare 

value of ΔGads for C18H37SH and C7H17SH SAM formation on gold surface as –5.5 and –

4.4 kcal/mole respectively. Similarly, ΔGads for stearic acid (C17H35COOH) on glass and 

aluminum substrates are -7.3 ± 0.1 and –9.2 ± 0.1 kcal / mole respectively [15a, 16a, and 

23] which suggest the approximate order of thermodynamic stability of these modified 

substrates. 
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2.3.4 AFM and FTIR Analysis 

  In order to understand the packing and orientation of OTS-monolayer, grazing 

angle FTIR and AFM measurements on samples of different surface coverage are very 

useful. Accordingly, Figure 2.4 shows AFM images (968 x 986 nm2) and the 

corresponding IR spectra of partially and fully covered OTS-monolayer by exposing 

freshly cleaned Si substrate at various time intervals in OTS solution. For example, 

Image ‘2.4A’ is taken after 2.5 s immersion, (CA of 57°, and fractional coverage ∼50 %) 

where the OTS islands are seen to be randomly distributed on the surface. The average 

height of the OTS film is found to be ∼0.55 nm as the molecules are randomly arranged 

lying flat on the surface. The height is significantly less than the theoretical length (2.4 

nm) of covalently bounded OTS molecules, which is in agreement with the ‘uniform’ 

model of growth proposed by Wasserman et al., [19]. In the initial stage, OTS molecules 

are likely to get adsorbed in a disordered conformation, gradually aligning themselves, as 

the surface coverage increases and therefore the geometrical coverage is expected to be 

less than the saturation coverage. The inset of Figure 2.4A shows the corresponding IR 

spectrum of the partial monolayer. The observed methylene peaks (for sample 1) due to 

C-H symmetric and antisymmetric stretching at 2852 and 2924 cm-1 respectively 

indicates that the monolayer is not densely packed and oriented [30-33]. However, the 

intensity growth and peak positions of the C-H stretching vibrational modes (–CH2 ) of 

the monolayer film provide information on the monolayer formation rates and structural 

changes during in the course of the growth. Images ‘2.4B’ and ‘2.4C’ are taken after 5 s 

and 10 s immersion, show CA of 85° (fractional coverage of ∼ 76 %) and 100o (fractional 

coverage ~90 %), with an average height of the OTS monolayers as ∼1.31 and 1.83 nm 
respectively. This indicates that the OTS monolayer still possesses disordered alkyl 

chains if it could follow a ‘uniform’ growth mechanism. The partial monolayer formed 

via a uniform growth mechanism has a high degree of gauche defects, which are random 

in nature. The monolayer coverage is about 90 % as more OTS molecules grow in the 

area between the primary or previously adsorbed islands, but distributed randomly on the 

surface indicating that the monolayer growth is not yet complete. In addition, two major 

peaks of methylene vibrations assigned to asymmetric and symmetric modes show red 
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shift with increasing surface coverage perhaps, due to conformational changes, such type 

of frequency shift has also been reported by Kosuri et al., [30]. 

 

 

 

 

  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 2.4: AFM images of OTS monolayer on SiO2,

 A) partially grown OTS monolayer after 2.5 s 
soaking time and its corresponding IR spectrum, surface coverage is about 50 %; B) after 5 s, 70% surface 
coverage; C) 10 s, 90 % surface coverage and D) fully covered OTS monolayer after 60 s and its 
corresponding IR spectrum  

 
It also suggests that the film growth follows essentially a Langmuir model of 

irreversible adsorption. Initially the monolayer molecules adsorb at random disordered 

configuration on the surface. Nevertheless, as the surface coverage increases, 

hydrocarbon chains gradually align themselves to stand up on the surface and their final 

orientation in the complete monolayer depends both on the chain length and type of 

terminal substitution [31-33]. 

Image 2.4D shows the surface morphology after 60 s dipping in OTS solution 

followed by rinsing and drying and the CA of 109 ± 2° corresponds to the full coverage. 

The uniform growth mechanism explains the filling of the remaining space among the 
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islands to form a compact monolayer with well-ordered alkyl chain conformation. 

Further, an average height of ∼ 2.4 nm is consistent with an all-trans configuration of the 

OTS alkyl chains on the surface, which is also in good agreements with the previously 

reported values [16b, 34, 35]. Therefore these islands represent a near complete 

monolayer of OTS molecule. Interestingly for the substrate corresponding to a dipping 

time of 60 s (with ∼ 99 % coverage) vibrational peaks observed at 2850 and 2919 cm–1 

suggest a densely packed monolayer [22]. For example the asymmetric C-H stretching 

mode of terminal CH3 appearing at 2958 cm–1 is a clear sign of orientated monolayer 

formation. Furthermore, a comparison of this IR spectrum with that of a similar long 

chain alkane hydrocarbon clearly suggests the presence of ordered and closely packed 

molecular assembly.   

 

 

 

 

 

 
 

 

 
 
 
Figure 2.5: A plot of monolayer thickness and % coverage with dipping time. The thickness is calculated 
from the AFM measurements assuming the length of fully covered OTS-monolayer on Si substrate is 2.4 
nm. The % coverage is calculated from the normalizing CA measurements assuming 109 o for full 
coverage. 

 

The results obtained from the AFM and CA measurements are summarized in 

Figure 2.5, which give the variation of monolayer coverage with time. This also supports 

the ‘uniform growth’ mechanism of monolayer formation as discussed in details in 

chapter 1 (section 1.4). Thus a combined analysis of results obtained from the CA, IR and 

AFM measurements suggest that the adsorption rate of monolayer formation is fast in the 

initial stages and 90 % coverage occurs within 10 seconds, although longer time is 

necessary to achieve full coverage. A kinetic study of OTS monolayer formation on Si 



Ph.D. Thesis                                                Chapter 2                                     
   

 
National Chemical Laboratory                         Sneha A. Kulkarni      University of Pune, April 2007 

    68

In
te

ns
ity

 (a
.u

.)

108 106 104 102 100 98 96 94

Si 2p

B. E. (eV)
540 538 536 534 532 530 528 526

O 1s

108 106 104 102 100 98 96 94

Si 2p

C 1s

292 290 288 286 284 282 280 278

Si IV
Si IV

Si o Si oA B

C D

In
te

ns
ity

 (a
.u

.)

108 106 104 102 100 98 96 94

Si 2p

B. E. (eV)
540 538 536 534 532 530 528 526

O 1s

108 106 104 102 100 98 96 94

Si 2p

C 1s

292 290 288 286 284 282 280 278

Si IV
Si IV

Si o Si oA B

C D

(100) by CA technique enables the estimation of adsorption and desorption rate 

parameters using Langmuir adsorption isotherms as ka=150 M-1s-1 and kd = 0.156 s-1. The 

Gibbs free energy (ΔGads) change amounts to –4.2 kcal/mole suggesting the 

thermodynamic stability of these molecules on silicon surface. The time-dependant 

measurements of different monolayer surface coverage by grazing angle FTIR 

spectroscopy and AFM show the formation of monolayer by a ‘uniform’ growth 

mechanism as proposed by Wasserman et. al, [19]. Finally, the fully covered OTS 

monolayer on Si substrate is characterized using XPS in order to understand its chemical 

composition, which supplements the results of all other studies. 
 

2.3.5 X-ray Photoelectron Spectroscopy  

  XPS measurements provide useful quantitative information on the composition 

and chemical identity of the monolayer.  XP spectra of bare (Si 2p) and OTS monolayer 

(for full coverage) on Si (100) are shown in Figure 2.6. In case of bare Si, (Figure 2.6 A), 

the Si 2p spectrum consists of two peaks at 99.08 and 103.4 eV corresponding to Si0 

(elemental Si) and SiIV (Si IV in SiO2) respectively. 

  

 

 

     

 

 

 

 

          

 
 
 
 
 
 
 
Figure 2.6: XP spectra of bare Si for A) Si 2p and OTS monolayer derivatized Si for B) Si 2p, C) O 1s and 
D) C 1s respectively; the triangles represent the experimental data and the solid line represents the 
Gaussian fits to the data. 
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  Interestingly, the intensity ratio of Si IV to Si 0 peak increases (Figure 2.6B) after 

the monolayer formation as compared to that of bare Si substrate [21]. The increase in the 

peak intensity of SiIV shows an additional SiIV signal from OTS molecule. One can easily 

find evidence for the monolayer by comparing the intensity ratios of Si IV to Si 0 peak 

before and after the SAM formation. In addition, in case of OTS-Si, the C 1s peak at 285 

eV (Figure 2.6 C) and O1s at 532 eV (Figure 2.6 D) correspond to alkyl chain and 

oxygen in the Si-O-Si linkage respectively in OTS-SAM. 
 

2.3.6 Zisman Plot  

  The ability of OTS-SAM to control adhesion through surface functionalization is 

illustrated using Zisman plot. Accordingly, Figure 2.7 shows cosine of CA (cosθ) 

measured using various solvents with a wide range of surface tension on a full coverage 

of OTS monolayer (Zisman plot) on Si substrate. 

  

 

 

 

 

 

 

 

 

 
Figure  2.7: Zisman plot for a fully covered OTS monolayer on Si (100); extrapolation to cosθ  = 1 gives 
the critical surface tension value of 20.7 dyne/cm.    
 
  As the surface tension of the solvent decreases the CA decreases and the 

extrapolation of this plot (cosθ = 1) gives the critical surface tension (γc) for wetting [36]. 

In this case, the obtained critical surface tension is 20.7 dyne/cm, which is in close 

agreement with the value reported by others (20.2 ± 1 dyne/cm) for close-packed 

monolayer of OTS-SAM on Si. Since the accuracy of these measurements is 

approximately ± 1 dyne/cm our data is in good agreement with the reported value, 
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although parameters like liquid purity, temperature and humidity can affect the surface 

tension [36]. 

2.4   Conclusions  
  A kinetic study of OTS monolayer formation on Si (100) by CA technique 

enables the estimation of adsorption and desorption rate parameters using Langmuir 

adsorption isotherms as ka = 150 M-1s-1 and kd = 0.156 s-1 respectively. A change in the 

Gibbs free energy (ΔGads) of –4.2 kcal/mole suggests the thermodynamic stability of 

these molecules on silicon surface. Time-dependant measurements of different monolayer 

surface coverage by grazing angle FTIR spectroscopy and AFM indicate the formation of 

monolayer by a ‘uniform’ growth mechanism. The ability of OTS-SAM to control 

adhesion through surface functionalization is also illustrated using Zisman plot. Analysis 

of the interfacial adhesion properties using Zisman plot suggests a critical surface tension 

γc of 20.7 dyne/cm for OTS monolayer on Si (100).  
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CHAPTER 3 

 

Interfacial Behavior of Alkyltrichlorosilane Monolayers on 

Silicon: Control of Flat-Band Potential and Surface State 

Distribution Using Chain Length Variation 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
           

 
This chapter primarily deals with electrochemical properties of chain length dependent alkyltrichlorosilane 

(C8, C12, and C18) self-assembled monolayers (SAMs) on Si (100) substrate in the presence and absence of 

an external redox probe like ferrocene. The electron transfer behavior of ferrocene on Si (100) electrode is 

found to be drastically affected by the presence of monolayer and the reasons for such significant variation 

are and quantitatively analyzed in terms of change in resistance, dielectric thickness and defect area. 

 
A part of the work reported in this chapter has been published in ‘J. of Colloid and Interface Science' 2006, 
59, 3890  
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3.1   Introduction 

 Micro-Electro-Mechanical Systems (MEMS) are integrated mechanical elements 

like sensors, actuators and electronics on a common silicon substrate through 

microfabrication technology [1-5]. During this, a substrate is normally coated with an 

isolation layer followed by subsequent deposition and patterning of sacrificial spacer 

layers. The microstructural film is then deposited and etched selectively to create 

freestanding micromechanical structures. 

  One of the major limitations of microfrabrication is stiction, where either 

unwanted adhesion of the underlying substrate or adhesion of adjacent microstructures to 

the micromechanical devices, results in the failure of the device. Several strategies are 

known to avoid the stiction including supercritical drying usually with CO2, freeze-

sublimation employing methanol, and etching with HF [1-5]. More recently, alkyl 

trichloro or trimethoxy silane SAMs have become particularly useful for 

microelectromechanical systems (MEMS) to tackle the stiction problem since their mere 

presence provides a suitable low energy surface coating [6-8]. These types of organic 

monomolecular films acting as a passivation layer can, not only alleviate capillary forces 

and direct chemical bonding on Si-O surface, but also reduce electrostatic forces if the 

terminal group is tailored to possess controlled hydrophobicity. The formation of a close 

packed, covalently bonded monolayer with tunable chain length and hydrophobic 

terminal group on silicon oxide surface would eliminate the release stiction and reduce 

the in-use stiction [9-14].  

 In order to control these important properties of SAMs for desired applications, a 

molecular level investigation of the various interactions of the SAM forming molecule in 

relation to the substrate structure is very important. Consequently, the structure and 

properties of SAMs have been investigated by using various techniques including X-ray 

reflectivity [15], ellipsometry [16], contact angle (CA) measurements [9], FTIR 

spectroscopy and [9], and atomic force microscopy [17,18]. Electrochemical techniques 

like cyclic voltammetry and impedance methods have also been used effectively to 

understand the packing density and distribution of pinhole defects in the monolayer as 

illustrated in the first chapter [19-22]. These techniques clearly show that the dynamics of 

charge transfer at the electrochemical interface is strongly influenced by the nature of the 
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electrode surface and also by the structure of the electric double layer. For example, 

several investigations of the blocking efficiency of SAMs against heterogeneous electron 

transfer and ion penetration have recently enabled quantitative estimation of surface 

coverage although SAMs of long chain alkanethiols were used predominantly on gold 

electrodes due to their well-known chemical stability [19-24]. In comparison, only few 

reports are available on the characterization of SAMs on semiconductor surface [25-28], 

a system, which differs from that of the metal electrode due to the additional space charge 

layer present on the semiconductor surface. For example, organic thin films formed by 

the reaction of Grignard reagent with oxide free silicon surface have been examined in 

terms of an ideal capacitive behavior at silicon electrode/aqueous electrolyte interface 

[29-31]. Electric characterization of alkyl silane monolayers on Si/SiO2 has been 

discussed in terms of the suppression of charge–carrier tunneling [31]. Nevertheless, a 

detailed electrochemical characterization of alkyltrichlorosilane SAMs on Si surface is 

still missing despite its importance. The presence of monolayer acting as a barrier for 

electron transfer, as a result, causes a significant change in the electrochemical behavior. 

Since controlling the chain length of SAM offers a simple method to change the barrier 

height and the pinhole distribution, it would be important to extend these investigations 

using similar molecules of various chain lengths. 

 In second chapter, we have discussed the growth kinetics and thermodynamic 

stability of OTS-SAM on Si substrate. However, in order to use these SAMs for various 

applications in MEMS, it is an important prerequisite to understand their electrochemical 

properties. In this chapter, accordingly we investigate the effect of a dielectric barrier on 

the redox kinetics of ferrocene using octadecyltrichlorosilane (C18), 

dodecyltrichlorosilane (C12) and octyltrichlorosilane (C8) SAMs on Si (100). Techniques 

like cyclic voltammetry and impedance measurements with an external redox probe have 

been used to investigate the monolayer structure and ion permeation capability through it. 

These monolayers have also been quantitatively analyzed in terms of resistance, dielectric 

thickness and defect area. It has been observed that the monolayer acts as a diffusion 

barrier for ions in the electrolyte, resulting in a significant suppression of the charge 

transfer and thus demonstrating the passivation effect of the monolayers at the electrode / 

electrolyte interface. FTIR spectroscopy and contact angle (CA) measurements also give 
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an evidence of the hydrophobic monolayer formation on Si surface. These results are 

important since the electron-transfer mechanism and rate strongly depends on the nature 

of the interface between organic molecules and solid substrate [33-35]. A systematic 

study on the electrical properties of organic monolayers on semiconductor substrate 

should also extend our understanding of surface electrochemistry, semiconductor 

electrochemistry, and electron transfer across organic/inorganic heterojunctions. The 

potential applications of this type of monolayers include the reduction/elimination of 

stiction in micro-electromechanical systems, contact printing in materials 

microfabrication, and inhibition of surface degradation.  
 
3. 2   Experimental Aspects 
3.2.1 Materials  

    n-Octadecyltrichlorosilane (CH3(CH2)17SiCl3, C18), dodecyltrichlorosilane (CH3 

(CH2)11SiCl3, C12), octyltrichlorosilane (CH3 (CH2)7SiCl3, C8), ferrocene ((C5H5)2Fe) and 

lithium perchlorate (LiClO4), hexadecane (C16H34) were obtained from Aldrich, while all 

other chemicals were purchased from Qualigens. Commercially available n-type, one-

side polished, silicon wafers of (100) orientation with 0.001-0.007 Ω-cm resistivity were 

used as substrates. These silicon wafers (1x1 cm2) were cleaned as per procedure 

described in details in chapter 2 (section 2.2.1). For monolayer formation, freshly leaned 

Si wafers were immersed in 0.5 mM alkyltrichlorosilane in toluene for 30 min and 

subsequently were removed from solution, rinsed several times with toluene, dried and 

used for further characterization. All the experiments were carried out in nitrogen 

atmosphere.  
 
3.2.2 Electrode Preparation 

  In order to obtain good electrical contact with copper wire, the Si wafer was first 

cleaned with HF solution for 30 s and the rear side was scratched, cleaned from the 

detached particles of silicon and was then rubbed with In-Ga eutectic. A copper wire was 

fixed using conducting silver epoxy and was finally sealed with araldite (standard epoxy 

adhesive) and allowed to dry it for 24 hrs. 
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3.2.3   Surface Characterization 

CA on Si (100) substrate was measured using a water sessile drop and also a 

hexadecane (HD) drop on a GBX-Model ‘Digidrop’ instrument. All monolayer 

derivatized Si substrates were characterized by ATR-FTIR (attenuated total reflectance) 

and also by grazing angle spectroscopy on a Perkin Elmer 1615 spectrometer. A bare 

silicon wafer was used as a background sample and the spectrum was recorded at a 

resolution of 4 cm -1 over 256 scans at room temperature. 
 

3. 2. 4   Electrochemical Characterization 

Cyclic voltammetry and impedance measurements were carried out with a 

conventional three-electrode system at room temperature in nitrogen atmosphere, using a 

cell comprising, Si as the working electrode, a large area Pt flag as a counter electrode 

and Pt wire as a quasi-reference in CH3CN using 0.1 M LiClO4
 as the supporting 

electrolyte. Cyclic voltammetry was performed on an Autolab PGSTAT 30 (ECO 

CHEMIE) instrument, whereas electrochemical impedance measurement was carried out 

with a Solartron 1255B frequency response analyzer (FRA) interfaced to 1287 

potentiostat / galvanostat over a wide frequency range of 100 kHz-0.01 Hz using with a 

signal of 10 mV rms amplitude. The impedance data was analyzed using ZPLOT2 and 

ZVIEW2 for the frequency analysis and equivalent circuit fitting / simulation program 

based on the complex non-linear least square (CNLS) method. For this equivalent circuits 

consisting of simple electric elements such as resistance, capacitance, and diffusion 

element and in addition a constant phase element (CPE) for nonlinearity and 

inhomogeneity were selected. Impedance plots were interpreted using Nyquist plot (Z″ vs 

Z′), Bode plot (frequency (/Z/ vs ƒ) and phase angle (ϕ vs ƒ), in which symbols represent 

the experimental data and solid lines indicate fitting curves obtained from the CNLS data 

fit.  

The surface state distribution of monolayer derivatized Si electrodes was studied 

by monitoring the variations in the capacitance versus bias potential curves in 0.1 M 

LiClO4, CH3CN solution in the potential range -0.8 to 0.7 V at various selected 

frequencies. In addition, impedance measurements in the frequency region from 10 kHz–
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10 MHz at different bias potentials (0.5 to 0.5 V) were carried out to calculate the Efb 

potential. 
 

3.3   Results and Discussion  
3.3.1 Contact Angle Measurements  

3.3.1.1 Surface Wetting Properties     

A clean Si surface has a water sessile drop CA less than 15o, which indicates its 

hydrophilic nature. In sharp contrast, the CA with water and hexadecane obtained for 

OTS monolayer surface is 110 ± 1o (due to hydrophobic nature of the surface) and 38 ± 

1o respectively, indicating the monolayer formation on the Si substrate. This change in 

CA due to SAM formation is in good agreement with previous reports [1, 2, 15, 16]. 

Similarly CA obtained for C8 and C12 monolayer are 107 ± 1o and 109 ± 1o respectively, 

which also indicating the hydrophobic nature of the monolayer as shown in Table 3.1. 

According to Fadeev and McCarthy, CA does not depend upon the chain length of the 

monolayer, as same surface groups are exposed to water, regardless of chain length and 

methylene content. However, we find that the CA slightly decreases with the alkyl chain 

length, as it indirectly affects the surface properties through ordering, packing and tilting 

of monolayers. It is known that for monolayers with same surface group possessing 

different hydrocarbon chain length (n), CA angle is significantly lower and for n < 10o, 

which indicates poor ordering. Nevertheless, for n > 20, the CA interestingly decreases 

indicating disorder arising perhaps due to the mingling of longer chains [23-26].  
  
   3.3.1.2   Zisman Plot and Thermal Stability       

Zisman plot is a useful method to understand the wetting behavior of surfaces, 

since it enables interpolative predictions using a homologues series of liquids. The 

empirical relation between cosine of CA and the surface tension of the liquid is used to 

get the value of critical surface tension. Figure 3.1A shows the zisman plot, cosine of CA 

as a function of surface tension of solvents, for fully covered monolayers (C18, C12, and 

C8) [36]. Surface tension is found to be decreased with increase in the chain length of the 

monolayer as shown in Table 3.1. Since the accuracy of these measurements is 

approximately ± 1 dyne/cm, our data is in good agreement with the reported value, 
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although parameters like liquid purity, temperature and humidity can affect the surface 

tension [9, 15]. 

 

Figure 3. 1: A) Zisman plot of alkyltrichlorosilane monolayer (C8 (∇), C12 (  ) and C18 (ο)) on Si substrate  
where extrapolation to cosθ = 1 gives the critical surface tension, and B) temperature dependent water 
sessile drop contact angle measurements of alkyltrichlorosilane monolayer on Si   where, the measurements 
are carried out after heating the substrate at different temperature and subsequent cooling to room 
temperature.    
 
 CA measurement is also used to study the thermal stability of SAMs on Si 

substrate as a function of annealing temperature as shown in Figure 3.1B.  For example, 

in case of OTS-monolayer, at room temperature the observed CA is ~ 109o ± 1, remains 

constant up to 175 oC. It then started to decline at an annealing temperature of 350 oC  up 

to 30 o, which is usually reported for bare Si, indicating the complete degradation of 

monolayer [1]. In brief, we conclude that OTS monolayer is stable up to 250  oC in the air 

[36]. Similarly, for C8 and C12 monolayers the desorption starts at 130 oC and 170 oC and 

complete desorption of monolayers take place at 200 oC and 280 oC respectively. Kulth 

et. al., have reported that the thermal behavior of the monolayer is independent of 

hydrocarbon chain length and monolayers are stable in vacuum up to 450 oC [3]. We 

observed that the thermal stability of the monolayer decreases with decrease in the chain 

length, perhaps due to the more tilt angle and less packing density. As a result molecules 

(of a shorter chain length monolayer) are easily desorbed at lower temperature in 

comparison with longer chain length monolayers. 
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Table 3.1: Water sessile drop contact angle measurements, surface tension and thermal stability of 
alkyltrichlorosilane monolayer (C8, C12 and C18) on Si (100) substrate.   
 

Contact angle 

( o ) 

 

HD Water 

n-type Si(100)  < 15 

 

 

Surface Tension 

(dyne/cm) 

Thermal stability 

( oC  ) 

C8-Si 38 ± 1 107 ± 1 23.1 130 

C12 Si 39 ±1 109 ± 1 22.14 170 

C18 Si 41 ± 1 110 ± 1 20.7 225 

 

This OTS monolayer on Si is quite stable up to 350 oC in N2 atmosphere although 

the stability in air is limited only up to 250 oC. Chemical stability is also good as 

demonstrated in 0.1 M HCl at room temperature and these monolayers are also stable in 

organic solvents like hexadecane at 75 oC. The latter aspect is especially significant for 

MEMS applications as the SAMs are capable of sustaining different environments during 

various stages of the micro-fabrication [1, 2, 36].  
 
3.3.2    FTIR Spectroscopy  

 In order to understand the packing and orientation of the monolayers, ATR-FTIR 

spectroscopy measurements were carried out on monolayer derivatized Si substrates. The 

superimposed FTIR spectra of monolayer derivatized Si substrate are shown in Figure 

3.2. The prominent peaks at 2850 and 2919 cm–1
 of methylene due to –C-H symmetric 

and asymmetric stretching respectively suggest the presence of a densely packed 

monolayer. The intensity and peak positions of the C-H stretching vibrational modes (–

CH2 ) of the monolayer film provide information on the monolayer formation rates and 

structural changes during the course of the growth process. For example, specific shifts 

from 2928 to 2919 cm–1 and from 2856 to 2850 cm–1
 for the methylene peaks are well 

known on going from a liquid to solid alkane phase and therefore the observed 

wavenumbers in our case are indicative of a densely packed monolayer of alkyl chains 

(37). Further, the asymmetric C-H stretching mode of terminal CH3 appearing at 2958 

cm–1 is a clear signature of orientated monolayer formation. 
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Figure 3.2: Superimposed FTIR spectra of monolayer derivatized n-type Si (100) substrate, the bare silicon 
wafer used as a background sample and the spectra recorded at a resolution of 4 cm -1 over 256 scans at 
room temperature. 
 

 The disappearance of a broad peak corresponding to the –OH stretching normally 

observed on any SiO2 surface clearly indicates the transition from a hydrophilic to 

hydrophobic surface due to the presence of a monolayer. Furthermore, a comparison of 

this IR spectrum with that of a similar long chain alkane hydrocarbon clearly reveals the 

presence of ordered and closely packed molecular assembly. Similarly, peak positions of 

the C-H stretching vibrational modes (–CH2) are nearly invariant for C8 and C12 

monolayers (Figure 3. 2) [37]. 
 
3.3.3 Cyclic Voltammetry  

 In order to understand the electron transfer behavior of semiconducting substrates 

after the monolayer formation, we have carried out electrochemical measurements on 

both bare and monolayer derivatized Si electrodes in presence of ferrocence as shown in 

Figure 3.3A and 3.3(B-D) respectively. For bare Si electrode, the oxidation and reduction 

peaks due to ferrocene / ferrocenium couple are observed at 0.1 V and -0.8 V 

respectively. After the monolayer formation on Si electrode, the shape of the 

voltammograms is significantly changed, the electron transfer is totally blocked clearly  

indicating the formation of a closely packed monolayer offering barrier for electron 

transfer. For all the cases the capacitance decreases by approximately an order of 

magnitude in comparison with that of bare Si. The capacitance is also found to decrease 

with an increase in the chain length of the monolayer as shown in Figure 3.3E, which 
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indirectly suggests that the capacitance varies inversely with the thickness of the 

monolayer film. 

 

 
 
Figure 3.3: Superimposed cyclic voltammograms of A) bare Si electrode and monolayer derivatized Si 
electrodes ((B) C8, (C) C12, and (D) C18) in presence of ferrocene performed in 0.1 M LiClO4 in CH3CN at a 
scan rate of 100 mV/s; E) the variation in the capacitance (calculated from cyclic voltammetry data) and the 
thickness with number of carbon atoms in the monolayer; arrow indicates a scan direction.   
  

 Hua-Zhong Yu et. al., have evaluated the capacitive properties of the organic thin 

films on silicon electode in aqueous electrolyte, where the reciprocal capacitance of the 

organic thin films modified silicon/aqueous electrolyte interface has been found to be  

proportional to the thickness of films [29]. We have carried out cyclic voltammteric 

measurements of monolayer derivatized Si electrode in the same electrolyte without 

ferrocene and the background current has been found to be negligible as compared to that 

from monolayer derivatized Si electrode in presence of ferrocene. It indirectly suggests 

that the observed electron-transfer processes and the current could be attributed solely to 

the electron transfer of the ferrocene probe [31].  
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3. 3. 4 Impedance Analysis   

 Figure 3.4 shows the electrochemical impedance data for bare (Figure 3.4A) and 

monolayer derivatized Si electrode (Figure 3.4B) in 0.1M LiClO4 in CH3CN respectively. 

Nyquist plot of bare Si electrode shows a well-defined semicircle. In sharp contrast, 

monolayer derivatized Si electrode (C18, C12, and C8), exhibits a nearly vertical line 

parallel to y-axis over the entire frequency domain (100 kHz to 0.01Hz), typical of a 

capacitive behavior.  

 

 

 

 
 
 

Figure 3.4: Complex plane impedance plots of A) bare Si electrode; and B) monolayer derivatized Si 
electrode (C8, C12, and C18,) in 0.1 M LiClO4 in CH3CN in the frequency range of 100 kHz to 0.01Hz with a 
10 mV rms signal under open-circuit conditions; symbols represent the measured data and solid lines 
correspond to CNLS data fit, according to the best equivalent circuit fit shown as an inset of Figure 3.4A 
for the Si/SiO2/electrolyte interface.  

  
In addition, Figures 3.5 and 3.6 show superimposed impedance data in the form of 

Bode frequency and phase angle plots respectively for bare and monolayer derivatized Si 

electrodes. At the higher frequency region, the solution resistance dominates the 

impedance and thus the Bode magnitude data exhibits a slope of zero while the phase 

angle is near to 0o. In the intermediate frequency region for monolayer derivatized Si 

electrodes, the capacitance of monolayers provide a significant impedance, and log /Z/ 

increases linearly with decreasing log frequency (with a slope of -1) (Figure 3.5), while 

the phase angle is approximately 90° (Figure 3.6). As the chain length decreases from C18 

to C8, a slight variation in the phase angle is observed. The slope of the Bode plot ((log 

/Z/ vs log frequency) for 0.1 Hz < f < 104 Hz is approximately -1 for each chain length 

indicating a typical capacitive behavior. 
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Figure 3.5: Superimposed Bode frequency plots for bare Si (+) and monolayer derivatized Si electrodes 
(C18 (ο), C12 ( ), and C8 (∇)) in 0.1 M LiClO4 in CH3CN; the frequency range used 100 kHz to 0.01Hz with 
a 10 mV rms signal applied under open-circuit conditions, symbol represents the measured data, while solid 
lines corresponding to CNLS data fit using the equivalent circuit shown as an inset of Figure 3.4A.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. 6: Superimposed Bode phase angle plots for bare Si (+) and monolayer derivatized Si electrodes 
(C8 (∇), C12 ( ), and C18 (ο)) in 0.1 M LiClO4 in CH3CN, in the frequency range is 100 kHz to 0.01Hz with 
a 10 mV rms signal applied under open-circuit conditions; symbol represents the measured data, while 
solid lines correspond to CNLS data, according to the equivalent circuit from an inset of Figure 3.4A.  
 

Furthermore, the value of /Z/ at 10 mHz for bare Si, C18, C12 and C8 derivatized Si 

electrodes are 0.63, 6.30, 7.94, 25.1 MΩ.cm2 respectively, revealing the insulating 

character of the monolayer.  
 
3.3.5   Thickness Calculations  

The impedance results are interpreted in terms of the equivalent circuit shown in 

the inset of Figure 3.4A involving solution resistance (Rs) in series with a constant phase 
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element (CPE). CPE accounts for the non-linearity and the frequency dependence of the 

element by expressing the electrical impedance in terms of a simple power law, 

                          ZCPE = Kw-α
                                                                                                                                                           (1) 

                   For an ideal element, it is known that the frequency exponent α = 1, K = 1 / C for a 

capacitance and α = 0, K = R for a resistance. The deviation of the ideal behavior can be 

attributed to the inhomogeneties of the defects or roughness. For bare Si electrode, CPE 

is composed of the space charge capacitance of the semiconductor (Csc) and the 

capacitance of the SiO2 layer (Coxide). A capacitance of 2.3 x 10-6 F/cm2 has been obtained 

(by fitting the circuit as shown in Figure 3.4A) for Si / SiO2/electrolyte interface under 

depletion conditions, which is in excellent agreement with the reported values [39].  

  In case of monolayer derivatized Si electrodes, the total capacitance can be 

determined from the series combination of the capacitances associated with the Csc, Coxide 

and Cm (monolayer capacitance) as shown in scheme 3.1. For example, a capacitance of 

1.06 x 10-7 F / cm2 has been obtained for the OTS-Si derivatized Si / electrolyte interface, 

which is approximately an order of magnitude smaller than that of bare Si electrode / 

electrolyte interface. The capacitance of the OTS-monolayer is 1.1 x 10-6 F/cm2, which 

approximately yields the thickness of the monolayer of about 2.17 nm, which is in 

excellent agreement with the geometric length [40]. The capacitance and monolayer 

thickness calculated for C12 and C8 monolayers are shown in Table 3.2   

 

 

            
 
 
 
 
   
  
  
 Scheme 3.1: Schematic representation of the variation in double layer capacitance at electrode/ electrolyte 

interfaces for bare and monolayer derivatized Si electrode. 
 
 3.3.6  Impedance Analysis in Presence of Ferrocene 

 A comparison of the impedance data for both the bare Si (Figure 3.7A) and 

monolayer derivatized Si (Figure 3.7B) electrode in presence of ferrocene is shown in 
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Figure 3.7.  Impedance measurements were carried out after coulometry at + 0.3 V based 

on the voltammetric results so that a mixture of both ferrocene and ferrocenium ions were 

always present in the electrolyte. The response of the complex impedance plot is 

interpreted in terms of the equivalent circuit as shown in the inset of the Figure 3.7, 

where RS indicates the solution resistance, R1 represents monolayer resistance, CPE, the 

constant phase element, C1, capacitance at semiconductor/electrolyte interface, Rct, 

charge transfer resistance and finally Zw, the Warburg component.   

For bare Si electrode, two semicircles are observed, corresponding to the space 

charge region and the charge transfer region respectively. While in case of the monolayer 

derivatized electrodes, minor deviation in the low frequency region is observed, which is 

attributed to the pinholes present in the monolayer, which presumably acts as a 

microelectrode array. Consequently, Rct is expected to increase due to the inhibition of 

the electron transfer and from this increase the approximate monolayer coverage of the Si 

electrode can be calculated.  

 
 

Figure 3. 7:  Complex impedance plots of A) bare Si and B) monolayer derivatized Si electrode in 
presence of ferrocene; in the frequency range is 100 kHz to 0.01Hz with a 10 mV rms sign applied at open-
circuit potential; the symbol represents the measured data, while solid lines corresponds to CNLS data fit, 
according to equivalent circuit shown as an inset of Figure 3.7A. 
  
3.3.7   Coverage Calculations  

For a microelectrode type of behavior, the increase in Rct due to the monolayer 

can be related to the fraction of accessible area as  

                                                   (1- θ)  = Rct  / R'ct                                                        (2) 

where, Rct is the charge transfer resistance at the bare Si electrode and R'ct is the charge 

transfer resistance of the monolayer derivatized Si electrode under the same experimental 
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conditions. However, this equation assumes that the electron transfer occurs only at the 

pinholes present in the monolayer. From the measured values of Rct and R’ct as 15.24 kΩ-

cm2 and 7.62 MΩ-cm2 respectively, the corresponding monolayer coverage for C18 is 

found to be 99.8 % (as calculated from equation (2)), while for C12 and C8 monolayers; it 

amounts to 99.4 and 98.8 respectively. Thus, the monolayer coverage increases with the 

chain length of the monolayer. These results are in broad agreement with the studies of 

Porter et. al, where the packing density of an alkanethiol monolayer on gold was found to 

increase according to the alkyl chain length [19].  

Despite these high coverages as estimated above, there would always be 

possibility to develop some ‘pinhole’ type defects on the surface which could cause direct 

contact of redox active molecules with the electrode surface, as evidence by the faradaic 

current. Consequently, these values of the Rct can also be used to estimate the rate 

constant of ferrocene at the monolayer–derivatized Si electrode as the monolayer 

provides a barrier for electron transfer leading to an expected decrease in the rate constant 

assuming negligible ohmic drop. Since impedance can give considerable separation in 

frequencies between the kinetically controlled region and the diffusion-limited low 

frequency region, this enables a convenient evaluation of the kinetic parameters with 

possible interference from the mass transport. Under these conditions, Rct from the 

diameter of the semicircle at higher frequencies, assuming, Cox= Cred = C and a single 

electron first order reaction for unit geometric area, is given by,   

Rct = RT / (F2 (1- θ) k0 C A) 

                           = RT / (F2 kapp C A)                                                     (3) 

             where, θ is the surface coverage of the monolayer (1- θ) corresponds to the total fraction 

of pinholes k0 and kapp are the real and ‘apparent’ standard heterogeneous rate constants 

respectively.  

             The rate constant calculated for monolayer derivatized Si electrodes thus is found 

to be decreases with increasing chain length. For example, for bare Si and OTS –

monolayer derivatized Si, rate constant for ferrocene are 4.4 x 10-8 cm s-1 and 4.85 x 10-12 

cm s-1 respectively. These values are in good agreement with available reports for such 

charge- transfer processes as listed in Table 3.2 The thickness of monolayer is calculated 
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from this data and these values are compared with that of calculated from theoretical 

equations [41].   
 
Table 3.2: Surface and structural characterization of alkylsilane monolayers on Si substrate as a function of 
chain length.  
 

Thickness (A0) 
 

Coverage (%) C 
(μF/cm2) 

Rct 

(MΩ) 
      Rate 

constant 
     10-8 * 

(cm/s )  

 

Experimental 
Impedance  

calculated 
a 

Impedance 
 

 Contact angle 
 b 

   

n-type 
Si(100) 

     0.02 4.4  

C8-Si 11 ± 1 12.1 98.8 95 2.17 1.09 3.4 x 10-3 
C12 Si 17  ± 1 17 99.4 97.5 1.41 1.91 1.9 x 10-3 
C18 Si 21.7 ± 1 24.2 99.8 98.8 1.1 7.62 4.9 x10-4 
 
a  d = 1.26 x (n-1) x cos θ  + (Si-O + Si-C + terminal CH3), where, d is the thickness of the monolayer, n is 
the no. of carbon atoms in the alkyl chain, (the angle between the molecule axis and the surface normal. A 
tilt angle (~15) was used to calculate the thickness of the monolayer. IR studies suggest a much smaller 
angle (~20o) and an average tilt of ~ 15o for the chains [16].   
 
b The surface coverage can be determined from the contact angle using Cassie equation: cos θ = ƒ1 cos θ 1 + 
ƒ2  cos θ2 ,  where, ƒ1   and ƒ2   are the fractional coverages of the first and second constituents of the surface 
and θ1  and   θ2   are the angles of the pure constituents. Taking θ1 and  θ2  114o and 15o respectively  

                                                                                                                                                      
  3.3.8   Analysis of Surface states  

Surface state distribution of monolayer modified Si electrodes is investigated by 

monitoring the variation of capacitance with dc bias potential is indicated in Figure 3.8, 

using a superimposed plot of C-V curves for both bare and monolayer derivatived Si 

electrode, in the potential range -0.8 to 0.7 V.  A pronounced peak/maximum observed 

for bare Si, is interestingly found to decrease for monolayer derivatived Si electrodes, 

which is attributed to the existence of the surface states [42]. The formation of surface 

states at single crystalline semiconductor electrode/electrolyte interfaces is a well-known 

phenomenon, which could be either due to the adsorption of charged species on the 

surface or the abrupt ending of the periodicity of the crystalline lattice at the surface.  

However in both the cases, the driving force for the formation of surface states is 

the presence of unsatisfied valencies of the surface atoms. On this basis, the effect of 

surface states is expected to vanish if the unsaturation in the surface charge is quenched 

by the formation of covalent bonds on the surface, like monolayer formation. 
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Figure 3. 8: Superimposed plot of differential capacitance as a function of bias potential for bare Si (+) and 
monolayer derivatized Si electrode (C8 (∇), C12 ( ), and C18(ο)) in 0.1 M LiClO4 in CH3CN. 

 

Interestingly, in accordance with this expectation, a suppression of surface states 

on the Si surface by monolayer formation is noticed from the capacitance potential curves 

as shown in Figure 3.8. In addition, the maximum in the capacitance-potential curves 

decrease with increasing chain length of the monolayer, indicating an increase in 

passivation of the Si substrate due to Si-O-Si linkages formed by the monolayers. Thus 

monolayer termination provides a straightforward explanation of the low density of 

surface states, since all the dangling bonds at the silicon surface states are saturated with 

the Si-O-Si bonding, leading to electronic states far into the bands eliminating the 

dangling bond states from the band gap [42].        
 
3.3.9 Mott-Schottky Analysis  

The change in flat-band potentials of monolayer modified Si electrode has been 

studied using Mott–Schottky relation,  

1/Csc2 = 2 (E-Efb) / qεε0 Nd A2 

where, Csc is the space charge capacitance, E represents the applied potential, Efb is the 

flat-band potential and Nd the donor density. Thus valuable information could be 

obtained from the slope and intercept of the experimental 1/ Csc2 versus E plots.    

 This equation is based on the assumption that the capacitance of the space charge 

layer is much less than that of the Helmholtz layer and at high frequency (1 kHz), the 

contribution of Helmholtz capacitance to the measured electrode capacitance is negligible 
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[43]. Thus the capacitance of the semiconductor / electrolyte interface mainly expresses 

the capacitance of the space charge layer of the semiconductor [44]. Based on the 

impedance data from Figure 3.8 separate dc bias experiments (in steps of 100 mV from -

0.5 to 0.5 V) in the limited frequency region from 10 kHz–10 mHz in which the phase 

angle of the complex impedance is greater than 80o.   

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9: Mott-Schottky plot for bare Si (+) and monolayer derivatized (C8 (∇), C12 ( ), and C18 (ο)) Si 
electrodes; where Efb is the intercept of the extrapolated linear part of the slope with the x-axis (1/Csc2 = 0); 
inset shows the variation in the Efb vs number of carbon atoms in monolayer; ΔEfb is calculated with respect 
to the flat band potential of bare Si.  

 

The system behaves primarily as a capacitive circuit element provides an effective 

means for estimating the space charge capacitance after applying the equivalent circuits 

(I) for the electrode before and after the monolayer formation. Accordingly, Figure 3.9 

shows the superimposed Mott-Schottky plot, suggesting the variation in Efb for 

corresponding alkyl chains while the inset of Figure 3.9 exhibits a clear variation in the 

Efb with respect to chain length of the monolayer. The Efb potential obtained for the bare 

Si electrode is –460 mV, while it shows the positive shift after the monolayer formation. 

This positive shift in Efb after the monolayer formation suggests that the surface states 

distribution is perhaps, altered by the covalent coupling of the silane monolayers [41]. 

The observed increase of slope after monolayer formation could be explained possibly 

due to a combination of lower charge carrier concentration (as the slope of Mott–

Schottky plot is inversely proportional to Nd) and a larger space charge layer width. Since 

the flat-band potential of a semiconductor electrode in contact with electrolytes can be 
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influenced by several parameters including formation of oxide layers, pinning of the 

fermi level, the pH of electrolyte, and the existence of surface states, therefore it is 

difficulty to pin point the exact reason. However, a covalent coupling of the monolayer 

can significantly alter the distribution of surface states at the Si electrode [41].  
 
3.3. 10 Effect of dc bias potential 

 The ionic permeability of alkyltrichlorosilane self-assembled monolayers (SAMs) 

on Si substrate is studied using impedance methods in the absence of redox active 

species. Accordingly, Figure 3.10 shows the impedance plot of the alkyltrichlorosilane 

monolayers at different bias potential ranging from -0.5 V to 0.5 V.  At the 0 V bias 

potential, the phase angle is greater than 88o, revealing the capacitive behavior of the 

SAM. However, as the applied potential is varied from the 0 to -0.5 V, the deviation in 

the phase angle is prominent at lower frequency region.  

 
Figure 3. 10: The Bode phase angle plot at different bias potential for A) C8 , B) C12 and  C) C18 monolayer  
at  different  potential  (0.5 V to -0.5 V) in the frequency range 0.1 MHz to 0.01 Hz.      
  

 A more pronounced deviation in the phase angle is observed in the case of C8 

monolayer at -0.2 V bias potential, while for C12 and C18, it observed at -0.3 V and -0.45 

V respectively. These results demonstrate that for each chain length n, the SAM no 

longer behaves as a capacitor, once a particular potential is exceeded. This experimental 

potential is refereed as the critical potential (Vc) [45].  Thus confirming that SAMs do 

behave as ionic insulators until a critical potential, Vc, is reached or exceeded. However, 

at potentials more cathodic than Vc, SAMs are no longer behave as an ionic insulators as 

a significant change in the phase angle is associated with ion penetration in the low-

frequency region, since Vc is dependent on the chain length of the monolayer. It has been 
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reported that the changes in the electrochemical responses at Vappl ≤ Vc are associated 

with molecular changes within the SAM at the SAM/electrolyte interface, or perhaps 

both. The range of potentials in which SAMs undergo change depends on the SAM chain 

length, and consequently Vc corresponds to the onset of film perturbation [46]. 
 

3.4 Conclusions 

A combined analysis of the results of contact angle measurements, FTIR 

spectroscopy, electrochemical impedance and cyclic voltammetry gives clear evidence 

for a close-packed and compact monolayer on Si substrate. The double layer capacitance 

decreases systematically with the chain length of the monolayers, which indirectly 

suggests that the change is inversely proportional to the thickness of the monolayer film. 

A comparison of the electrochemical properties of the SAM-derivatized Si electrodes 

with those of a bare Si electrode using impedance analysis shows that the apparent rate 

constant of ferrocene has been decreased from 4.4 x 10-8 cm s-1 to 4.85 x 10-12 cm s-1 (in 

case of C18) due to the barrier property provided by the monolayer. Further, a positive 

shift of 200 mV in flat band potential suggests subtle variation in the surface state 

distribution due to the covalent coupling of the silane monolayers, along with plausible 

changes in the charge carrier concentration and larger space charge layer width. In terms 

of the good insulating properties of the monolayers over the entire frequency range the 

system somewhat resembles with that of alkanethiol monolayers on metal electrodes. 

These results are believed to be useful for various potential applications including the 

reduction/elimination of stiction in micro-electromechanical systems, contact printing in 

materials microfabrication, inhibition of corrosion and oxidation, and finally in the 

control of wetting, lubrication and protein adsorption. 
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CHAPTER 4 
 

Thermal Stability of Self-Assembled Octadecyltrichlorosilane 

Monolayer on both Planar and Curved Silica Surfaces 

 

 

 

       

This chapter compares the (OTS) monolayer formation both on n-type Si substrate (planar surface) and 

silica sphere (curved surface), using various surface sensitive spectroscopic techniques. Interestingly, a 

relative enhancement in thermal stability is observed in case of OTS-SAM on the curved surface although 

the orientation of molecules is similar on both the surfaces. The implications of these are discussed using 

results from thermogravimetric analysis, temperature dependent IR measurements and contact angle data in 

terms of the importance of SAMs for MEMS and micro fluidic applications       

    

A part of the work reported in this chapter has been published in ‘Thin Solid Films, 2006, 496, 420.    
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4.1 Introduction     

Self–assembled monolayers (SAMs) have attracted a great deal of attention in 

recent years due to their interesting properties as candidates for isolating interfaces and 

improving interfacial adhesion in newly evolving integrated circuit architectures, an 

interest arising because of its crucial importance in nanotechnology [1-4]. For example, 

SAMs of alkyltrichlorosilane on Si/SiO2 interface have been extensively studied due to 

their fundamental importance in surface modification and also for their diverse potential 

applications, as emerging flexible memory storage modules, nano electromechanical 

devices, interconnects in molecular electronics, [5-6] interfacial adhesive promoters and 

molecular lubricants [7-8]. The close packing of the molecules with a saturated 

methylene chain via coordinated interchain van der Waals interactions is expected to 

create a vacuum-like potential barrier at the interface that inhibits phenomena such as 

ionization and diffusion, making them extremely useful for applications in a variety of 

fields like microelectronics and microfluidics. In addition, the low sticking property of 

SAMs onto themselves is conducive for forming conformal layers whose thickness is 

essentially the length of the comprising molecules facilitating a remarkable control by 

manipulating the chemistry of the terminal functional group. As a result, many structure 

function correlation studies have been reported so far using various characterization 

techniques [1-8].   

 Alkyl trichloro or trimethoxy silane SAMs are particularly useful for micro-

electromechanical systems (MEMS) to tackle the well-known ‘stiction’ problem, since 

their mere presence provides a suitable low energy coating [9-12]. For example, the 

formation of close packed, covalently bounded monolayer with tunable chain length and 

hydrophobic terminal group on silicon oxide surface would eliminate the ‘release’ 

stiction and reduce the ‘in-use’ stiction. However, during the fabrication of MEMS, a 

small variation in the processing temperature may cause degradation of monolayer 

because most of MEMS packaging processes contains steps at elevated temperatures 

[13].   Therefore, the assessment and understanding of the growth and thermal stability of 

these monolayers is an important prerequisite for their proper utilization with respect to 

both microfabrication and device performance. More significantly, for these types of 

applications, the onset of performance degradation can be unpredictable and hence it is 
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important to monitor the thermal behavior, as some of the organic films can be quite 

unstable at these operational temperatures. For example, Yeh et.al., have reported 

permanent structural changes of octadecyltrichlorosilane (OTS) monolayers in air above 

120 oC although this stability is extended up to 330 oC in nitrogen atmosphere depending 

on the heating rate and thermal history [9,14]. Similarly, Kluth et. al., have recently 

reported the stability of hydrocarbon chains up to 475 oC in vacuum, whereas the 

perfluorodecytrichlorosilane film is stable only up to 400 oC and 500 oC in air and 

nitrogen respectively [9]. All these studies however are for 2D SAMs on planar surfaces 

and it is important to compare the behavior of SAMs of same molecule on both planar 

and curved surfaces in order to understand the effect of curvature on thermal stability. 

These results are believed to be useful for selecting suitable monolayers for MEMS 

application. Finally OTS-SAM on silica surfaces has also attracted much attention 

because of their similarity to biological membranes for potential applications in 

BioMEMS due to its ability to control friction and wear resistance of surfaces [6-8].  

 In the previous chapter, we have discussed the chain length dependent 

electrochemical behavior and thermal stability of the alkyltrichlorosilane monolayers on 

the Si/SiO2 interface (planar). In comparison, this chapter describes relative improvement 

in the thermal stability of OTS monolayer on curved surfaces i.e., on spherical silica 

surfaces in order to highlight the role of curvature on packing and stability. We 

demonstrate the superior thermal stability of OTS monolayer on curved silica surface by 

using a variety of techniques like temperature dependent Fourier transform infrared 

(FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS), Scanning electron 

microscopy (SEM), Thermogravimetric analysis (TG) and Contact angle (CA) 

measurements.   

4. 2 Experimental Aspects 

4. 2.1 Materials 

  n-Octadecyltrichlorosilane (OTS) (95%) and tetraethyl orthosilcate (TEOS) were 

obtained from Aldrich, while toluene (99.5 %), ethanol (99.5 %) and ammonia were 

purchased from Qualigens. Commercially available n-type, one-side polished, silicon 

wafers of (100) orientation with 0.001-0.007 Ω-cm resistivity were used as substrates. 
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These silicon wafers (1x1 cm2) were rinsed with deionized water (18 MΩ cm), sonicated 

in ethanol and dried under a flow of nitrogen. These wafers were cleaned as the 

procedure described in the chapter 2 (section 2.2.1) soaked in 1:10 deionized HF: H2O 

solution for 30 s to remove the native SiO2 layer and treated with piranha (7:3 H2SO4: 

H2O2) solution for 30 min at 80 oC to grow a fresh oxide layer. Subsequently, wafers 

were rinsed with deionized water, dried in a stream of nitrogen and used for further 

experiments. Silica spheres were prepared by using the well-known Stober’s method as 

reported elsewhere [15]. In brief, 1.3 ml TEOS was added into the 5 ml ethanol and 

stirred for 10 min. To this solution, 3 ml ammonia in 22.7 ml of ethanol was added drop-

by-drop and stirring was continued for 2 h to get silica nanoparticles. These silica 

particles were washed several times and redispersed in ethanol after drying and further 

refluxed for 2 h to get monodispersed particles.  
 

4. 2. 2 Silanization   

4.2.2.1 SAM formation on n-type Si substrate 

Freshly cleaned Si wafers were immersed in 1 mM OTS solution for 10 min. 

Subsequently, they were removed, rinsed several times with toluene, dried under nitrogen 

atmosphere and were used for further characterization [16].  
 

4.2.2.2 SAM formation on Silica Particles  

  Prior to functionalisation, the silica particles were dried for 10 h at 150 oC under 

nitrogen atmosphere and were used immediately. In a typical synthesis procedure, 10 mg 

silica particles (400-500 nm) were dispersed in adequate amount of dry toluene with 

intermediate stirring for 1 h. To the above mixture 10 ml, 1 mM OTS solution was added 

drop wise, and the mixture was refluxed for 24 h under nitrogen atmosphere in order to 

ensure a complete monolayer formation of OTS on silica (scheme 4.1). This solution was 

then allowed to stand for few hours, filtered and washed several times with toluene and 

ethanol in order to remove unreacted OTS. This (OTS-silica) was subsequently dried in a 

vacuum oven at 70-80 oC for 4 h and used for further characterization.       
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Scheme 4.1: A schematic representation of the process involved in OTS-SAM formation on Si substrate 
and on silica particles, A) bare Si substrate is dipped in OTS (mM) in toluene solution, while silica particles 
refluxed in OTS (mM) in toluene for 24 hrs under N2 atmosphere, B) structure of OTS molecule on Si 
substrate and silica particles.    
     

 4. 2. 3 Characterization  

Scanning electron microscopy (SEM) was carried out on a Leico stereoscan model 

440 instruments equipped with Phoenix energy dispersive analysis of X-ray (EDX) 

attachment. The contact angle (CA) on Si (100) substrate was measured using a water sessile 

drop on RAME-HERT NRL–model CA goniometer and also on GBX-‘Digidrop’ CA meter. 

FTIR spectra of the OTS monolayer on Si substrate as well as on SiO2 particles were 

recorded using a Perkin Elmer 1615 spectrometer in a diffuse reflectance mode (DRIFT), 

OTS-silica sample was made in the form of pellet after mixing with spectroscopic grade KBr. 

The OTS monolayer on Si substrate was characterized by grazing angle FTIR spectroscopy 

after recording the background spectra at a resolution of 4 cm-1 over 256 scans at room 

temperature using bare Si wafers. Thermogravimetric analysis (TGA) was carried out on a 

Seiko thermal analyzer model No: TCA/DIA–32. Thermal stability of OTS monolayer on Si 

substrate was studied by water sessile drop CA measurements after annealing the Si substrate 

in air for 5 minutes at different temperatures and subsequently cooling to room temperature. 

XPS measurements were carried out using a VG scientific ESCA-3 MK II spectrometer 

operated at a pressure below 1.33 x 10-7 Pa (electron take off angle 60o, and overall resolution 

~ 1 eV) using Mg-Kα source (hν= 1253.6 eV). Alignment of the binding energy was carried 

out using the C 1s binding energy of 285 eV as a reference to compensate for surface-

charging effects and the X-ray flux (power 70 W) was kept deliberately low in order to 



Ph.D. Thesis                                                               Chapter 4                                      
  

  
 National Chemical Laboratory                  Sneha A. Kulkarni                       University of Pune, April 2007       

102

reduce the beam induced damage. The core spectra were background corrected using the 

Shirley algorithm.  The deconvolution of overlapping peaks in the final, high resolution 

spectra was accomplished using standard curve–fitting algorithms assuming the shape of all 

peaks to be Gaussian 
 

4. 3 Results and Discussion  
4.3.1 FTIR Spectroscopy   

In order to understand the nature of functional groups on silica after surface 

modification, superimposed FTIR-DRIFT spectra of silica and OTS-silica are shown in 

Figure 4.1A. For simplicity, a spectrum is divided into two regions; in the low frequency 

region (700-1400 cm-1), the fundamental Si-O bands are invariant with surface 

modification, while in the high frequency region (2800-4000 cm-1) certain distinct 

changes could be seen [17]. Nevertheless, both samples show bands at 803, 1030 and 

1220 cm–1 which could be attributed to fundamental Si-O vibrations [18-19]. The band at 

980 cm–1 is related to the stretching modes of isolated silanols and is visible only in case 

of bare silica, which interestingly disappears after the thermal treatment at 300 oC. 

Further, the absence of this band in OTS-silica sample indirectly suggests OTS bonding 

on the silica surface. In case of SiO2, bands at 1672, 1872, 1987 and 3342 cm –1 could be 

due to physically/ chemically adsorbed water [17-19]. However, these bands do disappear 

after thermal treatment at 700-800 oC, although these bands are absent in the case of 

OTS-silica, perhaps due to the hydrophobic nature of the surface. New bands at 1623, 

2850 and 2917 cm–1 due to C-H stretching vibrational modes of –CH2 in OTS strongly 

indicate the presence of OTS monolayer on silica surface [20-22].  

Figure 4.1B shows superimposed FTIR spectra of OTS-SAMs on planar and 

curved surfaces respectively in the frequency range of 2800-3000 cm–1
. The methylene 

peaks (for sample 1) due to C-H symmetric and antisymmetric stretching at 2850 and 

2919 cm-1 respectively indicate common features during the formation of OTS monolayer 

on both surfaces. For example, the presence of asymmetric C-H stretching mode due to 

terminal CH3 at 2958 cm-1 is a clear sign of densely assembled monolayer [1-2]. A 

comparison of this spectrum with that of long chain alkane hydrocarbon clearly suggests 

the presence of ordered and close packed molecular assembly. 
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Figure 4.1:  Superimposed FTIR-DRIFT spectra of A) bare (I) and OTS-silica (II) particles; B) OTS SAM 
on silica particles (I) and Si substrate (II) in the frequency region 2800-3000 cm-1 respectively. 
  

Monolayer formation is also confirmed by the data obtained from CA 

measurements before and after OTS formation on Si/SiO2 surface. For example, a clean 

Si surface has CA less than 15o, indicating its hydrophilic nature. In sharp contrast, CA 

obtained on OTS monolayer surface is 109 ± 1o (due to the hydrophobic nature of the 

surface) and this change in CA due to SAM formation is in good agreement with that 

available in the previous reports using similar molecules [23].   

 
4.3.2 X-ray Photoelectron Spectroscopy 

                XPS provides useful quantitative information on the composition and chemical 

identity of both monolayer and the substrate. Consequently, Si 2p, C 1s and O 1s core 

binding energies estimated on the basis of C 1s of alkyl chains at 285 eV are summarized 

in Table 4.1. Accordingly, OTS-monolayer on Si substrate shows two peaks in Si 2p 

binding energy range, the peak at lower binding energy (i.e. 99.3 eV) corresponds to 

elemental Si0 while the one at 103.4 eV corresponds to Si IV in SiO2 as well as Si IV
 from 

the OTS molecule. Interestingly, the intensity ratio of Si IV to Si0 peaks increases after the 

monolayer formation as compared to that of bare Si substrate [24]. The increase in the 

peak intensity of Si IV shows an additional Si IV signal from the OTS molecule.                       

In case of silica and OTS-silica samples, only the Si peak is observed at 103.4 eV that 
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corresponds to Si IV from SiO2. The peak intensity of Si 2p rather increases although the 

position is invariant after the monolayer formation. A slight shift of 1 eV is observed for 

O 1s along with a decrease in peak intensity, may be due to the Si-O-Si bonding on the 

modified silica surface while C 1s peak at 285 eV corresponds to alkyl chain of OTS-

silica. Thus XPS results confirm the structural similarity of OTS monolayer on silica with 

that on Si/SiO2 interface.  
 
  

                        Table 4.1: A comparison of binding energies of Si, C and O for OTS SAM on n-type Si substrate and on 
silica particles. The values given in the bracket show corresponding FWHM of fitted Gaussian peaks. The 
deconvolution of X-ray photoelectron spectroscopic data for SAM on overlapping peaks in the final, high 
resolution spectra was accomplished using standard curve–fitting algorithms, assuming the line shape of all 
peaks as Gaussian.  

 
 

 

 

  

 

 

 

 

 

Some of the important differences between SAMs on planar and curved surfaces, 

like higher concentration of defects present on the curved surface, and higher radius of 

curvature, would naturally cause different packing density of the monolayer. For 

example, Murray et. al., have reported similarities and differences between thiol-SAM on 

planar and curved gold surfaces, and according to him latter has higher concentration of a 

high density of monolayer defects [25]. Despite high radius of curvature, the packing 

density of alkanethiolate chains bonded to the gold cluster surface has been found to be 

nearly twice than that found on flat Au (111) and similar reasoning is valid also for OTS 

SAMs.  Hence the subtle effects of the SAMs on curved surfaces could be indirectly seen 

if we compare the morphology of silica particles prepared identically with and without 

OTS monolayers. 
 

 

Binding energy  (eV) 

                   Si 2p 

Substrates 

Si IV Si 0 

C1s O1s 

SiO2  particles 103.4   (2.04) - 285 532.8 

OTS- SiO2 103.4   (2.16) - 285 532.8 

n-type Si Substrate 103.4   (2.96) 99.3  (1.64) 285 532.8 

OTS SAM on Si substrate 103.4   (1.85) 99.3  (1.38) 285 532.7 



Ph.D. Thesis                                                               Chapter 4                                      
  

  
 National Chemical Laboratory                  Sneha A. Kulkarni                       University of Pune, April 2007       

105

4.3.3 Scanning Electron Microscopy   

 Figure 4.2 demonstrates comparison of SEM images of silica and OTS-silica 

indicating their polydispersed nature. These silica particles (Figure 4.2A) were 

redispersed in ethanol and refluxed for 2 h to get monodispersed silica particles as shown 

in Figure 4.2 B, where they are spherical in shape with size approximately in the range 

400-500 nm. Although the thickness of OTS monolayer is 2.5 nm, any distinguishable 

change is not observed after silanization (Figure 4.2C). The aggregation of the individual 

particles could be attributed to the siloxane bonds between silica particles as well as due 

to the polymerization of silane molecules on the silica surface [26]. However, EDX 

measurements show a change in the elemental composition, the ratio of Si:O being 

approximately 1:2 before the monolayer formation. The carbon percentage is very low 

(less than 3 %) although after monolayer formation, the ratio changes to 1:1.3 since 

carbon content increase up to 24 %. X-Ray diffraction (XRD) patterns of as prepared 

particles indicate their amorphous nature.  

 

     

 

 

 

 

 

 

 

 

  

    Figure 4.2: The Scanning electron microscopic images of (A) as synthesized silica particles, (B) silica 
particles after refluxing in ethanol for 2 h, (C) OTS-monolayer capped silica particles. Corresponding 
histogram showing the particle size distribution. The size distribution has been extracted from 120 
particles.   

4. 3. 4 Thermogravimetric Analysis 

 Figure 4.3 shows TG curves of both (A) silica and (B) OTS-silica samples. In 

case of silica, a sharp decrease in weight occurs in the temperature range 50-150 oC, 

which is attributed to the loss of physisorbed water. On the contrary, the TG profile of 
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OTS-silica shows two steps of weight loss, one below 150 oC and other in the region of 

350-600 oC. The former weight loss is either due to the desorption of water or due to 

solvents used for monolayer formation, although the weight loss in this region is less as 

compared to that of silica, due to the hydrophobic nature of the monolayer. Further 

weight loss is attributed to the loss of OTS monolayer, which is not at a particular 

temperature although organic layer (OTS) decomposes slowly from the silica surface up 

to 873 K; after which the weight loss is similar to that of silica. TG analysis reveals 

pronounced weight loss for OTS-silica (1.8 %) as compared to that for pristine silica due 

to the decomposition of OTS monolayer [27]. TG analysis thus shows that the monolayer 

is stable even up to 350 oC in air. Lastly, the thermograms obtained for silica match with 

that of commercially available silica, as reported by many others [27].    

 

Figure 4. 3: TGA curves of A) Silica and B) OTS-Silica samples in air at a heating rate of 10 oC / min  
 
4.3.5    Temperature Dependent Contact Angle Measurements  

CA measurement is used to study the thermal stability of SAM on planar surface 

as a function of annealing temperature as shown in Figure 4.4. The CA of monolayer 

sample (at full coverage) is 109 o± 1, remaining almost constant up to the substrate 

annealed at temperature 150 oC, although it then starts to decline slowly from 250 oC. At 

an annealing temperature of 350 oC CA rapidly decreases up to 30o, which is usually 

reported for bare Si, indicating the complete degradation of OTS monolayer. The CA 

shows that the OTS monolayer degrades in air above 250 oC. This behavior is in good 
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agreement with previous CA measurements carried out in nitrogen atmosphere [9]. High-

resolution electron loss spectroscopy results indicate that the thermal behavior of 

monolayers is independent of the hydrocarbon chain length and monolayers are stable in 

vacuum up to 475 oC [28-29]. The stability of the OTS monolayer on Si substrate is up to 

250 oC in air while on silica surface it is up to 350 oC. It is well known that the 2D SAM 

on planar surface is more stable than that on curved surface as the curvature of surface 

creates more defects on SAM.  The results show that the SAM is thermally more stable 

on silica particles, perhaps due to the particle aggregation that hinders heat-induced 

degradation in some SAM layers sandwiched between particles.    

 
 

 

 

 

 

 

 

 

 

Figure 4.4: Temperature dependent water sessile drop CA measurements of OTS monolayer on n-type Si 
substrate. The measurements are carried out after heating the substrate at different temperature and 
subsequent cooling to room temperature.   

 
4.3.6 Temperature Dependent FTIR Measurements  

Further understanding of the stability difference, requires the knowledge of the 

nature of thermally desorbed species on the silica surface. Alkyltrichlorosilane monolayer 

forms through the -Cl group interaction of the silane molecule with the -OH group on the 

substrate, forming the Si-O-Si bond through condensation reactions between the adjacent 

molecules, are creating a cross-linked network at the surface [30-31]. Considering the 

formation mechanism, there are three possibilities in the decomposition steps including 

the cleavage of the Si-C, C-C and Si-O-Si bond. To understand the nature of the desorbed 

species, we have indeed carried out many temperature dependent IR measurements. 

Accordingly, Figure 4.5 shows FIIR spectra of OTS silica sample annealed at different 

temperatures and subsequently cooling at room temperature. The sample annealed at 150 
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oC shows the C-H symmetric and antisymmetric stretching vibrational modes at 2850 and 

2919 cm-1 of CH2   respectively while small peaks at lower frequencies are assigned to C-

H bending modes. The peak in the region 800-850 cm-1 and 1100-1200 cm-1 are observed 

due to symmetric and antisymmetric Si-O-Si stretch between the surface alkylsiloxane 

head group and the oxidized surface. All these observations suggest that the monolayer 

film is still intact. However, after heating at 350 oC, the intensity of the -C-H desorb at 

this temperature. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: FTIR-spectra as a function of annealing temperature for OTS-silica sample at A) room 
temperature, B) 150 oC, C) 350 0 C and D) 600o C, Spectrum was recorded after cooling the sample to room 
temperature.  

Interestingly, annealing at 600 oC, diminishes the intensity of the C-H band, 

indicating the complete desorption and consequently inherent peaks at lower frequency 

region due to Si-O-Si bonding are observed.  

All these results are in good agreements with the previously reported results of 

OTS-monolayer on Si surface [28]. For example, IR results show that above 600 oC 

bands due to C-H stretching disappear while, bands due to Si-O-Si are still intact, 

indicating that the monolayer decomposition takes place through the involvement of both 

Si-C and C-C bonds. Thermal behavior of monolayer does not depend on the Si-O–Si 

linkage between the adjacent chains, and hence remains intact up to 820 oC in case of 

OTS monolayer on silica surface.  
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In addition, thermal stability of OTS on silica particle has been found to decrease 

with decreasing particle size [32]. As the particles size decreases, surface curvature 

increases (disordering of the alkyl chains increases) resulting in an incomplete coverage 

of the alkyl chains and enhanced free volume. There is also a possibility of 

aggregation/agglomeration of silica particles causing a lower surface coverage.  

Several effects could essentially be contributed to the enhanced stability of the 

alkyl silane chains (on silica particles in comparison with Si substrate) including the 

removal of interfacial water layers, extent of cross-linking between alkylsilane 

headgroups, and the formation of permanent covalent bonds between the alkylsilane 

hydrolyzed headgroups and surface silanols [32]. These results are believed to be useful 

for the applications of SAMs for lubrication and wear reduction while using MEMS 

devices. 
 

4.4 Conclusions  

A comparative analysis of FTIR and XPS data shows the formation of OTS 

monolayer on both planar as well as curved surfaces despite sharing more similarities 

than differences. Thermogravimetric analysis shows the stability of SAM on curved 

surface up to 350 oC in air although a complete decomposition of monolayer takes place 

around 600 oC. In comparison, 2D SAM on planar surface is found to be stable up to   

225 oC despite complete decomposition around 400 oC. FTIR results show that the 

monolayer decomposition takes place through the involvement of both Si-C and C-C 

bonds. Thermal behavior of the monolayer does not depend on the Si-O–Si linkage 

between the adjacent chains, and is intact up to 820 oC.    
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CHAPTER 5 

 

Preparation of hydrophobic Silica by surface Silanization 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
This chapter describes a novel method of preparing hydrophobic silica particles (100-150 nm) by surface 

functionalization using different alkyltrichlorosilanes. During their preparation interestingly, surface 

roughness has been engineered through silanization facilitating a change in both the surface chemical 

composition and the geometrical microstructure to generate hierarchical structures which gives water 

contact angle ranging from 60o to 168o. The enhancement in the water contact angle on 3D (curved) SAMs 

in comparison to that on 2D (planar) surface is discussed using the Cassie-Baxter equation. These silica 

particles can be utilized for many potential applications including selective adsorbents and catalysts, 

chromatographic supports, self cleaning coating and separators in microfluidic devices. 
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 5.1 Introduction    

  In recent years, the use of self-assembled monolayers (SAMs) to impart desired 

function to a surface has received extensive attention due to its  ease of  manipulation of 

surface energy, and thereby also of such properties like adhesion, lubrication, corrosion and 

anti-stiction [1].  It is well-known that the water contact angle (CA) (θ),  θ < 90 o and θ > 90 o 

can  indicate surface ‘hydrophilicity’ or ‘hydrophobicity’ respectively and when it is above 

150 o, the word ‘superhydrophobic’ is sometimes used. Nature exhibits this phenomenon in 

‘lotus leaf’ to harness the roll-off action for self-cleaning of leaves which has been attributed 

to a combined micro and nanoscale morphology of its surface [2]. More specifically, the 

surface of the lotus leaf is textured with micron-sized hills and valleys (bumps) that are 

decorated with nanometer sized particles of a hydrophobic wax like material, which prevents 

the penetration of the water into valleys [3-10]. As a result, water cannot wet the surface and 

therefore forms nearly spherical water droplets, leading to superhydrophobicity. Achieving 

superhydrophobicity is of great current interest in view of its diverse applications  such as  

self-cleaning window glasses, paints, fabrics and low-friction surfaces [3, 4 ]. 

  Artificial superhydrophobic surfaces have been prepared using various strategies 

including the generation of rough surfaces first and then modification with low surface energy 

molecules or roughening the surface of hydrophobic materials by creating well-ordered 

structures using micromachining and etching [5-10]. Using this concept, various methods 

have recently been proposed to create superhydrophobic surfaces, including  electrochemical 

deposition, plasma fluorination, sol-gel,  and UV irradiation etc [11-17].  It is well known 

that, the wetting property of a solid surface is governed by both its chemical composition and 

geometric microstructure [1-24]. In addition, few methods have been reported to make the 

superhydrophobic coating on silica particles by forming polyelectrolyte multilayer films by 

layer–by–layer process, or by forming the film of silica particles on substrate by Langmuir-

Blodgett (LB) technique and subsequent formation of a alkylsilane SAM for fabricating 

hydrophobic surfaces [18-20]. However, these methods are tedious, complicated, time 

consuming and difficult to control accurately and hence better strategies are desired to 

improve stability of these superhydrophobic films.   
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  In earlier chapters, we have demostrated the usefulness of OTS monolayers  on both 

curved (silica particles) and planar (Si substrate) surface to tune surface properties. For 

example, in the second chapter  OTS molecule  has been found to link with the terminal 

methyl group causing the surface to be hydrophobic as demonstrated by a typical water 

contact angle of  109o.  However, more studies have not been carried out there since the 

primary objective was to look at the kinetics. Similarly the stability of OTS molecule was 

addressed in the previous chapter  although the results of those studies clearly indicated the 

potential to tune hydrophobic behavior of  surfaces by tailoring the functional organosilane 

molecules used for SAM formation. In this chapter, accordingly, we report the enhancement 

in the hydrophobicity of the SAM on the curved surfaces (silica particles). Our strategy is to 

optimize the hydrophobicity of silica particles (~100 nm) using different organosilane 

molecules (as the chemical compositions determine the surface free energy ) and thus have a 

greater  influence on the wettability and then to achieve hierarchical micro-nano roughness by 

their coating on a smooth silica surface. The molecules employed are: 

octadecyltrichlorosilane- OTS, octyltrichlorosilane-OTCS, 3-aminopropyltrimethoxysilane-

APTMS, 3-[tris (trimethylsilyloxy) silyl] propyl methacrylate- MSMA, poly (MSMA), 

dodecyltrichlorosilane (DTS), and decyltrichlorosilane (DTCS). Characterization data 

obtained  using CA measurements, FTIR spectroscopy and SEM have been discussed to 

illustrate the reasons for this superhydrophobic behaviour. 

 

5. 2 Experimental Aspects  
5.2.1 Materials  

  n-Octadecyltrichlorosilane,(C18, OTS) (95%), octyltrichlorosilane (C8, OTCS), 

dodecyltrichlorosilane(C12, DDS), decyltrichlorosilane (C10, DCS), 4-

Aminopropyltrimethoxysilane (APTMS), 4-[tris (trimethylsilyloxy) silyl] propyl 

methacrylate (MSMA) and Tetraethyl orthosilcate (TEOS) were obtained from Aldrich, 

while toluene (99.5 %), ethanol (99.5 %) and ammonia were purchased from Qualigens. 

Commercially available n-type, one-side polished, silicon wafers of (100) orientation 

with 0.001-0.007 Ω-cm resistivity were used as substrates. These silicon wafers (1x1 

cm2) were rinsed with deionized water (18 MΩ cm), sonicated in ethanol and dried under 
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a flow of nitrogen. These wafers were soaked in 1:10 deionized HF: H2O solution for 40 

s to remove a native SiO2 layer and further immersed in a piranha solution (7:3 

concentration H2SO4: H2O2) for 30 min at 80 oC to grow a fresh oxide layer, followed by 

rinsing with deionized water and drying in a stream of nitrogen before their use for 

experiments. Silica particles were prepared by using the well-known Stober’s method as 

reported elsewhere [25].     
 
5.2.2 Silanization 

  Prior to silanization, silica particles were dried for 10 hrs at 150 oC under nitrogen 

atmosphere and were used immediately. In a typical synthesis procedure, 25 mg silica 

particles (100-150 nm) were dispersed in dry toluene and stirried for 30 min. To the 

above mixture 10 ml, 1 % OTS (w/w) in toluene was added drop wise, and in order to 

ensure a complete monolayer formation of OTS on silica, the mixture was refluxed for 24 

hrs under nitrogen atmosphere. This solution was then allowed to stand for few hours, 

filtered and washed several times with toluene and ethanol in order to remove unreacted 

OTS. This (OTS-silica) was subsequently dried in a vacuum oven at 60-70 oC for 4 hrs 

and used for further characterization. Similarly, the silanization was carried out by 

changing the % of OTS (w/w) in toluene (i.e. 5, 10, 15, 20, and 25) and also by using 

different silane reagents such as APTMS, MSMA, OTS, OTCS, DTS, and DTCS. In each 

case, 10% silane (w/w) in toluene was used for surface modification. Figure 5.1 shows a 

schematic of typical terminal groups and their arrangements, in which the silane 

molecules are linked to silica surface through Si-O-Si linkage with different terminal 

functional group, which determines its wettability.   
 
5.2.2.1 Mixed Mono/ Multilayer Formation  

Mixed mono/multilayer of APTMS: OTS (1:1) and OTS:OTCS (1:1) To form a 

mixed mono/multilayer, silane reagents were mixed in toluene (APTMS and OTS (1:1) 

(w/w)) and then added drop wise on to the silica particles dispersed in toluene. 
 

5.2.2.2 Polymerization of MSMA Monomer  

Polymerization of MSMA monomer (in situ): 25 mg silica particles were dispersed in 

dry toluene and stirred for 30 min. To this a solution 2.5 mg 5-(Trimethoxysilyl) propyl 
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methacrylate monomer, 1 ml triethyl amine (as a catalysts) and azobis isobutyronitrile 

(AIBN, as an initiator) were added and the mixture was refluxed for 24 hrs under 

nitrogen atmosphere. Subsequently this mixture was cooled, allowed to stand for few 

hours, filtered and washed several times with toluene and ethanol in order to remove 

excess of monomer and the resultant poly- (MSMA) silica was used for further 

characterization.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1: Schematic representation of surface modification of silica particles using different organosilane 
reagents, (A) bare silica particles and the corresponding TEM indicating a particle size of ~ 100-150 nm; 
and (B) modified silica particles using organosilane molecule viz., OTS, OTCS, APTMS, MSMA and poly-
(MSMA) and mixed mono/multilayers of OTS:APTMS and OTS:OTCS; the corresponding TEM of silica 
particles after silanization, as the thickness of silane molecules is in range 2-10 nm no significant  change is 
observed after silanization 
 

5.3 Characterization  

  Scanning electron microscopic (SEM) measurements were carried out on a Leico 

stereoscan model 450 instrument equipped with Phoenix energy dispersive analysis of x-

ray (EDX) attachment. Transmission electron microscopic (TEM) measurements were 

carried out a JEOL 1200 EX TEM operated at an accelerating voltage of 120 kV. The 

bare silica and modified-silica particles were dispersed in the appropriate (e.g., toluene) 

solvent and drop/spin casted to form a film on Si substrate, which was dried at 100 oC for 

an hour. The water sessile drop contact angle (CA) measurements were carried out on  

GBX–model ‘Digidrop’ CA meter. CA was calculated by measuring the average angle at 

three different locations. The modified-silica particles were made in the form of a pellet 
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after mixing with spectroscopic grade KBr and the FTIR spectra were recorded using a 

Perkin Elmer 1615 spectrometer in a diffuse reflectance mode (DRIFT). 

Thermogravimetric analysis was carried out on a Seiko thermal analyzer model No: 

TCA/DIA–32. Thermal stability of OTS-silica was studied by CA measurements after 

annealing Si substrate in nitrogen for 5 mins at different temperatures. 
 

5.4 Results and Discussion  
5.4.1   FTIR Spectroscopy  

  Superimposed FTIR-DRIFT spectra of both pristine and modified silica samples 

using different silane molecules are shown in Figure 5.2, which gives clear evidence for 

surface modification. In the low frequency region, 700-1400 cm-1, fundamental Si-O 

bands (bending vibrations at ~ 800 cm-1 and stretching vibrations at 1000-1300 cm-1 

respectively) are invariant with surface modification, while in the high frequency region 

(2800-4000 cm-1) certain distinct changes could be seen. Nevertheless, both samples 

show bands at 804, 1040 and 1220 cm–1 which could be attributed to fundamental Si-O 

vibrations [25-26]. The band at 980 cm–1 is related to the stretching modes of isolated 

silanols and is visible only in case of bare silica, which interestingly disappears after the 

thermal treatment at 300 oC. Further the absence of this band in OTS-silica sample 

indirectly suggests OTS bonding on the silica surface. In case of SiO2, the bands at 1672, 

1872, and 1987 cm–1 could be due to physically adsorbed water [25-27]. Interestingly, 

these bands disappear after a thermal treatment at 700-800 oC, although these bands are 

also absent in case of OTS-silica, perhaps due to hydrophobic nature of surface. More 

significantly, disappearance of a broad peak corresponding to the –OH stretching 

normally observed on any SiO2
 surface indicates the transition from a hydrophilic to 

hydrophobic surface, presumably due to the presence of a monolayer. New bands at 2850 

and 2919 cm–1 of –CH2 due to C-H symmetric and antisymmetric stretching respectively 

indicate the presence of organosilane mono/multilayers after functionalization of the 

silica surface [25]. The asymmetric C-H stretching mode due to terminal CH3 at 2958 cm-

1 is a sign of a densely assembled monolayer [1]. A comparison of this spectrum with that 

of long chain alkane hydrocarbon clearly suggests the presence of ordered and close 

packed molecular assembly. These bands are more pronounced in case of OTS-silica, 
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APTMS:OTS–silica, and OTS:OTCS–silica samples due to the presence of a long 

hydrocarbon chain, while in case of other samples MSMA-silica, Poly (MSMA)-silica 

and APTMS-silica, these bands are slightly shifted and less intense in comparison with 

that of OTS-silica. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2: A) Superimposed FTIR-DRIFT spectra of (a) bare and modified silica particles, (b) APTMS–
silica, (c) OTS-silica, (d) MSMA-silica, (e) OTS: APTMS–silica and (f) poly-MSMA), and B) the 
superimposed FTIR spectra of OTS-silica, poly (MSMA) and APTMS-silica are shown in the different 
spectral window (2800-3000 cm-1).  
 

  The superimposed FTIR-spectra are shown in a different spectral window (2800-

3000 cm-1, Figure 5.2B) for the ease of comparison. Shift in the peak positions is perhaps 

attributed to the entanglements of hydrocarbon chains after polymerization and also 

perhaps to the effect of neighboring electron withdrawing carbonyl group.    
 

5. 4. 2 Thermogravimetric Analysis   

 Figure 5.3 shows superimposed TG curves of silica and modified-silica samples. 

In case of pristine silica, a sharp decrease in weight in the temperature range 50-150 oC, 

could be attributed to the loss of physisorbed water. On the contrary, the TG profile of 

modified-silica shows two steps of weight loss, one below 150 oC and other in the region 

200-600 oC. A former weight loss is either due to the desorption of water or due to 

solvents used for monolayer formation, although the weight loss in this region is less as 

compared to that of silica, due to its hydrophobic nature. Further, the more pronounced 
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weight loss is attributed to the loss of silane mono/multilayer, which is not at a particular 

temperature since the organic layer decomposes slowly from the silica surface up to 600 
oC, after which the weight loss is similar to that of silica. 

 
 

 

 

 

 

 

 

 

 

Figure 5. 3: Superimposed thermogravimetric profiles of (a) bare silica, (b) APTMS–silica, (c) OTS-silica, 
(d) MSMA-silica, (e) OTS:APTMS-silica, and (f) poly (MSMA)-silica samples in nitrogen atmosphere at a 
heating rate 10 o C /min.  

   The pronounced weight loss for each silane-modified silica as compared to 

that for pristine silica is due to the decomposition of organic moiety present in form of 

mono/multilayer [25, 28]. In each of the samples, the weight loss is varied according to 

the composition of the silane reagent. For example, TG analysis reveals more pronounced 

weight loss for poly (MSMA)-silica sample of 15 % (may be due to the surface 

polymerization), while APTMS-silica shows only 2 % as compared to that of pristine due 

to the decomposition of organic moiety present in the mono/multilayer. Thus a combined 

analysis of FTIR and TGA gives a clear evidence of surface modification.   

5.4.3 Contact Angle (CA) Measurements 

    CA measurements have been carried out on these surface modified silica 

samples to observe the change in wetability. Bare silica particles are hydrophilic in nature 

as demonstrated by CA less than 10o (Figure 5.4A) while, in case of APTMS-silica and 

MSMA-silica the observed CAs are 60o and 80o respectively due to  the presence of –NH2  

and  -CH=CH2  terminal functionality.  
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Figure 5.4: A comparison of shape of water droplets on A) bare silica, B) OTS-silica, and C) poly 
(MSMA)–silica particles, coated on Si substrate; B) and C) positions could rarely be realized since the 
water droplet rolls off towards the side as shown in B’) and C').   
 
    Interestingly, for OTS : APTMS–silica and OTS : OTCS-silica, the observed 

CAs are 135o and 162o respectively suggesting the possibility of domain formation of 

mixed monolayers especially in the latter case, where  the molecular level corrugation is 

very high since both manolayers have a terminal methyl group. Although the presence of  

mixed mono/multilayers of silane creates a hierarchical micro/nano structure (surface 

rougness), the difference in a CA is mainly due to the different chemical functionality 

present on the surface. In addition, a high CA hysteresis (in the latter case a low CA 

hystersis) is observed to suggest that it follows the Wenzel state, while latter follows a 

Cassie state [28]. All results summarized in Table 5.1 indicate the variation of CA with 

respect to the terminal functional group.    
 

Table 5.1: Variation of the average water contact angle with respect to the surface modification of the silica 
particles coated on Si substrate  
 

Nature of 
Surface 

Terminal Surface     functional 
groups 

Water Contact angle ( o ) 
± 2 

Bare silica -OH < 10 

APTMS- silica -NH2 60 

MSMA- silica -CH=CH2 80 

APTMS : OTS-silica -NH2, -CH3 135 

OTCS -silica -CH3 158 

OTS: OTCS- silica -CH3 160 

OTS- silica -CH3 162 

Poly (MSMA)-silica -CH3 168 
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   In all these cases the variations in the CA can be attributed to the presence of a 

hydrocarbon chain of OTS and the formation Si-O-Si network due to the polymerization of 

OTS and MSMA. The fact that a water droplet can easily roll off the surface (as seen in 

Figure 5.4 B' and 5.4 C' respectively) shows a self-cleaning or dirt repellant property.  

   In both  cases, a sessile water drop CA is almost stable up to 30 min on the surface 

although the volume of the water decreases i.e., evaporation of a water droplet takes place 

through constant CA mode as shown in Figure 5.5A [17]. In addition, CA measurments are 

also carried out to study the thermal stability of OTS-silica as a function of annealing 

temperature as shown in Figure 5.5B. CA (155 o ± 1) remains almost constant up to the 

annealing temperature of 500 oC, although it then starts to decline slowly from 520 oC. 

   

 

 

 

 

 

 

 
 
Figure 5.5:  A) Time dependent and B) temperature dependent CA measurements for 15 % OTS (w/w) (in 
toluene) silica particles spin coated on Si substrate; CA measurements were carried out after annealing the 
substrate in nitrogen for 5 minutes after heating at different temperatures and subsequently cooling to room 
temperature; inset of (B) shows the shape of the water droplet on OTS-silica particles on Si substrate at (a) 
room temperature and (b) after annealing and subsequently cooling the same substrate at 5000 C in 
nitrogen.   
 
  After annealing at a temperature of 600 oC, CA of OTS-silica particles coated on 

Si substrate rapidly decreases up to 30o, which is usually reported for bare silica particles, 

indicating a complete degradation of OTS mono/ multilayer.  Inset of Figure 5.5B shows 

the shape of the water droplet on the OTS-silica particles on Si substrate at room 

temperature (Figure 5.5B.a) and after annealing the same film at 500 oC in nitrogen 

atmosphere (Figure 5.5B.b). The results imply excellent surface stability. For all the 

samples the observed CA variation is due to the surface silanization, which creates both 

the surface roughness and the required chemical functionality [29]. Indeed, these results 
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conclusively indicate that CA could be carefully manipulated to a desired value by tuning 

the surface functional group.  
 

5.4.4 Scanning Electron Microscopy (SEM) 

  Figure 5.6 shows SEM images (representative) of bare silica and OTS-silica films 

formed on Si substrates indicating a sharp contrast in the morphology. The OTS-

functionalized case leads to a very smooth and fairly ordered arrangement of silica 

particles and also a good dispersion, while bare silica exhibits considerable non-

uniformity. The highly improved morphology obtained from OTS-functionalized silica 

particles can be attributed to configurational interactions between molecular end groups 

possibly enabling sliding of the landed nanoparticle in the film formation process towards 

the step edges on the growth front. In case of bare silica nanoparticles once local closed 

packed units are formed upon landing, it may be difficult for such units to unfold and 

planarize, causing rough 3D growth. On the other hand the OTS-functionalized particles 

will intrinsically lead to soft landing and flexible morphology that can evolve towards 

planarization. These speculations may have to be substantiated by further work.  
 

 
Figure 5. 6: The SEM images of A) bare silica and B) OTS-silica particles coated on Si substrate 
 
 
  Figure 5.7 shows a schematic representation of the bare and surface modified 

silica particles drop coated on Si substrate. On bare silica particles CA angle is less than 

10o (as mentioned earlier) giving the evidence of the –OH groups. While in case of the 

modified silica particle, CA depends on the interaction between water droplet and the 

functional groups present on the surface, which are responsible for the hydrophobicity 
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along with the surface roughness. In all cases silica particles do act as micro domains on 

which silane mono / multilayers create nano roughness, which together with the presence 

of functional group is responsible for the enhancement in CA. 

 
Figure 5.7: Schematic representation of water CA on bare and surface modified silica particles drop coated 
on Si substrate.  
 
  In order to understand the possible link between the amount of SAMs on silica 

particles and ensuing hydrophobic properties, the variation of CA has been examined by 

changing the concentration of OTS systematically in toluene for surface modification; 

corresponding changes on silica surfaces are shown in Figure 5.8.   

Figure 5. 8: Water sessile drop contact angle variation on silica particles modified by A) changing the % of 
OTS (w/w) in toluene, and B) varying the chain length of the silane molecules.  
  

  In the case of silica particles modified using 1 % OTS (w/w) in toluene the CA is 

144o, which is as expected although this increases further with a corresponding increase 

in the % of OTS (w/w) in toluene. For, silica particles modified using 25 % OTS (w/w) in 

toluene, the CA increases up to 168o, and then get saturated. As the extent of silanization 
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is increased, multilayer formation through Si-O-Si network due to the polymerization of 

OTS molecule occurs on the surface of silica particles, thus creating the hierarchical 

microstructure and nanoscale surface roughness. This makes the surface of the silica 

particles essentially superhydrophobic in nature. Compositional change on nanoscale also 

gets crucial evidence from FTIR spectra of silica particles as indicated in Figure 5.9A at 

different % of OTS (w/w) in toluene over the 2800-3000 cm-1 spectral window. A slight 

shift to higher wavenumbers in the peak positions at 2850 and 2919 cm–1 due to C-H 

stretching (symmetric and antisymmetric) vibrational modes of –CH2 in OTS-silica with 

respect to % OTS (w/w) in toluene, as expected for alkane chains with gauche 

conformational isomers of OTS due to the multilayer formation [30].  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9: Superimposed A) DRIFT-FTIR spectra (over the 2800-3000 cm-1), and B) thermogravimetric 
curves (in nitrogen atmosphere, at a heating rate 10 oC/ min.) of OTS-silica particles at different % of OTS 
(w/w) in toluene  
  

         In addition, thermogravimetric analysis of OTS-silica at different % of OTS 

(w/w) in toluene (Figure 5.9B) shows the enhancement in the weight that also supports 

the multilayer formation. As suggested in many earlier studies by Stevens et al., there is a 

possibility of multilayer structure which consists of alternating cross polymerized 

monomers with highly oriented trans -C18H37 chains, in which the half of the hexagonal 

sites have the chain pointing upwards while other half pointing downwards [30]. CA is 

found to be almost constant with respect to the chain length of the molecule as shown in 
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Figure 5.8B. This is in excellent agreement with the CA as a function of nanoscale 

roughness, since increase in chain length can increase the roughness in nanometre range 

due to interdigitation between chains. However, after a critical value of chain length, 

molecular level corrugation may not vary drastically which could explain the trends in 

Figure 5.8B where the formation of multilayer occurs when the same chemical group i.e. 

–CH3 is present at the terminal position. These results are in good agreement with the 

conclusions of similar studies on 2D SAMs [31].  
 

5.4.5 Comparison in CA between SAM on Planar and Curved Surfaces   

CA value on the surface modified silica film is indeed much greater than that of 

OTS-SAM on planar Si substrate (109 o), which can be attributed to the presence of 

curvature in the former case (contributing to the hierarchical morphological changes) due 

to silica particles as shown in Figure 5.10. It is well known that roughness of the 

hydrophobic surface amplifies its hydrophobicity significantly and the wetting properties 

of such rough surface can be described by two theoretical models namely Wenzel 

(Homogeneous wetting) and Cassie-Baxter (CB) (Heterogeneos wetting).  

 
Figure 5. 10: A comparison of sessile drop water contact angle measurements of OTS-SAM on planar (Si 
(100) substrate) and curved Si (silica particles) surface.  

 

In the Wenzel model the liquid wets the troughs of roughness completely while in 

the CB model there are cavities captured therein. The corresponding relevant 

modifications of the basic Young’s equation, γSV-γSL= γLV cosθ provide Wenzel equation, 

cos θw = r cos θy
 and Cassie and Baxter equation, cos θCB = f1 cos θ + f2 cosθ2, f1 +f2 =1. 

Here, γSV, γSL, and γLV, are the interfacial tensions occurring at the solid-vapor, solid-

liquid, and liquid-vapor interfaces respectively and θ is the equilibrium CA. θw is an 
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equilibrium CA on a rough surface, given by Wenzel’s equation and r is roughness factor 

(the surface free energy of the solid part of a rough surface is r times higher than that of a 

flat surface). θCB is the CA at a heterogeneous surface composed of two different 

materials proposed by Cassie and Baxter, f1 and f2 with CA of θ1 and θ2 respectively. The 

Wenzel model describes the homogenous wetting of the surface with large CA hystersis. 

In contrast, the CB model describes the heterogeneous wetting of the surface with low 

angle of hystersis. Both the models, however suggest that the superhydrophobicity of the 

surface is determined by both the surface chemistry and the surface roughness i.e., how a 

droplet of a liquid sits and rolls on a surface [1].  

The enhancement in the CA for a simple surface is often discussed by using the 

Cassie-Baxter equation: cos θr = f1 cos θ - f2. In our case, θr (144°) and θ (109°) are CAs 

of OTS SAM on silica particles (curved) and on a smooth Si (planar) substrate surface, 

respectively (Figure 5.10). In case of, n-layers (multilayer), θr and θ could change to 168 
o and 120 o respectively and it is easy to deduce that increasing the fraction of air (f2) 

increases CA of the rough surface (θr). According to this equation, the f2 value for the 

OTS-silica sample (on curved surface) is estimated to be 0.71.This means that air 

occupies about 71 % of contact area due to the radius of curvature of the silica particles. 

As the percentage of OTS (w/w) increases on the silica particles, due to the multilayer 

formation, this could contain even 95 % of air between the alkane chains, thus facilitating 

a higher contact angle and even the self-cleaning property of the surface [24]. 

Interestingly, this could also be compared with the recent report by Xi et.al, in which the 

decrease in refractive index arising from air entrapment in silica particles has been 

exploited for application in antireflective coatings [32].     
 

5. 5 Conclusions  
  Our unique silica nanoparticle films obtained by surface modification using 

selected self-assembled mono/multilayers of organosilane molecules demonstrate the 

tuning of the hydrophobic/hydrophilic properties of a surface by controlling the chain 

length, nature of molecule as well as by the use of a simultaneous mixture of two or more 

SAMs. For example, some tailor made films show superhydrophilicity with a CA of 10° 

while others are superhydrophobic with a CA of 168° after surface modification with 
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alkyltrichlorosilane. More interestingly, the water CA can be increased up to 168° by 

forming multilayers of OTS. These results suggest that creating the micro/nano scale 

surface roughness through surface silanization could mimic structure of lotus leaf. Since 

both, chemical functionality and the surface roughness are responsible for 

superhydrophobicity, this could be tuned to make different types of such silica particles 

useful for many potential applications including selective adsorbents and catalysts, 

chromatographic supports and in microfluidic devices.  
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CHAPTER 6A 
 

Tuning of Anisotropic Etching Rates of Silicon Using Surface 

Functionalization 

 

 
 

 

 
 
 
 
 
 

 This chapter deals with electrochemical measurements on both bare (treated with HF and piranha) and     

 octadecyltrichlorosilane (OTS) functionalized Si electrodes in 2 M KOH aqueous solution at 45  oC, to   

 demonstrate a correlation between the kinetics of silicon dissolution and optimum surface morphology.  

 The study reveals that the etching rate and morphology of the Si can be profitably controlled by surface  

  functionalization using self-assembled monolayers. 
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6A.1   Introduction 

 Anisotropic etching of Si in alkaline solution has been widely used for controlling 

the surface morphology during the fabrication of diverse micromechanical structures for 

many years [1-5]. For example, anisotropic etching of semiconductors is used for making 

simple structures such as diaphragms, cantilevers for pressure and acceleration sensors 

and also for fabrication of three-dimensional structures, required in micro-

electromechanical systems (MEMS) [1-7]. Usually, aqueous alkaline solutions, including 

KOH, NaOH, NH4OH or LiOH, aqueous solutions of tetramethyl ammonium hydroxide 

(TMAH) [5,6], ethylenediamine-pyrocatechol (EDP), or hydrazine-pyrocatechol are used 

as etchants [7]. Among these, the most popular one is the KOH-based solution and 

further control is also possible by tuning various factors such as crystallographic planes, 

doping concentration, etching bath composition, temperature, and stirring rate [8-10]. 

However, in order to fabricate these ultra-small structures such as grooves, diaphragms, 

beams and membranes for mechanical sensors and actuators, selective etching of Si with 

high precision is absolutely essential. Therefore further modulation of the anisotropic 

etching (and understanding of etch-stop mechanisms) is very important in 

micromachining technology. Although it is well known that the formation of pyramidal 

hillocks during etching can be suppressed by the addition of oxidizers to consume 

hydrogen [6], or by etching under anodic bias [7], the exact mechanism is not clear. It is 

believed that these functions are achieved either by P+ doping or by an electrochemical 

etch-stop mechanism [11]. The etching rate also depends on the hydrophobicity/ 

hydrophilicity of the substrate and hence an increase in the hydrophilicity is very 

important because the formation of Si-OH or Si-O¯ bonds leads to the polarization of the 

Si-Si backbone, which enhances the rate of etching reactions. These reactions indeed, 

proceed via a potential-independent mechanism although the surface morphology is 

remarkably sensitive to the potential applied to the semiconductor.  

The formation of self assembled monolayers (SAMs) of trichloro or trimethoxy 

silanes containing a long alkane chain on Si surface is used as an anti-stiction agent 

during MEMS fabrication that would offer several advantages due to its hydrophobic 

nature [12-15]. Apart from providing precise control over surface properties in the 

patterning of materials by soft lithography, SAMs act as direct etch resists on Si by 
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controlling the generation of features in the underlying substrate via wet etching. The 

long-chained alkyltrichlorosilanes deposited by printing have proven capable of 

withstanding wet chemical etching conditions for any length of time [16-21]. 

In earlier chapters (II-V), we have illustrated the usefulness of alkyltrichlorosilane 

molecules to tune the hydrophobicity of Si substrates by tailoring the functional group of 

the silane molecules. Although thermal stability of these monolayers has been discussed 

in details, questions related their chemical and electrochemical stability have not been 

considered despite its importance in semiconductor processing. In the first part of this 

chapter (6A) we address such concerns with special reference to etching of Si in aqueous 

KOH solution. We demonstrate the role of OTS monolayer for controlling the etching 

rate and morphology of the Si substrate after various pretreatments, such as HF (A), 

piranha (B) and OTS (C) monolayer formation. These treatments generate a, hydrogen (-

H), hydroxyl (-OH) and methyl (-CH3) terminal functional groups respectively on the Si 

substrates, which assists the kinetics of silicon dissolution along with modulating the 

surface morphology. These results are also relevant for many other areas since the 

electrochemistry of Si in alkaline medium has many important industrial applications. 
 

6A. 2   Experimental  
6A. 2. 1 Chemicals     

 n-Octadecyltrichlorosilane (CH3 (CH2)17SiCl3), was obtained from Aldrich, while 

all other chemicals were purchased from Qualigens. Commercially available n-type, one-

side polished, silicon wafers of (100) orientation with 0.001-0.007 Ω-cm resistivity were 

used as substrates. The silicon wafers (1 x 1 cm2) rinsed by deionised water (18 MΩ cm), 

sonicated in ethanol and dried under a flow of nitrogen were subsequently oxidized in a 

freshly prepared piranha solution (7:3 H2SO4 : H2O2) for 30 min at 80 oC to grow a fresh 

oxide layer. These cleaned wafers were further rinsed with deionized water, dried in a 

stream of nitrogen and used for all experiments.  
 
6A. 2. 2 Substrate Preparation 

 Freshly cleaned Si wafers were treated with HF for few seconds to make its 

surface hydrophobic, while piranha treatment (30 min) created hydrophilic (-OH) group 
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on the surface [12, 22, 23]. Another batch of freshly cleaned Si wafers was immersed in 

0.5 mM OTS solution in toluene for 30 min and was subsequently removed from OTS 

solution, followed by extensive rinsing with toluene and drying before further 

characterization. All these experiments were carried out in nitrogen atmosphere [12]. 
 
6A. 2. 3 Electrode Preparation 

     In order to obtain good ohmic contacts with copper wire, Si wafer was cleaned 

with HF solution for 30 s and was scratched on the rear side, cleaned from the detached 

particles of silicon and then rubbed with In-Ga eutectic. A copper wire was subsequently 

fixed for contact using silver epoxy and finally sealed with standard epoxy adhesive. 
 

6A. 3 Characterization  

     The contact angle on Si (100) substrate was measured by using water sessile drop 

on GBX model ‘Digidrop’ contact angle meter. The OTS monolayer was also 

characterized by grazing angle FTIR spectroscopy on a Perkin Elmer 1615 spectrometer. 

Scanning electron microscopy (SEM) measurements were carried out on a Leico 

stereoscan model 440 instrument equipped with a Phoenix energy dispersive analysis of 

X-ray (EDX) attachment. Cyclic voltammetry and Impedance measurements were carried 

out with a conventional three-electrode system at 45 oC in alkaline medium (2M KOH) 

under nitrogen atmosphere, using a cell comprising of surface modified Si as the working 

electrode, a large area Pt flag as a counter electrode and Pt wire as a quasi reference 

electrode in dark conditions. All the voltmmograms were recorded at scan rates of 5 and 

100 mV/s. After etching, the silicon electrode was dipped in 1 M H2SO4  for 2 min to stop 

the etching reactions, and was then rinsed with ultra-pure water and dried by N2. All the 

electrochemical measurements were carried out at open circuit potential, at which the 

etching and water reduction processes occurred simultaneously. Cyclic voltammetry 

experiments were performed on an Autolab PGSTAT 30 (ECO CHEMIE) instrument, 

whereas electrochemical impedance measurements were carried out with a Solartron 

1255B frequency response analyzer (FRA) interfaced to 1287 potentiostat /galvanostat. 

The measurements were performed over a wide frequency range of 100 kHz-10 Hz with 
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10 mV rms amplitude at regular time intervals for 45 min. The optimum time for etching 

was determined from few preliminary experiments using the same system.  
 

6A. 4 Results and Discussion 
Theory  

The reaction mechanism of the anisotropic etching of silicon is discussed in brief as 

follows [11, 24]. 

Hydrogenation of Si substrate normally occurs by the HF treatment,   

 

 

 

 

 
In the second step a Si-H surface bond is converted to a Si-OH bond. This reaction is 

catalyzed by OH - ions (equation 2). 

 

 

 

 

 
The presence of OH- on the surface atom polarizes and destabilizes the Si-Si back-bond. 

In the next step, OH- ions from water add to the “positively” charged surface atom to 

which an OH is already bonded. This further destabilizes the remaining back-bonds and 

the surface atom is dissolved, leaving behind a Si-OH or Si-H site at the surface 

(equations 3-5). 
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The overall process involves the 4e-, which moves into the silicon crystal, where they 

stay in the conduction band for a while without recombining.  

                 Si + 2OH-              Si (OH) 
2

++ + 4e-                           (6)  

In the next process, these electrons leave the crystal and react with the water in the 

solution as shown below. 

             4H2O +   4e-            4H2O -              4OH- + 2H2             (7) 

Thus silicon remains electrically neutral and the new OH- ions are generated which are 

further recycled in the etching process. From the above equation, it is clear that the 

dissolution of silicon is an electrochemical process, although no net current flows. Hence, 

change in the electric behavior at the interface may strongly influence the etching.  

After first step, hydrolysis of the Si (OH) 2
++ ions takes (place as shown below), 

negatively charged SiO2 (OH) 2
— species are repelled by the interface, which are soluble 

in the etchant.  

Si (OH)2
++  + 4OH-            SiO2 (OH)2

--- + 2H2O  

The net chemical reaction is  

Si + 2OH- + 2H2O            SiO2 (OH)2
--  + 2H2 

 

6A. 4. 1 Contact Angle Measurements  
 

It is well known that the surface treatment of Si with piranha and HF leaves its 

surface hydrophilic and hydrophobic respectively, since in the former case hydroxyl 

groups, and in the latter case, hydrogen atoms are bonded to the surface silicon [22-23]. 
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In comparison, a freshly cleaned Si substrate dipped in OTS solution (mM) in toluene 

forms a compact monolayer of OTS through Si-O-Si linkage on Si substrates, which 

maks the surface more hydrophobic.   

Figure 6A. 1:  Schematic representation of the surface functional groups present on the Si substrate after 
treatment with the A) HF, B) Piranha and C) OTS solution, and corresponding images show a shape of the 
sessile water droplet there upon.    

 

Accordingly, Figure 6A.1 shows a comparison of the shape of a water droplet on 

the Si treated with (A) HF, (B) piranha, and (C) OTS solution, along with their observed 

contact angles (CAs) (A ~ 90o, B ~< 15o and C ~110 ± 1o respectively). This variation 

gives indirect evidence for the presence of -H, -OH and -CH3 terminal surface 

functionalities. In addition, the characterization of the OTS-SAM formation using FTIR, 

XPS, CV, Impedance and AFM as discussed in chapter II and III in details supports for 

the presence of a compact, oriented and fully covered (~99 % with thickness ~ 2.14 nm) 

monolayer on the Si substrate [25]. 
 
6A. 4. 2 Cyclic Voltammetry  

Figure 6A.2 shows a comparison of the cyclic voltammetric behavior of various 

modified Si electrodes in 2 M KOH at 45 oC. The open circuit potential (OCP) for both 

(A) HF and (B) Piranha treated Si electrode amounts to about –1.2 V. However, the 

surface passivation peak (PP) for HF treated Si electrode is observed at –0.68 V, where 

the peak current increases to a maximum followed by a low value in the passivation 

range. The current in the return sweep to negative potential is low since the surface is 

passivated while the low intensity peak at cathodic region (-1 V) is attributed to the re-

activation of the dissolution process [24].  
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Figure 6A.2: Cyclic voltammograms of bare Si (100) [A) HF and B) piranha treated] and C) OTS-Si 
electrode in 2 M KOH solution at 45 oC at a scan rate of 5 mV/s; arrow indicates the scan direction.   

 

In comparison, the PP after piranha treatment (Figure 6A.2B) is rather broad than 

that obtained after of the HF treatment, perhaps due to the slow etching rate. Usually the 

anodic current is due to the oxidation of silicon is fast below the peak potential as more 

and more Si dissolves, while its passivation occurs at a higher potential, inhibiting the 

further faradic processes of Si dissolution. Interestingly, the PP for OTS monolayer 

derivatized Si electrode is observed at -0.31 V (OCP is -0.8 V), along with a broadening 

of the PP, indicating a kinetically sluggish etching. This could be explained due to the 

enhanced chemical stability of the surface because of the monolayer or may be many 

stable intermediates are formed during the chemical etching. The slower rate of 

passivation due to oxide formation could also be one of the contributing factors. 

In addition, in all the three cases, it is observed that at 100 mV/s scan rate, the 

peak current increases with respect to successive cycles although the peak position is 

invariant. Further, for 5 mV/s scan rate, there is a slight shift of 0.1 V in the anodic as 

well as in cathodic peak position for each successive cycles. This could be explained 

since it has been reported that in the initial stage, the surface of silicon is smooth 

although it becomes rough subsequently due to the formation of the pyramids. Hence, as 
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the cathodic current increases, on the rough silicon surface, the hydrogen evolution 

reaction is more favoured. Futher, the increase in the surface roughness with time leads to 

etching and repassivation at lower potential [26].       
 

6A. 4. 3 Impedance and SEM analysis   

In order to explore this further in relation to the change in surface morphology, 

we have carried out impedance measurements in 2 M KOH at 45 oC and accordingly, 

such a plot for bare Si electrode after HF treatment at sequential time interval is shown in 

Figure 6A. 3A.  

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 6A. 3:  A) Impedance plot for bare Si electode treated with HF in 2M KOH at 45 oC at a potential 
close to OCP = -1.3 V; B) SEM image of Si electrode after impedance measurements; frequency swept is 
from 100 kHz-10 Hz with 10 mV rms amplitude at sequential time interval for 45 min. 

 
For the convenience of analysis, this plot is divided into high and low frequency 

regions respectively. In the high frequency region, a well–defined semicircle is observed 

due to the space charge and the Helmholtz layer at the semiconductor/solution interface, 

which is perhaps indistinguishable whereas the lower frequency region is attributed to the 

diffusion related phenomena. Two main possibilities of the diffusive species are the OH – 

ion diffusion through a thin layer of silicate at the electrode surface, and the silicate 

product diffusion outwards from the surface respectively. The charge transfer resistance 

(Rct) is high in the initial stages as Si is covered with Si-H bonds that have an energy 

level inside the valence band of the semiconductor which could not act as surface states, 

although could act as mediators in the charge transfer process. However, etching 

produces a high density of surface states, causing Rct to decrease facilitating the charge 

transfer at the electode /electrolyte interface [26].  
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Scanning electron micrograph (Figure 6A.3B) after electrochemical impedance 

measurements (for about 45 min) reveal interesting surface morphology comprising of 

high density pyramids of variable size (from ~3 to 0.5 μm), formed during the etching 

process and many small pyramids are formed in the close proximity of large ones. As 

reported earlier, it could be possible that the large sized pyramids are formed during the 

initial stages of etching, while intermediate species like silicates and hydrogen bubbles 

generated during the reaction could remain in close proximity to the surface preventing 

further etching reactions to generate rough surface with many small pyramids. Many 

evidences suggest that the pyramid formation is mainly due to hydrogen bubbles masking 

the silicon surface as influenced by the surface hydrophilicity [28]. As the hydrophilicity 

of the surface increases, adhesion of hydrogen bubbles to the surface decreases, 

generating a better surface finish. Thus an increase in hydrophilicity is very important 

since the formation of Si-OH or Si-O- bonds could lead to the polarization of the Si-Si 

backbone.  

 Similar impedance plot of a bare Si electrode after piranha treatment in 2M KOH 

at 45 oC is shown in Figure 6A. 4A. Since the surface is hydrophilic right from the initial 

stage of dipping, more Si-OH bonds could contribute as surface states facilitating charge 

transfer at the electrode/electrolyte interface. As a result, low Rct value is obtained in 

comparison with earlier results. In addition, Rct does not change significantly with respect 

to time. Interestingly, the formation of round marks due to different etching depth is 

observed after impedance measurements as shown in Figure 6A.4B. In this case, the 

dissolution of the native oxide is obtained directly in KOH. Since dissolution and re-

deposition of the oxide layer is not uniform in this anisotropic etchant, the silicates and 

the hydrogen bubbles generated during etching get physically trapped in the depressed 

areas leading non-uniform domains. This is consistent with the explanation of Sakaino et. 

al., for similar kind of features, in terms of the non-uniformity of the native oxide layer or 

lateral variation of the oxide stoichiometry ( SiOx) [28]. In comparison with bare Si, 

OTS-Si electode (Figure 6A.5A) shows higher Rct value indicating enhanced barrier for 

the electron transfer process at the electrode/electrolyte interface. Further, the figure does 

not show any significant change with time due to its hydrophobic nature. 
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Figure 6A. 4: A) Impedance measurements at different time interval of bare Si electrode after piranha 
cleaning in 2M KOH at 45 oC at a potential close to OCP = -1.3 V; (B) SEM image of Si electrode after 
impedance measurements; frequency swept is from 100 KHz-10 Hz with 10 mV rms amplitude at 
sequential time interval for 45 min. 
 

  Figure 6A.5A shows the SEM image of the OTS-monolayer derivatized Si 

electrode after ~ 3 min in KOH solution, where fractal shaped islands or dendrites of 

silicon oxide are formed, perhaps form the hydrolysis of the alkyl silane chain.  In 

addition, the OCP for bare and OTS- Si electrodes are about –1.2 V and -0.8 V 

respectively suggesting variation in the surface passivation of Si. Xia’s group has 

recently shown a similar coupling of chemical and electrochemical reactions accounting 

for the unusual features [11]. Since monolayer derivatized Si electode bears a long 

hydrocarbon chain with a hydrophobic (–CH3) terminal group on the surface, it could 

easily repel hydroxyl groups (OH-), which are responsible for the etching process, thus 

preventing the dissolution of the Si at least during the initial stages. The OH- ions first 

adsorb onto the monolayer surface followed by a slow penetration through the monolayer 

to react with the siloxane moieties breaking up Si-O-Si bond.  The OH- ions are more 

likely to break up the Si-O-Si bonds, although the repulsive interaction between them can 

in principle, decrease the rate significantly. As a result, suppression of pyramid formation 

(i.e. very low density pyramids) is observed after electrochemical measurements (Figure 

6A.5C). Further, evidence for the stability of monolayer in the alkaline medium comes 

from the time dependent CA measurements, where an average value of 109o (in the initial 

stage) indicates that the monolayer is intact although its subsequent abrupt decrease 

signals partial destruction. 
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Figure 6A. 5: A) Impedance plot for OTS-monolayer derivatized Si (100)) in 2M KOH at 45 o C at a 
potential close to OCP = -0.8 V. SEM image of OTS-Si electrode after impedance measurements for B) 3 
min at different magnifications C) and 45 min; frequency swept is from 100 kHz-10 Hz with 10 mV rms 
amplitude at sequential time interval for 45 min. 
 

6A.4 Conclusions  

 The present study reveals the importance of groups like –H, -OH and -CH3 
   on 

the Si surface to control the surface morphology. Cyclic voltammograms for OTS 

monolayer derivatized Si electrode in alkaline medium is rather broad in comparison with 

that for the bare (HF as well as piranha treated) Si electrode indicating the sluggish 

etching process, perhaps due to the hydrophobic-hydrophilic interaction or enhanced 

chemical stability of the surface. In addition, impedance measurements of OTS-Si 

electode shows higher Rct value indicating an enhanced barrier for electron transfer 

process at the electrode/electrolyte interface. Different morphological features are 

particularly observed on controlling the etching rate of the silicon surface with different 

terminal functionalities (-H, -OH and -CH3).  For example, with HF pretreatment, the 

formation of pyramidal hillocks is seen, while silicon surface with piranha treatment 

shows round marks due to different etching depths. In addition, the formation of low 

density pyramids in case of OTS-monolayer derivatized silicon demonstrates its use as a 

good etch resist. The study reveals that the etching rate and morphology of the Si can be 

controlled by surface functionalization.  
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CHAPTER 6B 

 

Application Of Self-Assembled Mono/Multilayers As 

Molecular (Polymeric) Glues For Low Temperature Wafer 

Bonding 

 

 
            

 

 
In this chapter we report an improved process of wafer bonding at a low temperature (less than 80 oC) with 

the help of a molecular (polymeric) glue using self assembled mono / multilayers of acrylate / methacrylate 

alkoxy silyl monomer. By using this type of a glue, substrate pairs like silicon-silicon, silicon-glass, and 

glass-glass systems can be strongly bonded by the polymerization of the terminal vinyl unsaturation of 

mono / multilayers using a thermal / photo initiator. This type of glues will be very useful for the bonding 

and integration of microstructures involved in MEMS and VLSI packaging processes.  
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6B.1   Introduction 

         Wafer substrate bonding has become a key technology for materials integration 

in various areas of microelectromechanical systems (MEMS), micro 

optoelectromechanical systems (MOEMS), microelectronics, optoelectronics and 

substrate fabrication [1-5].  It is also widely used for vacuum packaging, hermetic sealing 

and for encapsulation. For example, silicon wafer bonding technology is applicable in 

various MEMS fabrication and also for the manufacturing of various devices for sensing 

and actuation. Thus there is an increasing need to develop new easy techniques for wafer 

to wafer bonding and also to understand the mechanism of wafer bonding to achieve the 

objectives of micro processing compatibility and device reliability.   

        Commonly employed types of wafer bonding in microstructure fabrication 

include direct bonding, anodic bonding and intermediate-layer bonding. In the direct 

bonding method wafers are directly contacted without assistance of any significant 

pressure or any intermediate layers or fields [6-9]. The bonding in this case mainly 

depends on the smoothness of the surface, and requires some form of thermal cycling (in 

the temperature range 500-1100 oC) soon after the contact to increase the bond strength. 

The anodic bonding is typically performed between a glass substrate and silicon wafer, 

where wafers are contacted after applying an electric field at a temperature in the range of 

300–500 oC [10-13]. In the intermediate-layer bonding technique an intermediate layer 

promotes the wafer bond, which includes the use of eutectic bond, with polymers 

adhesive, solders, or thermo compression bonds [14-23]. Adhesive wafer bonding uses 

polymers or inorganic adhesives as intermediate bonding materials [17-23]. This bonding 

technique is very suitable for non-uniform surfaces, and can be carried out at very low 

temperatures, and is simple to use. In all the above mentioned methods, the wafer 

bonding is carried out at high temperature (500-1100 oC), and also in few cases adhesive 

layers or intermediates used for wafer bonding. Since most of the MEMS packaging 

processes involve steps at elevated temperatures, a small variation in the processing 

temperature might cause the device failure and therefore, it is an important prerequisite to 

carry out the wafer bonding at moderate temperatures.   
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One of the important methods of bonding between a glass wafer / substrate and a 

silicon wafer/substrate at relatively low bonding temperatures is using an intermediate 

layer of alkaline ion barrier between the two wafers at a temperature between 300 oC and 

500 oC using photosensitive benzocyclobutene (BCB) [14-16].  However, the bonding 

quality obtained through this is relatively poor at the lower limit of temperature. 

Although an anodic process between silicon and a glass substrate at 200 oC by irradiating 

a light beam to relax the network structure of glass to promote the diffusion of modifier 

ions in the glass is known. It is difficult to irradiate the entire bonding area of the 

substrates, especially for wafer level bonding, since the electrode might shield the light 

beam. In one of the approaches, direct bonding using polymeric materials like 

polymethylmethacrylate (PMMA), polyacrylate, polyimide and polycarbonate have been 

reported [24]. However these polymers are bonded to low-thermal-expansion materials 

such as Si and fused silica and hence thermal stresses can induce fractures during 

annealing treatments of the inorganic part of the bonded wafer pair. Similarly, 

photosensitive materials like SU-8 (negative photoresist), AZ-4620 (positive photoresist), 

SP341 (polyimide), JSR (negative photoresist) and BCB are used as adhesive 

intermediate bonding layers between the silicon wafers at low bonding temperature. 

These photosensitive materials act as the intermediate layer and will not form any 

covalent bond on the silicon surface.   

In the previous part of chapter 6 (i.e., chapter 6A), we have established the 

possibility that the etching rate and morphology of the Si substrate could be profitably 

controlled by surface functionalization using SAMs, a result important for semiconductor 

processing. In the similar lines of application of SAMs to microelectronics technology, 

we here (chapter 6B) demonstrate the functioning of low temperature wafer bonding at 

80 oC by forming the mono/ multilayer of acrylate/methacrylate alkoxy silyl monomer on 

the silicon wafer, having the terminal vinyl group, which is polymerized using thermal/ 

photo initiator. Chemical interactions occurring at molecular level between two surfaces 

seem to promote the wafer bonding at low temperature (scheme 6B. 1). The use of SAM 

(monomer having terminal unsaturation) has many merits as it forms a strong Si-O-Si 

covalent bond on silicon, which is polymerized at the termini using the thermal/photo 

initiator at a moderate temperature.  
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Scheme 6B. 1: Schematic representation of molecular (polymeric) glue formation, in which a monolayer of 
MSMA monomer is formed on both the Si substrate, the thermal initiator (Azobis isobutyronitrile) solution 
(less than 1 %) in chloroform is drop casted on these two substrates and subsequently adhered on each 
other and baked at 80 oC for 24 h, a polymer interface binds wafers.          
 

6B. 2   Experimental  
6B. 2.1 Chemicals 

   3-[tris (trimethylsilyloxy) silyl] propyl methacrylate (MSMA) was obtained from 

Aldrich, while all other chemicals were purchased from Qualigens. Commercially 

available Si (n-type, one-side polished, of (100) orientation with 0.001-0.007 Ω-cm 

resistivity) and glass wafers were used as a substrate. These silicon or glass wafers were 

rinsed by milli-Q reagent water (18 MΩ-cm), sonicated in ethanol and dried under a flow 

of nitrogen. These wafers were subsequently soaked in 1:10 HF:H2O solution for 30 s to 

remove the native SiO2 layer. After soaking in a piranha solution (7:3 H2SO4: H2O2) for 

30 min at 80 oC to grow a fresh oxide layer, these substrates were subsequently rinsed 

with deionized water, dried in a stream of nitrogen and used for experiments.  
 
6B. 2. 2 Monolayer Formation and Wafer Bonding Process  

  Silicon/glass wafers cleaned by the above procedure were dipped in 1 mM 3-

(trimethoxysilyl) propyl methacrylate (MSMA) solution in toluene at 65 oC for 24 h, 

followed by extensive washing with toluene till free from of the monomer (to be 

designated as MSMA-Si/glass). All the experiments were carried out in nitrogen 
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atmosphere. In a typical bonding process, thermal initiator (like Azobis isobutyronitrile) 

solution (less than 1 %) in chloroform was drop casted on MSMA–Si/glass wafers and 

these two substrates were adhered on each other and baked at 80 oC for 24 h. All 

experiments were carried out in a dust free atmosphere.  
 
6B. 2. 3 Characterization  

  All samples prepared by the above procedure were tested for flexural strength 

measurement (three point bending test) on an Instron universal testing machine using a 

100 N load cell to monitor load changes using a sample size of 45 mm. After placing the 

specimen on the test fixture with careful alignment, it was compressed to fracture under a 

constant loading speed (displacement rate) of 0.75 mm/min. Scanning electron 

microscopy (SEM) was carried out on a Leico stereo scan model 440 instrument 

equipped with Phoenix energy dispersive analysis of x-ray (EDX) attachment.  
 

6B. 3 Results and Discussion  
6B. 3. 1 Monolayer Formation 

 MSMA is an interesting compound with unique terminal functionality, in which, 

alkoxy group of monomer (alkoxy silyl monomer) binds to the silicon wafer surface 

through Si-O-Si linkage, while the vinyl group of the monomer is available for 

polymerization (Figure 6B.1).  

 

 
 
 
 
 
 
 
 
Figure 6B. 1:  Schematic representation of the MSMA (monomer) monolayer formation on the Si 
substrate.   

 

For the bare Si, water contact angle is less than 10 o, which slightly increases up 

to 50 o after the monolayer formation.  The thickness of this monolayer is ~0.7 nm.  The 

unsaturated vinyl terminal groups are active and can easily be polymerized by using 

either a thermal or photo initiator (Figure 6B.2A). The bonding process comprises 
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polymerization of vinyl groups (present on silicon wafer), which acts as a molecular 

(polymer) glue to bind silicon wafers chemically.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6B.2: Schematic representation of wafer bonding process by forming MSMA (monomer) 
monolayer on each wafer with terminal vinyl group, A) thermal initiator (Azobis isobutyronitrile) B) 
thermal initiator mixed with EGDMA copolymer solution (less than 1 %) in chloroform drop casted on 
each substrate, these two substrates adhere on each other and subsequently baked at 80 oC for 24 h to form 
molecular (polymeric) glue.   
 

  In one of the important approaches for wafer bonding, ethylene glycol 

dimethacrylate (EGDMA) homoploymer solution is also added externally along with the 

thermal initiator, to form polymeric glue as shown in Figure 6B.2. This method is 

particularly useful for silicon-glass and glass-glass bonding at 200-300 oC, which will be 

beneficial in packing or assembling at ambience. Some of these bonded wafers soaked in 

the various organic solvent (such as chloroform, toluene, etc.) for several hours ensuring 

good solvent stability.  
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6B.3.2   SEM Analysis      

  Figure 6B.3 shows the SEM image of the cross sectional view of one of these 

bonded wafers. The thickness of the polymeric glue is less than 5 μm and there is no 

sharp discrepancy. The absence of any crack or fracture is specially noteworthy 

suggesting the effectiveness of interfacial bonding  

             
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6B. 3: Scanning electron micrograph of the cross sectional region of bonded Si wafers using the 
molecular (polymeric) glue by forming the monolayer of MSMA monomer. 
 
 

6B.3.3   List of Control Experiments of Wafer Bonding  

  Similarly a series of control experiments (without forming the monolayer of 

MSMA) carried out for the silicon-silicon, silicon-glass, and glass-glass bonding pairs are 

given in Table 6B.1 along with their most important results. There are several methods to 

quantify bond strength, including pressure burst tests, tensile shear tests and knife–edge 

tests that are sensitive to the loading configuration and the accuracy while measuring the 

length of the induced cracks. Some of these have been carried out to reach these 

conclusions as illustrated in Table 6B.1.     
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Table 6B.1: A list of control experiments carried out for wafer –wafer, wafer-glass and glass-glass bonding 
using SAMs along with their observations 
 
No. Experiment Observations Conclusion 
1 Bare Si- Si substrate bonding using 

thermal initiator (AIBN) at 80 oC for 
24 h. 

Silicon wafers are 
easily separated out. 
 

There is no specific 
reaction between 
two silicon wafer 
surfaces in presence 
only AIBN. 

2 Bonding between two substrate 
having   MSMA monolayer on both 
the Si substrate, using AIBN at 80 
oC for 24 h. 

Silicon wafers are 
easily separated. 
 

The concentration 
of monomer on 
silicon wafer may 
be too low to 
polymerize with 
other monomer of 
monolayer present 
on the Si wafer. 

3 Bonding between two substrate 
having MSMA monomer 
monolayer, by using EGDMA 
homopolymer along with thermal 
initiator and subsequent heating at 
80 oC for 24 h. 

Si wafers are not 
separated. 

EGDMA polymer 
acts as a bonding 
interface between 
two Si wafers. 

4 Wafer Monomer monolayer- 
TMPTMA homopolymer, AIBN 
drop, 80 oC 

Si wafers are 
separated by 
application of force. 

Modification in 
reaction condition is 
required 

5 Copolymer of monolayer with 
EGDMA- copolymer of monolayer 
with EGDMA, AIBN drop, 80 0C 

No reaction - 

6 Bare silicon–MSMA drop- EGDMA 
homopolymer, AIBN drop, 80 oC 

Si wafers are not 
separated. 

MSMA can attach 
to Si wafer the 
homopolymer of 
EGDMA can act as 
a crosslinking agent. 
The pendant double 
bonds of EGDMA 
homopolymer react 
with double bond of 
MSMA monolayer. 

 
MSMA: 3-[tris (trimethylsilyloxy) silyl] propyl methacrylate  
AIBN:  Azobis isobutyronitrile  
EGDMA:  Ethylene glycol dimethacrylate  
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6B.3.4 Bond Strength Measurements  

  Bond strength measured using the flexural strength method (three point bending 

test), where load (KN) vs displacement (mm) curves for bonding between two silicon 

wafer with (A) MSMA and (B) MSMA + EGDMA homopolymer are shown in Figure 

6B.4. When a tensile force is applied as a function of time with a constant increase in 

load, the material shows complianance until a force of approximately 9 N and becomes 

rigid beyond this value. At approximately 55 N, the super glue adhesive holds the 

substrate but the silicon wafers break. Although we could not determine the exact force to 

separate these substrates, the shearing strain at 55 N is about 0.087 MPa, which is 

calculated from the load displacement curve. Further, the load displacement curve also 

gives a good indication of the force with which the adhesive can safely withstand.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6B.4: Flexure test measurements on the bonded wafers A) between two silicon wafer with MSMA 
monomer, and B) between two silicon wafers with MSMA + EGDMA homopolymer.  
 
6B. 4 Conclusions 

A low temperature wafer bonding procedure (less than 80 oC) by using a 

molecular (polymeric) glue prepared with self assembled mono/multilayer of acrylate / 

methacrylate alkoxy silyl monomer (on Si and glass substrate) has been successfully 

demonstrated in this chapter. Many surfaces of silicon-silicon, silicon-glass, and glass-

glass systems can be strongly bonded by using this type of glue after the polymerization 

of the terminal vinyl unsaturation of mono/ multilayers using either a thermal or a 

photosensitive initiator. This type of glue will be very useful for the integration of 

microstructures and microelectronics involved in MEMS and VLSI packaging processes 
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since the simple and low temperature wafer bonding (less than 100 oC) method does not 

require critical reaction conditions and possess good solvent stability.  
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CHAPTER 7 
 
 

Conclusions and Future Prospects 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This last chapter provides a summary of the major outcomes of the present study with respect to the 

preparation, characterization and various properties of SAM on Si/SiO2 interface along with its possible 

applications. The chapter also outlines some of the limitations of present investigations along with possible 

methods to overcome them in future; plausible precautions and safety hazards during the preparation and 

processing of SAM also have been suggested. Lastly, many exciting opportunities to carry out further work 

in this interdisciplinary area is indicated which predict major advances likely to be realized soon.  
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  7.1 Introduction  

  All the previous chapters have clearly demonstrated the usefulness of self 

assembled monolayers (SAMs) for MEMS due to their fundamental importance in 

surface modification and also for their potential applications in nanotechnology [1–4]. 

More specifically, alkyltrichlorosilane SAM on Si/SiO2 interface has been extensively 

studied as a representative system using diverse techniques, since their mere presence 

provides a suitable low energy surface coating. Consequently, many important issues 

related to their preparation, characterization, stability and electrochemical properties of 

alkane silane SAMs on both planar and spherical Si/SiO2 interface have been addressed 

along with their important applications in microfabrication. During the course of these 

investigations, several valuable insights have been obtained to ensure reproducible 

properties by controlling preparation conditions of SAMs such as concentration of silane 

(in mM range), selection of solvent (containing optimum amount of water), temperature 

(room temperature preferred) and environment. Further, several important new 

information regarding the kinetics, mechanisms and electron transfer behavior have been 

gained by the combined evidence collected from different type of experimental 

techniques, which would be extremely valuable to design suitable SAMs not only for 

microfabrication of MEMS but as active or functional monolayers for molecular 

electronics applications also [1-9].   
 

7. 2 Major Accomplishments 

  Major outcomes of the present investigations using various SAMs of alkyl 

trichloro/trimethoxy silanes on Si/SiO2 interface during the last five years are as follows:  

  
• A better understanding of the growth kinetics and thermodynamic stability of 

octadecyltrichlorosilane (OTS) SAM on Si/SiO2 interface has been obtained using 

contact angle measurements in conjunction with a diverse type of other surface 

characterization techniques.  

• Chain length dependent electrochemical properties of alkyltrichlorosilane    

monolayer on Si/SiO2 interface in the presence and absence of external redox 
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probe like ferrocene have been illustrated which indeed help in tuning the 

properties of SAMs for specific applications.    

• A positive shift (200 mV) in the flat band potential after monolayer formation has 

been observed indicating a subtle variation in the surface state distribution due to 

the covalent coupling of the silane monolayers, along with concomitant changes 

in the charge carrier concentration and space charge layer width.  

• A comparison of the quality of OTS monolayer on both planar as well as on 

spherical Si/SiO2
 interfaces has been achieved to highlight the role of curvature on 

monolayer behavior.   

• An enhancement in thermal stability of OTS SAM on curved silica surface (350 
oC) in comparison with that on planar (250 oC) Si substrate in air has been 

observed. 

• A novel method of preparation of hydrophobic silica particles (100-150 nm) by 

surface functionalization using different alkyltrichlorosilanes has been illustrated, 

where, the solubility (dispersion) of these silica particles in non polar solvent will 

have far reaching implications in composite coating. 

•  Role of OTS-monolayer in controlling the etching rate and morphology of the Si 

in alkaline solution has been elucidated. 

• An improved process of Si wafer bonding at a low temperature (less than 80 0C) 

by making molecular (polymeric) glues using self assembled mono/ multilayer of 

acrylate / methacrylate alkoxy silyl monomer has been established.  

 
  However, since SAMs in principle can isolate any semiconducting substrate from 

its ambience by virtue of its passivation behavior, there are some obvious limitations and 

these are discussed in the following section.   
 

7.3 Possible Limitations      

• During SAM formation, the silicon surface must be freshly cleaned and oxidized, 

which is accomplished by either growing a thin oxide (~ 20 Å) film with the help 

of piranha solution or by a suitable thermal treatment to ensure enough density of 

–OH groups for covalent bond formation. Both the process are complicated, as 
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piranha solution reacts violently with organic contaminants (one must be careful 

while handling) and thermal process requires high temperature treatment with 

accurate control. 

• For all SAM formation steps, alkyltrichlorosilane must be freshly prepared, as it is 

sensitive to ambient humidity and it is extremely important to prevent the lateral 

polymerization of SAM precursors. Therefore, it is necessary to control many 

environmental parameters like humidity, temperature, amount of sunlight etc., 

along with the amount of water present in the solvent to obtain high-quality 

SAMs with conformal coverage. 

• A finite number of defects (pinholes) present in fully covered SAMs (~ 99.9 % 

coverage) can affect all macroscopic phenomena such as wettability since most of 

these properties are highly sensitive to the distribution of these defects. 

• Many of our findings are on Si wafers and hence these studies have to be 

supplemented by results obtained using actual test structures. The lack of 

microfabrication facility is, undoubtedly, responsible for this type of a limitation. 

Neverthless, we believe that these results are useful for device applications since 

the surface chemistry aspects are invariant to the external geometry.  

               
  Despite these limitations, our studies clearly show that SAMs can effectively be 

used in MEMS/NEMS fabrication as well as in device applications due to their good 

thermal and chemical stability, ease of preparation, low surface energy and adhesion, 

hydrophobic nature, and insulating properties. In addition, these SAMs would be of 

interest to many researchers engaged in molecular electronics since many SAM 

molecules can be designed specially for applications like biosensors, resonant tunneling 

diodes and several optoelectronic devices.  
 

7. 4  Future Scope  

  Self assembly is ubiquitous in many natural systems as it plays a prominent role 

in making objects, patterns, and complex functional systems for various applications in 

nanotechnology. For example, several approaches for using SAMs for nanofabrication 

are already under investigations ranging from molecular manipulation, through 
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supramolecular chemistry, to organization of much larger systems made by the controlled 

self-assembly of colloids. Thus SAMs can be used either directly in a device (for 

example, a SAM in a molecular electronics device), or indirectly to assist conventional 

microfabrication processes (for example, transfer of a pattern made in phase-separated 

block copolymers to a substrate with reactive ion etching). In the near future, we 

anticipate a hybrid approach, combining micro/nanofabrication, through SAM, which is 

supposed to be the dominant method in nature for making devices and systems [10-14].  

 Application of SAMs in the area of micro/nanofabrication provides several attractive 

features because of its flexibility in controlling various molecular interactions 

(electrostatic, covalent and van der Waals type) and simple methodology leading to a 

control of some inherent properties such as lubrication and anti-stiction behavior. For 

example, it can generate a structure with subnanometer precision, offering unprecedented 

opportunities to simplify and develop new processes. More significantly, this could 

involve many components, which are too small to be manipulated robotically, thus 

integrating   incompatible technologies, which is not, otherwise normally possible. Hence 

the creation of hierarchical structures in three dimensions and on curved surfaces (which 

is helpful in building MEMS devices with more complicated architectures), is possible to 

target specific applications of SAMs as per our demand by applying even external driving 

forces. 
 

Following are the possible areas, where SAMs are likely to make substantial impact in 

the near future.  
     
• Since controlling surface forces is one of the key challenges in the design, 

fabrication, and operation of MEMS, molecularly tailored SAM will be 

increasingly used during microfabrication to avoid release stiction. 

• During the operation of MEMS devices some of the problems due to wear will be 

minimized by using suitable SAMs which could also offer better lubrications. In 

the next few years use of selective SAMs to tackle “in-use stiction” will become a 

standard practice.  

• In nano and micro device fabrication, isolation of the individual components 

while assembling step at nano level is a critical challenge, which will be 
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overcome by using SAM as an interfacial layer (as a barrier) to inhibit undesirable 

diffusion. 

  
• Shrinking device dimensions and increasing aspect ratios in integrated circuits 

(IC) require the introduction of new materials and thin-film deposition techniques 

at atomic level.  Atomic layer deposition (ALD) will certainly provide great 

potential for producing very thin (sub nanolayer), conformal barrier films with 

precise control of the thickness and composition at the atomic level precision 

needed in microelectronics. Similarly, electro migration, which is one of the 

major factors affecting Cu interconnect reliability at higher operating temperature 

can be prevented by the application of SAMs [15]. 

 
• Molecular recognition is a key step in the development of biosensors and other 

sensing devices. However, the sensitivity and reliability of these devices depends 

extensively on the interfacial properties, which could be or tuned at molecular 

level simply by tailoring the tail group of SAM molecules. In addition, this 

strategy would be of further aid to develop devices for the applications in 

molecular electronics [1, 2, 10].   

 
• Emerging technological revolution towards the fabrication of functional devices 

on chip (such as ‘lab-on-a- chip’) requires effective micro patterning. It is difficult 

to achieve high precision with conventional lithography and SAM offers a 

versatile way for selective etching. Techniques like dip-pin lithography are 

expected to play a key role in this regard.    

 
• Efficiency of photonic materials depends on their surface area, which can be 

enhanced by organizing ordered arrays of nanoclusters on semiconducting 

substrates. Towards this application, SAM offers a reliable way of assembling 

ordered arrays of 100-1000 nm diameter microspheres of photonic band crystals. 

 
• The sensitivity of SAM to an applied external field 

(electric/magnetic/electromagnetic) could be exploited to position the final 

assembly at device location for specific applications. For example, electric field 
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assisted self-assembly is used to position nanowires on a pad or to control the 

orientation of self-assembled patterns in a block copolymer blend.  

   
     Although, SAMs are insensitive to small variations in processing, limitations in 

fabricating small, complex functional components for various future applications demand 

the necessity for the development of new methodologies. Proof-of concept experiments in 

mesoscale self–assembly demonstrate that this technique poses fascinating scientific and 

technical challenges and offers the potential to provide access to hard–to–fabricate 

structures.  

   Although, SAMs have been employed to make molecular electronic devices, for 

the most part of it still remains as a research tool.  The engineering and scientific 

enthusiasm for challenges and utility driven research related to self-assembly continues to 

grow and we anticipate important developments toward the integration of self-assembled 

structures in existing microfabricated systems in the immediate future. An increased 

interest in mimicking biological functions to produce complex structures (BIOMEMS), is 

expected along with the broad participation of multiple disciplines in addressing some of 

the challenges currently limiting self-assembly. Self-assembly, we believe, will be a 

central approach to nanofabrication in future. It is expected that self-assembly process 

will be a cost effective and efficient method for manufacturing nano-scale devices, 

although a few systems will remain difficult for commercial exploitation due to 

aforementioned limitations.  
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