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ABSTRACT 

Surface micromachining using deposited polysilicon films is a technology that is 

widely used for the fabrication of micro-electromechanical structures. One of the biggest 

yield and reliability problems in the fabrication of such structures is '"stiction" or 

adhesion to the substrate. This may occur during the drying step that is required after wet 

processing and/or during use of a device. Deposition of self-assembled monolayer 

coatings is one of the most successful approaches to chemical modification of silicon 

surfaces to reduce stiction. This approach involves making the surfaces of pre-oxidized 

polysilicon highly hydrophobic." "' As a result, microstructures come out of the final 

water rinse extremely dry without being broken or adhered to the substrate. Available 

technology requires that these coatings are applied from organic media. However, 

increasing pressure on semiconductor companies to reduce the generation of organic 

wastes has sparked interest in the feasibility of applying these coatings from aqueous 

media. The objective of this research was to develop the chemistry and techniques for the 

application of hydrophobic coatings on polysilicon from aqueous media. 

The results obtained from three commercially available water dispersible silanes 

and cationic alkoxysilanes are discussed. Key experimental variables that were 

investigated are concentration of reactive silane, type of oxidation pretreatment of 

polysilicon, pH and temperature of the silane dispersion and curing temperature of the 

coating. The stability of the dispersions was characterized by viscosity measurements. 

The formation and quality of the films were studied using atomic force microscopy 
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(AFM). ellipsometry. dynamic contact angle measurements and electrochemical 

impedance spectroscopy (EIS). The coatings showed contact angles greater than 100°. It 

was found using AFM that the structure of these films is a continuous film with some 

particulates attributed to bulk polymerization of the precursor molecule in water. EIS 

results indicated that the coatings had low porosity as well as high charge transfer 

resistance across the silicon/HF interface. Ellipsometric analysis showed that thickness of 

these coatings is roughly a (statistical) monolayer. The stability improvement of the 

dispersions by the addition of quaternary ammonium cationic surfactants is also 

discussed. 
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CHAPTER 1 

INTRODUCTION 

Surface micromachining of micro-electromechanical systems (MEMS) using 

deposited polysilicon films is a technology that is widely used for the fabrication of 

microsensors and microactuators. The microstructures are released by removing the 

surrounding sacrificial oxide layers in a liquid-phase HF or buffered HF etch, followed 

by rinsing and drying. Surface machined microstructures have lateral dimensions of 50-

500 ^m, with thickness of 0.1-2.4 |im and are offset 0.1-2 |im from the substrate. Given 

their large surface area-to-volume ratio, these microstructures are particularly vulnerable 

to "stiction" or adhesion to the substrate and to adjacent microstructures during the 

release process or during use. 

In a conventional drying process, liquid is removed by evaporation and capillary 

forces that arise as a result of the surface tension of the liquid-vapor interface cause 

stiction. A number of methods have been investigated to reduce or prevent stiction and 

they are based on reduction of surface tension or increase of contact angle. One technique 

is to carry out the drying at elevated temperatures to exploit the fact that surface tension 

of water and solvents decreases on increasing the temperature.'^' Another method uses 

supercritical drying process,'^®' where the liquid is transferred to vapor via the 

supercritical phase and hence there are no capillary forces to contend with. Carbon 

dioxide has been the material of choice for supercritical drying because of its low critical 

temperature and pressure (Tc=31.1°C, Pc=72.8 atm). 
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Deposition of self-assembled monolayer (SAM) coatings is one of the most 

successful approaches to wettability modification of silicon surfaces in order to reduce 

adhesion in microstructures.. This approach involves making the surfaces of pre-oxidized 

silicon and polysilicon hydrophobic, through the formation of SAM films."By making 

the surface hydrophobic, the capillary attraction that collapses the microstructure when 

the surfaces are hydrophilic is greatly reduced. As a result, microstructures come out of 

the final water rinse extremely dry without being broken or adhered to the substrate. 

Extensive studies of SAMs of alkylchlorosilanes (RSiCU). alkylsiloxanes (RSi(0R ' ) 3 )  

and alkylaminosilanes (RSi(NR':)3) deposited from organic media onto silicon oxide 

surfaces have been reported.'"' 

High quality SAMs of alkyltrichlorosilane derivatives are not easy to form, mainly 

because of the need to carefully control the amount of water in the liquid medium used 

for deposition.'® "" While incomplete monolayers are formed in the absence of water, 

excess water results in polymerization in the solution and polysiloxane deposition on the 

surface."" As a result, the solvents used for SAM coating with RSiCla precursors must be 

highly anhydrous. For example, for octadecyltrichlorosilane (OTS) coatings, an alkane is 

used with 30 vol.% of a cosolvent such as carbon tetrachloride (CCI4) or chloroform 

(CHCI3)."-' The CCI4 is believed to help in dehydrating the structures prior to film 

formation, solvate OTS head group in the solvent mixture and rinse away excess OTS 

molecules, which may be physisorbed to the surface. 

Available technology requires that these coatings are applied from organic media. 

However, increasing concerns regarding the use of organic solvents in work places and 



22 

the generation of organic wastes has sparked interest in the feasibility of applying highly 

hydrophobic coatings from predominantly aqueous media. The objective of this research 

was to develop the chemistry and techniques for the application of hydrophobic coatings 

on polysilicon MEMS based structures from aqueous media. In particular, the use of 

water dispersible silanes in forming hydrophobic coatings was investigated. Key 

experimental variables that were studied are the concentration of reactive silane. type of 

oxidation pretreatment of polysilicon substrates, pH and temperature of the silane 

dispersion and curing temperature of the coating. The formation and quality of the 

coatings was studied using dynamic contact angle measurements, atomic force 

microscopy, ellipsometry, attenuated total reflection Fourier transform-infrared 

spectroscopy and electrochemical impedance spectroscopy. The stability of aqueous 

dispersions was evaluated by viscosity measurements. The ability of the coatings to 

prevent stiction was investigated with simple test structures. 
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CHAPTER 2 

BACKGROUND 

2.1 Micro-electromechanical systems 

Micro-electromechanical systems (MEMS) are microscale devices, with feature 

sizes of the order of tens of micrometers. Silicon micromachines are built in the same 

fashion as silicon integrated circuit (IC). Starting with a silicon wafer, materials such as 

polysilicon, silicon nitride, silicon dioxide and gold are deposited and patterned in a 

sequence of steps, thereby producing a complicated three-dimensional structure. 

However, unlike an IC, the device is released at the concluding processing step by 

etching away material surrounding the device, leaving sections free to move. Silicon 

MEMS process technology can be divided primarily into bulk micromachining and 

surface micromachining. 

Bulk micromachining is a subtractive process that involves the removal of 

material to form holes, grooves, membranes and complex 3-D structures. Surface 

micromachining is a process for making micromechanical structures from deposited thin 

films. By selectively removing sacrificial layers from a stack of patterned thin films, 

micromechanical structures such as bearings, gears and suspended plates can be formed. 

This process is the primary technology for silicon micro-electromechanical systems 

(MEMS) and is widely used in the manufacturing of crash-detection accelerometers 

(Figure 2.1) and digital micromirror devices."^' 
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-igure 2.1: Lateral accelerometer in (a) planar view and (b) SEM photograph of a 
surface micromachined accelerometer (fabricated by Motorola, reproduced with 
permission from David Monk) 
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Figure 2.2 illustrates the basic steps involved in a surface micromachining 

process. First, the substrate is typically coated with an isolation layer (Figure 2.2(a)) that 

protects it during subsequent etching steps. A sacrificial layer (SiO:) is then deposited on 

a silicon substrate. The anchor region, whose purpose is to anchor the polysilicon beams 

to the substrate, is defined by an opening in the sacrificial layer (Figure 2.2(b)). A 

polysilicon thin film is then deposited and etched to form the required structures (Figure 

2.2(c)). Finally, the microstructures are released by removing the surrounding sacrificial 

oxide layers in a liquid-phase etch which uses HF based solutions, followed by rinsing 

with deionized water and drying (Figure 2.2d). Subsequent processing does not remove 

but may modify the composition of the surface layer. For example, treatment with a 

peroxide solution after water rinsing results in a thin chemical oxide layer with hydroxyl 

(-0H) surface termination. The technique can be extended to make multiple layer 

microstructures. 

Polysilicon is used as a structural material in surface micromachined structures 

for the following primary reasons: (1) it has good mechanical properties, comparable to 

single crystal silicon; (2) it is compatible with standard IC processing and its processing 

technology has been developed by the IC industry; (3) it is resistant to HF, so that silicon 

dioxide can be used as a sacrificial layer. Polysilicon is commonly deposited by low-

pressure chemical vapor deposition (LPCVD). The isolation layer is typically silicon 

nitride. The sacrificial layer can be an oxide film or phosphosilicate glass (PSG). PSG 

layers under the polysilicon can also be used as a phosphorus doping source for 

polysilicon. 
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Figure 2.2: Schematics of basic steps employed in a surface micromachining fabrication 
process 
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2.1.1 Stiction in micro-electromechanical systems 

Surface microstructures typically have lateral dimensions of 50-500 |im. with 

thicknesses of 0.1-2.5 |im and are offset 0.1-2 ^im from the substrate. Because of the 

large surface area-to-volume ratio, these structures are particularly vulnerable to adhesion 

to the substrate (Figure 2.3) or adjacent microstructures either during the drying step that 

is required after the etching of sacrificial oxide to release the structures (release stiction) 

or when parts come into direct contact due to out-of-range inputs or mechanical 

instabilities during their operational life-time (in-use stiction)."^' 

Stiction is a term that has been used to describe adhesion which occurs in the 

structures due to capillary, van der Waals, hydrogen bridging and electrostatic 

attractions.'- ''' '^' During drying, surface tension from the liquid-vapor interface causes a 

downward force on the structural layer. If the layer touches the substrate, it is prone to 

stick onto the surface (Figure 2.4). '^' Unless very thick or short structures and large gap 

spacing are used, it is not possible to avoid contact during drying. Structures that stick 

can sometimes be released by using the Lorentz interaction between a current and an 

external magnetic field that generates an upward force of sufficient magnitude to 

overcome the adhesion force."^' 
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Figure 2.3: Comparison of a fully released cantilever suiicture (a) and a structure with 
vertical stiction (b) 

Vertic 

Figure 2.4: SEM photograph of vertical stiction (courtesy of Gary O'Brien, University 
of Michigan) 
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2.1.1.1 Causes of stiction 

The causes of microdynamic structure stiction have been considered similar to 

those of particle adhesion under similar wet processing and drying conditions. Solid 

bridging, capillary forces, hydrogen bonding, van der Waals forces and electrostatic 

forces have been identified"""'as being responsible for adhesion or stiction of 

microstructures. 

2.1.1.1.1 Solid bridging 

During rinsing of the solvents to remove residual etchant and etch byproducts, 

deposition of impurities dissolved in the solvent (usually deionized water or alcohol) at 

interfacial gaps may lead to permanent surface adhesion. This phenomenon is termed 

solid bridging. '^' Since the concentration of impurities increases with the progression of 

the drying process, it may exceed the solubility limit before the completion of liquid 

evaporation resulting in residue precipitation. There are three possible origins of 

precipitates: (i) impurities present in the solvent prior its use, (ii) products of the HF 

release-etch that may not be readily removed by rinsing and (iii) material dissolved in the 

water during rinsing. The adhesive strength resulting from solid bridging is difficult to 

estimate because of the variability in the deposition process and density of deposited 

material, but tends to be large. 
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2.1.1.1.2 Capillary forces 

The formation of liquid menisci at micromachined interfaces (liquid bridging) can 

be encountered at the final stage of the release-etch drying process and during the use of 

the device due to the condensation of vapors from the environment. If the contact angle 

(0) between liquid and solid is less than 90° (Figure 2.5), the liquid meniscus underneath 

the microstructures creates a pressure, called Laplace pressure (AP/^ ):'-" 

^ I 1 ^ 
— + — 

vn hj 
(2.1) 

In the above equation, the liquid-air surface tension is denoted y/^ and ri and r; are the 

two radii of curvature of the liquid surface. Since in micromechanical structures lateral 

a 
dimensions are often much larger than the vertical spacings, r-i»ri and r, = —, the 

2cos0 

total capillary pressure force is: 

= -AAP,„ = _-Yfa(cose)A ^2.2) 
a e 

where A is the wetted area. 0 is the contact angle of the liquid on the solid surface and g 

is the separation between the two surfaces. Note that a positive force corresponds to a 

negative Laplace pressure. The pressure inside the liquid is lower than outside and the 

plates are pushed together by pressure forces when 0<9O°. The capillary force becomes 

zero at 0=90° and becomes negative for 0>9O°. Therefore, hydrophobic surfaces in 

liquid do not experience capillary attraction. 
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(a) hydrophilic surface 

(b) hydrophobic surface 

Figure 2.5: Water contact angles and corresponding droplet shape on (a) hydrophilic 
oxide and (b) hydrophobic surfaces. Underneath the hydrophilic beam, the concave 
meniscus creates a capillary force which acts to bring the cantilever beam into contact 
with the substrate. No such attractive capillary force exists underneath the hydrophobic 
beam: the meniscus maintains a convex curvature. 
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2.1.1.1.3 Hydrogen bridging 

Hydrophilic silicon surfaces, under atmospheric conditions after drying and 

temperatures below 2(X)°C, contain adsorbed water layers. When two of these hydrated 

surfaces are brought into close contact, hydrogen bonds may form between oxygen and 

the hydrogen atoms of the adsorbed water layers. The strength of most hydrogen bonds 

lies between 10 and 40 kJ/mol, yielding adhesion energies in the range of 90-350 

mJ/m^'--' 

2.1.1.1.4 Van der Waals forces 

This force is present in al materials and results from the interaction between the 

instantaneous dipole moments of atoms. Such forces are always present to some degree, 

but can be reduced by using surface layers having lower surface energy, such as 

hydrocarbon or fluorocarbon monolayers. The Van der Waals force between two flat and 

smooth surfaces is: 

r. ha 
fVdw — -) (2.3) 

27tg-

where H is the Hamaker constant (1.7 eV for Si/Si and 0.34 eV for SiO^/SiO: in air) and 

A is the shared area of the two surfaces having a separation distance of "g". 

2.1.1.1.5 Electrostatic forces 

Electrostatic attractive forces under dry conditions may arise because of 

electrostatic charging or differences in the work functions of opposed surfaces. The 

former can result from kV-range potentials generated on wafer surfaces as a result of 
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etching, rinsing and drying. Charge trapping in the silicon nitride and oxide insulators 

may occur momentary during processing. However, this non-equilibrium condition 

should relax with time, or upon contact between conducting surfaces. '^-"' Neglecting the 

internal space charge regions, the electrostatic force acting between two flat surfaces with 

potential difference U separated by an air gap "g" with permittivity is: 

Pe,=-^ 
'a*" 

The effects of capillary, van der Waals and elecu^ostatic attractive forces acting on 

two perfectly flat and parallel surfaces are compare in Figure 2.6. For capillary force, a 

contact angle of 0° and 85° is assumed. For electrostatic attraction, a 1 V potential 

difference is assumed since the work function difference for silicon yields at most 1 V 

potential difference in equilibrium. All forces increase by several orders of magnitude as 

the interfacial gap decreases, with the capillary force exhibiting the strongest attraction at 

all distances. The capillary force decreases with an increase in contact angle. The van der 

Waals and electrostatic forces become significant when the two surfaces are near contact. 

Therefore all of these forces must be manipulated to reduce adhesion. An effective 

treatment for these microstructures must provide a hydrophobic surface in order to avoid 

the formation of water layers on the surface, thereby eliminating capillary forces. The 

removal of the hydrophilic hydroxyl groups from the surface will also eliminate the 

possibility for hydrogen bonding as the two surfaces come into contact. To minimize 

electrostatic attraction, the two surfaces should be conductive, allowing charge 

dissipation to occur effectively. 
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Figure 2.6: Variations of capillary, van der Waals and electrostatic forces per unit area 
with the surface separation distance for smooth surfaces 

Fcp (6=0°, y=73 dyne/cm) 
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2.1.1.2 Preventing stiction 

A number of methods have been investigated to reduce or prevent stiction. One 

technique consists on reducing the actual area of contact between the structure and 

underlying substrate and this has been done through the creation of surface roughness or 

the formation of microscale bumps on the surface.'-^Matsumoto et al. carried out 

silicon anodization to roughened the silicon surface causing hillocks of a few tens of 

nanometer in height and a few hundreds of nanometer in diameter, so that water contact 

angle was increased over 100°.Abe et al. have attempted to carry out the drying at 

elevated temperatures by exploiting the fact that surface tension of water and solvents 

decreases with increasing temperature.'^' Fedder and Howe used breakable tethers to hold 

the device in place temporarily during sacrificial layer etching and drying. These tethers 

could be broken or melted following release, and stiction was never encountered.'^' 

The use of gas phase HF to totally eliminate liquid from the sacrificial etch 

process has also been investigated,'-^-®' Some of the drawbacks of this process are 

precipitation of etching byproducts on the surface, condensation of water on the etch 

surface that can induce stiction, usage of strong corrosive and toxic gases during etching, 

and protection of metal interconnects and pads is required during the release of the 

structures.. Lee et were able to reduce water condensation by using anhydrous 

HF/CH3OH mixture under low pressure. 

The simplest approach to reduce capillary attraction is to use a rinse solution that 

exhibits a lower surface tension force during drying. Iso-propanol (IPA), methanol or 
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other low surface tension solutions, like n-hexane,'-"' have been used during drying. But. 

it is not feasible to eliminate this problem with this approach because the surface tension 

force induced of even low surface tension solutions. like alcohols, is still high enough to 

cause release stiction. 

Capillary forces can be avoided by using a supercritical drying process. In the 

ordinary drying process, liquid evaporates and capillary forces arise as a result of the 

surface tension of the liquid-vapor interface. In the supercritical drying process.'"' liquid 

is transferred to vapor via the supercritical phase and hence there are no capillary forces 

to contend with. Carbon dioxide has been the material of choice for supercritical drying 

because of its low critical temperature and pressure (Tc= Sl.TC. Pc= 72.8 atm). 

A very effective method to reduce or prevent stiction is to make polysilicon 

surfaces hydrophobic (water contact angles higher than 110°) through the formation of 

self-assembled monolayers (SAM) using octadecyltrichlorosilane (OTS) precursor 

molecules dissolved in anhydrous organic solvents." ""' Self-assembled monolayers are 

systems where a monolayer coating is formed spontaneously by the immersion of an 

appropriate substrate into a solution of the active precursor in an organic solvent. By 

making the surface hydrophobic, the capillary attraction that collapses the microstructure 

when the surfaces are hydrophilic is greatly reduced. As a result, microstructures come 

out of the final water rinse extremely dry without being broken or adhered to the 

substrate. 

A typical sequence of steps used in the formation of SAM coatings is shown in 

Table 2.1. As may be discerned from this table, the process requires the use of several 
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organic solvents and results in organic and aqueous wastes. It would be highly desirable 

to develop a coating technique that is almost organic solvent free. 

Table 2.1: Summary of the release and SAM-coating process for polysilicon 
microstructures'^' 

1. Sacrificial Layer Etch -DiluteHF(5:I v/v H2O) 

2. Surface Oxidation - H2O rinse 

- H;0: soak 

- H:0 rinse 

3. SAM Formation - IPA rinse 

- Iso-octane rinse 

- OTS solution in 4:1 hexadecane:CCl4 or 

hexadecaneiCHCb 

- Iso-octane rinse 

4. Rinse and Dry - IPA rinse 

- H2O rinse 

- pull structures directly from water 

Coatings that are useful in reducing stiction in micromechanical structures must 

meet several criteria. These coatings must be hydrophobic, with water contact angles 

greater than 110°. In addition, the coating must be conformal enough to cover the 

underside of the microstructure and thick enough to withstand vaporization, friction and 

wear. Furthermore, the coating must be durable and able to withstand humid 
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environments for many years without losing its hydrophobic properties. Finally, it must 

be compatible with the surface microstructure fabrication and release process and with 

the "back-end" processes of wafer dicing, die attachment, and final hermetic 

encapsulation."^' A major consideration is the temperature encountered during die 

attachment and hermetic encapsulation, which can be in the range of 350-525°C. Hence, 

the anti-stiction coating must also be capable of withstanding higher temperatures. The 

organic hydrophobic coatings of relevance to MEMS are octadecyltrichlorosilane (OTS). 

IH. IH. 2H. 2H-perfluorodecyl-trichlorosilane (FDTS). dichlodimethylsilane (DDMS) 

and Octadecene. '" Some of the properties for these coatings are listed in Table 2.2 

Table 2.2: Physical property data of various coatings "'' 

Surface 
Treatment 

Contact Angle Work of 
adhesion 

[mJ/m'] 

Coefficient 
of static 
friction 

Thermal 
stability 

in air 

Particulate 
formation 

Surface 
Treatment Water Hexadecane 

Work of 
adhesion 

[mJ/m'] 

Coefficient 
of static 
friction 

Thermal 
stability 

in air 

Particulate 
formation 

OTS'--' 110° 

o 00 

0.012 0.07 225=C High 

FDTS'-'-' 115= 68° 0.005 0.10 400°C Ver>' high 

DDMS'--

o o
 

O 00 

0.045 0.28 400°C Low 

Octadecene'^' 104° 35= 0.009 0.05 200°C Negligible 

Oxide 0-30° 0-20° 20 I.l — — 

In-use suction depends greatly on the environment the devices are subject to. such 

as relative humidity (RH). "'' Water may eventually penetrate hermetically sealed devices 

and if the operating temperature of the device drops. RH levels can increase towards 

100% because of the exponential dependence of RH on water content. Packaging 
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engineers are most often concerned with in-use stiction because of the potential reliability 

problems that it can cause; however, a phenomenon similar to release stiction can be a 

problem if devices are exposed to liquids during assembly - particularly during the wafer 

sawing operation. A technique to eliminate the possibility of encountering the structure is 

by the use of a hermetic seal around the microstructure. An example of this is the 

Motorola accelerometer. which uses a glass frit wafer bond that hermetically seals the 

microstructure from the environment, to eliminate the possibility of moisture from 

affecting the device. Table 2.3 summarizes the different anti-stiction techniques that 

have been reported in the literature. Most of these existing techniques present 

disadvantages and limitations. 

The performance of surface modifications is often evaluated by a parameter called 

detachment length.'--' Cantilever beam arrays (Figure 2.7) are used to determine this 

length, where an array of micromachined polysilicon or silicon beams anchored to the 

substrate with different lengths parallel to the substrate is fabricated. The anchors can be 

made of silicon oxide or polysilicon. The length at which the beams exhibit a transition 

from adhered to frees standing is identified as detachment length (Ij). Ideally, this length 

should be as large as possible. Figure 2.8 shows a cross section of a cantilever beam of 

length "1". thickness "t" and width "w". anchored at a initial gap spacing "g". The beam 

attaches to the substrate at a distance "x" from the anchor. 
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doubly clamped silicon beams 
singly clamped silicon beams 

silicon substrate SiOs Anchor 

Figure 2.7: Schematic of a cantilever beam array of different lengths with single and 
doubly clamped beams' 

cantilever 

anchor 

back view 

Figure 2.8: A cantilever beam of length /, width w and thickness t. anchored at a gap 
spacing g. The beam adheres to the substrate at a distance .v from the anchor, which is 
called "stiction length" 



Table 2.3; Comparison beiween different anti-stiction techniques 

Technique 
Sliclion 

preventing 
Advaniages Disadvantages 

Beam release/Surface 

'i 'reatment 

Water 

Contact 

Angle 

Ulcgl 

Cantilever Beam 

Array Dimensions 

(CBA) 

Detachment 

length 

(M"» 

Supcrciilical 

COi 

drying'*"" 

release 

- low surface tension 

- virtually inert 

- non-llainmahle 

- non corrosive 

- readily available 

- high purity grades 

- low viscosity 

- low critical 

pressure 

- low critical 

temperature 

- complicated 

setup 

- equipment 

operates wafer 

by wafer 

- C'Oi is only a 

liquid at 

pressures 

greater than 
y(M)psi 

• HI" etch 

• HiO rinse 

• MeOH ttr acetone 

rinse, soak 

• Supercritical COi 

dry 

t: 2.25 |im 

g: 2 nm 

w: 10 pm and 20 

^m 

1: 10 to KM) Mm 

in 2 nm 
increments; 

KM) to.'>(M)Mm 

in .S Mm 
increments 

850'^' 
>5(M)"" 

HJ-

trcainient 
release 

- simple - Surface 
reoxidi/os 
during drying 

• HI-etch 

• HnO rinse 

• >:IMc()H:H:0 

rinse, soak 

• MeOH soak 

• Supercritical COi 

dry 

86 t: 2.2 nm 
g: 2 |im 

w; Klfim 

1: 50 to 60 nm in 

10 ̂ m 

increments; 260 

to KMM) pm in 

20 ̂ m 

increments 

52()iM:i) 

NH4»-

irealincnt'"" 

release 

Surface 

reoxidi/.es 

during drying 

• III-etch 

• Nil.,I-etch 

• UiO rinse 

• MeOHiWater rinse 

• MeOH soak 

97 t: 2.1 ^m 

g: 2.5 ̂ m 

w: 40 nm 

1: IOlo.^(M)^m 

in 1 

>.1(M)"^'' ' 
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• .Supercritical ('()j 

dry 

increments 

Ury release 

will) Ill-

vapor 

phase'""' 

release 

- no liquiil involved 

excellent results 

- complicated 

setup 
• HI'YMeOH vapor 

etching 

Thin oxiile 

passivation 

(HjO.) 

release 

- Surlaccs are 

hydrophilic 
• m-elch 

• H.O rinse 

• Hi()> soak 

• H.Oiinse 

• MeOll rinse, soak 

• .Supercritical C'Oj 

dry 

t: 2.2 nin 

g: 2 (im 

w: 10 ^m 

1: 5()toM)^iin in 

lOfun 
increments; 260 

to MNK) ^111 in 

20 

increments 

Surface 

Roughening 

release anil 

in-use 

- reduce real contact 

atea 

3(H)"" 

Pinpoint 

Polysilieon 
Bumps'"' 

release anil 

in-use 

- reduce contact aiea 

to dimensions 

siiiuller than the 

resolution ol the 

photolithography 

used 

- pull-down torce is 

reduced 



Table 2.3 - Conliiuicd 

Polymcric 

sacriricial 

suppi)rls""' 

lelcasc 

- prevent siruciure 

coniML'i hy 

employing 

polymeria s|)acers 

under ilie siruclural 

layer (hal are 

elelied away in a 

dry plasma system 

- this process 

can only be 

used with low 

temperature 

processinj! 

Pluorocarho 

n coaling 

fbriiicd by 

plasma 

polyiiicri/.ali 

on 

release and 
in-use 

- low Irietion and 

wear 

- the highly 

directional ion 

impingement 
coupled with 
the short 
dillusion 

length of the 

plasma, results 
in a mostly line 
of sight growth 

Sclf-

Asscnihlcil 

Monolayers 

release and 

in use 

- extremely 

hydrophobic 

surlaces 

- low surface enerjiy 

- loni! term 

passivation 

- no capillary lorccs 

- densely packed 

structure 

- very low work ot 

adhesion values 

- coatings are 

applied using 

organic 

solvents 

• OTS-based 

SAM has a 

marked 

reduction in 

contact angle 

in air at 15(V'C' 

- Chlorine in 

O'i S may 

cause 
corrtisiou <il 

aluminum 

• HI- etch 

• Hi() rinse 

• soak 

• I DTS or OTS 

(organic media) 

SAM Ibrmation. 

Coating time: 10 15 

min. 

• Propanol rinse 

• H;() rinse 

IDTS: 

115 

OTS: 

112 

t: 2.2 ^m 

g: 2 ^im 

w: 10 ^m 

1: 50 to 60 ̂ im in 

10 Mm 
increments; 260 

to KHM) ^m in 

20 fim 
increments 

- surface 

roughness 

of 12 nm: 

OTS: 

9.50'"" 

IDTS: 

KMK)"'" 

- surface 

roughness 

of ^ nm: 

OTS: 

5.50'"" 

IDTS: 
7S()'"" 
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inclal 

iiUc'i'conncci 

linc.s 

Alkcnc 

hascd 

numolaycis 
( M l  

release ami 

in-use 

M I l I C II  
II.() rinse 

lllclch 

ll'A rinse 

I Dclajecene 

ireainieni al I SO'C. 

lime. M) 

mill. 
I'etriileum elher 

rinse 

IPA rinse 

M.O rinse 

104 I. 2.5 ^ln 

y: 2 urn 
w: 2()nm 

I: I50l<) l7(M)nm 

in 50 ̂ m 

increiiienls 

S2() 

Diehlodimet 

hylsilanc 

(DDMS)"-' 

release ami 

in-u.se 

111- eieli 

IliO rin.se 

.10';{ ll.,(). 
(yO't7i5min).st>ak 

H..() rinse 

ll'A rinse 

DDMS (Drj^anic 

media lui I Iwuir) 

coaling Ibrmalion 

ll'A rinse 

IliO rinse 

(I .ah C'diuliiions: 
20"f ami 50<;( RU) 

KH I: 2.5 nm 

2 ^m 
w; 20nm 

1: I501O l7(M)Mm 
in 50 fiiii 

iiicremenis 

540 
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2.2 Self-assembled monolayers and Langmuir-Blodgett films 

Figure 2.9 schematically shows the most common methods to prepare crystalline 

organic thin films.'^^" Monolayers formed by a substance that is insoluble in the liquid 

subphase are called Langmiiir layers, whereas those formed by substances soluble in the 

bulk but adsorbed preferentially at the interface are known as Gibbs layers. Langmuir 

films consist of amphiphilic molecules spread on a liquid surface. The hydrophilic 

headgroup has an affinity to the water while the hydrophobic endgroup sticks out on the 

other side. Langmuir layers transferred to solid substrates are known as Langmuir-

Blodgett (LB) layers. These films are typically weakly bound to the substrate. Multilayers 

can be prepared by repeated (periodic) dipping of the substrate in appropriate solutions. 

Self-Assembled Monolayers (SAMs) grown from solution or from the gas-phase, represent 

another class of organic thin films. SAMs are ordered molecular assemblies formed 

spontaneously by chemisorption of molecules with suitable anchor groups on a solid 

surface. They have a stable, homogeneous, oriented, and well ordered molecular 

structure. 
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Figure 2.9: Approaches to prepare crystalline organic thin films'^" 
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2.2.1 Langmuir isotherms 

Many amphiphilic molecules that are nearly insoluble in water can form a 

monolayer at the air-water interface. The area available to each molecule (A) can be 

decreased by imposing an external surface pressure (H), which lowers the normal air-

water surface tension Yo to y (H^o-Y)- Measurements of FI versus A at constant 

temperature (Figure 2.10) are known as isotherms. At large surface areas per molecule, 

monolayers are gaseous, where the hydrophobic portions of the molecule make 

significant contact with the water surface but little contact with each other. As the 

monolayer is compressed into the liquid-expanded (LE) phase, the hydrophobic parts of 

the molecules come into contact with each other and lift from the water surface but 

remain largely disordered and fluid. Further compression leads to a first order transition 

to the liquid-condensed (LC) phase, where the molecules exhibit long range order, are 

less compressible, and less fluid than in the LE phase. A kink in the isotherm at higher 

n marks the transformation to a better ordered solid (S) phase, in which the hydrocarbons 

chains are oriented vertically and packed together. The film is relatively incompressible. 

It the slope of the isotherm for this region is extrapolated to the abscissa, this area (ao) 

corresponds to the molecular cross-section when the molecules are oriented perpendicular 

to the surface.'^"^' 



nc~20-50 mN/m 
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Figure 2.10: Surface pressure versus area isotherm 
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Eventually, the surface pressure reaches a limiting value beyond which the 

monolayer can not be compressed further. Such pressure is know as the collapse pressure 

and depends on the nature of the substance, temperature, rate of compression and 

previous history of the film itself. At these limiting conditions, a flat monolayer is similar 

mechanically to a plate under compression; as the pressure is increased past the limiting 

value, the plate can (i) fracture and break, (ii) buckle at constant area, or (iii) lose 

material (and hence interfacial area) depending on the elastic and solubility properties of 

the monolayer.'^"*"' 

It is important to study the pressure-area isotherm of the monolayer as a pre

requisite to the determination of dipping conditions. From the isotherm, information can 

be obtained as to the way in which the molecules pack at the interface and the stability of 

the compressed layer at high pressures. 

2.2.2 Langmuir-Blodgett Alms 

The transfer of Langmuir films from the air-liquid surface to a solid substrate is 

known as Langmuir-Blodgett (LB) deposition. The film is transferred to the solid as it is 

passed vertically through the liquid interface. The LB method for organic film deposition 

has the advantage of preparing highly ordered densely packed and defect-free thin 

molecular films. However, its application in manufacturing is limited. The quality and 

stability of LB films are mainly affected by the properties of monolayers on the sub-

phase and by the transfer condition from liquid to the solid support. The surface pressure 
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of the monolayer under which the transfer is carried out and the transfer rate are very 

important in controlling the arrangement and orientation of the molecules on a solid 

support. 

2.2.3 Self-assembled monolayers 

Self-assembled monolayers (SAMs) are ordered molecular assemblies that are 

formed spontaneously by the adsorption of a precursor with a specific affinity of its 

headgroup to the substrate. Figure 2.11 shows a schematic outline of the SAM 

preparation procedure, as well as. the constituents of a SAM-molecule (headgroup, chain 

or backbone, endgroup). The ease of preparation and the low costs of solution deposition 

are one important reason for the popularity of SAMs. The substrate simple has to be 

dipped into the corresponding solution for a certain period of time, and the monolayer 

will assemble. Successful self-assembly requires a relatively strong bond between the 

substrate and an atom or moiety in the molecule, and an additional lateral interaction 

between molecules in the monolayer. 

SAMs on metals and oxides are created by the adsorption of long-chain acids, 

alkythiols, alkyltrichlorosilanes or alkoxysilanes. SAMs of alkylchlorosilanes (RSiCb), 

alkylsiloxanes (RSiOx(OH)y) and alkylaminosilanes have been deposited onto silicon 

oxide surfaces.'^' The primary advantage of a thin-film SAM over and LB film Is its 

stability, due to the strong chemical bonds with the surface. 
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Figure 2.11: Preparation of self-assembled monolayers. The pre-oxidized silicon 
substrate is immersed into a solution of the desired organosilane. Initial adsorption is fast 
(seconds); then organization of the molecules occurs. A schematic of a fully assembled 
SAM is shown to the right 
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The structure of alkylchlorosilanes SAMs on pre-oxidized silicon has been studied 

extensively.'*'"^*"' AFM studies have shown the formation of both a dense 

organized assembly with vertically aligned hydrocarbon chains and domains with 

disordered molecules that have not self-assembled. The relative proportions of the 

different phases depend on water concentration, solution age, temperature, silane 

concentration, exposure or reaction time and substrate pretreatment. The presence of 

large particulates that are up to several microns in diameter has been observed on OTS 

coatings prepared at 50% relative humidity and 20°C.'''' 

2.2.3.1 Transition Temperature 

Several authors'have reported the existence of a transition temperature (Tc) 

for the formation of well organized monolayers of n-alkytrichlorosilanes on oxidized 

silicon. When silanization is performed below T^, monolayers of high quality are 

obtained. In contrast, when prepared above Tc, the films exhibit monotonically 

decreasing coverage with increasing temperature as the alkyl chains increasingly assume 

higher conformational disorder. 

Brzoska et studied the influence of the temperature of reaction during 

silanization over an extended range of temperature (-1 to 60°C), and for n-

alkyltrichlorosilanes of different lengths (n=10 to 22). They determined the value of Tc 

through critical surface tension values derived from contact angle data of three different 

alkanes (n-octane, nonane and decane) on the coated surfaces. The transition temperature 

values were linear as a function of chain length, with a Tc shift of 3.5±0.5°C per 
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additional methylene (-CH2-) group in the grafted chain. The critical temperature for 

octadecyltrichlorosilane was ~28°C. This temperature is in excellent agreement with the 

value obtained using contact angle measurements, nulling ellipsometry and infrared 

spectroscopy by Parikh et a/. 

The critical temperature for ordering of the alkyi chains has been interpreted in 

terms of the two-dimensional phase diagram from Langmuir monolayers of long chain 

fatty acids at the air-water interface.'^^-^*"^' Figure 2.12 shows a schematic surface pressure 

versus area per molecule diagram which allows the various thermodynamic states of the 

monolayer to be distinguished. At high temperature, the monolayer state can change from 

gas (G) to liquid expanded (LE) and finally to liquid condensed (LC) physical states as 

the monolayer surface density (i.e. decreasing the area per molecule A) is increased, 

whereas at low temperature the G phase is directly followed by the LC phase. There is a 

well-defined temperature To, called the triple point, which separates the high-temperature 

and low-temperature behaviors. Kellner et determined that To is a function of alkyl 

chain length n and that it increases linearly by roughly 10°C for each additional 

methylene group. Above To, the coexistence of two successive regions (G/LE and 

LE/LC) is observed upon increasing the surface density. Below To, the coexistence of 

only one region (LC/G) in the phase diagram is observed. 
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Figure 2.12: Typical phase diagram of a Langmuir monolayer of insoluble surfactants 
spread at the air-water interface. Solid lines denote the isotherms and the coexistence 
curves are denoted by dashed lines'^"" 
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Carraro et determined using atomic force microscopy on OTS films that Tc is 

not the counterpart of the triple point temperature To in the Langmuir films. For T<To, 

self-assembly proceeds initially by island growth only, the substrate between islands 

remaining essentially unfilled; such a growth pattern is characteristic if a Langmuir film 

nucleates liquid-condensed (LC) domains coexisting with the gas phase below the triple 

point. For T>To, island growth occurs more slowly, while the substrate between islands is 

gradually filled in with OTS molecules. This growth regime is attributed to nucleation of 

LC domains coexisting with a liquid-expanded phase. This mechanism operates only up 

to a characteristic temperature Tc, above which no island nucleation occurs but 

homogeneous growth of a disordered monolayer takes place instead. 

A schematic illustration of monolayer formation at different adsorption 

temperatures is shown in Figure 2.13.'"' Upon first contact of the substrate with the 

silane solution, only a few molecules adsorb and the monolayer is in its gaseous state. At 

longer times, the surface coverage eventually reaches the point where a coexistence phase 

exists. At low temperature, the coexistence is between LC and G phases, and LC domains 

of close-packed chains are formed. Further adsorption takes place into the gaseous 

portion of the monolayer, and the process repeats itself until the whole monolayer is in 

the LC state. At high temperature (above To), the coexistence is first between the LE and 

the G phase, and the monolayer goes through a homogeneous LE state. This state, made 

of disorganized aliphatic chains, but at the same time considerably denser than the 

gaseous phase, opposes a strong barrier to further adsorption. It is then possible that the 

monolayer is unable to reach its densest LC state, resulting in poor layer quality. 
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Figure 2.13: A schematic of formation of alkyltrichlorosilane SAM coatings depending 
on adsorption temperature'®^' 
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2.2.3.2 Defects in self-assembled monolayers 

Structural defects that have been identified to exist on alkyl mercaptane and 

n-alkanethiol SAMs deposited on gold (Figure 2.14) are: (i) pinholes or pores where no 

molecules are adsorbed onto the surface, (ii) "lying-down" molecules near these pinholes 

that in fact cover the defects and (iii) collapsed sites where differently tilted molecules at 

the boundaries of differently oriented domains give rise to a thin layer. These defects 

have been characterized through their impact on electron-transfer reactions, which can be 

studied using electrochemical impedance spectroscopy in aqueous chloride solutions. The 

largest electron-transfer rate constants were exhibited at sites with pores, somewhat 

smaller rate constants were found at the "collapsed" sites, and the smallest values were 

obtained for well-oriented monolayers. Defect free coatings have the advantage of 

exhibiting very large energy barriers to carrier tunneling that makes them exceptional 

insulators for nanoscale devices."''" 

In the case of coatings formed on oxidized silicon, hydrofluoric acid solutions can 

be effectively used to probe liquid penetration into the coatings. Hydrofluoric acid 

solutions upon penetration through the coating attack the oxide layer and thereby promote 

charge transfer reactions at the Si/HF solution interface in the absence of dissolved 

oxygen. The corresponding charge transfer reactions are'™^": 

Anodic reaction: Si,^, + 6F(<,,) +h^ ^ V (SHE) 

Cathodic reaction: Si,^, + H* +SiH ^ ^ (SHE) 
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Figure 2.14: Schematic representation of defects in organosilane films 
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2.3 Chemistry of organosilanes 

2.3.1 Hydrolysis and condensation 

Trifunctional organosilanes. such as trichlorosi lanes (RSiCb) and 

trialkoxysilanes(RSi(OR)3), are preferred in surface modification reactions because they 

form networks, cross-linking on the surface. These organosilanes hydrolyze in water to 

give the corresponding silanols. which ultimately condense to siloxanes. Both reaction 

rates are strongly dependent on pH. silane concentration, water and solvent content, but 

under optimum conditions the hydrolysis is relatively fast (minutes), while the 

condensation reaction is much slower (several hours). '-' A simplified view of the 

reactions is shown in Figure 2.15.''' The hydrolysis reaction, through the addition of 

water, replaces alkoxide groups (OR") with hydroxy 1 groups (OH). The silanol-

containing species (Si-OH) are highly reactive intermediates which are responsible for 

siloxane bond (Si-O-Si) formation plus water as a by-product. When the trialkoxysilanes 

encounter an existing inorganic oxide surface, the polymerization process can be 

intercepted by the Si-OH groups at the interface, first by hydrogen bonding and then, 

upon curing, a permanent bond can be formed. 
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Figure 2.15: Reaction and bonding mechanism of alkoxysilanes' 
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Although hydrolysis can occur without addition of external catalysts, it is most 

rapid and complete when they are employed. Mmeral acids (HCl) and ammonia are the 

most commonly used, however, other catalysts are acetic acid, potassium hydroxide 

(KOH). amines, potassium fluoride (KF) and hydrofluoric acid (HF)-' Additionally, it 

has been observed that the rate and extent of the hydrolysis reaction is most influenced by 

the strength and concentration of the acid- or base catalyst. 

The relative rate of hydrolysis for halogen substituted silanes is I>Br>Cl>F. The 

byproduct of hydrolysis is the hydrohalic acid. Alkoxysilanes are less reactive because 

they generate no acid on hydrolysis. The rates of hydrolysis of the alkoxy groups can also 

be affected by steric effects. For example, increasing the chain length of the alkoxy group 

and increasing the number of alkoxy substitutions will decrease the rate of hydrolysis:'""' 

CH3O > C2H5O > t-C4H90 

(CH.OjSiOCH? >(CH3):Si(OCH3)2 > CH3Si(OCH3)3 

2.3.1.1 Effect of pH 

Alkoxysilanes undergo hydrolysis and condensation under both base- and acid-

catalyzed conditions, but occurs only very slowly at neutral pH value. Acid-catalyzed 

hydrolysis (Figure 2.16) involves a fast reversible protonation step, followed by an 

electrophilic attack by water. This results in the formation of a penta-coordinate transition 

state with significant Ss2-type character.'"""The transition state decays by displacement 

of an alcohol and inversion of the silicon tetrahedron.The reaction rate is governed by 

the concentration of FT in solution. The lower the pH. the faster the reaction proceeds. 
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Base-catalyzed hydrolysis proceeds much more slowly than acid-catalyzed 

hydrolysis at an equivalent catalyst concentration. '" Basic alkoxide oxygens tend to repel 

the nucleophile. OH". However, once an initial hydrolysis has occurred, following 

reactions with each subsequent alkoxide group will be removed from the monomer more 

easily then the previous one.'^"" Therefore, more highly hydrolyzed silicones are more 

prone to attack. Because this mechanism has a penta-coordinated silicon atom in the 

activated complex, hydrolysis of a polymer is more sterically hindered than the 

hydrolysis of a monomer. Thus, under basic conditions, it is likely that water dissociates 

to produce hydroxyl anions in a rapid first step. The hydroxyl anion then attacks the 

silicon atom. Again, an SN2-type mechanism has been proposed in which the -OH 

displaces -OR. This is seen in Figure 2.17. 

Acid-catalyzed condensation mechanism (Figure 2.18) involves protonated silanol 

species. Protonation of the silanol makes the silicon more electrophilic and thus 

susceptible to nucleophilic attack. The most basic silanol species (silanols contained in 

monomers or weakly branched oligomers) are the most likely to be protonated. 

Therefore, condensation reactions may occur preferentially between neutral species and 

protonated silanols situated on monomers, end groups of chains, etc.'^^' 

The mechanism for the base-catalyzed condensation reaction involves the attack 

of a nucleophilic deprotonated silanol (SiO ) on a neutral silicate species (Figure 2.19).'®"' 

Furthermore, it is generally believed that the base-catalyzed condensation 

mechanism is valid in the pH range of 3-12''" and involves penta- or hexa-coordinated 

silicon intermediates or transition states, similar to that of a Sn2 type mechanism.'^^' 
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It can be seen in Figure 2.20 iiow PH affects the rate of hydrolysis and 

condensation.'®" The hydrolysis reaction proceeds under both acidic and basic 

conditions, but occurs only very slowly at neutrality (pH=7). The condensation reaction is 

fastest at a pH of about 5-6. The overall maximum reaction rate for hydrolysis and 

condensation occurs at a pH of 4. 

Figure 2.21 shows the changes in silane condensation and polymerization under 

acid versus base condition. Under acidic conditions, the condensation reaction is the rate-

limiting step. As a result, weakly branched polymeric networks are initially formed, 

which at high conversion more completely crosslink to give "crosslinked spaghetti". By 

contrast, under basic conditions, hydrolysis turns out to be the rate-limiting step. As a 

result, three-dimensional clusters are initially formed. Further condensation increases the 

size of the clusters, which then coalesce into a 3D web comprised of a linked network of 

dense particles. 

Acidic catalysis is preferred to maximize the solution life of silanol species, 

because fast hydrolysis is followed by slow condensation. If base catalysis is used, 

condensation to siloxane may occur even before all the alkoxy groups are hydrolyzed, 

promoting gelation.'"-' 
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2.3.2 Deposition of organosilane coatings from organic media 

High quality SAMs of alkyltrichlorosilane derivatives are not easy to fonn. mainly 

because of the need to carefully control the amount of water in the liquid medium used 

for deposition.'®The presence of adsorbed water between the substrate and the 

organic layer has been reported'"^"' to be necessary for optimum monolayer deposition. 

Insufficient water leads to an incomplete monolayer whereas a thick water layer gives 

rise to a polymerized silane layer which can sit on top of the surface water layer. In the 

case of octadecyltrichlorosilane (OTS) no reaction occurs in the absence of water or with 

a single water layer, because tightly bound water is not reactive enough to participate in 

the hydrolysis of chlorosilane groups. As a result, the solvents used for SAM coating with 

RSiCl; precursors must be as anhydrous as possible. Typically, for an 

octadecyltrichlorosilane (OTS) coating, an alkane is used with 30 vol.% of a co-solvent 

such as carbon tetrachloride (CCU) or chloroform (CHCI3).''-' CCU is believed to help in 

dehydrating the structures prior to film formation, help solvate the OTS head group in the 

solvent mixture, and to rinse away excess OTS molecules which may be physisorbed to 

the surface. Often curing or baking of the coating in air at temperatures between 100 

and 200°C is carried out to enhance the cross-linking process to produce a more densely 

packed and stable film. The curing completes the lateral condensation reaction between 

adjacent silane molecules to form a 2-dimensional cross-linked silane layer.''"' 

The mechanism of silanization in the presence of small amounts of water is 

summarized in Figure 2.22.'^"' An initial water layer exists on the substrate onto which the 

organic molecules contained in the reactive solution gradually adsorb (stage 1). 
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Following physisorption. trichlorosilane head groups hydroiyze and form trisilanols 

(stage 2). The presence of a thin film of water permits the in-plane lateral mobility of the 

long chain silanes by Brownian motion in the water film. During the two-dimensional 

random walk, the species are captured by the surface silanol groups through covalent or 

hydrogen bondings (stage 3) or collide with others, to produce immobilized nuclei or 

mobile clusters."" Finally, intermolecular cross-linking by the silanol groups of the 

adsorbed molecules occurs. Stages 3 and 4 can be facilitated by moderate baking of the 

substrate, which helps the removal of the water layer. 

The effect of curing after derivatization of silica gel with trifunctional silanes has 

been studied using NMR by Caravajal'®^' and Vansant'*''. They concluded that the curing 

process increases number of Si-O-Si bonds. The increase could be attributed either to 

surface Si-O-Sis or intermolecular Si-O-Si bond formation. A detailed study of the 

hydrolysis of trichlor-. dichloro- and mono-chloromethylsilanes on hydrated silica 

surface and the effect of curing in post-reaction treatment was done by Tripp and Hair. 

Based on IR experiments they showed that: (1) at the gas-solid interface 

methylchlorosilanes are fully hydrolyzed to methylsilanols due to the surface water on 

the hydrated silica; (2) the percentage of the adsorbed methylsilanols condensing with the 

surface hydroxyl groups follows the order (CH3)3SiOH>(CH3)2Si(OH)2>CH3Si(OH)3; (3) 

for trihydroxy- and dihydroxy-dimethylsilanols the curing process mostly completes 

cross-linking, and also results in a few attachments to the surface through Si-O-Sis bonds. 

In case of trimethylsilanol lateral polymerization is not possible, and the curing process 

mostly results in removal of physically adsorbed silanol species from the silica surface. 
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2.3.3 Deposition of organosilane coatings from aqueous media 

Self-assembled monolayer coverage (Figure 2.23(a))''" of the surface is not 

generally favored with water as the reaction solvent. Instead, the deposition of 

particulates may be formed due to vertical polycondensation of hydrolyzed silanes on the 

substrate (Figure 2.23(b)) or as a result of condensation reactions of the organosilanes in 

the aqueous phase that lead to the formation of grafted networks, which react with the 

existing pre-oxidized substrate (Figure 2.23(c)).'The relative proportion of these 

aggregates depends on water concentration, solution age, chain length of silane 

molecules, temperature.''-""^' silane concentration, exposure or reaction time, dispersion 

pH,'®" substrate pretreatment'®' and steric effects.'-"-". The complexity of this chemistry is 

illustrated in Figure 2.23 As a result, the solvents used for SAM coating with RSiCl3 

precursors must be as anhydrous as possible. However, increasing concerns regarding the 

use of organic solvents in work places and the generation of organic wastes have sparked 

interest in the feasibility of applying highly hydrophobic coatings from aqueous base 

chemistries. 

Some factors that enhance the stability of silanols in aqueous solutions are:'•' (i) 

neutral conditions, (ii) limited condensation; (iii) the presence of hydroxylic species and 

(iv) silanes forming stable zwitterions. 
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Water dispersible silanes typically have a general structure of (PB)-(PL)-spacer-

(0-X)3. where PB is the hydrophobic alkyl group. PL is the hydrophilic head group, X is 

a proprietary "end blocker" and the spacer is a short (CH2)n group that gives flexibility to 

help alignment and assembly. In alcoholic solutions the -O-X groups are stable but in 

aqueous solutions they undergo hydrolysis and condensation at a rate dependent on the 

pH. Depending on the chain length of the alkyl group in R. the silane may form micelles 

in an aqueous solution with the core containing R-(CH2)n- (Figure 2.24). 
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CHAPTER 3 

EXPERIMENTAL MATERIALS AND METHODS 

3.1 Materials 

3.1.1 Silicon and polysilicon wafers 

The polysilicon samples used for experimental work were 2 |im thick LPCVD 

films deposited on top of Si wafers and were donated by Motorola. Inc. in Tempe, AZ. 

Phosphorous doping of the samples was achieved by depositing 2 |im PSG (6.5 wt % P) 

followed by annealing at 10I5°C for 5 hours. 

Two types of single crystal silicon (100) wafers were used; antimony doped n-

type (0.02 Q-cm) cut into pieces of 1 cm x 1 cm for electrochemical impedance 

spectroscopy experiments and boron doped p-type (7-17 Q-cm) for ellipsometry, atomic 

force microscopy and contact angle measurements. 

3.1.2 Water dispersible silanes 

Four different commercially available water dispersible organosilane systems 

were characterized in this project. These were used as received and diluted with 

deionized (DI) water (resistivity 18 MQ-cm). The organosilanes are described in the 

following sections. 
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3.1.2.1 Siliclad® 

Siliclad® is a commercially available, proprietary, water dispersible octadecylsilane 

based chemical. This organosilane, purchased from Gelest. Inc, is reported to contain the 

reactive silane at a concentration of 20% in a mixture of tertiary alcohols (2-methyl-2-

butanol) and diacetone alcohol (4-hydroxy-4 methyl-2-pentanone). According to the 

manufacturer, this hydrolyzed silane has a molecular weight of 332.6 and can be used for 

coating glass from an aqueous solution containing 0.1-1 % reactive silane at a pH value 

of 4 to 5. 

3.1.2.2 Glassclad®18 

Glasscad®18, purchased from United Chemical Technologies, Inc., is a 

monomeric octadecylsilane derivative in a solution of 2-methyl-2-propanol and 4-

hydroxy-4-methyI-2-pentanone that reacts with water to form a silanol-rich polymer and 

an alcohol. The silanol-rich pre-polymer is able to condense with available hydroxyl 

groups on the substrate to form a chemical bond. This organosilane is reported to have a 

general structure of Ci8H37SiX3, where X is a proprietary hydrolyzeable leaving group. 

The formulation is reported to contain 20% of reactive silane. 
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3.1.2.3 DuPont TLF-8291 

DuPont TLF-8291 is an aqueous formulation containing 10% of an 

alkyitrialkoxysilane and a tetraalkylammonium chloride surfactant. TLF-8291 is reported 

to be very effective at low concentrations (1-5% product in water) and stable in the pH 

range of 3 to 11. though best performance can be achieved at pH<7. According to the 

manufacturer, this aqueous hydrocarbon silane can provide excellent scratch protection 

and water repellency for glass, ceramics, porcelain and other nonporous glass-like 

surfaces. It can be applied by dipping, spraying, wiping or brushing. 

3.1.2.4 Cationic alkoxysilanes 

The fourth chemical system consisted of cationic alkoxysilanes with two 

functional groups: one that allows physical adsorption and the other that promotes 

chemisorption onto silicon oxide in a specific pH range. The presence of a quaternary 

ammonium group also allows the silane to aggregate and disperse in the aqueous phase. 

The cationic alkoxysilanes, purchased from Gelest, inc.. chosen for detailed 

investigation are: 
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CH, 
^<•3 CI i 

CHgCCH^),—N (CH2)3—Si-O-CHj 

O / 
CH, 

CH3 
•3 

N,N-Dimethyl-N-octadecyl-3-aminopropyltrimethoxysilyl chloride (DMOAP) 

CH3 

CH3 CI O 

CH3(CH2)9—N—(CH2)3—Si-0-CH3 

CH3(CH2)/ O 

CH3 

N, N-didecyl-N-methyl -3-aminopropyltrimethoxysilyl) chloride (DIDAP) 

Cationic alkoxysilanes have been employed as lubricants, anti-static surface 

treatments, to impart antimicrobial properties,"-' for molecular imprinting in biosensors'"' 

and to promote hemeotropic alignment (perpendicular to the surface) of nematic liquid 

crystals.'^ 

Kahn'"^' used DMOAP molecules as coupling agents to generate chemically stable 

interfaces on a variety of conducting and insulating substrates to promote liquid crystal 

orientation. His deposition procedure was to dip the clean substrate in a dilute solution of 

the alkoxysilane (0.1%) and agitate at room temperature for 5 min. The substrate was 

then rinsed in deionized water to remove excess silane; excess water was then blown off 

with clean nitrogen. He reported that DMOAP coated surfaces consist mainly of 

octadecyl hydrocarbon chains oriented normal to the substrate (Figure 3.2), where liquid 

crystal molecules can align with their long axes parallel to DMOAP-coated substrates. 
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Chemical-adsorption 

Physical-adsorption 

R3/(CH2); I 

R1-N 
Oxide 

Figure 3.1: Adsorption of Cationic Silanes onto pre-oxidized polysilicon 

C18H37 

(CH2)3 

Substrate 

Figure 3.2: Schematic of the orientation of DMOAP'®' 
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3.1.3 Surfactants 

(Si 
Cationic surfactants were used to improve the stability of Siliclad dispersions 

because of their ability to interact with silicon dioxide over a wide solution pH range. 

Surfactants with different alkyl chain length and structure were chosen and are shown In 

Table 3.1. All surfactants were used as received. Some properties of these surfactants are 

also listed in the same table. 

These surfactants aggregate to form micelles when the surfactant concentration is 

above their critical micelle concentration (CMC). In this arrangement, the polar 

headgroups are directed towards the water and the hydrophobic groups associate to form 

a hydrophobic core. The number of surfactant molecules in a micelle is referred as 

aggregation number. The temperature at which the aqueous solubility of the cationic 

surfactant equals the CMC is referred to as the Krafft point. Below the Krafft point, 

micelles do not form and the concentration of surfactant monomers in solution never 

exceeds the CMC. 



Table 3.1: Calionic surfactanls used to stabilize Siliclad® dispersions 

Surfactant structure Abbr. R 
Produced 

by 
(Purity) 

Mulccular 
Weight 

CMC 
[mM| 

'^SSregation 
Number 

KrafTt 
Point 
l-C) 

I. AlkyI 

Quaternaries 

A. One tail-one head 

CH3 

R—tJI-CH3 Br 

CH3 

DTAB ^12^25 
Aldrich 

(99%) 
308.35 16.01''"' 48'""' 

I. AlkyI 

Quaternaries 

A. One tail-one head 

CH3 

R—tJI-CH3 Br 

CH3 

TTAB ^14'-'29 
Fluka 
(98%) 

336.41 3.56"""' 

I. AlkyI 

Quaternaries 

A. One tail-one head 

CH3 

R—tJI-CH3 Br 

CH3 

CTAB 
Aldrich 

(97.4%,) 
364.46 0.92""-' 62<'«> 25'-w' 

I. AlkyI 

Quaternaries 

A. One tail-one head 

CH3 

R—tJI-CH3 Br 

CH3 

OTAB C,«H,7 
Aldrich 
(>97%) 392.5 N/A 

35-

I. AlkyI 

Quaternaries CH3 

R-N-CH,-/ }ci 

CH3 

Einpigcn 

BAC 

Albright 

& Wilson 

(50%,) 
462.65 0.19' N/A N/A 

I. AlkyI 

Quaternaries 

B. Two tails-one head 

R\ .^CH3 
Br 

R CH3 

DDAB 
Aldrich 
(98%) 354 

0.014 
N/A N/A 

ll.Siliconc 

AlkyI 

Quaternary 

CH (fH CH CH3 

CH3 Sifo Si-j^o f^O ̂ i-CH3 

CH3 CH3 1 CH3 
CH,)3 

[A X CH3 
CHj-N-CHj 

CH3 

Gclest 

QMS 

Gclest, 

Inc. 

(35-45%) 
I8(M)-2(XK) 0.21' N/A N/A 

'Determined experimentally using Wilhelmy plate technique 
N/A not available 
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3.2 Methods 

3.2.1 Cleaning and pre-oxidation of silicon and polysilicon samples 

Prior to conducting any experiments, test samples were cleaned in 4:1 H2SO4 

(98%):H202 (30%) solution at ~90°C for 15 minutes to remove organic contaminants, 

thoroughly rinsed in deionized (DI) water, then etched in 50:1 HF to remove the oxide 

film and finally dried using filtered nitrogen gas. 

In order to immobilize the organosilane molecules through covalent bonding with 

the substrate, the presence of Si-OH groups on the substrate surface is necessary. 

Therefore, different oxidation pre-treatments were performed before deposition of silane 

coatings, as listed in Table 3.2. 

Table 3.2: Oxidation pre-treatments for silicon and polysilicon samples 

Oxidation 
Treatment 

Chemistry Oxidation Time 
Oxidation 

Temperature 

SCI 

1:1:25 
NH40H:H20::H2 

0 

1 part of 49% NH4OH 

1 part of 30% H2O2 

25 parts of DI water 

10 min 70°C 

Piranha 

1:4 H202:H2S04 

1 part 30% H2O2 

4 parts of 98% H2SO4 
15 min 80°C 

Peroxide 

H2O2 
30% H2O2 15 min 20°C 
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3.2.2 Preparation of silane dispersions 

The as-received organosilanes were diluted in deionized (DI) water (resistivity of 

18 MQ-cm) before use. The pH value of the coating dispersion was adjusted with acetic 

acid, hydrochloric acid or potassium hydroxide. 

For Siliclad® dispersions containing surfactants, the surfactant aqueous solution 

was prepared prior to the addition of organosilane. This was followed by the adjustment 

of pH with hydrochloric acid or potassium hydroxide. Samples were stirred for at least 10 

minutes prior to viscosity measurements and coating deposition. 

3.2.3 Coating deposition 

3.2.3.1 Dip coating 

Coatings were deposited on 1.5 cm x 1.5 cm samples, by immersing into and 

withdrawing from silane dispersions at controlled speeds using a dynamic contact angle 

analyzer (Cahn-DCA-312) shown in Figure 3.3. The immersion/withdrawal speed range 

of this instrument is 20-260 (j.m/sec. Delay times between immersion and withdrawal 

steps were necessary only for Siliclad® coatings. The film-covered substrates were 

thoroughly rinsed with DI water and finally blow-dried with nitrogen. Curing of Siliclad® 

coatings was done in a convection oven for 5 minutes at different predetermined 

temperatures. The deposition of coatings onto 4-inch single crystal wafers was done with 

a BAS XY recorder, setup only to move on the Y direction and controlled by an EG&G 

Pare Model 175 universal programmer to speeds of 40 (im/sec to 4000 ̂ m/sec. 
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Figure 3.3: Schematic diagram of a DCA system used for dip coating, surface 
and dynamic contact angle measurements 
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3.2.3.2 Langmuir-Blodgett Alms 

Pressure-area isotherm measurements of organosilane monolayers on water and 

transfer of such monolayers onto polysilicon substrates were carried out using a 30 cm 

X 20 cm X I cm polytetrafluorethylene Langmuir Blodgett Trough (Nima Technology 

Ltd., Model 61 ID). Data acquisition was achieved with a custom program written by 

Wayne Huang and the author of this dissertation in Microsoft Visual Basic. 

The organosilane monolayer was spread on the surface of the aqueous sub-phase 

by dissolving the organosilane in high purity methanol and by depositing the solution 

drop by drop onto the water from a syringe held a few millimeters above the sub-phase. 

The solvent was allowed to evaporate for I hour. The characteristics of the organosilane 

monolayer on the water surface were studied by measuring the changes in surface tension 

upon compressing the monolayer at a rate of 0.5 cm"/sec (Figure 3.4). The reduction of 

surface tension (surface pressure) was measured by means of chromatographic paper 

Wilhelmy plates (1 cm x 2 cm x 0.015 cm) attached to a microbalance. Experiments with 

cationic alkoxysilanes were performed at different subphase temperatures. Quantitative 

values of areas per molecule were not calculated due to the uncertainties in the 

concentration and Siliclad® chemical structure of the as-received silanes. 
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Barrier 

Surface Reorganization 
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Figure 3.4: Monolayer reorganization after an imposed compression or expansion 
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In order to form a Langmuir-Blodgett film onto pre-oxidized polysilicon, the 

substrate was passed through a compressed monolayer at different predetermined 

pressures. Deposition onto these hydrophilic substrates occurred when the substrate 

made its first "up" pass through the water/air interface (Figure 3.5), as the direction of the 

meniscus favored the head group of the molecule to be attracted to the surface. The 

substrate had to be immersed in the aqueous subphase prior to spreading and compressing 

the organosilane monolayer to prevent the deposition of molecular film aggregates onto 

the substrate during the first "down" stroke. 

In order to form a Langmuir-Blodgett film onto pre-oxidized polysilicon, the 

substrate was passed through a compressed monolayer at different predetermined 

pressures. Deposition onto these hydrophilic substrates occurred when the substrate 

made its first "up" pass through the water/air interface (Figure 3.5), as the direction of the 

meniscus favored the head group of the molecule to be attracted to the surface. The 

substrate had to be immersed in the aqueous subphase prior to spreading and compressing 

the organosilane monolayer to prevent the deposition of molecular film aggregates onto 

the substrate during the first "down" stroke. 
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Figure 3.5: Deposition of a Langmuir-Blodgett film onto a hydrophilic substrate 
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3.3 Characterization techniques 

3.3.1 Zeta potential measurements 

Zeta potential measurements on polysilicon substrates subjected to different wet 

oxidation processes were carried out by a flat-plate streaming potential method (Figure 

3.6) using a BI-EKA Electro Kinetic Analyzer. Polysilicon samples, cut into 7.3 cm .\ 

1.6 cm and 7.4 x 1.95 cm. were separated by a 0.25 mm thick Teflon sheet. Solutions 

containing 0.001 M KNO3. and adjusted to different pH values with KOH and HNO3. 

were pumped through the channel at driving pressures of 0 to 250 mbar. in both flow 

directions. Platinized platinum electrodes'were inserted on both ends of the cell. 

The zeta potential was calculated according to the method by Fairbrother and 

Mastin:""'"'"'' 

r| Kg AE^u. 
¥ • =  "  ,  "  (3.1) 

e AP 

In the above equation. AE^^^ is the streaming potential measured across the capillary, 

AP is the pressure difference across the capillary responsible for the flow of 

electrolyte, E is the dielectric constant of the solution, is the permittivity of free 

space. Ti is the viscosity of the solution and Kg is the specific electrical conductivity of 

AE^ 
the solution. The slope ^can be obtained by the measurements of streaming 

AP ^ 

potential at various flowing pressures. Surface conductance is generally neglected 

except in electrolytes of extremely low ionic strength, i.e. less than 10~* M. 
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Figure 3.6: A schematic sketch of the steaming potential cell 
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3.3.2 Wettability evaluation 

3.3.2.1 Static contact angle measurements 

Static contact angles were measured using a Rame-Hart optical goniometer, model 

100-00115. Droplets of 15. 20 and 25 ^il were used in the measurements. 

A Rame-Hart environmental chamber accessory (Figure 3.7) equipped with a 

temperature controller and external relative humidity/temperature transmitter (Omega 

HX93V) was used to study the thermal stability of coatings under nitrogen, compressed 

air and humid conditions. Temperatures up to 315°C were obtained by an integral 

electrical heater, while cooling of the chamber was produced by circulating a suitable 

coolant through the base of the chamber. 

The relative humidity (RH) of the gas flowing to the inlet of the environmental 

chamber was increased by blowing dry nitrogen through a tube connected to a glass frit 

immersed in DI water. The DI water was kept at ambient temperature to prevent 100% 

RH or condensation in the environmental chamber. 

Figure 3.8 shows the environmental chamber heating and cooling profiles. It may 

be noticed that heating occurs rapidly; a temperature of 300°C can be reached in 15 min. 

Cooling is improved by flowing water through the base of the chamber. 
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Figure 3.7: Environmental chamber setup for humid environments 
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Figure 3.8: Heating and cooling ramp times for environmental chamber 
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3.3.2.2 Dynamic contact angle measurements 

Hydrophobicity of coated samples was determined by measuring contact angles of 

deionized water immediately after film deposition with a Cahn DCA-312 dynamic 

contact angle analyzer (Figure 3.3) using the Wilhelmy plate technique (Figure 3.9). 

In the dynamic contact angle measurement, the force as shown in Figure 3.9 

exerted on a flat plate during immersion and withdrawal from a liquid at controlled speed 

is measured using a microbalance. Figure 3.10 illustrates the dynamic contact angle 

hysteresis loop formed during the experiment. As the sample enters the liquid surface, an 

abrupt change in force is detected due to the vertical component of the surface tension of 

liquid. As the sample continues to become immersed in the liquid, it provides a buoyancy 

force, which manifests itself as a straight line, and is used for the advancing angle 

measurement. After the appropriate immersion depth is reached, the direction is reversed 

and the sample is withdrawn from the liquid. If the advancing and receding lines are 

assumed to be straight and are extrapolated to the zero depth of immersion, the buoyancy 

force can be eliminated from the force balance. 

Contact angles on the coated samples were measured immediately after film 

deposition at a sample immersion/emersion speed of 80 jim/sec. This allowed good 

repeatability of experimental results. Three-cycle immersion/emersion test was 

performed to verify that the coating was properly rinsed and that the coating was not 

perturbed by water penetration. 



95 

P=2(t+w) 
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mg 

1)F = mg 

2) F = mg + PYlCOsCG) 

3) F = mg + PrLCOS(0) - Ft 

F; total force, P: perimeter, t: thickness, w: width 
m: mass of the sample, g: acceleration due to gravity, 
Y|.: surfece tension of the liquid, q: contact angle, 

F :̂ buoyance force = pgAd 
p: liquid density. A: cross sectional area, d: immersion depth 

Figure 3.9: Force balance during the measurements of surface tension and contact angle. 
1) Plate in air prior to contact with liquid, 2) plate just at the liquid-air interface and 3) 
plate immersed in the liquid 
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Figure 3.10: Dynamic contact angle hysteresis loop formed using the Wilhelmy plate 
technique, (a) 6advanc.ng<90° and (b) 0advancing>9O° 
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For an ideally smooth and homogeneous surface, the contact angle of a liquid 

upon it should have only one equilibrium value. However, the advancing and receding 

contact angles are not always identical because of the heterogeneity and roughness of the 

solid surface. The difference between advancing 0^ and receding 0^ contact angles is 

referred to as the contact angle hysteresis. A0. 

A0 = 0a-0, (3.2) 

This hysteresis is commonly observed during dynamic contact angle measurements and 

has been attributed to the heterogeneous nature of surfaces, such as (i) different chemical 

composition (ex.. chemical heterogeneity of polymer surfaces), (ii) different 

crystallographic faces (ex. during anisotropic etching of polysilicon using TMAH). (iii) 

existence of defects, (iv) solution impurities adsorbed on the surface (ex. contamination 

of foreign substances during manufacture of coatings), (v) rearrangement or alteration of 

the surface (i.e. molecular reorientation in a polar polymer surface under the influence of 

a liquid. As an example, hydroxyl groups in a polymer backbone chain are buried away 

from the air phase at a polymer-air interface, but when it is in contact with water, the 

hydroxyl groups turn over to form hydrogen bonds with water) and (vi) roughness on 

surfaces. 
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3.3.3 Determination of critical micelle concentration 

Critical Micelle Concentration or CMC is the concentration at which micelles of 

surfactant begin to form in solution. For solutions of pure surfactants, surface tension 

decreases and becomes a constant at concentrations greater than the CMC (Figure 3.11). 

The critical micelle concentration of the surfactants and organosilanes in aqueous 

solutions was measured at room temperature (~22°C) using a CMC accessory for a Cahn 

DCA-312 Dynamic Contact Angle Analyzer. The accessory attaches to the DCA-312 

instrument and performs computer-controlled dilution of a surfactant into a solvent, 

mixing the solution, and making surface tension measurements of the solutions using the 

Wilhelmy plate technique. The surface tension was measured after each addition of 

surfactant solution. The controlled dilution resulted in surface tension values as a 

function of surfactant concentration from which a value of the CMC of the surfactant-

solvent system under study was obtained. 

For CMC experiments a platinum plate (30 mm x 15 mm x 0.15 mm) was used, 

since it was completely wet by all solutions investigated. Before each experiment the 

platinum plate was cleaned in isopropanol and dried with a natural gas flame. 
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Figure 3.11: Critical Micelle Coiicentration 
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3.3.4 Viscosity measurements 

The stability of silane dispersions was determined by viscosity measurements at 

30°C as a function of the age of silane dispersions using a vertical Ostwald-type 

viscometer (2 to 10 Cst) and an Ubbelohde-type viscometer (7 to 35 Cst). (Figure 3.12). 

The viscosity of a fluid is simply a measure of its resistance to flow and as such reflects 

the frictional forces between the molecules. In the silane dispersions it was expected that 

these fractional forces increased with the size of the organosilane network formed in the 

bulk. The dispersions were kept in an oven at 30°C and taken out only when viscosity 

measurements were required. 

In the Ostwald viscometer, a given volume of liquid was introduced into section B 

(see Figure 3.12) and was drawn up by suction into A until the liquid level was above the 

mark mi. The suction was released and the time required for the liquid level to fall from 

mi to m2 was measured. The average driving force during the flow of this volume of 

liquid through the capillary tube is proportional to the average difference in heights of the 

liquids in tubes B and A. In order that this driving force is the same in all cases, it is 

essential that the same amount of liquid should always be introduced into tube B. This 

requirement that the same amount of liquid should always be used does not apply in the 

case of the Ubbelohde viscometer. Here, the liquid was introduced into B. With tube 3 

closed, the liquid was drawn up by suction into A so that the liquid level was above mark 
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mi. The suction was released, tube 3 was opened to the air, bulb C filled with air and the 

time required for the liquid level to fall from mi to m: was measured. In this case, the 

driving force for flow through the capillary is independent of the level of the liquid in B, 

since the average height, h. is always the same. The gravity effect is compensated by the 

presence of the second arm of the capillary tube minimizing errors with temperature 

induced changes in density. 

The viscosity was calculated in terms of the viscometer flow times: 

i = ̂  (3.3) 
n. 

where t and to are the flow times of silane dispersion and water, r| is the viscosity of the 

silane dispersion and rio is the viscosity of pure water. 

The Ubbelohde and Ostwald viscometers calibration constants (k) reported by the 

manufacturer (Cannon Instrument Co.) were 0.01051 Cst/sec and 0.03249 Cst/sec, 

respectively. The kinematic viscosity value in centistokes was obtained by multiplying 

the efflux time (t) in seconds by the viscometer constant (Ti=kt). 



Tuba 3 clotad 

Figure 3.12: Viscometers used for silane dispersion stability measurements; (a) Ostwald 
viscometer; (b) Ubbelohde 
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3.3.5 Spectroscopic ellipsometry 

Ellipsometric film thickness measurements were carried out using a variable angle 

spectroscopic ellipsometer (VASE) from J.A. Woollam Co. The ellipsometric parameters 

i|/ (amplitude ratio) and A (phase change) were measured at 3 different incidence angles 

(70°. 75° and 80°) over the 2000-6000 A wavelength range. The composite optical 

constants (n and k) of the silicon substrate with the thin oxide film were calculated and 

taken as baseline for thickness calculation of the organosilane films. Since optical 

constants of self-assembled monolayers were not available for the wavelength range 

used, it was assumed that the organic film had the same optical properties as silicon 

dioxide. Ellipsometric measurements were taken immediately before and after coating 

each sample. 

3.3.6 Nulling ellipsometry 

Coating thickness measurements were carried out on a Gaertner variable angle 

ellipsometer LI 16E with micro-spot optics (15 |im diameter), rotating analyzer and a He-

Ne laser (X=632.8 A). An incidence angle of 70° was used for all the measurements. The 

ellipsometric angles (relative phase shift A and amplitude ratio T) were converted into 

film thickness using instrument software for multilayers using a three-layer 

(air/monolayer/substrate) model. The optical constants used in the calculation are shown 

in Figure 3.13. Before each determination, the thickness of the chemical oxide was 

measured. The refractive index of the organosilane film was fixed at 1.5. Each sample 

was measured 3 times on 5 different spots. 
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Figure 3.13: Optical Model of silane coatings deposited onto thin chemical oxide 
covering a silicon wafer 
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3.3.7 Atomic force microscopy 

3.3.7.1 Tapping mode 

AFM measurements on organosilane coatings were performed on a Dimension 

3000 microscope system (Digital Instruments. Inc) and a TM Microscope Explorer AFM 

operated in tapping mode. Measurements were performed in air using commercial silicon 

cantilevers with spring constants of 20-100 N/m and resonance frequency of 300-350 

KHz. Data analysis was performed with the Digital Instruments NanoScope III version 

5.12r2 software and ThermoMicroscopes SPMLab NT ver. 5.01 software. The depth of 

pores and height of particulates on the coating were determined from cross-sectional 

profiles at several locations for each AFM image. 

The roughness of polysilicon samples was measured with a Dimension 3100 

microscope system (Digital Instruments, Inc) operated in contact mode. AFM images 

were obtained by scanning the surface in air with a Si3N4 tip (nominal spring constant 

-0.35 N/m). The root-mean-square surface roughness (Rrms) was measured within the 

region investigated and is defined as; 

3.3.7.2 Contact and soft contact mode 

(3.4) 
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_ Iz. 
T = ̂ — (3.5) 

n 

where Zi is the height at point (x,y), i is the number of measurement and n is the number 

of data points. 

In-sitii imaging of the solid-Hquid interface of adsorbed silane onto mica was 

performed using repulsive stabilization forces""®""' between cationic alkoxysilane layers 

adsorbed to both the tip and sample using a Digital Instruments MultiMode AFM with a 

liquid cell. The technique for imaging interfacial aggregates is schematically illustrated in 

Figure 3.14. An aqueous solution containing the cationic alkoxysilane above its critical 

micelle concentration was injected into the fluid cell shown in Figure 3.15. Adsorption of 

the cationic organosilane on the sample and AFM tip charged both surfaces positively, 

setting up a pre-contact repulsive force in the "soft" contact region (Figure 3.14). The 

force set point was chosen in the soft contact region that allowed the adsorbate 

topography to be imaged while the tip was "flying" above the plane of hard contact. 



107 

organosilane solution 
'hard* contact 

region 

charged tip 'sofT contact 
region 

Tip Sample Separation 

Figure 3.14: Schematic of the technique for imaging surface aggregates by AFM 
(Courtesy of Srin Manne, Department of Physics. University of Arizona) 
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Figure 3.15: Lateral and top view of the fluid cell: 1) cantilever, 2) O-ring and 3) laser 
beam""" 
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3.3.8 Electrochemical impedance spectroscopy 

Electrochemical experiments were performed using a three-electrode cell made of 

Teflon with a polystyrene transparent cover (Figure 3.16). A calomel reference electrode 

was immersed in 4M KCl and isolated from the cell by a salt bridge made of Teflon 

capillary tube filled with KCl (3 M) gelled in agar. The counter electrode was a platinum 

spiral surrounded by a plastic tube to prevent hydrogen bubbles from disturbing the 

system. The working electrode was antimony doped single crystal silicon (0.02 Q cm) 

with a sample area of 0.18 cm' as defined by a Viton® O-ring. The top of the cell was 

irradiated with an optical fiber lamp (30 watt) at its maximum intensity. Solutions were 

purged with nitrogen gas for a minimum of one hour before each electrochemical 

experiment and kept under a nitrogen atmosphere during the course of the experiment. 

All experiments were conducted using high purity (ppb grade) 100:1 HF (100 volumes 

HiO, 1 volume 49% HF) to avoid formation of oxide at the bottom of the pores in the 

coating. The oxide on the backside was removed by gently rubbing the surface with a 

small cotton tip soaked in HF solution, followed by Ni printing to obtain ohmic contact. 

For coated samples, the reverse side was sanded with alumina paper to remove the 

coating prior to Ni printing. 

Electrochemical measurements were carried out using an EG&G frequency 

response analyzer model 1025 connected to a Potentiostat/Galvanostat (EG&G model 

283). The impedance data were automatically acquired using M398 electrochemical 

impedance software (EG&G). Electrochemical impedance spectroscopy (EIS) responses 

of uncoated and coated antimony doped single crystal silicon samples in 100:1 HF were 
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Figure 3.16: A schematic sketch of the cell used for the electrochemical characterization 
of coated and uncoated silicon surfaces in HF solutions 
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obtained by applying single 5 mV sine wave in the frequency range of 5x10'^ to 5x10^ Hz 

with 5 points per decade. The silicon-coated electrode was held at the open circuit 

potential for all electrochemical impedance spectroscopy experiments to prevent any 

potential drift and possible voltage-dependent degradation of the coating. The impedance 

data were fitted to equivalent circuits using EQUIVCRT software (v 4.55), which uses a 

nonlinear least square fit (NLLSF) technique. The quality of the fit was evaluated from 

the chi-squared values. 

3.3.9 Attenuated total reflection Fourier transform-Infrared 

spectroscopy (ATR-FTIR) 

In-sitii Attenuated Total Reflection Infrared Spectroscopy (ATR-FTIR) was used 

to follow the formation of silane coatings as a function of time. These measurements 

were carried out using a Perkin-Elmer Spectrum 2000 FTIR Spectrometer equipped with 

a mid-infrared DTGS (Deuterated TriGlycerine Sulfate) detector. Undoped single crystal 

silicon parallelogram plates (50 x 15 x 0.5 mm. transmission range: 8300-1500 cm '), 

polished on both faces and beveled at 45°, were used as internal reflection elements 

(IRE). Up to 60 internal reflections on each face with IR beam incidence normal to the 

bevel face were achieved. Samples were positioned into a liquid flow cell (Figure 3.17) 

made from PTFE (Harrick Scientific model MEC-ITO). The cell was installed in a twin 

parallel mirror reflection attachment (Harrick Scientific Model TMP-F-P05 45°). 

Rushing the spectrometer optics and sample compartment with ultra pure nitrogen gas 

minimized interference from atmospheric H2O and CO2. 
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Figure 3.17: ATR-FTIR liquid flow cell 
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The silicon crystal was first subjected to a pre-oxidation treatment with 30% H2O: 

at 30°C for 10 minutes and then mounted in the ATR flow cell. The cell was flushed with 

DI water and a background spectrum of the Si-water interface was taken. A dilute 

solution of water dispersible silane was then injected rapidly (-0.3 ml/sec) into the cell, 

followed by continuous pumping of the solution at a slower rate (0.2 ml/min). Spectra 

were recorded every minute during the 15 first minutes and then less frequently there 

after for a total time of 3 hours. The IR spectra were collected at 4 cm ' resolution and 

averaged over 5 to 15 individual scans. 

In-situ condensation of Siliclad® in aqueous solutions was characterized by 

measuring the intensity of the Si-O-Si band near 1100 cm ' using the ATR-FTIR 

technique. A ZnSe IRE (50 x 10 x 2 mm, transmission range: 170(X)-720 cm"') was used 

for these measurements."" "^' Prior to exposure to silane dispersions, the ZnSe crystal 

was rinsed with iso-propanol and cleaned in an UV/ozone photoreactor to remove organic 

contaminants. Dispersions were prepared by adding Siliclad® to DI water with or without 

surfactant, adjusted to pH of 4 with acetic acid and injected rapidly into the cell. Silane 

condensation was followed by acquiring spectra every minute during the 15 first minutes 

and then less frequently for a total time of 40 hours in the wavelength range of 1300-8(X) 
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3.3.9.1 Polarized ATR-FTIR 

In-situ Attenuated Total Reflection Infrared Spectroscopy (ATR-FTIR) with 

polarized IR beams was used to investigate the average molecular chain orientation of 

adsorbed silane at the solid/liquid interface. The polarized IR beam was obtained using a 

gold wire grid polarizer. The background spectrum for the pre-oxidized-Si/water 

interface was taken with polarized (0° and 90°) and an unpolarized IR beam. 

The organosilane coatings were formed by flowing silane solution through the 

fluid cell at 0.5 ml/min and the absorbance was monitored until equilibrium was reached. 

The sample was rinsed, cured and positioned into the flow cell. The spectrum of each 

sample/water interface was measured with 0° and 90° plane-polarized light. 

The calculation of chain orientation using the linear dichroic ratio has been 

described in the literature.'"'^""' The linear dichroic ratio (LD) is defined as the ratio of 

the absorbances measured using perpendicular (AL or at 90°) and parallel (An or at 0°) 

polarized IR beams (LD=AL/AII). The technique is based on the principle that absorption 

of energy only occurs if there is an electric vector of the radiation parallel to the dipole 

moment change coupled with a vibration. The absorption intensity will depend on the 

angle between the transition moment of the CHi groups and the electric vector of the 

radiation. Figure 3.18 shows the relationship of the optical axes at the Si IRE surface with 

the axes of an adsorbed silane molecule. The x and c axes are in the plane of reflection of 

the polarized beam, while the y-axis is perpendicular to the plane. The c-axis is normal to 

the silicon surface. 
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Ĵ --

Figure 3.18: Schematic diagram of axes and an adsorbed silane molecule on a pre-
oxidized surface 
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Two limiting cases can be used to deduce the orientation of adsorbed molecules; 

Case I: Chains oriented with the long molecular axis ("director") normal to the 

surface, all CH: stretching transition moments are parallel to the IRE surface: 

A E • 
LD^„a=7^ = -^ (3.6) 

i&il t " xo 

Case 2; Completely random orientation of the chains: 

A E " 
LD =^ = ^ (M) 
'-'-'random . r- 2 — 

A,, E +E " " \o >o 

For the thin-film case, the unit electric field amplitudes that can interact with the 

sample are given by:'"^"" 

^  2 ( c o s e )  
. I / •*  ̂ ' 

2(cose) ( s in ' e -n3 , - ) " -
r. - . ~ll/2 

( 1 - n , , - ) " - (l + n,,' )sin" 0-n,," 

F 2(cosesin9)n3,-
zo  • i z - ' i - .  - ] i /2  (3 .10)  

(l-n,,"! j^^l + n-," jsin"0-n;,' 

where. E^o and Eyo = amplitude of the electric field at the interface lying in the 

plane of the crystal surface 

Ezo= amplitude of the electric field perpendicular to the plane of the 

crystal surface 
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ni= refractive index of Si IRE 

n2= refractive index of organosilane film 

n3= refractive index of water 

n3i=n3/ni 

n2i=n2/ni 

n32=n3/n2 

0= incident angle of light= 44 degrees 

The average tilt angle between the z-axis and the chain director (spatial chain 

orientation angle), p. can be calculated from values of measured linear dichroic ratio and 

calculated squared electric field amplitudes:'"^' 

P = sin" 
2[E,,-LD(E„„ 

^[2LD(E„=) + E,/-LD(E„,= )] 

For the calculation of dichroic ratio, the individual CH stretching absorption sub-

peaks were obtained by Gaussian curve fitting using Origin-peak fitting module v 6.1 to 

determine the spatial chain orientation. 

In summary. Table 3.3 shows the techniques used in this research to characterize 

the substrate, silane aqueous dispersions, coatings and anti-stiction properties of the 

films. 
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Table 3.3: Experimental techniques used to characterize the substrate, silane 
dispersions, coatings and anti-stiction properties of the films 

EXPERIMENTAL 
TECHNIQUE 

PROPERTY 
CHARACTERIZED 

Substrate Characterization 

Streaming Potential 
Measurements 

• Electrokinetic 
characteristics of the 
surface oxide layer Substrate Characterization 

AFM • Roughness 

Silane Dispersion 
Characterization 

Viscosity Measurements • Silane dispersion 
stability 

Silane Dispersion 
Characterization 

Wilhelmy Plate Technique • Silane dispersions 
surface tension 

• Critical Micelle 
Concentration of 
surfactants and silanes 

Silane Dispersion 
Characterization 

ATR-FTIR (ZnSe IRE) • Hydrolysis and 
condensation of silanes 

Coating Characterization 

Wilhelmy Plate Technique • Coating hydrophobicity 

Coating Characterization 

ATR-FTIR (Silicon IRE) • Coaling and surfactant 
coverage 

• Average molecular 
chain orientation 

Coating Characterization 

AFM • Coating uniformity and 
topography 

• Coating structure 
Coating Characterization 

EIS • Coating porosity 

Coating Characterization 

Ellipsometry • Coating thickness 

Coating Characterization 

Langmuir-Blodgett film 
transfer 

• Quality of the films 

Coating Characterization 

Langmuir-Blodgett 
isotherms 

• Monolayer n versus A 
isotherms 

Anti-Stiction Properties 
Optical microscopy and 
SEM 

• Stiction or adhesion of 
cantilever beams to the 
substrate 
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CHAPTER4 

RESULTS AND DISCUSSION 

4.1 Characterization of polysilicon and oxides 

4.1.1 Roughness and grain size 

The topography of polysilicon films deposited on both sides of the wafer was 

imaged by contact mode atomic force microscopy (Figure 4.1). Both sides of the wafer 

were characterized since deposition of organosilane coatings was done on both sides of 

the sample and the starting silicon substrates were polished only on the front side. 

AFM results show that the as-deposited polysilicon is quite rough. The front side 

root-mean-square (Rrms) surface roughness was found to be -43 nm over a 10 |im x 10 

^im and 40 ^im x 40 |im area. Figure 4.1(a) shows a representative 10 ^im x 10 jam scan 

of the front side polysilicon and a close-up 1 |im x 1 |Am area showing the grains. The 

unpolished back side (Figure 4.1(b)) had a similar roughness to the front side on a 10 fim 

x 10 nm scale, however a 40 jim x 40 ^im scan had a much larger roughness of -197 nm, 

revealing the larger scale coarseness of the surface. 
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(a) front side - polished 

(b) back side - rough 

Figure 4.1: AFM image of undoped polysilicon deposited on (a) the polished side and 
(b) on the backside of the wafer 
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4.1.2 Zeta potential 

Zeta potential (ZP) measurements on undoped and phosphorous doped polysilicon 

substrates subjected to different oxidation treatments were done to determine whether the 

electrokinetic properties were sensitive to the type of oxidation process (Figure 4.2). The 

point of zero zeta potential or iso-electric point (lEP) for all oxides was between 2 and 3; 

this is in agreement with values reported in literature for silicon oxides on single crystal 

silicon.'"®Interestingly, the type of surface oxidation treatment did not appear to have 

a significant influence on zeta potential values. The zeta potential data suggested that a 

pH value greater than 3 is suitable for the attachment of cationic surfactant molecules and 

any cationic moieties in the si lane. 

The zeta potential data obtained for SCI treated sample at different concentrations 

of KNO3 are shown in Figure 4.3. The ZP-pH curves intersect at a pH~2.3, confirming 

that the lEP indeed occurs at that pH value. 
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Figure 4.2: Electrokineiic measurements on undoped and phosphorous doped 
polysilicon subjected to different wet oxidation treatments in 10'^ M KNO3 solution 
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Figure 4.3: Zeta potential as a function of pH for undoped polysilicon subjected to SCI 
pre-oxidation treatment at different concentrations of indifferent electrolytes 
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4.2 Coatings deposited onto polysilicon 

4.2.1 System 1: Siliclad® without surfactant 

4.2.1.1 Wettability of Siliclad® coatings 

Since the kinetics of hydrolysis and condensation of alkoxysilanes in water has 

been reported"-" to be strongly dependent on pH. initial experiments were focused on 

applying the coatings from an aqueous dispersion containing 5% reactive silane without 

surfactant at different pH values. The pH was adjusted with hydrochloric acid and 

potassium hydroxide. It may be seen in Figure 4.4 that the hydrophobicity of the coatings 

exhibited a maximum when deposited at a pH of 4. It should be mentioned that at pH 6 

the dispersion was hazy and at pH values above 7 the dispersion separated into two 

phases. In the pH range of 3 to 6 the silane dispersion was clear for almost one day. For 

optimal dispersion stability it is desirable to have fast hydrolysis and low condensation, 

which for Siliclad® appears to be around pH 4, and is similar to what has been reported in 

literature'^®' for other alkyltrialkoxysilanes. 

The effect of silanization temperature on the hydrophobic character of Siliclad® 

coatings from dispersions containing 3% reactive is shown in Figure 4.5. It appears that 

Siliclad® coatings are not sensitive to preparation temperature. This could be because the 

coating deposition occurs very rapidly, and/or the formation of different phases, which 

are characteristic of coatings prepared below the transition temperature (Tc), do not 

occur. 
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Figure 4.4: DI water contact angles on coatings deposited from an aqueous medium 
containing 3% reactive silane at different pH values 
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Figure 4.5: DI water contact angles on coatings deposited from Siliclad® aqueous 
dispersions containing 3% reactive silane as a function of deposition temperature 
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Water contact angles on undoped and phosphorous doped polysilicon samples 

coated by immersion in silane dispersions at pH 4 are displayed in Figure 4.6 as a 

function of reactive silane concentration. As may be seen from this figure, highly 

hydrophobic coatings, as determined by the value of the advancing (0adv) and receding 

Orec) contact angles, are formed when the reactive silane concentration is higher than 39c. 

Phosphorous doping of the samples did not affect the hydrophobic character of the 

coatings. The contact angle values for coatings prepared from a dispersion containing 39c 

or more reactive silane are lower by -30° than those for coatings formed from an organic 

solvent containing octadecyltrichlorosilane (OTS) (0adv=l 15° and 0rec=85°)''"' 

The next step in this research was to check whether drying/curing at elevated 

temperatures could improve the coating hydrophobicity. The effect of curing temperature 

in air on the hydrophobic character of the coatings deposited from a dispersion containing 

5% reactive silane is shown in Figure 4.7. Both the advancing and receding contact 

angles increase with an increase in the curing temperature. For example, curing of the 

coatings at 250° increased the advancing contact angle from 90° to 120° and the receding 

angle from 60° to 85°. This increase could be as a result of improved packing of the film 

due to cross-linking of Si-OH groups in the silane molecules deposited on the surface. It 

has been reponed that covalent attachment of hydrolyzed organosilanes with surface 

silanols can be facilitated by heating the silane solution to 70°C.'^''' Interestingly, the 

contact angles obtained by curing the silane coatings at 250°C are equal to or slightly 

higher than the reported values for OTS coatings with and without curing.'- " '--' 
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Figure 4.6: DI water contact angles on coatings deposited from aqueous silane 
dispersions containing different amounts of reactive silane onto undoped and P doped 
polysilicon 
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Figure 4.7: Effect of temperature and substrate roughness on hydrophobicity of coatings 
(coatings deposited from 5% reactive silane dispersions) [OTS data from ref."~'] 
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A preliminary study of the effect of surface roughness on the coating 

hydrophobicity was also investigated. For this purpose, coatings were also applied to 

smooth (RMS~0.2 nm) single cr>'stal silicon samples pretreated in a 30% H2O2 solution. 

A comparison of advancing and receding water contact angle values obtained on a 

smooth single crystal surface and a rough polysilicon surface are also shown in Figure 

4.7. The advancing angles of water on polysilicon are higher than that on single crystal 

silicon, while the reverse is true for receding angles. This can be explained using 

Wenzel's theory.''""' which relates the contact angle on a rough surface to that on a 

smooth surface through the a roughness factor (r>l): 

C OS 0ROU2H /1 I \ r = — (4.1) 
^ ^smooth 

Contact angles less than 90° are decreased by roughness, while angles greater than 90° 

are increased by surface roughness. 

Since both temperature and time are variables in a curing step, the possibility of 

curing at a lower temperature in an extended time period was investigated. The 

hydrophobicity of a coating deposited from a 3% reactive silane was evaluated as a 

function of curing time at 90°C. In may be seen in Figure 4.8 that the hydrophobicity 

achieved on coatings cured at 250°C for 5 min (indicated by a dashed line) is comparable 

to that obtained after curing the samples for 5 hours at 90°C. 
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Figure 4.8: Hydrophobic ity of coatings cured at low temperature (90°C) as a function of 
curing time (dashed line is for a coating cured at 250° for 5 min) 
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In order to immobilize the organic silane molecules on the substrate, a covalent 

bond between the silane molecules and Si-OH groups on the substrate surface is 

necessary. Since the nature and reactivity of Si-OH groups may depend on the oxidation 

treatment, investigations were carried out to determine the effect, if any, of the type of 

chemical oxidation treatment on the hydrophobicity of coatings. Table 4.1 shows that the 

quality of the coating is independent of the type of oxidation pretreatment. Interestingly, 

it was found that hydrophobic coatings could also be applied to freshly prepared 

hydrogen terminated surfaces. It is not clear at this point whether this is due to oxidation 

that may have occurred during the water rinsing step, physical adsorption of the silane 

onto bare polysilicon or chemisorption of the hydrolyzed silane on the hydrogen 

terminated surface. Even though the reaction of alcohols with hydrogen terminated 

silicon surfaces has been reported to occur in dry environments,"-^ '-^' no literature data 

exist that suggest such an interaction in an aqueous environment. If Siliclad® has a 

cationic group in its structure, then the negatively charged Si-H surface"'*' could induce 

the adsorption of the silane molecule to the substrate through electrostatic interactions. 

As will be shown later (Figure 4.10), the hydrogen-terminated surface requires many 

hours of immersion in water to be transformed to a hydrophilic state. 



132 

Table 4.1: DI water dynamic contact angles on coatings deposited onto chemical oxides 
formed on polysilicon by different treatments 

Oxide 
Without Coating With Coating 

Oxide 
Before curing Cured @ 125°C, 5 min 

Oxide 

Advancing Receding Advancing Receding Advancing Receding 

1:1:25 
NH40H:H202: 

H2O 
(10 min, 70°C) 

15±3  14 ± 1 91  ±4  52  ±8  108 ±6 68 ± 1 

1:4 H202:H2S04 
(15 min, 80°C) 

18±2  17± 1  88  ±2  50  ±2  111  ±5  64± 1 

30% H2O2 
(15 min. 20°C) 

13±5  17± 1  87 ± 1 55 ± 1 108 ±5 67  ±2  

50:1 HF (1 min) 90  ±4  46  ±3  93  ±4  50 ± 1 110  ±2  63 ± 1 

In the experiments reported so far, the pH of the dispersions was adjusted with 

hydrochloric acid. Since it is well known that chloride may cause corrosion of aluminum 

metal interconnect lines, experiments were conducted to check whether the use of acetic 

acid for pH adjustment would affect the hydrophobicity of the coatings. It may be seen in 

Table 4.2 that the type of acid used had no significant effect on the hydrophobic character 

of the coatings. 

Table 4.2: Effect of type of acid used for pH adjustment on contact angle 

UNCURED CURED@250°C/5min 
Advancing Receding Advancing Receding 

HCl 88° ±2 50° ±2 120°±2 82° ± 1 

Acetic Acid 91°± 1 53°± 1 116°±4 83°  ±2  
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4.2.1.2 Stability of Siliclad® coatings 

The thermal stability of Siliclad® coatings needs to be characterized, because most 

packaging processes involve steps at elevated temperatures. Figure 4.9 shows the DI 

water contact angles on polysilicon samples coated from 3% reactive silane dispersion at 

pH value of 4 as a function of annealing temperature. These samples were annealed in a 

nitrogen or room air environment. For the samples annealed in nitrogen, the contact 

angles remained constant up to 450°C. However, the film hydrophobicity is severely 

degraded when heated in air above 250°C. Considering the literature reports'--" that OTS 

coatings deposited from organic media degrade when heated in air above 150°C and in 

nitrogen at 4(X)°C, the aqueous silane system may offer some advantages for high 

temperature environments. 

The effect of the presence of oxygen in air and in water on the hydrophobicity of 

the coatings was studied by aging coated and uncoated samples in laboratory air and by 

immersing samples in DI water. Bare polysilicon samples pretreated in HF were used as a 

baseline. It may be seen in Figure 4.10(b), that the advancing and receding water contact 

angles on hydrogen passivated polysilicon decreased rapidly, in a couple of hours, on 

exposure to water as a result of native oxide growth. The coated samples did not show 

any degradation for two months. This indicates that the coatings are stable for long 

periods of time under high humidity conditions. When exposed to laboratory air (Figure 

4.10(a)), a bare polysilicon sample showed significant oxidation after a couple of days 

but the coated sample did not show any decrease in its hydrophobic nature in the same 

time frame. 
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Figure 4.9: Thermal stability of Siliclad® coatings deposited onto polysilicon in air and 
nitrogen environments 
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Figure 4.10: Stability of coated and uncoated samples in (a) air and (b) DI water 
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4.2.1.3 Surface coverage and molecular orientation of Siliclad 

coatings 

Decreasing the reactive silane concentration in the coating solution is likely to 

enhance the bath life due to reduced bath cross-linking of hydrolyzed end groups of 

silane. Hence, the feasibility of applying the coatings from solutions containing 0.5% 

reactive silane was investigated as a function of immersion time. In these tests the coating 

formation was followed by measuring the absorbance due to the asymmetric -CH:. 

symmetric -CH: and -CH3 stretching vibrations in the 2800-3000 cm ' region of the 

ATR-FTIR spectra. Figure 4.11 shows the spectra for a sample exposed for 1 and 60 min 

to a 0.05% reactive silane dispersion. It may be observed that the intensity of the peaks 

increased with exposure time as a result of increased adsorption of silane molecules to the 

substrate. 

As shown in Figure 4.12. coating coverage increased rapidly during the first 10 

minutes and slowed down perhaps due to silane adsorption onto empty spaces and/or 

reorientation of the molecules. In the same figure, contact angles on uncured coatings 

deposited at different immersion times are shown. It may be seen that a 10 minute 

immersion time in a silane dispersion containing 0.5% reactive silane yields coatings 

which are comparable to coatings deposited from a 3% reactive silane by the 

immersion/emersion technique done in -2.5 min (Figure 4.6). This indicates that high 

coverage can be achieved by exposing the substrate to reactive silane dispersions of low 

concentration for longer periods of time. 
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Figure 4.11: ATR-FTIR spectra of Siliclad® at different adsorption times 
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Figure 4.12: Effect of immersion time in a 0.5% reactive silane dispersion 
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The orientation of the molecules in the films formed by dip coating was 

investigated using plane and perpendicularly polarized infrared beams (Figure 3.18). The 

average tilt angle. 3 of the chain axis with respect to the substrate was calculated from the 

dichroic ratio (LD). 

The ATR-FTIR spectra obtained using polarized (perpendicular and parallel) IR 

beams are shown in Figure 4.13(a) and (b) for a coating deposited from 0.5% reactive 

silane dispersion. Three major peaks were observed in the aliphatic stretching region 

(31(X)-2800 cm"'), which were further resolved into 7 sub-peaks obtained by Gaussian 

curve fitting using Origin-peak fitting module v 6.1. The quality of the fit was evaluated 

from the chi-squared values, which were between 7.4x10"* and 9.8x10"*. The CH: 

stretching frequency bands in the aliphatic region were observed in the vicinity of 2918 

cm"' (d'(jr)Vas(-CH:-)), 2852 cm ' (d*(7i)Vs(-CH2-)) and 2857 cm"' (a)(CH2)). In addition, 

this region contained two broad bands near 2898 cm"' and 2922 cm"', which are 

components of d^(7t) and are in (weak) Fermi resonance with a combination of CH: 

bending vibrations. Other weak features were due to the terminal -CH3 group such as 

2953 cm"' (rb"Vas(CH3)) and 2962 (ra"tiias(CH3). Others"-® '"" have observed the same 

peaks in SAM coatings and surfactant systems. 
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Figure 4.13: ATR-FTIR spectra obtained using polarized IR beam on a coating 
deposited from 0.5% reactive silane dispersion, a) 90° b) 0° 
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The linear dichroic ratio (AL/AH) was calculated for each of the -CHa sub-peaks 

and was used to calculate the tilt angle P (Table 4.3). The averaged linear dichroic ratios 

for the aliphatic region were 1.07, 1.05 and 1.01 for coatings deposited from 0.05%, 0.5% 

and 5% reactive silane dispersions. These values are higher than the calculated linear 

dichroic ratio for random orientation (LDrandom=0.49) and less than the calculated linear 

dichroic ratio for perpendicular orientation (LDperpcn=l-27) given by equations (1) and 

(2). The spatial chain orientation angles (P) obtained from equation (6) for each of the 

sub peaks for coatings deposited from 0.05%, 0.5% and 5% are also presented in Table 

4.3. The average chain orientation angles normal to the substrate were 6.5°, 7.2° and 9.2°, 

respectively. This indicates that the silane chains are slightly tilted. The small decrease in 

tilt angle P with decreasing concentration could be as a result of a decrease in particulate 

deposition on the coating. 

The chain angles obtained for Siliclad® molecules are in agreement with what 

Allara'^'" and Bierbaum"^" found for octadecyltrichlorosilane (OTS) and 

octadecyltrimethoxysilane (OTMS) monolayers. They found that OTS is tilted at 10±2° 

and that the adsorption mechanisms of trichlorosilane and trimethoxysilane groups were 

different, resulting in a higher tilt angle of the chains in OTMS SAMs. 
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Table 4.3: Linear dichroic ratio and chain orientation for silane adsorbed on single 
crystal silicon. Refractive indexes used for the calculations were nsiiicon=3.42, nwater=l-42 
and ns.\.M=l-5. 

Mode 
description of 

-CH2 
stretching 

0.05% 
Mode 

description of 
-CH2 

stretching 

Peak 
frequency 

center 
[cm*] 

LD P 
[deg.] 

d"(7l)Vas 2919.7±0.6 0.96 10.8 

d*(7r)Vs 2851.4±0.2 1.13 4.4 

(1) 2855.5±0.1 1.02 8.3 

dsXCH.) 2921.8±0.2 1.21 1.9 
ds*(FRC) 2895.6±0.6 1.06 6.9 
Average I.OJiD.I 6.5±3.5 

0.5% 
d'(:r)Vas 2918.7±0.5 1.19 2.4 

d''(rt)Vs 2851.6±0.3 0.93 12.2 

(0 2856.0±0.2 1.02 8.4 

dsXCH:) 292l.l±0.3 1.09 5.6 
ds*(FRC) 2897.5±0.2 1.04 7.5 
Average 1.05±0.1 7.2±3.6 

5% 
d'(jr)Vas 2918.8±0.5 1.01 8.7 

ci^(7r)Vs 285l.7±0.2 0.85 15.9 

CO 2853.7±0.5 1.10 5.5 
ds"(CH2) 2922.6±0.1 0.99 9.6 
ds*(FRC) 2897.8±0.5 1.08 6.1 
Average 1.01 ±0.1 9.2±t.l 

It is well established that the asymmetric CH: stretching frequency (d"(7r) Vs(-

CH:-)) is a reliable indicator of film quality for alkyl SAMs. It can vary from 2917 cm"' 

for close-packed films to 2924 cm ' for liquid-like films."-' This stretching frequency for 

Siliclad® coatings was around 2919 cm'. which indicates the formation of reasonably 

close-packed films. 
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4.2.1.4 Zeta Potential measurements on Siliclad® coatings 

The zeta potential profiles of coated and uncoated polysilicon are displayed in 

Figure 4.14. The negative zeta potentials of the coated sample are lower than those of 

uncoated pre-oxidized polysilicon. This is attributable to the reduction of the number of 

silanol groups on the substrate, due to their consumption through covalent bonding of 

organosilane molecules with the substrate. The iso-electric point of the coated sample 

was estimated to be at pH 3.5-4.0. This is higher than the uncoated sample's lEP. The 

same behavior has been reported"^-' for silicon oxide coated with 

octadecyltrimethoxysilane (OTMS) and fluoroalkylsilanes (FDTS). In fact, literature 

reports indicate that the surface chemical properties of OTMS and FDTS coated surfaces 

are similar to polyethylene and polytetrafluoroethylene plates. 
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Figure 4.14: Zeta potential of coated and uncoated pre-oxidized polysilicon as a 
function of pH 
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4.2.1.5 Langmuir-Blodgett film deposition of Siliclad® coatings 

Siliciad® coatings were prepared by the Langmuir-Blodgett method for organic 

film deposition, because it has the advantage of preparing highly ordered densely packed 

and defect-free thin molecular films. The hydrophobic character of these films was 

compared to those deposited by dip coating, which are described in section 4.2.1.1 of this 

dissertation. Figure 4.15 shows the surface-pressure-area (tt-A) isotherm for Siliclad® 

spread on the surface of pure water at room temperature. Siliclad® molecules were spread 

by depositing drop by drop 550 of a 0.04% reactive silane solution onto 400 ml of DI 

water. The isotherm exhibited a sharp rise in surface pressure when the film area was 

compressed to 250 cm". The shape of the isotherm in the region of 0 to 34 dynes/cm 

indicates a liquid-condensed phase. It is not clear what the transition around 34 dynes/cm 

really means. The slope of the ti-A isotherm did not change when the area was further 

decreased. Hence, it is unlikely that the small transition represents liquid-expanded to 

liquid-condensed phases. 

Contact angles of water on the films deposited at different surface pressures are 

indicated in Figure 4.15. The adsorption density of Siliclad determined by ATR-FTIR 

measurements is also shown in the same figure. It appears that the films are render more 

hydrophobic if deposited at high surface pressures. Additionally, the adsorption density 

of Siliclad onto pre-oxidized silicon increases with an increase in surface pressure. 

However, the hydrophobicity of these coatings is similar to those deposited by dip 
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coating. It appears that there is no advantage in using the Langmuir-Blodgett technique to 

deposit coatings. 
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Figure 4.15: Surface pressure-area isotherm for Siliclad® spread on water. Contact 
angles and adsorption densities of coatings formed at different surface pressures and 
cured at 200°C for 5 min 
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4.2.1.6 Stability of Siliclad® aqueous dispersions 

For efficient attachment to surfaces, water dispersible silanes need to be 

hydrolyzed but at the same time cross-linking between silane molecules in the bulk needs 

to be minimized. The attachment of bulk cross-linked silane oligomers would result in the 

build up of silane films, as shown in Figure 2.23(b) and (c). Aqueous silane dispersions 

containing 3% reactive silane at a pH value of 4 were not very stable, and turned cloudy 

and precipitated after standing for several days. The stability of silane dispersions was 

evaluated by measuring the viscosity at 30°C as a function of aging time (Figure 4.16). 

The viscosity increased slowly during the first few days and then increased rapidly. The 

stability limit was taken at the time when a rapid change in viscosity started to occur. 

This pattern of rapid increase in viscosity at the gel point is typical for thermosetting 

systems. It may be seen from Figure 4.16 that the hydrophobicity of the coatings 

decreased with the onset of rise in viscosity of the silane dispersion. After aging the 

dispersion for 4 days, curing at 125°C did not improve the hydrophobic character of the 

coatings. 
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Figure 4.16: Viscosity of Silane Dispersions and Water Contact Angles on Coated 
surfaces as a function of dispersion age 
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The stability of fresh aqueous dispersions containing 3% reactive silane at 

different pH values was evaluated by measuring the increase in viscosity as a function of 

aging time (Figure 4.17(a)). The gel point was determined as the number of days it took 

for the viscosity to reach a value of ~3 cSt and is plotted in Figure 4.17(b) as a function 

of pH. The stability of Siliclad® dispersions exhibited a maximum around a pH of 4. This 

is similar to what has been reported in literature'®"^-' for other alkyltrialkoxysilanes. As 

discussed earlier (Figure 4.4), the highest hydrophobicity (0adv>l 10°) was produced from 

dispersions adjusted to a pH of 4. 

The amount of reactive silane in the aqueous phase (Figure 4.18) can also affect 

the relative rates of hydrolysis and condensation of silanes. The viscosity of dispersions 

containing 19c reactive silane at pH value of 4 reached a maximum after 15 days and no 

gelling was observed. However, precipitation of small particulates was observed at the 

bottom of the container. For a dispersion containing 3^ reactive silane. the formation of 

a solid gel was observed after 4 days. The viscosity of dispersions containing less than 

0.1% reactive silane did not change for more than one month, indicating that the 

formation of high molecular weight networks does not occur over a period of a month at 

very low Siliclad® concentrations. 
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Figure 4.17; Dispersion stability as a function of pH 
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Figure 4.18: Dispersion stability as a function of reactive silane concentration at pH=4 
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4.2.2 System 2: Siliclad® with surfactant 

For efficient attachment to surfaces, water dispersibie silanes need to be 

hydrolyzed but at the same time cross-linking between silane molecules in the bulk needs 

to be minimized. A first set of experiments were conducted to check whether the addition 

of an alkyl dimethyl benzyl ammonium chloride (Empigen BAC) cationic surfactant can 

increase the stability of the silane dispersions and thereby improve coating bath life. As 

may be seen from Figure 4.19(a), the addition of this cationic surfactant, at a suitable 

concentration, can delay the onset of the rise in viscosity. The surfactant addition had no 

deleterious effect on the contact angle when the surfactant concentration was below 0.05 

M (Figure 4.i9(b)), but at higher concentrations the surfactant molecules prevented the 

silanes molecules from adsorbing onto the surface, which is reflected by the decrease of 

contact angles. 

The addition of other cationic surfactants was also investigated. Initial 

experiments on the improvement on the stability of Siliclad® aqueous dispersions were 

focused on mixing the cationic surfactants at 20 times their critical micelle concentration 

(CMC) with 3% reactive silane adjusted to pH of 4. It may be seen in Figure 4.20 that the 

addition of dodecyltrimethylammonium bromide (DTAB) created a very stable silane 

dispersion, but the hydrophobicity of the coatings applied from this dispersion was very 

poor (0adv=6O° and 0red=3O°). This is most likely caused by the competitive adsorption of 

DTAB onto the polysilicon surface since the dispersion contains very high surfactant 

(Si 
concentration (0.32 M) as compared to Siliclad (0.05 M). No correlation between the 

surfactant structure and stability improvement was found. 
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In order to characterize the influence of the surfactant structure and chain length 

on the stability of aqueous silane dispersions, studies were focused on dispersions that 

contained the same molar concentration of surfactant and silane (0.05 M). Figure 4.21 

shows that linear alkyl ammonium surfactants were the most effective in stabilizing the 

dispersions; this can be seen from the low and constant viscosity values even after 10 to 

15 days. Cetyltrimethylammonium bromide (CTAB) was the most effective of all and 

prevented the viscosity from rising above 6 cSt in more than one month, whereas the 

silane dispersion without surfactant turned cloudy and reached a viscosity value of 40 cSt 

in less than 3 days. The stability of the silane dispersion increased by increasing the 

length of the hydrocarbon chain of the surfactant; this may be explained by the formation 

of micelles containing surfactant as well as hydrolyzed organosilane molecules. The 

longer the surfactant molecule, the higher the aggregation number (Table 3.1) and the 

lower the concentration at which aggregation is initiated: this may allow the formation of 

micelles at lower concentration with a greater number of organosilane and surfactant 

molecules in each micelle. The role of these mixed micelles in controlling interaction of 

silane with the surface hydroxyl groups will be addressed in a later section of this 

dissertation. 



156 

5 10 15 20 25 30 35 40 

Time [days] 

-•-CTAB (C,,) 

^TTAB (CJ 
^DTAB (C,^) 
^ Empigen BAC 

—O— Gelest QMS 
• no surfactant 

Times CMC 
54 

13 

3 

250 
140 

Figure 4.21: Stability of siiane dispersions containing the same molar concentration of 
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The DTAB surfactant was chosen for an in depth study. ATR-FTIR measurements 

were carried out to determine the extent of DTAB adsorption onto pre-oxidized sihcon. 

For these tests a DTAB concentration of 16 mM and a PH of 4 were chosen. After 

carrying out the adsorption for 1 hour the IRE crystal was rinsed with DI water. As may 

be noticed from Figure 4.22(a), DTAB exhibited rapid adsorption in the first 10 minutes 

and adsorbed slowly thereafter up to a value of 2.7x10"'" moles/cm". The desorption 

behavior of DTAB is shown in Figure 4.22(b) and is evident that most of the surfactant 

(2.45x10''° moles/cm") desorbed from the surface after rinsing with deionized water for 

10 minutes. 

The hydrophobicity of coatings deposited from Siliclad® dispersions containing 

3% reactive silane and different amounts of DTAB, CTAB and Empigen BAC surfactant 

are shown in Figure 4.23(a). It is pertinent to mention that the samples were rinsed prior 

to contact angle measurements. Highly hydrophobic coatings were obtained when the 

surfactant concentration was below 0.05 M, what indicates that considerable amount of 

silane must adsorb at surfactant concentration <0.5 M. Increasing surfactant level above 

this concentration decreased the contact angle. This suggests that the surfactant interferes 

with the interaction of silane with the surface. It is possible for DTAB molecules 

themselves to adsorb on silicon, however as shown in Figure 4.23(b), increasing the 

amount of DTAB adsorption actually makes polysilicon more hydrophilic. 
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ATR-FTIR measurements were also carried out to determine the adsorption of 

Siliclad® from dispersions containing 3% reactive silane and different amounts of DTAB. 

These data, obtained after a water rinse following the adsorption step, are shown in 

Figure 4.23(b). It should be mentioned that the adsorption density was calculated using 

the absorbance of the CH: and CH3 region. Typically, this would represent the adsorption 

of both DTAB and Siliclad®. However, the rinsing step as shown in Figure 4.22(b)) 

would have removed most of the adsorbed DTAB. For coatings deposited from 

dispersions containing DTAB below its critical micelle concentration (CMC), the 

adsorption density was between 1.3x10'^ and 1.6x10"'^ moles/cm". The adsorption density 

of Siliclad® decreased rapidly to values as low as 6x10""' moles/cm" when the surfactant 

concentration increased above 0.5 M. It is reported in literature '"'^that one 

hydrolyzed OTS molecule occupies an area of 0.21±0.03 nm". Using these values and 

assuming that hydrolyzed Siliclad® molecules behave as OTS. a monolayer of Siliclad® 

may be calculated to be in the range 6.9x10 '° to 9.2x10 moles/cm". Coatings deposited 

from silane dispersions containing small amounts of DTAB (below 0.01 M) appear to be 

thicker than a monolayer. AFM studies in section 4.3.3 of this dissertation will show that 

these coatings indeed contain particulates. As the surfactant concentration increased, the 

adsorption density decreased due to retarded condensation in solution that reduced the 

deposition of particulates on the substrate. For surfactant concentration greater than 0.05 

M the formation of mixed DTAB-Siliclad® coating would be expected immediately after 

dip coating. Rinsing would effectively remove DTAB. resulting in disordered and porous 

coatings with poor hydrophobicity. 
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Figure 4.22: (a) DTAB adsorption isotherm onto pre-oxidized silicon at pH of 4 and (b) 
amount of surfactant remaining as a function of rinsing time 
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The hydrophobicity of coatings deposited from dispersions with CTAB surfactant 

as a function of aging time is shown in Figure 4.24. The cured films formed from freshly 

prepared baths yield very hydrophobic films with advancing contact angles of 114°. The 

advancing contact angle for cured films decreased from 115° to 100° during the first five 

days of bath life and remained almost constant afterwards. This indicates that the 

surfactant reduced considerably the silanol cross-linking in the aqueous dispersion but 

did not eliminate it. In all cases curing improved the hydrophobicity of the coatings by at 

least 10°. 

The role of cationic surfactants in retarding the condensation of silanes was 

investigated using ATR-FTIR technique with a ZnSe IRE. Figure 4.25(a) shows the 

evolution of ATR-FTIR spectra of a freshly prepared 3% reactive silane dispersion 

without surfactant as a function of dispersion age. Sharp bands due to SiOx stretching 

modes appear in the region between 1100-900 cm-1."^^ '"' The bands in the range 980-

890 cm-1 are associated with the Si-OH groups.'^" The increase of the broad band 

centered at 1063 cm-1, which can be attributed to asymmetrical stretching of the Si-O 

groups, is due to the covalent attachment with other organosilane molecules via Si-O-Si 

bonds. The presence of absorption bands at 1077 and 1048 cm-1 are due to the formation 

of longer alkylpolysiloxane chains that split the Si-O adsorption band into two or more 

overlapping components."^®' The number, positions, widths and intensities of these Si-0-

Si bands have been established to depend on many structural parameters, such as extent 
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of polymerization, branching, presence and size of cyclic units, hydrogen bonding of 

unreacted silanols and nature of alkyl substituents on the silicon."^"' With increasing 

dispersion age, the intensity of the bands associated with Si-O-Si increased. It is 

interesting that the intensity of the Si-OH peaks is almost constant during the aging 

process; this perhaps indicates that the condensation of the Si-OH peaks to form Si-O-Si 

is much faster than the hydrolysis process which yields Si-OH groups. 

Figure 4.25(b) shows the effect of DTAB and CTAB on the condensation of 

silanes in a dispersion aged for 4 hours. It should be easily discernible from this figure 

that the addition of surfactant decreases the intensity of the peak in the vicinity of 1063 

cm ' that is attributable to the Si-O-Si group. This clearly shows that cationic surfactants 

retard the condensation of silanes. Since the structure of Siliclad® molecules is unknown 

due to proprietary information from the company, it is difficult to establish the exact 

hydrolysis mechanism. 

The kinetics of Siliclad® condensation from dispersions with and without 

surfactant was followed through the intensity of the peak at 1063 cm '; this is shown in 

Figure 4.26 as a function of dispersion age. In the systems containing surfactant, the 

height of the 1063 cm ' peak increased less rapidly with time when DTAB or CTAB is 

present. At a given dispersion age, CTAB appears to be more effective than DTAB in 

retarding the formation of organosilane networks. 



164 

0) 
O c 
2 
o 
(0 
A 
< 

0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0.0-

(a) Si-̂  

Th 
30 min 
ISmin 
Smin 
1 min 

1350 1200 1050 900 
Wavenumber [cm* ]̂ 

750 

1: without surfactant 
2: with 0.5 M DTAB 
3: with 0.5 M CTAB 

1200 1100 1000 900 
Wavenumber [cm'̂ ] 
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A plausible mechanism for the role played by the cationic surfactant molecules is 

schematically shown in Figure 4.27. The surfactant molecules serve two purposes: (i) 

prevent bulk condensation of hydolyzed silanes by forming micelles containing surfactant 

and silane molecules and (ii) promote the transfer of silane molecules to the polysilicon 

surface by their electrostatic attraction to the oxidized polysilicon surface. The coating 

system is maintained at a pH value of 4. where the surface of pre-oxidized polysilicon 

would develop a net negative charge in the coating solution. The micelles of the cationic 

surfactant would be attracted to the negatively charged polysilicon surface and in that 

process they may be expected to transport the silane molecules to the surface. Once the 

hydrolyzed silane molecules are close to the surface they would react with the Si-OH 

sites to form a Si-O-Si linkage with the surface. Obviously, the extent of hydrophobicity 

of the surface will depend upon the tightness of packing of the hydrocarbon silanes after 

they chemisorb onto the surface. The removal of physisorbed surfacants and excess silane 

is completed by a deionized water rinse. 

In order to confirm the proposed adsorption mechanism in a system containing 

cationic surfactants and organosilanes, zeta potential measurements were carried out on 

pre-oxidized polysilicon in 0.01 M KNO3 solutions maintained at different pH values 

(Figure 4.28). The point of zero zeta potential or iso-electric point (lEP) was found to 

occur at a pH of approximately 2.5; this is in agreement with values reported in literature 

for silicon oxides on single crystal silicon.'"'"^' 
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The zeta potential of pre-oxidized polysilicon as a function of DTAB 

concentration at pH value of 4 is also shown in Figure 4.28. The zeta potential reversed at 

a concentration of -2x10'^ M which is below the critical micelle concentration value of 

DTAB. This sharp change, from negative to positive zeta potential, in cationic surfactant 

systems has been attributed to hemimicelle formation,"""' where surface aggregates 

formed on the substrate reverse the overall zeta potential. The extent of adsorption of 

DTAB from a 16 mM solution as a function of pH onto pre-oxidized silicon is shown in 

Figure 4.29. The adsorption of DTAB was found to increase in the pH range of 2 to 5 and 

reached a plateau for pH values above 5. This shows that at pH value of 4 used in the 

coating experiments. DTAB molecules are likely to adsorb electrostatically onto pre-

oxidized silicon but the adsorption density is not at its maximum. 

The adsorption and zeta potential data lend credibility to the mixed micelle 

adsorption mechanism proposed in Figure 4.27. The addition of surfactants to silane 

dispersions provides stability against gelling of the dispersions. However, the amount of 

surfactant must be controlled to ensure that the hydrophobicity of the coating is not 

compromised. Based on the experimental conditions investigated, if the surfactant level is 

maintained below 0.05 M the stability of a 3% reactive silane dispersion can be 

significantly increased and the coatings formed from such co-dispersion can be made 

highly hydrophobic. 
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concentration 
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Figure 4.29: DTAB adsorption density as a function of pH 
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4.2.3 System 3: Glassclad®18 

As may be seen from Figure 4.30. coalings formed with Siliclad® and OTS are 

more hydrophobic than the ones formed from Glassclad®18 silane dispersions. Curing of 

Glassclad®18 coatings at 125°C for 5 minutes resulted in advancing water contact angles 

as high as 105°. Maximum hydrophobicity was obtained when deposited from 

dispersions containing 10% reactive silane. Based on these results. Glassclad^lS was not 

chosen for further investigations. 

4.2.4 System 4: Dupont TLF-8291 

Coatings formed from Dupont TLF-8291 were slightly more hydrophobic than the 

coatings formed from Siliclad®. especially after curing (Figure 4.31). However, the 

quality of the coatings was very sensitive to the extent of water rinsing that was used after 

the coating process. The effect of rinsing is shown in Figure 4.32 as a force-distance 

curve during immersion-withdrawal. The coated sample "squirt" rinsed for 30 seconds 

with DI water had contact angle <90° as evident by the increase in the force on the coated 

substrate during immersion into DI water. A sample rinsed for ~ 2.5 min on each side 

(high level of rinsing) was characterized by a decrease in force upon immersion 

indicating a hydrophobic coating. Measurements done for a coating formed with 

Siliclad®. also displayed in the same plot, show no such increase in force during 

immersion. Coatings formed with Dupont TLF-829 also showed higher hysteresis in the 

contact angle than coatings formed with Siliclad®. 
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4.2.5 System 5: Cationic alkoxysilanes 

Figure 4.33 depicts the surface tension of DMOAP and DIDAP as a function of 

concentration at ~22°C. For both cationic alkoxysilanes the surface tension decreased 

with concentration, reached a minimum, increased again and reached a plateau value. The 

plateau values of surface tension were found to be at 46 and 29 dynes/cm for DMOAP 

and DIDAP, respectively. This indicates that DIDAP is more surface active than 

DMOAP. The minimum surface tension was 6.\10"^% for DIDAP and QxlO"^*;^ for 

DMOAP. For most pure surfactant systems a minimum on surface tension is never 

observed. In most cases, the existence of such minima has been explained as due to the 

presence of a minor component with a higher degree of surface activity. According to the 

manufacturer both DMOAP and DIDAP compounds contain very small amount of 3-

chloropropyltrimethoxysilane (Cl(CH:)3Si(OMe)3); perhaps the minimum can be 

attributed to the presence of this impurity. 
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Figure 4.33: Surface Tension of DI water as a function of DMOAP and DIDAP 
concentration 
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4.2.5.1 Octadecyl cationic alkoxysilane (DMOAP) 

In order to determine optimal conditions to deposit DMOAP coatings, DI water 

contact angle measurements were performed on polysilicon coated samples from 

DMOAP dispersions at different concentrations, pH and temperature (Figure 4.34). Initial 

experiments were focused on applying DMOAP coatings from aqueous dispersions 

containing different amounts of reactive silane without pH adjustment (pH~5.2) and at 

room temperature (~22°C). The hydrophobicity of these coatings is displayed in Figure 

4.34(a). As may be seen from this figure, highly hydrophobic coatings, as determined by 

the value of advancing (0a) and receding (0r) contact angles, were formed from 

dispersions containing very low amounts of reactive silane (>0.01%). The advancing and 

receding contact angle values for coatings prepared from dispersions containing 0.01 % 

or more reactive silane were 100° and 55°, which are lower than those for coatings 

formed from an organic solvent containing octadecyltrichlorosilane (OTS) (0a=l 15° and 

0r=85°)."--' 

The next set of experiments was focused on applying DMOAP coatings from 

dispersions containing 0.01% reactive silane at different pH values and room 

temperature. Because of the charged nature of the cationic alkoxysilane. the interaction of 

the silane headgroup with the anionic charged sites on the solid oxide is expected to be 

pH sensitive. Zeta potential measurements reported, in section 4.1.2, show that the point 

of zero zeta potential or iso-electric point (lEP) for chemical oxides formed on 

polysilicon and single crystal silicon is between 2 and 3. For the physical adsorption of 

the quaternary ammonium group it is desirable to have high concentration of negative 
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charges (Si-O ) and for siloxane chemiadsorption the presence of Si-OH surface groups 

is essential. '^' Figure 4.34(b) shows that at a pH below 4 the adsorption of the silanes was 

reduced due to electrostatic repulsion between the positively charged group in the silane 

molecule and the positively charged surface. Coatings with high hydrophobicity were 

obtained from dispersions at pH values above 4. where a combined electrostatic and 

covalent interaction between the silane molecule and pre-oxidized polysilicon surface is 

favorable. For maximum hydrophobicity and dispersion stability, it is desirable to have 

fast hydrolysis and low condensation of the -Si-O-CHj side groups, which for 

alkyltrialkoxysilanes is reported""'' to occur between pH 4 and 5. 

The next step was to deposit films from DMOAP dispersions at different 

temperatures without pH adjustment. It may be seen in Figure 4.34(c) that the 

hydrophobicity of the coatings exhibited a maximum at temperatures above 35°C. which 

is contrary to n-alkyltrichlorosilanes that form well organized monolayers at temperatures 

below a transition temperature (Tc)."^*^' The transition temperature for 

octadecyltrichlorosilane (OTS) monolayers has been reported to be ~28±4°C. 

The first attempt to understand the effect of temperature on contact angles was 

made through surface pressure-area (Jt-A) isotherm measurements at different 

temperatures (Figure 4.35). The isotherms were recorded by spreading ~1.7xlO'^ 

DMOAP molecules (400 )j.L of a ~0.039% reactive silane) onto 400 ml of D1 water 

without pH adjustment. As the monolayer was compressed, the changes in slope on the 

pressure-area isotherm may be attributed to the transitions between gas (G), liquid-
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condensed (LC) and liquid-expanded (LE) phases. There was no coexistence of G/LE and 

LE/LC. which are identified as constant surface pressure regions on the isotherm. The 

solid phase (S) was not observed and could be as a result of less efficient packing due to 

the existence of the spacer between the quaternary ammonium group and siloxanes. The 

liquid-condensed phase was characterized by a sharp rise of the isotherms upon 

compression. Pressure-area isotherms of hydrolyzed octadecyltrichlorosilane (OTS) '*' 

and octadecyltrimethoxysilane OTMS"^^' have been reported to exhibit a transition from 

liquid-expanded to liquid-condensed phases and the coexistence of LE/LC. 

The collapse pressures increased with decreasing the subphase temperature. The 

negative Atl'AT for the collapse pressures indicates that the collapse is kinetically and not 

thermodynamically controlled.'''"' The area for the onset of surface pressure did not 

appear to be very sensitive to temperature. Usually, the collapse pressure provides 

valuable information on the stability of a monolayer; the higher the collapse pressure, the 

more stable the monolayer.'In the case of DMOAP less stable monolayers were 

formed by increasing temperature. It is puzzling that the increase of temperature which 

decreases the packing on DMOAP films is able to provide higher contact angles. 
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Figure 4.35: ri-A isotherms of DMOAP monolayers on DI water subphase at different 
temperatures 
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In this work, the wettability of DMOAP monolayers transferred at ~22°C onto 

pre-oxidized polysilicon at various surface pressures was studied. The quality and 

stability of LB films are mainly affected by the properties of monolayers on the subphase 

and by the transfer condition from liquid to the solid substrate. The surface pressure of 

the monolayer under which the transfer is carried out and the transfer rate are very 

important in controlling the arrangement and orientation of the molecules on a solid 

support. The DI water contact angles on the LB films are shown in Table 4.4. Because 

one layer of the LB films was obtained by withdrawing the hydrophilic pre-oxidized 

polysilicon from the subphase, DMOAP molecules were arranged with hydrophobic tails 

facing outward and thus hydrophobic surfaces were obtained. The coatings deposited at 

higher surface pressures showed an increase in advancing and receding contact angles. 

This indicates that as the surface pressure increases, the coatings have fewer defects as a 

result of less freedom for the molecules to tilt and rotate during LB film transfer. Water 

contact angles on DMOAP coatings deposited at 40 dynes/cm are very similar to the ones 

measured on coatings formed by dip coating at temperatures above 35°C. 

Table 4.4: DI water contact angles on DMOAP LB films deposited at different surface 
pressures 

SURFACE PRESSURE 
Contact Angles 

SURFACE PRESSURE 
Advancing Receding 

20 101 ± I 56 ±2 

30 105 ±2 58 ± 1 

40 109 ±2 66 ± 1 

Dip coating 

(0.01%, pH=4,40°C) 
108±2 57 ±3 
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The hydrophobicity of DMOAP coatings was found to be the highest at a 

deposition temperature of 35°C (Figure 4.34(c)). This can be explained by the existence 

of Krafft point for this ionic silane at a temperature in the vicinity of 35°C. For ionic 

surfactants, there is a temperature called the Krafft point below which the solubility is 

quite low and the solution contains surfactant ions but no micelles and behaves like a 

simple salt. Above the Krafft temperature, micelle formation becomes possible and there 

is a rapid increase in solubility of the surfactant."^' For octadecyltrimethylammonium 

bromide (OTAB). the Krafft point is reported to be between 35 and 37°C""' and is likely 

to be very similar for DMOAP. It appears that at a DMOAP concentration of 0.01% and 

temperatures below the Krafft point, the insoluble DMOAP molecules interfere with 

organization and packing of the molecules in the film. As temperature was raised, the 

solubility of DMOAP molecules increased and the hydrophobic character of the coatings 

increased until the Krafft temperature was reached. 

The next step in this research was to check whether drying/curing under dry 

conditions would improve the coating hydrophobicity. It has been reported that curing or 

baking organosilane coatings between 100 and 2(X)°C completes the lateral condensation 

reaction between adjacent silane molecules to form a more densely packed and stable 2-

dimensional silane layer.'®^' In the absence of lateral polymerization, the silane coating 

might be subject to attack by moisture or other reactive agents. The effect of curing under 

nitrogen conditions on the hydrophobic character of coatings deposited from an aqueous 
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dispersion containing 0.01% reactive silane dispersion of DM0AP at 40°C is shown in 

Figure 4.36. Both the advancing and receding contact angles increased with an increase 

in the curing temperature. For example, curing of the coatings at 250°C increased the 

advancing contact angle from 103° to 110° and the receding angle from 53° to 73°. The 

hydrophobicity reached a plateau when cured at temperatures above 200°C. Receding 

contact angles were more sensitive to curing temperature than advancing contact angles, 

which remained almost constant. Such phenomenon has also been observed on 

heterogeneous surfaces composed primarily of a hydrophobic material with a small area 

fraction of a hydrophilic component. For example. Lee et found that when a 

hydrophilic glass substrate has a high fractional coverage (>0.6) of hydrophobic poly(a-

methylstryrene). the receding contact angle increased from -60° to 77° when the 

hydrophobic coverage increased, but the advancing contact angle remained constant 

(-100°). 

The advancing contact angle obtained by curing DMOAP coatings was similar to 

the reported for OTS"*'' coatings (0adv.oTs=I 15°). However, the receding contact angle 

was smaller (0rec.oTs=85°), this could be as a result of less efficient packing due to the 

existence of the spacer between the quaternary ammonium group and siloxanes 
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Figure 4.36; Effect of curing under nitrogen environment on hydrophobicity of DMOAP 
coatings (coatings deposited from 0.01% reactive silane dispersions at 40°C) 
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The stability of a DMOAP aqueous dispersion containing 3% reactive siiane at a 

pH value of 4 was evaluated by measuring the viscosity at 30°C as a function of aging 

time (Figure 4.37). The viscosity did not increase even after 10 days. This indicates that 

DMOAP aqueous dispersions are very stable as a result of repulsion interactions between 

quaternary ammonium groups present on the surface of the micelles in solution that 

protect the silanol groups from reacting with each other. The hydrophobicity of coatings 

deposited from this DMOAP dispersion at room temperature as a function of dispersion 

age is also shown in Figure 4.37. The films formed from freshly prepared baths yield 

slightly higher hydrophobic films with respect to films deposited from dispersions 18 

days old. The small decrease on contact angles (-7°) indicates the formation of siiane 

networks with small molecular weight during the condensation process in the aqueous 

phase. Leyden er al.,'"" using ATR-FTIR spectroscopic measurements, determined that 

after 5 days, 78% of DMOAP was found to be in the condensed form and the solution 

was clear indicating that condensation occurred with low conversion. 
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Figure 4.37: Viscosity of a DMOAP dispersion containing 3% reactive silane and water 
contact angles on coated surfaces deposited at room temperature (~22°C) as a function of 
dispersion age 
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4.2.5.1.1 Effect of temperature and humidity on coating 

hydrophobicity 

Table 4.5 shows the water contact angles on polysilicon samples coated with 

DMOAP exposed to different conditions. Receding contact angles were more sensitive to 

changes in annealing temperature and environment. 

When the coating was heated to 100°C in dry nitrogen for short time, the 

advancing contact angle did not to change, but the receding contact angle increased by 

10°. However, if wet nitrogen was used (RH~99%) the receding angle was only 55°, 

which is the same as that for a coating which was not subjected to any heat treatment. 

The next series of tests were carried out at curing temperature of 250°C. In these 

tests the environment was dry nitrogen, wet nitrogen or dry compressed air. At this high 

temperature, when the coating was cured under dry nitrogen, both the advancing and 

receding contact angles increased significantly from 104° to 111° and 53° to 74°, 

respectively. However, if the nitrogen ambient contained moisture, the humidity in the 

nitrogen stream reduced both advancing and receding contact angles. It should be noticed 

that even with water present in nitrogen, high temperature curing gives slightly higher 

receding contact angles than for the sample without any heat treatment. Extending the 

curing time in very humid nitrogen (RH~99%) did not improve the hydrophobic 

character of the coatings. 
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It appears that annealing DOMAP coatings under dry nitrogen mainly increases 

the receding contact angles of the coatings. This increase may be attributed to water 

removal from the coating that allows rearrangement of the molecules and lateral cross-

linking. The fact that a humid nitrogen stream (RH~99%) did not increase the water 

contact angles on coatings cured at 100°C. as compared to the coating without heat 

treatment, perhaps indicates that the humidity in the stream did not allow the water to be 

removed from the coating. 

Two tests were conducted to see if the addition of oxygen would have an influence 

on the wettability of the coatings. In these tests compressed air was used instead of 

nitrogen. The dry compressed air stream is not as effective as dry nitrogen stream in 

increasing the hydrophobicity of the samples. 



Table 4.5: Thermal stability of DMOAP coatings under different conditions 

Environmental chamber input 
conditions 

Heatin}> 
ramp time 
from room 

temperature 
Holding 

time 

Cooling 
ramp time to 

room 
temperature 

Contact Angle 
(degrees] 

Temperature Gas 
Relative 

Humidity 

Heatin}> 
ramp time 
from room 

temperature 
Holding 

time 

Cooling 
ramp time to 

room 
temperature Advancing Receding 

without heat 
treatment 

I04±2 53 ±2 

IOO°C Nitrogen 
<1% 

1.5 min 5 min 3 min 
103 ±2 63 ± 1 

IOO°C Nitrogen 
99% 

1.5 min 5 min 3 min 
99 ±4 55 ± 2 

250°C 

Nitrogen 

<1% 

10 min 
5 min 

20 min 

111 ± 1 74 ±2 

250°C 

Nitrogen 
50-60% 

10 min 
5 min 

20 min 
108 ± 1 71 ± 1 

250°C 

Nitrogen 
99% 

10 min 
5 min 

20 min 
100±2 66 ± 1 

250°C 

Nitrogen 

99% 

10 min 

1 hour 

20 min 

105 ±3 67 ± 1 
250°C 

Compressed 
air 

<1%. 
10 min 

5 min 
20 min 

101 ±3 60 ± 1 

250°C 

Compressed 
air <1%. 

10 min 
i hour 

20 min 
105 ±2 66 ± 1 
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4.2.5.2 Didecyl cationic alkoxysilane (DIDAP) 

Figure 4.38 shows the hydrophobicity of coatings deposited from a DIDAP 

dispersion containing 0.1% reactive silane as a function of deposition temperature. 

DIDAP coatings showed lower advancing contact angles but higher receding contact 

angles as compared to DMOAP coatings (0a=lO8°. 0r=57°) when deposited at 35°C. This 

could be because DIDAP molecules have two hydrocarbon tails that allow better packing 

of the molecules and the hydrocarbon segments are more extended. 

The ri-A isotherms of DIDAP monolayers at different temperatures (Figure 4.39), 

were recorded by spreading ~2.6xl0'^ DIDAP molecules (400 jiL of -0.064% reactive 

silane) onto 400 ml of DI water without pH adjustment. Similar to the pressure-area 

isotherm for DMOAP, three slope changes were observed and may be attributed to the 

transitions between gas (G), liquid-condensed (LC) and liquid-expanded (LE) phases. 

There was no coexistence of G/LE, LE/LC and solid (S) phases. Collapse pressures for 

DIDAP were slightly lower than for DMOAP monolayers. For example, at 35°C the 

collapse pressure for DIDAP monolayers was 37 mN/m and for DMOAP monolayers 

was 42 mN/m. 
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Figure 4.38: DI water contact angles on coatings deposited from DIDAP aqueous 
dispersions containing 0.1% reactive silane at PH value of -5.2 as a function of 
deposition temperature 



193 

LC 20°C p 30- m=-0.44 40-
35°C 

I 
E 10-

m=-0.14 
s 
3 
(0 
(0 
S 

20-

100 200 300 400 500 

Surface Area [6m ]̂ 

3 
(0 

0 -

0 300 100 200 400 

Surface Area [cm ]̂ 
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The wettability of DIDAP monolayers transferred at ~22°C onto pre-oxidized 

polysilicon at various surface pressures was also studied. The DI water contact angles on 

DIDAP LB films are shown in Table 4.4. The hydrophobicity of DIDAP coatings 

deposited at surface pressure of 40 dynes/cm was lower than coatings formed by dip 

coating. From Figure 4.35 it may be noticed that the collapse pressure for DIDAP at 

room temperature is almost 40 dynes/cm. which could indicate that a disorder and 

irregular LB film may be formed. 

Table 4.6: DI water contact angles on DIDAP LB films deposited at different surface 
pressures 

SURFACE PRESSURE 
Contact Angles 

SURFACE PRESSURE 
Advancing Receding 

20 82.6 ± 1.6 42.0 ± 1.1 
30 92.1 ±4.3 46.4 ± 1.3 
40 97.1 ± 1.3 51.8 ± 1.7 

Dip coating 
(0.01%, pH=4, 40°C) 103.9 ± 3.2 71.2 ±2.9 

4.3 Coatings deposited onto single crystal silicon 

Coatings were deposited onto single crystal silicon to avoid the negative impact 

that roughness can have on the accuracy and precision of film thickness measurements 

using ellipsometry. Additionally, smooth and flat surfaces, where surface corrugation is 

less than the length of the organosilane molecule, are required to image the structure of 

the coatings using atomic force microscopy. 

Five coating systems were studied: Siliclad®, DMOAP, DIDAP. 

DMOAP/Siliclad® and DIDAP/Siliclad®. These last two were double coating systems, in 
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which the first coating was deposited from either of the two cationic alkoxysilanes and 

the second one from Siliclad® dispersions containing 0.5% reactive silane. No delay time 

was imposed between immersion and withdrawal of the sample from the dispersion. This 

was done to improve the hydrophobicity and coverage of cationic alkoxysilanes coatings. 

4.3.1 Layer thickness 

4.3.1.1 Nulling ellipsometry 

The first set of coating thickness measurements were carried out using a nulling 

ellipsometer. Measurements were taken at 5 points randomly selected across the surface 

and averaged. The thickness values obtained as a function of substrate contact time in a 

Siliclad® dispersion containing 3% reactive silane are shown in Table 4.7. The thickness 

of the films increased with coating time. The variability on thickness also increased with 

exposure time indicating the formation of non-uniform coatings. 

Table 4.7: Ellipsometric thicknesses of Siliclad coatings deposited at different exposure 
times in a dispersion containing 3% reactive silane 

Coating time Thickness [A] 

2.5 min 28.6 ±4.2 
7.5 min 37.8 ±2.9 

12.5 min 35.1 ±1.0 
32.5 min 44.4 ±10.2 
62.5 min 59.9 ±16.2 

For vertically oriented molecules, the thickness of octadecyltrichlorosilane (OTS) 

monolayers is reported in literature'®"" to be 28.1 A. The Siliclad® coating formed at a 
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very short dip time of 2.5 minutes appears to be roughly a monolayer. However, with 

time the layer thickness builds up. 

Table 4.8 shows the thickness of coatings prepared from fresh dispersions 

containing different amounts of reactive silane for a fixed contact time of 2.5 min. The 

thickness of coatings deposited from dispersions containing 0.5% and 1% reactive silane 

were below the reported values for vertically oriented monolayers of 

octadecyltrichlorosilane (28.1 A), whereas, the coatings prepared from 3 and 10% 

reactive silane dispersions were on the order of single molecule size. 

Table 4.8: Ellipsometric thicknesses of Siliclad coatings deposited from dispersions 
containing different amounts of silanes 

Concentration 
[% reactive silane] 

Thickness from a 2.5 min deposition process 
fAi 

0.5 NA 
1 1.8±1.2 
3 28.6 ±4.2 
10 28.9 ±1.3 

The layer thicknesses for coatings deposited from dispersions containing 0.1% 

reactive silane of DMOAP and DIDAP were 23.4 A ±0.6 and 10.3 A ±1.1, respectively. 

These values are remarkably close to the molecular lengths (in vacuum) of this two 

cationic alkoxysilanes calculated by molecular modeling using HyperChem v.3.0 

software (Figure 4.40). For comparison purposes, it may be stated that the thickness of 

decyltrichlorosilane (10 carbons) monolayers has been reported'®'' to be 13.5 A. Hence, it 

appears DMOAP and DIDAP coatings deposited on pre-oxidized silicon are roughly 

monolayer coatings. 
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Figure 4.40: Molecular modeling of cationic alkoxysilanes using HyperChem v.3.0 
software 
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4.3.1.2 Spectroscopic ellipsometry 

Ellipsometric measurements in the spectral range 2000-6000 A were first made on 

uncoated pre-oxidized silicon substrates; the delta (A) and psi (T) data are shown in 

Figure 4.41. The samples were then coated in DIDAP or DMOAP dispersions, and the 

resultant profiles are also shown in Figure 4.41. The difference between the uncoated and 

coated sets of data indicates the thickness of the silane coating, which depends on the size 

of the molecules. It may be seen that mainly the values of A decrease and ^ increase 

with an increase on film thickness. This change in A and as a function of thickness can 

be explained based on the following equations: '^®' 

A = A'-at (4.2) 

^ = r + pt (4.3) 

where A' and T' refer to the clean surface. A and refer to the film-covered surface, 

and a and P are constants dependent upon the angle of incidence, the refractive index of 

the film, the complex refractive index of the substrate and the wavelength of the incident 

light. 

The ellipsometric values of T and A were gathered at two angles (70° and 80°) 

near to, but on either side of, the Brewster's angle for Silicon (74°) in order to obtain 

higher sensitivity and to avoid measuring values of 4^ near 0° and A near 180°. '^'" A and 

4* were then converted into film thickness using the instrument software. The spectral 

range for the measurements was chosen in accordance to electronic transitions of silicon, 

which appear as peaks on the plots.'""' 
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The average film thickness values measured on five random regions on the coated 

samples are presented in Table 4.9. The calculations of film thickness from ellipsometry 

data are based on the assumption that all of the films have the same refractive index. The 

exact value of the refractive index cannot be derived with an acceptable degree of 

accuracy from A and T data for such thin layers. It has been reported'^^' that refractive 

index depends on the size of alkylsilane and the structure of the layer, but its impact on 

the thickness values is roughly 10% or less. 

Table 4.9: Film thicknesses determined by Ellipsometry 

COATING" 

Thickness [A] 
COATING" 

Expected 
Spectroscopic 
Ellipsometer 

0.5% Siliclad® N/A 5.2 ±0.3 

1% Siliclad® N/A 00
 

1+ o
 

3% Siliclad® N/A 44.5 ± 15.8 

0.1% DMOAP 22.6' 20.7 ± 8.5 

0.1% DIDAP 12.6* 7.6 ±0.7 

0.1% DMOAP/ 

0.05% Siliclad® 
20.9 ± 4.5 

0.1% DIDAP/0.5% Siliclad® 6.4 ± 0.3 

OTS (low humidity)'®" 28.1 

OTS (50% 26.5 

S/A: Not available due to propetary information from Gelest 
'From molecular modeling in vacuum using HyperChem v3.0 
"The percentage indicated refers to the percent of reactive silane in the aqueous 
dispersion 
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The thickness of Siliciad® coatings was found to depend on reactive silane 

concentration. The thickness of coatings deposited from dispersions containing 0.5% and 

1% reactive silanes was below the reported values for vertically oriented coatings of 

octadecyltrichlorosilane (28.1 A). The reason for this is the presence of a large number of 

"lying-down" molecule defects. The coatings deposited from a dispersion containing 1% 

reactive silane showed higher thickness values as a result of increased silane coverage on 

the surface and/or decrease in defects. The thickness values of Siliciad® coatings 

deposited from dispersions containing 3% of reactive silane concentration were higher 

than the length of fully stretched alkylsilanes. This is most likely due to the deposition of 

particulates formed as a result of rapid oligomerization of the alkylsilanes in the aqueous 

phase prior to covalent bonding to the silicon surface"^''' (Figure 2.23). The lower 

concentration of organosilane retards oligomerization in the bulk but the hydrophobic 

character of the coatings decreases as described in the next section. 

The thickness values of coatings prepared from dispersions containing cationic 

alkoxysilanes (DMOAP and DIDAP) were similar to their molecular lengths and the 

thickness increased with alkyl chain length. The thickness of DMOAP coating was less 

than the length of the fully stretched octadecylsilane molecule, which could indicate a 

slightly disordered monolayer structure. Similar trends were observed for DIDAP 

coatings. The thickness of DMOAP/Siliclad® and DIDAP/Siliclad® double coating 

systems did not change after the first coating, likely due to the fact that these coatings are 

predominantly composed of cationic alkoxysilanes. 
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All previous thickness measurements were done on coatings formed on 1.5 cm x 

1.5 cm samples. It is important to determine whether dip-coating process would deposit 

uniform coatings on bigger samples. For this purpose, 4-inch wafers were coated using 

another type of dip coater at speeds of 40 ^.m/sec and 400 nm/sec. The regions where 

thickness measurements were conducted on the surface of the wafers are shown in Figure 

4.42. 

The thickness for DMOAP coatings deposited at withdrawal speeds of 40 and 400 

^m/sec ( 

Figure 4.43) corresponded to monomolecular films; however when the coating was 

deposited at slow withdrawal speed the sample had to be rinsed for longer time to remove 

excess silane. 

Figure 4.44 shows the thickness values obtained on DIDAP coatings deposited at 

withdrawal speed of 40 fim/sec with and without a delay time between immersion and 

withdrawal steps during coating deposition. Both coatings had the same thickness of ~8 

A, which is smaller than the value obtained by HyperChem modeling (12.6 A). This 

could be attributed that the molecules are not normal to the substrate. If the molecules 

were lying down on the subsu^ate, the coatings would have thickness of ~4 A. The 

coating deposited on the wafer with a delay time of 10 minutes showed the presence of 

excess silane deposited on the surface which was removed after a 20 min rinse. 
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Figure 4.42: Regions on a wafer used to determine thicicness uniformity by a dip coatin; 
process 
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Figure 4.43: Thickness uniformity of coatings deposited from dispersions containing 
0.1% DM0AP at withdrawal speed of (a) 40 |im/sec and (b) 400 nm/sec 



205 

(a) 0 min (b) 10 min 

25 

o Not rinsed 
25 

20 Rinsed ~5 min 
20 

•< 
•' 

(0 15 (0 15 
M 
tt 
C 

JC o 10 

5 • 

(0 0) 
£ u 

• -

10 
£ 
H 

10 

5 • 

0 
0 

• 

H 0-

5 

0 

—o o—•—O——o 

- Not rinsed 
—0—flinsed - 20 min 

"POP 
TOP CENTER BOTTOM 

"POP CENTER BOTTOM 

Wafer region 
Wafer region 

Figure 4.44: Thickness uniformity of coatings deposited from a dispersion containing 
0.1% DIDAP at withdrawal speed of 40 fi.m/sec and different delay times 
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Figure 4.45 shows thickness of coatings deposited from dispersions containing 

0.5% and 1% reactive Siliclad®. It may be seen that these values are below the reported 

thickness for monolayers of octadecyltrichlorosilane (28.1 A), which can be explained by 

of the presence of lying down molecules. The coating deposited from a dispersion 

containing 1% reactive silane showed higher thickness values as a result of increase 

silane coverage on the surface and/or packing of the monolayer. The deposition of 

coatings from dispersions with and without surfactant was characterized to determine if 

the presence of surfactant would interfere with the adsorption of silane onto the surface. 

The thickness for both cases was the same, indicating that the same quality of coatings 

can be obtained with and without the presence of surfactant in the silane dispersion. The 

addition of surfactant was necessary to improve the bath life of the dispersion. Coatings 

deposited from dispersions containing 39c reactive silane were not carried out due to the 

large amount of chemicals required for 4-inch wafers. 

For the deposition of a DMOAF coating followed by a Siliclad® coating from a 

dispersion containing 0.5% reactive silane ( 

Figure 4.46(a)). a decrease on thickness after the deposition of the second coating 

was observed, which could be as the result of changes in optical properties of the 

composite coating or desorption of electrostatically adsorbed DMOAP by further rinsing. 

DIDAP/Siliclad® double-coating system ( 

Figure 4.46(b)) showed no change in thickness after the deposition of the second 

coating. This could indicate that Siliclad® molecules did not deposit on DIDAP coated 

surfaces. 
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Figure 4.45: Thickness uniformity of coatings deposited from Siliciad® dispersions 
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4.3.2 Wettability 

The dynamic DI water contact angles on the different organosilane coatings 

formed on single crystal silicon are listed in Table 4.10. The advancing contact angles on 

these coatings were between 94° and 109° and the receding contact angles varied from 

60° to 90°. The hysteresis between advancing and receding contact angle was higher for 

DMOAP surfaces than for Siliclad® and DIDAP surfaces. This may be attributed to a 

difference in molecular scale roughness and porosity of the coatings. 

Table 4.10: DI water contact angles on coated single crystal silicon 

COATING 
Contact Angle [degrees] 

COATING 
Advancing Receding fcH3 

0.5% Siliclad® 94.3 ±0.7 72.1 ± 1.0 0.02 
1% Siliclad® 96.4 ± 2.7 74.3 ± 1.4 0.05 
3% Siliclad® 109.1 ± 1.2 91.3 ±0.8 0.95 
0.1% DMOAP 99.1 ± 1.6 59.8 ± 1.8 0.36 
0.1% DIDAP 98.9 ± 1.2 77.2 ± 2.4 0.35 
0.1% DMOAP/ 
0.05% Siliclad® 101.2 ±1.1 

67.0 ± 0.4 
0.50 

0.1% DIDAP/0.5% Siliclad® 94.5 ± 2.0 73.8 ±0.6 0.04 

OTS (low humidity) 110 ±2 97 ±2 1.0 
OTS (50% 106 ±2 80 ±2 0.79 

The advancing and receding contact angles reported in literature for coatings 

deposited from alkytrichlorosilanes onto pre-oxidized silicon with disordered monolayer 

structure are 103-105° and 91-92° respectively.'^"". These contact angles are independent 

of the chain length. Highly ordered coatings of octadecyltrichlorosilane have shown 

advancing and receding contact angles of 110° and 98°, respectively. Self-assembled 

monolayers show higher contact angles because of the exposure of the highly 
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hydrophobic alkyi groups to the aqueous phase. Disordered monolayers were obtained for 

our coatings in most cases except for 3% reactive silane of Siliclad®. The increase in 

hydrophobicity of double coaling systems could be an indication of improvement in 

coverage, assembly and/or orientation. 

As a first evaluation of the degree of disorder, an approach developed by 

Israelachvili-Gee'®""'" was used. In this method, the wettability of an alkyl-coated surface 

is determined using relative contributions to wettability by methyl or methylene 

according to the following equation: 

( l+COS0g,p)  =  ®CH2 )  ®CH3 )  

where 0exp is the experimental advancing contact angle. 0ch2 is the contact angle for pure 

surfaces of methylene groups (94°). 0ch3 is the contact angle for pure surfaces of methyl 

groups (110°) and/is the fraction of methyl or methylene groups 

Using this equation, the fraction of the surface that is composed of methyl groups 

(fcH3) was calculated from the contact angle data as shown in Table 4.9. For highly 

ordered coatings, the surface is composed primarily of methyl groups. Methylene groups 

start to be exposed as the degree of disorder increases. The high values of fcH3 and 

thickness for coatings prepared from dispersions containing 3% reactive Siliclad® could 

indicate the deposition of highly oriented films. On the other hand, coatings deposited 

from dispersions containing 0.5% and 1% reactive silane showed low fraction of methyl 

groups and low thickness values as a result of low packing and predominantly "lying 

down" molecules that form a liquid expanded phase. DMOAP and DIDAP coatings 
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showed methyl fractions of ~0.35 and by recoating with Siliclad® the methyl fraction was 

improved to 0.5 for DMOAP coatings, but for DIDAP coatings a reverse effect was 

observed (fcH3~0.04). 

4.3.3 Uniformity 

Figure 4.47 shows a set of AFM images of coatings prepared from Siliclad® 

dispersions on pre-oxidized silicon as a function of reactive silane concentration. These 

images provide evidence that Siliclad® coatings prepared from dispersions containing 

0.5% reactive silane (Figure 4.47(a)) are composed of a continuous film with some 

particulate features which are 4-6 A in height. Black spots in the image maybe identified 

as pores in the continuous film and their relative depth is roughly 5 A. An increase in 

reactive silane concentration from 0.5% to 1% caused the particulates to grow laterally 

and vertically to a size of 11-13 A in height and the relative pores depth to 6.5 A (Figure 

4.47(b)). The film deposited from a 3% reactive silane dispersion (Figure 4.47(c)) is 

characterized by large particles with vertical dimensions of 30-120 A and lateral 

dimensions of hundreds of A. These particulates are most likely formed as a result of 

silane cross-linking in the bulk. The advancing and receding contact angles for this 

coating are higher than for coatings prepared from lower silane concenu-ation dispersions. 

The presence of particulates in the bulk of deposited films does not seem to be 

detrimental to the hydrophobic character of the films. The formation of these particulates 

has also been observed on OTS and DDMS coatings when deposited under humid 

conditions."-' 
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Figure 4.47; AFM images, of a x 1 urn region, showing Siliclad® coatings on single crystal silicon substrates (Height 
profiles in the lower part of the image were measured along the horizontal white lines. The pore height profiles were 
measured along the dotted lines) 
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Figure 4.48 shows an AFM image of a DMOAP film with the corresponding 

height profiles of particulates and pores. The particulates consist mainly of aggregates 

with uniform height of 40 A and some with small features of 58 A in height. These values 

correspond to bilayers and trilayers of DMOAP molecules. The pore depth was found to 

be 4.5 A. 

The amount of particulates on the top of the double coating system 

DMOAP/Siliclad® (Figure 4.49) appears to be lower than that observed for DMOAP 

(Figure 4.48) and Siliclad® (Figure 4.47(a)) coatings. This could be as a result of 

additional rinsing steps that were used to remove excess silane from the surface. The 

height of particulates was 35-42 A, which is similar to DMOAP particulates. The pore 

depth was found to be 7.0 A. 

The pore depths in DMOAP and DMOAP/Siliclad® coatings were smaller than 

their respective film thicknesses measured using spectroscopic ellipsometry (Table 1). 

This could due to the tip not reaching the substrate at the bottom of the pores. 

Imaging of DIDAP and DIDAP/Siliclad® coatings was extremely difficult. An 

experiment was conducted in which one half portion of a pre-oxidized silicon sample was 

rapidly etched in HF and the unetched area was then coated with DIDAP. AFM analysis 

showed a gradual change in surface roughness at the expected boundary but no evidence 

of characteristic features or particulates. It is possible that these films were free of pores 

and particles. Further work will be necessary to elucidate these findings. 
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Figure 4.48: AFM image (l^im x 1 nm) of DMOAP coating. (Height profiles in the 
lower part of the image were measured along the horizontal white lines. Pore height 
profiles were measured along the dotted lines) 
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Figure 4.49: AFM image (l^im x 1 jim) of a DMOAP/Siliclad® coating. (Height profiles 
in the lower part of the image were measured along the horizontal white lines. Pore 
height profiles were measured along the dotted lines) 
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4.3.3.1 Removal of excess DMOAP 

Kushmerick et a/.""' reported that film morphology dictates the anti-stiction 

properties of organosilane coatings used to release micromachined parts. Release stiction 

is reduced when an ideal monolayer film is present, but the formation of thick aggregate 

structures is a major source of irreproducible adhesion between microstructures. 

Polymerized clusters of alkyltrichlorosilane precursor molecules in the micron size range 

can mechanically interfere with the device operation.'^" For these reasons, it is important 

to evaluate the possibility of excess silane removal that is deposited onto uncured cationic 

alkoxysilane coatings. 

The topography of uncured DMOAP coatings formed on pre-oxidized silicon 

samples after different rinsing processes are shown in Figure 4.50. For these studies. 

DMOAP coatings were prepared by dip coating into dispersions containing 0.1% reactive 

silane at 40°C. The unrinsed sample exhibited inhomogeneous distribution of irregularly 

multilayer shaped islands. The sample soaked for 20 minutes in DI water showed fewer 

particles than the sample rinsed for 5 minutes using a squirt bottle. Most of the particles 

were removed by rinsing for 5 minutes with acetic acid at pH value of 2. Although no 

coating is visible on some areas; contact angle measurements indicate that a monolayer of 

hydrophobic DMOAP remained on the surface after the different rinsing processes. 
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(b) Rinsed DI H20(Smin) 
ea=99±5 
er=52±2 

(a) Not rinsed 
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er=49t 2 

(c) Rinsed 01 H20(5min) 
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(d) Rinsed AcOH 
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er=59±4 

Figure 4.50: Tapping-mode AFM height images, of a 5 ^im x 5 |im area, showing 
DMOAP coatings on single crystal silicon substrates: (a) without rinsing, (b) rinsed with 
DI water for 5 min, (c) immersed in DI water for 20 min and (d) rinsed with 0.1 M acetic 
acid (z range = 5 nm) 
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4.3.4 Porosity 

Electrochemical Impedance spectroscopy (EIS) is a useful technique to 

characterize thin insulating films at electrode surfaces and can be particularly sensitive to 

the presence of pores or pinholes in films. In this work, the impedance of silicon/HF 

solution and silicon/coating/HF solution interfaces was analyzed using equivalent 

circuits. It was possible in this way to calculate interfacial resistance and capacitance that 

can be related to the quality of the films. The relative magnitude of these components 

provides an estimation of the protection provided by the coating against HF attack. 

The equivalent circuits used to analyze the experimental data of uncoated and 

coated silicon samples are shown in 

Figure 4.51. Because the experiments were carried out in HF solutions, no effects 

of oxide film were considered. In these circuits, Rsampie is the sample bulk resistance and 

Rsoi is the solution resistance. The sum of Rsampie and Rsoi will be referred to as Ro- The 

pore resistance (Rpore) that represents the resistance of pinhole type defect or chemical 

heterogeneity depends on the length of the pores and cross section. The capacitance 

Csc+DL consists of the space-charge capacitance (Csc) and the double layer capacitance 

(CDL) in series; and has been commonly used for interpreting interfacial phenomena that 

occur at the silicon/HF solution interface."" '^' The corresponding capacitance for a 

coated sample is C'SC+DL- The interfacial charge-transfer resistance of uncoated and 

coated samples is Ri and R't, respectively. 
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Figure 4.51: Equivalent circuit used for the interpretation of impedance spectra obtained 
for (a) uncoated and (b) coated silicon/solution interface in 100:1 HF 
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The values of R,, CSC+DL and Rpore for both coated and uncoated surfaces can be 

correlated to the area fraction of pore sites(0) where silicon is in direct contact with 

HF: 

Q Csc+DL-C'sc+DL Rpore-"^ (4.5) 

The coating and oxide capacitance is expressed in terms of a constant phase 

element (CPE). This is a "power law-dependent" interfacial capacity, which accounts for 

the topography of imperfections and roughness of the substrate and coating. The 

impedance of CPE is given as: 

^cpE ~ ^ ^ (4.6) 
YoOtn)" 

where Yo is the admittance and n=I for an ideal capacitor."^" 

The EIS spectra for both uncoated and coated silicon in HF solutions under 

illumination are shown in Figure 4.52 to Figure 4.55 ir. the form of Nyquist plots. The 

points in the figures represent the experimental data, while the solid lines represent the 

best fits obtained by the NLLSF technique. In all cases, the spectra were characterized by 

one semicircle that represents a single time constant. Figure 4.52 shows the Nyquist plots 

for Siliclad® coatings formed from solutions containing different levels of reactive silane. 

The diameter of the semicircles increased with silane concentration indicating that the 

coating was able to provide a much higher degree of resistance to charge transfer. The 

spectra for DMOAP and DIDAP coated surfaces are shown in Figure 4.53. They appear 

quite similar to that for Siliclad® coated surfaces. 
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Figure 4.52: Nyquist plots for Siliclad® coated silicon samples in 100:1 HF 
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Figure 4.53: Nyquist plots for DMOAP and DIDAP coated silicon samples in 100:1 HF 



The parameters evaluated by fitting the experimental data to the equivalent 

circuits are summarized in Table 4.11. At least three newly prepared samples for each 

type of coating were analyzed to determine the reproducibility of EIS measurements. 

It is clear from the table that the Rt value for all coated surfaces is higher than that 

for uncoated surfaces. This implies that the electrochemical reactions proceed at lower 

rates when silane is deposited onto silicon. The very low value of charge transfer 

resistance for uncoated samples and the absence of Warburg component suggest that the 

electrochemical reaction at the silicon/HF solution interface is kinetically favorable and 

accelerated. The impedance in the low-frequency limit, R,, significantly increased for all 

coated samples, especially for samples prepared from DMOAP and Siliclad® (3% 

reactive silane). The Rt value of Siliclad® coatings was dependent on the reactive silane 

concentration. The values of Ro (2-6 Q-cm") and Rpore (4-15 Q-cm") were found to be 

very small. This was expected because a highly doped sample and a high ionic strength 

solution (0.013 M) were used. 

Analysis of the coating capacitance can be used to examine the structure of the 

monolayer assemblies. For all coatings, the deviation of the CPE from ideal behavior (i.e. 

capacitor) was very small (n>0.88). Since the value of n does not depend on the length of 

the organosilane, Yo was assumed to be approximately equal to Qoat throughout.'"' 

According to Helmholtz model of the interface,' the capacitance of the film is related to 

its thickness through the following equation: 

Y ~r _ ^SAM^o 
*0 - *-coat - (4.7) 

''SAM 



Table 4.11: Parameters obtained from the fitting of the EIS data to equivalent circuits 

Sample 

Uncoated 
Siliclad® 

(0.5%) 

Siliclad'' 

(3%) 
DMOAP DIDAP 

DMOAP/ 

Siliclad® 
DIDAP/ 

Siliclad® 

Chi-Sqrd 4.55 3.38 4.29 2.03 0.95 3.64 2.70 
( x l O ^  ±().55 ±1.23 ±0.44 ±2.69 ±0.05 ±3.44 ±1.96 

Ro 6.52 2.29 3.35 5.11 3.06 6.66 1.47 
(Q-cm"| ±3.76 ±1.50 ±0.37 ±1.61 ±2.10 ±5.89 ±1.07 

Y0C()AT+0 0.47 0.83 0.90 1.96 0.66 2.10 

x[uS/cm-| ±0.21 ±0.09 ±0.31 ±0.41 ±0.38 ±0.48 

ncOAT+OX 
0.97 

±0.01 

0.98 

±0.3 

0.92 

±0.05 

0.90 

±0.03 

0.89 

±0.11 

0.98 

±0.02 

Rpore 5.18 11.31 16.57 3.73 6.92 2.68 
|Q-cm"| ±1.47 ±3.55 ±12.09 ±0.94 ±2.29 ±1.86 

Csc+m. 2.67 

||LiF/cm"| ±0.43 

C'sc+IH, 0.69 0.15 0.53 0.88 0.35 0.07 

luF/cm-| ±0.16 ±0.05 ±0.21 ±0.55 ±0.22 ±0.04 

Ri 59.39 

jkQ-cm'l ±5.45 

R'. 220.63 553.55 451.90 236.71 668.65 369.48 
|kQ-cm-| ±37.(K) ±26.13 ±49.59 ±5.75 ±62.68 ±27.45 

6R 1.0 
0.28 O . l l  0.13 0.28 0.09 0.17 

6R 1.0 
±0.06 ±0.01 ±0.01 ±0.07 ±0.01 ±0.01 

ec 1.0 
0.26 0.07 0.19 0.32 0.13 0.03 

ec 1.0 
±0.06 ±0.02 ±0.08 ±0.21 ±0.09 ±0.02 

to to 
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where cIsam is the thickness of the monolayer. Esam is the total permittivity of the film and 

Eo is the permittivity of vacuum. The value of Yo for DIDAP (10 carbon atoms) was 

larger than for DMOAP (18 carbon atoms) as expected from their thickness values. 

(Si 
Siliclad (3% reactive silane) and DMOAP coatings had very similar Yo values because 

both organosilane molecules are composed of 18 carbon atoms. The lower Yo value for 

coatings prepared from dispersions containing 0.5% reactive silane of Siliclad® is a result 

of less organized films. This confirmed by thickness value obtained using ellipsometry. 

Figure 4.54 and Figure 4.55 show the EIS spectra for double coatings systems. 

The Rt values increased from 450 kQ-cm" and 200 kQ-cm" for DMOAP and Siliclad® 

single coating systems to 650 kQ-cm" for DMOAP/Siliclad® coatings and from 200 kQ-

cm" for DIDAP to 350 k£2-cm* for DIDAP/Siliclad® coatings. This indicates that the 

defect levels in the film decreased by depositing a second silane layer. The charge 

transfer resistance for DIDAP coatings was lower than for DMOAP and Siliclad® 

coatings, leading to conclusion that DIDAP coating is a poor barrier for electron transfer. 

The calculated values of area fraction of pore sites using Rt and CSC+DL are 

tabulated in Table 4.11 as 0r and 0c. These values show reasonable agreement. The most 

important observation that can be made from the table is that the area fractions are 

between 0.1 and 0.3 indicating that the coatings are fairly compact. 

The capacitance associated with the Helmholtz double layer was lower than for a 

typical metal or semiconductor electrode (>20 nF/cm")."^' The same behavior has been 

observed by others""' for n-type silicon exposed to 50:1 HF. From the equivalent circuit 

analysis, the value of the double layer capacitance was found to decrease for coated 
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samples and was the lowest for coatings prepared from Siliclad® dispersions containing 

3% reactive silane and from the double coating system DIDAP/Siliclad®. This effect is 

due to a decrease in the effective surface area of silicon as a result of surface coverage. It 

has been reported previously"^-that the surface coverage as a result of adsorption of 

organic molecules can reduce the double layer capacitance for semiconductor and metal 

electrodes from tens of microfarads to a few microfarads. The area fraction of pore sites 

(0c) calculated from the double layer capacitance is in agreement with the values 

obtained from charge transfer resistance. 
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Figure 4.54: Nyquist plots for single and double DMOAP-Siliclad® coatings on silicon 
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Figure 4.55: Nyquist plots for single and double DIDAP-Siliclad® coatings on silicon 
samples in 100:1 HF 
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4.4 DMOAP coatings deposited onto mica 

A freshly cleaved mica surface was also chosen to characterize the morphology of 

the assembled DMOAP film formed in-situ. Mica was chosen because it is an atomically 

flat substrate, where surface corrugation is less than the organosilane molecule 

dimension, very easy to clean and negatively charged so that it interacts electrostatically 

with the positively charged headgroup of the cationic alkoxysilane. Mica possesses few. 

if any. surface hydroxyl groups"'"" and is ver>' likely that only physisorption of silane 

molecules occurs, resulting in a weak substrate-adsorbate bonding that allows surface 

mobility and molecular aggregation on the substrate. 

Force profiles were obtained for DMOAP dispersions after their injection into the 

AFM liquid cell. Figure 4.56 shows tip displacement versus tip-sample (mica) separation 

profiles in DI water and in a DMOAP dispersion containing 0.0035% reactive silane. 

Formation of films containing areas with and without structures was observed (Figure 

4.57) and the corresponding force curves are shown in Figure 4.56. Over areas of the 

sample where the AFM images did not show structures, the force curves showed a pre-

contact breakthrough (indicated by "B" in the figure), indicating an adsorbed layer of 

DMOAP. Force curves over regions of the sample with visible structures showed two 

breakthroughs, indicating multilayer adsorption. DMOAP layers were imaged in soft 

contact mode by using applied forces lower than that necessary to break through the top 

most layer. The force was adjusted by changing the deflection set point of the cantilever. 

In the absence of DMOAP. approach of the tip to the surface produced an adhesive jump 

into contact with no pre-contact repulsion. 
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Figure 4.56: Tip displacement versus tip-mica sample separation curve for DI water and a 
0.0035% reactive silane DMOAP dispersion 
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Figure 4.57 shows a series of in-sitii AFM images on mica under no-flow 

deposition from a DMOAP dispersion containing 0.0035% reactive silane. These images 

do not show the mica surface, but rather the pattern of repulsive forces above it in 

solution. The dimensions of the DMOAP structures became larger with time until they 

reached equilibrium as a result of silane depletion from solution. These structures were 

not spherical, as might be expected for surface micelles, but rather irregularly shaped; 

this could be attributed to the precipitation of insoluble DMOAP molecules that exist at 

temperatures below the Krafft point. In section 4.2.5.1 of this dissertation the Krafft point 

of DMOAP was assumed to be similar to octadecyltrimethylammonium bromide 

(between 35 and 37°C After 90 minutes exposure the coverage of the second layer 

structures was ~15%. The advancing and receding contact angles measured on such 

sample were 92°±4 and 43°±5, respectively. The same type of flat structures has been 

observed by others'"*' on FDTS-coated silicon wafers after heat treatment. After exposing 

to the stagnant solution for 90 minutes, a fresh silane solution was injected and -45% of 

the surface was covered by these multilayered structures. 



Figure 4.57: In-situ deflection-mode AFM images, of a 3.5 ^m x 3.5 jim region, 
siiowing DMOAP aggregates on mica as a function of exposure time at ~22°C 
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Figure 4.58 shows force curves for DMOAP dispersions containing different 

amounts of reactive silane. The pre-contact repulsion region for dispersions containing 

0.002-0.005% reactive silane had similar repulsive forces, whereas the dispersion 

containing very low reactive silane concentration (0.001%) showed very little pre-contact 

repulsive forces. The force curve obtained for a dispersion containing very high 

concentration of reactive silane (0.1%) showed multiple jumps that correspond to the 

rupture of successive DMOAP layers as the tip approaches the surface."^'' 

Figure 4.59 shows AFM images of DMOAP structures on mica prepared from 

dispersions containing different amounts of reactive silane which were allowed to 

equilibrate for 1 hour. It is apparent from these images that the number of structures 

deposited on mica increased as reactive silane concentration increased due to the low 

solubility of DMOAP molecules below the Krafft point. 
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Figure 4.58: Tip displacement versus tip-sample separation profiles for DMOAP 
dispersions containing different amounts of reactive silane on mica 
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Figure 4.59: Deflection mode AFM images, of a 10 jam x 10 jim region, showing 
DMOAP aggregates on mica as a function of reactive silane concentration 
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4.5 Optimization of dip coating conditions using design of experiments 

In the experiments reported so far, the deposition of cationic alkoxysilanes was 

carried out by dip coating at immersion and withdrawal speeds of 140 nm/sec without 

any extra holding time (delay time) between immersion and withdrawal steps. The factors 

or variables that may influence the hydrophobic character of the coatings are listed in 

Table 4.12. 

Table 4.12: Important factors for dip coating of organosilanes 

FACTOR COATING EFFECT 
Reactive silane concentration Surface coverage 
Dispersion pH Organosilane hydrolysis and condensation 
Deposition Temperature Silane solubility 
Immersion and Withdrawal Speed Thickness and surface coverage 
Delay time Surface coverage and uniformity 
Curing temperature and time Organosilane cross-linking 

The objective of the design of experiments was to determine the set of conditions 

that would maximize hydropliobicity with the smallest variability. This design was also 

useful to determine whether any change in dip coating conditions would affect the 

hydrophobic character of the coatings. 

For the design, the values of pH (=4), temperature (=35°C) and reactive silane 

concentration (0.1%) were kept constant as predetermined by one factor at a time 

hydrophobicity maximization described in section 4.2.4 of this dissertation. A full and 

unreplicated 2^ factorial experimental design""' with I block and 4 center points per 

block was used to evaluate the importance and interactions between immersion speed. 
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withdrawal speed and delay time. A two-level factorial design was chosen for simplicity, 

as it restricts the design to high and low values of the factors. The design is shown 

geometrically in Figure 4.60. The high and low values were chosen according to coating 

conditions that could be used in the manufacturing process of MEMS. 

A table of 12 experiments (Table 4.13) was generated using Design Expert 

software version 6.0.7 (Stat-Ease Inc.) for the two cationic alkoxysilane systems, 

DMOAP and DIDAP. At each combination of these conditions, coatings were deposited 

on 1.5 cm X 1.5 cm polysilicon samples. Hydrophobicity of the coatings was determined 

by measuring advancing and receding contact angles immediately after film deposition 

using the Wilhelmy Plate Technique. The advancing and receding contact angle values 

were the response data considered for the design. 

Table 4.13: Table of experiments generated by Design Expert software (ver. 6.0.7) 

Factor A Factor B Factor C 
Run # Withdrawal Speed Delay time Immersion Speed 

[tim/sec] [min] [um/sec] 
1 200 5 200 
2 50 0 350 
3 200 5 200 
4 50 10 350 
5 350 10 50 
6 50 10 50 
7 200 5 200 
8 200 5 200 
9 50 0 50 
10 350 0 350 
11 350 10 350 
12 350 0 50 
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Figure 4.60: Factors and levels used for the optimization of coating deposition by the 
two-level factorial design 
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Figure 4.61 shows the general sequence used to analyze each response with 

Design-Expert software. First, the data was analyzed without any transformation. The 

significant factors were identified and separated from the insignificant factors by using 

half-normai probability plots. This plot offers the advantage that the straight line always 

passes through the origin and can only move in one dimension which makes it easy to 

select the significant factors. The outputs of the statistical analysis of variance (ANOVA) 

provided  ev idence  for  the  va l id i ty  of  the  model .  Def in i t ions  of  s ta t i s t ica l  t e rms '" ' -used  

in the analysis are listed in Appendix A at the end of this dissertation. The important 

outputs on the effects were the F-value and associated probability (Prob>F). The values 

of adjusted R", predicted R", prediction error sum of squares (PRESS) and adequate 

precision (signal to noise ratio) were used to determine how well the model predicted and 

explained new data. Finally, the model was verified by diagnostic plots to determine if a 

run needed to be replicated and a 3D response surface was generated. The "Box Cox 

Plot" indicated that a power transformation (y'=y''") was the most appropriate 

transformation. 

The half normal probability plots of the effect estimates and factor interactions for 

the power transformed advancing and receding contact angles for DMOAP and DIDAP 

coatings are shown in Figure 4.62. The effects are shown as square points and estimates 

of error are displayed as triangles. All the effects that lie along the line were insignificant, 

whereas the large effects were far from the line. The significant effects that emerge from 

this analysis were withdrawal speed (A) and delay time (B). The immersion speed (C) 
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Figure 4.61: Design-Expert software general sequence of analysis 
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was found not significantly influence the hydrophobicity. No interactions between the 

factors were observed. Delay time (B) followed by withdrawal speed (A) were the largest 

effects for advancing and receding contact angles on DMOAP coatings and receding 

contact angles on DIDAP coatings, whereas the only significant effect for advancing 

contact angles on DIDAP coatings was withdrawal speed (A). 

Analysis of variance (ANOVA) was carried out to test the accuracy of the models. 

Table 4.14 shows statistics obtained from ANOVA with and without data transformation. 

The following statistical conditions have to be followed to make a model valid: (i) F-

valiies need to be large and associated probability ("Prob>F') less than 0.05 for effects to 

be significant; (ii) predicted needs to be in reasonable agreement with adjusted and 

within 0.2 of each other; (iii) the value of adjusted and predicted has to be close to 1; 

(iv) adequate precision has to be grater than 4; and (v) the prediction error sum of 

squares (PRESS) has to be as small as possible. 

The model was statistically validated through the diagnostics plots. A "Box Cox" 

plot helped to determine the most appropriate power transformation to apply to response 

data. The statistics on the transformation are also shown in Table 4.14. 

Better models were obtained for DMOAP coatings than for DIDAP coatings, as 

determined from the value of R" and PRESS. A replicate of DIDAP experiments was 

carried out to reduce the signal to noise ratio, but no improvement on the statistics was 

observed. 
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'igure 4.62: Half normal probability plot for the effects of advancing and receding 
contact angles of DMOAP and DIDAP coatings with power transformation (A: 
Withdrawal Speed and B: Delay time) 



Table 4.14: Statistics from ANOVA analysis 

DMC »AP 
Advancing Receding 

Transformation type None Power; -3 None Power: 1.66 
Effects A, B A. B A, B A. B 

Model F value 
A: 84.84 
B: 167.38 

A: 94.56 
B: 191.54 

A: 20.98 
B: 22.93 

A: 21.03 
B: 22.55 

Prob>F 
A: 0.0008 
B: 0.0002 

A: 0.0006 
B: 0.0002 

A: 0.0025 
B: 0.0020 

A: 0.0025 
B: 0.0021 

Adjusted 0.9677 0.9716 0.7388 0.7680 
Predicted R" 0.9324 0.9406 0.7193 0.7142 
PRESS 1 5.67x10'" 128.90 5.98X10'' 
Adeq. Precision 20.348 21.701 11.226 11.186 

DroAP 
Advancing Receding 

Transformation type None Power: 3 None Power: 3 
Effiects B B A, B A, B 

Model F value B: 23.72 B: 24.95 
A: 21.33 
B: 5.26 

A: 25.85 
B: 5.65 

Prob>F B: 0.0002 B: 0.0002 
A: 0.0004 
B: 0.0378 

A: 0.0002 
B: 0.0322 

Adjusted R' 0.5868 0.6995 0.5795 0.7247 
Prediction R' 0.5126 0.6323 0.4117 0.5868 
PRESS 130.68 9.81.x 10-^ 127.94 1.41X10-
Adeq. Precision 6.376 6.539 7.919 8.548 

The best mathematical models that fitted the experimental data for DMOAP and 

DIDAP coatings are: 

DMOAP: 

^ 7 = 9.1x10"^ +2.4x10"'^ [Withdrawal Speed]-7.6x10"^ [Delay time] (4.8) 
Advancing 

Receding'"^^ = 1488.3 - 2.2 [Withdrawal Speed] - i8.9[Delay time] (4.9) 
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DIDAP: 

Advancing^ = 1 .Ox 10^ - 612.7 [ Withdrawal Speed] (4.10) 

Receding^ = 2.4x10^ -104.8(WithdrawalSpeed) + 6722.l(Delay time) (4.11) 

The 3D response curves for advancing and receding contact angles for DMOAP 

and DIDAP coatings are shown in Figure 4.63. The response plots for DMOAP coatings 

are given in Figure 4.63(a). The advancing and receding contact angles for DMOAP 

coatings varied from 101° to 106° and 54° to 58°. Even though statistical analysis 

indicated that withdrawal speed and delay time had significant effect on the value of 

advancing and receding contact angle, the range indicates that withdrawal speed and 

delay time have only a minor effect on hydrophobicity. In a processing point of view this 

offers the advantage of small variability on the hydrophobic character of the coatings 

when dip coating conditions are changed. 

The response plots for DIDAP coatings are given in Figure 4.63(b). Withdrawal 

speed is the main effect that needs to be controlled to obtain high advancing and receding 

contact angles. The slower the withdrawal speed the higher the advancing and receding 

contact angles. Delay time has only a significant effect on receding contact angle. The 

longer the delay time the higher the receding contact angle. The advancing contact angle 

varied from 93° to 101° and receding from 59° to 67°. 
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The optimum dip coating conditions obtained from the models generated by 

Design-Expert software are shown in Table 4.15 as run #1 and #2. Highly hydrophobic 

DMOAP coatings are obtained at immersion/withdrawal speeds of 350 ^m/sec and no 

delay time is required. DIDAP coatings need to be deposited with slow withdrawal speed 

and 10 min delay time. The conditions marked as run #3 and #4 also give highly 

hydrophobic DMOAP coatings but required longer processing time. Run #5 conditions 

require shorter processing coating time but the receding contact angle is slightly lower. A 

second set of experiments was conducted to verify point prediction and optimization. The 

model showed a good agreement of the experimental values with respect to the predicted 

advancing and receding contact angles. 

Table 4.15: Optimum conditions to deposit hydrophobic coatings onto polysilicon 

Dip coating conditions 

Predicted angles 

(95% 

confidentiality) 

Experimental 

results 

Run 
# 

Type of 

Silane 

Cone. 

[ %  

Reactive 

silanel 

Immersion 

Speed 

[Im/sec| 

Delay 

time 

[min] 

Withdrawal 

Speed 

[Im/secl 
0a Or Oa Or 

1 
DMOAP 
optimum 

0.1 
(35°C) 

350 0 350 
101-

106 
55-62 

104 

±4 
55 

±1 

2 
DIDAP 

optimum 
0.1 

(35°C) 
350 10 50 99-102 65-69 

101 

±1 

69 

±5 

3 
DMOAP 

0.1 
(35°C) 

350 0 50 
103-

107 
52-57 

103 

±1 

57 

±2 

4 

DMOAP 
0.1 

(35°C) 
350 10 50 

103-

107 
55-60 

106 

±3 

57 

±3 

5 DIDAP 
0.1 

(35°C) 
350 0 50 99-102 60-64 

100 

±5 

62 

±1 
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4.6 Anti-stiction properties of DMOAP coatings 

Micromachined structures used for preliminary studies on anti-stiction properties of 

DMOAP coatings were provided by Gary O'Brien (GOB), from the University of 

Michigan. These test structures consisted of three columns of comb-like single clamped 

beam arrays with single and double anchors (Figure 4.64). The 2 ^m thick polysilicon 

beams were anchored 2 ^m above the surface with widths of 2 (im, 4 jim and 6 (im, and 

lengths of 120 (im. 160 |im and 200 ^im. A 2 |im annealed phosphosilicate glass (PSG) 

layer served as the sacrificial layer. The total number of beams per column was 100. 

Unfortunately, polysilicon was over-etched during the processing of the wafer and 

the 2 nm wide beams were completely etched away. As a result of the disappearance of 

these beams, the real width of the 6 ^im and 4 |im beams was determined to be 3.3 ^m 

and 1.47 ^m, respectively, using CD-SEM. The notation use in this dissertation to 

identify each array will be "length x real width" of the beams. 

The arrays chosen for vertical stiction studies were 6 ^im wide (real width: 3.3 

|im) and 120 nm and 160 nm long. The 200 (im long beams, as well as the 1.45 |im wide 

beams showed a lot of lateral stiction that made very difficult to quantify vertical stiction. 

An optical microscope, at 100 X, was used to evaluate the stiction on each sample. 

In an optical inspection, fully released beams and anchors would be in focus in contrast to 

beams with stiction which would appear fuzzy (out of focus), as indicated in Figure 4.65. 



200x6 160x6 120x6 

200x4 160x4 120x4 

200x2 160x2 120x2 

Figure 4.64: Schematic of GOB devices 
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Stiction 

Figure 4.65: Optical microscopy stiction focal plane identification 
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The effects of various surface treatments on the stiction properties of GOB devices 

were investigated and are summarized in Table 4.16. As with any microstructure release 

procedure, the first step was the sacrificial layer etch. This was done with 49% HF. A DI 

water rinse after the sacrificial layer etch was done to pH neutrality to ensure that all HF 

was removed. Treatment I simply used HF etching solution to hydrogen-terminate the 

polysilicon microstructure surface. Treatment II was similar to I. except that an H2O2 

oxidation step was inserted in order to produce surfaces with an oxide passivation instead 

of a hydrogen termination. Treatment III involved the formation of DMOAP coatings 

without curing. The deposition of the coating was done by immersing the sample in 

DMOAP dispersions at pH value of 4 and 35°C. The effect of reactive silane 

concentration and coating time on the extent of stiction was also investigated. The final 

rinse was done with methanol to displace any water under the beams and to reduce the 

surface tension at the liquid/solid interface. Additionally, the lower surface tension of 

methanol versus water decreases the collapse of structural layers as the solution dries. 

Finally, the samples were dried on a hot plate set up at 90°C. 

The samples were kept horizontal in the liquid during the release and coating of 

the beams. Sample transfer, from one step to another, was done by keeping the sample 

wet at all times. This was done to avoid water draining from underneath the beams which 

could cause stiction. 
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Table 4.16: Sequence of processing steps used for release GOB devices 

Step 

Treatment 

Step I 
(hydrophobic) 

II 
(hydrophilic) 

III 
(hydrophobic) 

1 49% HF, 2.5 min 49% HF, 2.5 min 49% HF, 2.5 min 

2 DI water rinse, 20 min DI water rinse, 20 min DI water rinse. 20 min 

3 MeOH soak, 5 min H2O2 soak at 30°C, 20 min H2O2 soak at 30°C, 20 min 

4 Dry on hot plate, 90°C DI water rinse, 10 min DI water rinse, 10 min 

5 MeOH soak, 5 min DMOAP coating formation 

6 Dry on hot plate, 90°C DI water rinse, 10 min 

7 MeOH soak, 2 hours 

8 Dry on hot plate, 90°C 

The percentages of beams with stiction for each treatment shown in Figure 

4.66(a) and (b) were calculated per column of each array and by the following equation: 

a, . . number of beams adhered to the substrate ̂ ^ 
% stiction = * 100 (4.12) 

total number of beams (=100) 

Error bars in the same figures indicate the variability of stiction per column on each 

array. 

Very high stiction values (-90%) were obtained on the hydrophilic samples 

(treatment II). Upon drying, the water meniscus was concave underneath the structure, 

creating a capillary force sufficiently strong to pull these surfaces into contact. 
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Alternatively, on HF- treated surfaces, low stiction (20-30%) was observed because the 

water meniscus had a convex curvature, thus lowering the attractive forces between the 

two surfaces. However, the adhesion reduction by hydrogen-terminated surfaces 

produced by HF is a temporary solution, because the surface quickly re-oxidizes in water 

and air. "^' Also, current packaging technologies require elevated temperatures (400-

500°) that are too high for these surfaces to retain their hydrophobicity. 

The next step was chemical modification of the surfaces with DMOAP coatings. 

The first set of experiments was carried out by exposing the samples for different periods 

of time to dispersions containing 0.1% reactive silane. Stiction was higher than for the 

HF-treated samples. This could be due to low silane coverage underneath the beams. The 

second attempt was to increase the silane concentration to 1% reactive silane. Samples 

exposed for 20 minutes showed lower stiction than samples treated with HF. This 

indicates that at optimized conditions silane-treated surfaces can have better anti-stiction 

properties than freshly HF treated surfaces. The high stiction values on samples coated 

for 60 minutes could be due to the formation of thick aggregate structures that affect the 

hydrophobic character of the coatings at those localized sites. 
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Optical microscopy images of uncoated and coaled 120 nm x 3 |im comb-like 

beam arrays are shown in Figure 4.67. The cantilever beam array in Figure 4.67(a) was 

released and oxidized using the standard hydrophilic process (treatment II). The array in 

Figure 4.67(b) was coated with a DMOAP dispersion containing 1% reactive silane for 

20 minutes (treatment III). In Figure 4.67(a). most of the cantilever beams may be seen to 

be stuck to the substrate as a result of high capillary forces. In Figure 4.67(b), only one of 

the cantilever beams is stuck to the substrate. 

The important conclusion that can be derived from these data is that silane-treated 

surfaces may be expected to exhibit varying anti-stiction behavior depending on the 

extent of coverage of molecules on the surface. Therefore, while contact angle may be 

sufficient to determine when surfaces are hydrophobic, a more quantitative study of 

coverage underneath the beams is required to produce coatings with good anti-stiction 

properties. 
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(a) 

Uncoated treated with 30% H2O2 
85% stiction 

(b) 
Coated with 1% DMOAP, 20 min 
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Beams marked with" " are adhered to the substrate 

Figure 4.67: Stiction on 120 x 3 corn-like beam arrays by different treatments 
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CHAPTERS 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH 

5.1 Conclusions 

The following conclusions can be made from this study: 

• Water dispersible silanes can be used to render pre-oxidized polysilicon highly 

hydrophobic 

• Deposition temperature is a critical variable to obtain highly hydrophobic coatings 

from cationic alkoxysilane aqueous dispersions 

• Curing of the coatings is an important step to improve the hydrophobicity of the 

coatings formed from Siliclad® and DMOAP dispersions. 

• Siliclad® coatings have a high thermal stability. 

• Addition of cationic surfactants, improves the stability of Siliclad® dispersions by 

retarding the formation of Si-O-Si linkages. The presence of surfactant is also 

beneficial in transporting the silane micelles to the surface due to their 

electrostatic attraction with the negatively charged surfaces. Suitable conditions 

can be found in which a cationic surfactant helps to stabilize the dispersion 

without being detrimental to the hydrophobicity of the coating. 

• Cationic alkoxysilanes are very stable in aqueous media and the addition of a 

surfactant is not required. 
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Ellipsometric analysis indicates that thickness of DMOAP and DIDAP coatings is 

roughly a (statistical) monolayer. 

Thickness of Siliclad® coatings increased with reactive silane concentration. 

Wettability data show that the hydrophobicity and methyl (CH3) fraction of the 

coatings exposed to solutions can be improved by increasing Siliclad® 

concentration in the dispersions and by the deposition of a double coating such as 

DMOAP/Siliclad®. 

AFM images show that the coatings deposited from dispersions containing low 

concentration of Siliclad® are thinner than the length of fully stretched alkyl 

chains in an octadecyl group. An increase in Siliclad® concentration increases the 

coating thickness, deposition and/or formation of particulates on the coating, as 

well as the contact angle. The DMOAP coatings consist of monolayers with small 

particulates and pores. 

Excess DMOAP can be removed by rinsing with acetic acid. 

EIS provides an effective method to determine the quality of the coatings by 

studying electron transfer reactions between a coated silicon surface and HF 

solutions. Analysis of the experimental results have shown that DMOAP and 

Siliclad® systems are capable of providing coatings with low porosity as well as 

high charge transfer resistance across the silicon/HF interface. 

Use of water-dispersible silanes can significantly reduce the use of organic 

solvents as well as the number of processing steps. The following table compares 
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a conventional SAM process using OTS with aqueous based processes developed 

in this research. 

Table 5.1: Comparison of coating processes 

OTS SILICLAD® DMOAP 
Organic Media | Aqueous Media Aqueous Media 

A. Sacrificial Layer 
Etch 

1. Dilute HF 
2. H--0 rinse 

B. Surface 
Oxidation 

3. H2O2 soak 
4. H2O rinse 

C. Coating 
formation 

5. IPA rinse 
6. iso-octane 

rinse 
7. OTS solution 

in 4:1 
hexadecane: 
CCI4 or 
hexadecane: 
CHCh 

8. Iso-octane 
rinse 

5. 3% Modified 
octadecvlsilane 
dispersed in 1:1:8 
tertiary 
alcohol :diacetone 
alcohoi.HzO 

5. 0.01 % reactive 
silane at pH 
between 4 and 5 
at 35°C 
(Methanoi.HzO) 

D. Rinse and Dry 

9. IPA rinse 
10. H;0 rinse 
11. Pull structures 

directly from 
water 

6. H:0 rinse 
7. Cure at 250°C 

6. H;0 rinse 
7. Cure at 250°C 

under dry 
nitrogen 

8. Acetic acid rinse 

• Preliminary studies on anti-stiction properties of DMOAP coatings, deposited 

onto comb-like beam arrays, have shown that adhesion of these beams to the 

substrate can be significantly reduced. 
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5.2 Suggestions for future research 

For the future research, the following areas are suggested: 

Anti-stiction coatings: 

• Determine maximum length at which water dispersible silanes can eliminate 

stiction. 

• Measure survivability of hydrophobic coatings to temperature, time. bias, contact 

and combinations of these conditions. 

Wear resistant coatings; 

• Develop the chemistries and techniques to deposit water-dispersible organosilane 

coatings onto wear resistant coatings, such as tungsten oxide deposited from a sol-

gel process '"' or tungsten formed through WFe plasma at high temperatures."^ '"' 

• Investigate the effect of these duplex coatings on friction and wear on real MEMS 

devices that contain sliding and contacting surfaces. 

• Measure the friction coefficient as a function of oscillatory cycles of the water-

based silane coatings by using a sidewail tribometer developed by Sandia 

National Laboratories. '"" 

• Determine friction and wear properties of the organosilane coatings by using 

friction force microscopy (FFM). 
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APPENDIX 

GLOSSARY OF STATISTICAL TERMS 

Actual value The measured response data for a particular run. 

Actual vs 
Predicted plot 

A graph of the actual response values versus the predicted response 

values. It helps detect a value, or group of values, that are not easily 

predicted by the model. 

Adequate 
precision 

This is a signal to noise ratio. It compares the range of the predicted 

values at the design point to the average prediction error. It is 

computed by dividing the difference between the maximum predicted 

response and the minimum predicted response by the average standard 

deviation of al predicted responses. Ratios greater than 4 indicate 

adequate model discrimination. 

max(y)-min(y)  ,  ,  — ^ ^  
• ' i———— >4 where  V(y)  =  —> V(y)  =  —.  

L VV(y) J n n 

p is the number of model parameters, a" is the residual mean squares 

(MS) from ANOVA table and n is the number of experiments. 

Adjusted R" A measure of the amount of variation around the mean explained by the 

model, adjusted for the number of terms in the model. The adjusted R" 

decreases as the number of terms in the model. 
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r ss ^ ''•^residual 

DF 
Adj .R-=l  V^^res.duai; 

^^model ^^residual 

DF + HF 
V ^*^model '^'residual y 

Analysis of 
Variance 
(ANOVA) 

1) A method based on the F-distribution. for testing the null 

hypothesis of no treatment effects. 

2) A statistical technique which subdivides the total variation of a set 

of data into component parts associated with specific sources of 

variation for the purpose of testing a hypothesis on the parameters 

of a model. 

Average effect 
of a factor 

Is the change in response produced by a change in the level of the 

factor averaged over the levels of the other factor 

Block A group of trials based on a common factor 

Box Cox plot This plot provides a guideline for selecting the correct power law 

transformation. A recommended transformation is listed, based on the 

best lambda value, which is found at the minimum point of the curve 

generated by the natural log of the sum of squares of the residuals. If 

the 95% confidence interval around this lambda includes 1 then the 

software does not recommend a specific transformation. 

Center Points Experimental runs with all numerical factor levels set at the midpoint of 

their high and low settings. They are used to test curvature and, if 

replicated, as a test for lack of fit. 
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Cook's 
Distance plot 

A measure of the effect each point has on the model. A point that has a 

very high distance value relative to the other points may be an outlier 

and should be investigated. 

Degrees of 
freedom 
(DF) 

The number of independent comparisons available to estimate a 

parameter. Usually the number of model parameters minus 1. 

Effect The change in average response when a factor goes from its low level 

to its high level 

estimated effect=Y(+)-Y(-) 

where Y(+) is the average of all response values for which the factor 

or interaction takes on its high level value and Y(-) is the average of 

all response values for which the factor or interaction takes on its low 

level value. 

F-distribution A probability distribution used in analysis of variance. 

If Xu Xv independent chi-square random variables with u 

and I- degrees of freedom, respectively, then the ratio 

F -v<.i- -» , 
Xv/^' 

follows the F distribution with u numerator degrees of freedom and v 

denominator degrees of freedom. 

The following is a plot of the F probability density function for 4 

different values of the degrees of freedom. 
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F-value Large F-values indicate that the variance contributed by the model is 

significantly larger than the random error. 

Factor Independent variable to be manipulated in an experiment. 

Half-normal 
probability plot 

This is a plot of the absolute value of the effects estimates against their 

cumulative normal probabilities. A straight line on the half-normal 

probability plot always passes through the origin and close to the 

fiftieth percentile data value. 

The outputs from the half-normal probability plot are: 

1. Primary: Grouping of factors and interactions into two 

categories: important and unimportant. For full factorial 

designs, interactions include the fall complement of interactions 

of all orders; for fractional designs, interactions include only 

some, and occasionally none, of the actual interactions. 



261 

2. Secondary: Ranked list of factors and interactions from mos 

important down to least important. 

Leverage plot A measure of how each point influences the model fit. If a point has a 

leverage of 1, then the model must go through that point. That point 

controls the model. Leverages near one should be reduced by adding or 

replicating points. 

Mean The mean of a probability distribution f(yi) is a measure of its central 

tendency or location. The mean or expected value of the discrete 

random variable y is: 

^ = Zyif(yi) 
i=i 

The mean of "a" treatments or different levels of a single factor with 

"n" observations is: 

a 

a 

Mean Squares 
(MS) a-1 

Model Is the empirical mathematical model that is fit to the data. 

Normal 
distribution 

J 
A random variable v with probability function f(v) = e for 

yjlKG 

-oo < y < oo has a normal distribution; where ^ is the mean of the 
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distribution and tr is the variance. 

The following is the plot of the standard normal distribution density 

function. 

Hotw%S PDF 

04 

OJ 

Q2 

at 

0 
2 s Q 4 2 t •J •t 

Normal 
probability 

The normal probability plot indicates whether the residuals follow a 

normal distribution, in which case the points will follow a straight line. 

An "S-shaped" curve indicates that a transformation of the response 

would provide a better analysis. 

Predicted R" The predicted R" indicates how much the full model is expected to 

explain new data. 

PRESS 
Pred. R- = l--

block 

Predicted value The value predicted from the model, generated by using the prediction 

equation. Includes block and center point corrections, if present. 

Prediction 
error sum of 
squares 
(PRESS) 

The prediction error sum of squares (PRESS) statistic measures how 

well the model is likely to predict the responses in a new experiment. A 
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model with small value of PRESS indicates that the model is likely to 

be a good predictor. 

A measure of the amount of variation around te mean explained by the 

model 

j^2 J ^^residual 

^^model "'"^^residual 

Replicate An experimental run done again from start to finish. More replicates 

provide better estimates of error. 

Residual Difference between Actual and Predicted values for each point. 

Residuals vs 
Factor plot 

This is a plot of the residuals versus any factor. It checks whether the 

variance not accounted for by the model is different for different levels 

of a factor. If all is okay, the plot should exhibit a random scatter. 

Pronounced curvature may indicate a systematic contribution of the 

independent factor that is not accounted for by the model. 

Residuals vs 
Predicted plot 

This is a plot of the residuals versus the ascending predicted response 

values. It tests the assumption of constant variance. The plot should be 

a random scatter (constant range of residuals across the graph). 

Expanding variance in this plot indicates the need for a transformation. 

Residuals vs 
Run plot 

This is a plot of the residuals versus the experimental run order. It 

checks for lurking variables that may have influenced the response 

during the experiment. The plot should show a random scatter. Trends 

indicate a time-related variable lurking in the background. Blocking 
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and randomization provide insurance against trends ruining the 

analysis. 

Response A measurable product or process characteristic to be affected by the 

experimental factors. 

Sum of 
Squares 
(SS) 

The sum of squares of observations yi is: 

SS = 2](yi y) where y='' 
i=i " 

The sum of squeres of "a" treatments or different levels of a single 

factor with "n" observations is: 

a n 

ZZyij 

SS = XZ(yij y..) where y = ^ 
i=i j=i ^ 

Variance 
(V) 

The variance of "y", denoted as a~ or V is 

a- = V(y) = ^(y-ji)-f(yj) 
i=i 

where |a is the mean and f(yi) is the probability function of y. 
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