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ABSTRACT 

Studies of measurement of contact angles of liquids on solids have great 

technical importance particularly in the semiconductor, textile, cosmetic and 

pharmaceutical industries. Contact angle measurements are simple, highly 

efficient tools for obtaining insight into the properties and interactions of a 

surface. In this project, the thermodynamics of surface energy calculations is 

studied based on surface contact angles formed using specific test liquids. A 

home-made setup is built for contact angle and surface energy analysis. A 

dedicated software code written in MATLAB® enables computation of the contact 

angle of sessile droplets accurately, along with other defining parameters like 

Zisman's critical wetting tension (Z-CWT) and surface energy parameters 

(dispersive, acidic and basic). Applications of such techniques on supercritical 

CO2 processed nanoporous low-k dielectrics as well as bonding in PDMS are 

studied in detail. Furthermore, advancing and receding angle measurement 

techniques along with roughness studies are done with a view to improve system 

usability. 
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CHAPTER-I 

INTRODUCTION 

The characterization of the wettability of different types of complex 

interfaces has attracted much attention in the last couple of decades. This is 

mostly related to the fact that material science deals more and more frequently 

with problems involving surface properties and interactions. Most solutions deal 

with the thermodynamic approach to wetting based on equilibrium solutions. 

Contact angle measurements form an important part of the knowledge of the 

evolution of a system towards equilibrium. 

A surface may be classified according to the state of aggregation of the 

phases which they separate such as liquid-gas, liquid-liquid, solid-liquid, solid-gas 

and solid-solid surfaces. Surfaces between condensed phases, i.e., between two 

liquids, two solids or a liquid and a solid are also referred to as INTERFACES 

which is strictly a two-dimensional mathematical plane with no thickness. 

To understand completely the effect of wetting, it is logical to start from 

the definition of WETTING. Wetting may be defined as "the macroscopic 

manifestations of molecular interactions between solids and liquids in direct 

contact at the interface between them" [2]. This involves a formation of a definite 

contact angle (theta) at the solid-liquid interface line indicating the liquids' 

spreading or non-spreading, but waives any kind of chemical reaction that 

changes the system composition. The wetting theory involves inter-atomic and 

intermolecular forces acting across a surface. These forces can be primary like 



ionic, covalent and metallic co-ordination bonds or secondary forces like van der 

Waals and hydrogen bonds and electrostatic forces. Contact angles describe a 

shape of a small drop of liquid in contact with a solid. 

The drop will spread out until the liquid's cohesion is balanced by its 

adhesion to the solid. A way to describe wetting phenomenon is to assume the 

existence of surface tension and surface free energy. Liquids are distinguished 

from sohds by their fluidity i.e. the freedom of their molecules to move. Consider 

a drop of liquid on a solid surface as depicted in Fig. 1.1. In the interior of the drop 

the average force of atfraction i.e. cohesive forces on an individual molecule is 

uniform as identical molecules in all directions surrotmd it. 

However at the surface, there exists an imbalance between the inward and 

the outward pulls exerted, resulting in a strong inward attraction perpendicular to 

the surface. This causes the surface to diminish in area, as there is a movement of 

molecules inwards to escape this effect. The contraction of the surface continues 

until the maximum possible number of molecules is in the interior, i.e. until the 

surface is the smallest possible for a given volume, subject to the extemal 

conditions or forces acting on the drop. 

The contraction of the liquid shows that there is free energy associated 

with the interface and work must be done to extend the surface against the inward 

attractive forces. This free energy referred to as the Surface Energy is of 

fiindamental importance relating to the equilibrium of the surfaces. Surface 

energy is an important tool for the characterization of surfaces. In other words 

surface energy is to a solid what surface tension is to a liquid. Contact angles are 



but one way of obtaining energies, often the easiest. 

Tangent 'T to drop's proJile at point "P" 

^ - ^ Drop profile 

Baŝ ine 'B" tangent 
to specimen surfec« ~ \ 

Fig. 1.1 Contact angle measurement [1] 

Whereas the surface tension of a fluid can be determined with accuracy, 

the same is not true of the corresponding quantity of a solid, Surface energy. A 

solid siurface will support shear stress, whereas a liquid will not support one, so its 

shape reflects surface tension. In other words, surface energy remains hidden by 

the lack of deformability of the solid. However using contact angles it is possible 

to obtain a near estimate for the surface energy parameter using Young's 

equation, 

y^^cosG =lsG-lsL [11] 

where y^^ and y^^ are the surface free energies of the liquid and solid, 

respectively exposed to gas G, and ŷ ^ is the solid-liquid interfacial free energy. 

The unimown parameters are supplied by a variety of theories viz. Girifalco, 

Owens-Wendt, the complex and more dependable of the lot being the Lewis acid-

base theory which is based on the intermolecular forces of cohesion and adhesion. 
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In many areas of applied thermodynamics, measurement of contact angle 

plays an important role. The range of applications is quite remarkable, as a simple 

tool to assess the cleanliness of the surface or a highly sensitive scientific 

measurement aimed at obtaining information on the solid surface tension and the 

physical state of the surface. 

The measurement of contact angle of a liquid drop facilitates exact 

statements about the moistening behavior of solid surfaces, most important being 

the surface tension or surface energy calculations. This is essential as the 

application of chemical analysis methods for threshold surfaces facilitates the 

targeted development of products and their optimal adjustment to the desired 

chemical and physical properties benefiting industries including semiconductor, 

cosmetic and pharmaceutical, paint and lacquer industries. 

Some examples of its use in semiconductor industry would be in the 

analysis of plasma treated surfaces, study of planarization and adhesion properties 

along with the homogeneity and stability of layers like photo resists and 

developers. The prefreatment of the substrates (cleaning, dehydration, and 

exposure to humidity) influences surface tension. Surface modification by primers 

hke Hexamethyldisilazane and Trimethylsilydiethylamine provides stable and 

reproducible surface tension. 

This thesis mainly outlines the techniques for the identification of the 

nature of the solid from the interfacial tension by using liquids with well-known 

properties. An attempt to obtain a reliable and accurate method for obtaining 

contact angle data and further processing of the data is carried out. 



Experiments involve the study of the shape of sessile drops (drops sitting 

on a surface) on various freated and deposited surfaces in an attempt to quantify 

their surface properties. Analysis of captured drops is carried out using dedicated 

software, which effectively employs image processing and numerical techniques 

to specify a mathematical expression for the shape of the drop, and then 

calculating the slope of the tangent to the drop at the liquid-solid-vapor interface. 

A home-made system is developed for the administration of the drops on 

the surface and the subsequent image capture accessories made possible using a 

CCD camera. Provisions for advancing and receding contact angle measurements 

are made allowing for hysteresis in the measurements. Calibration of the device is 

carried out with standard references for reliability and reproducibility of the 

readings. Effect of roughness on contact angle is also studied in some detail. 

Subsequent chapters involve the study of the different surfaces using 

known liquids for calculation of parameters like Critical Wetting Tension 

[Zisman]. Various models governing the dynamics of the drop is also discussed in 

an attempt to understand the nature of the interface formed. Hexamethyldisilazane 

(HMDS) process control with Supercritical Carbon-dioxide freatment study for 

modification of surfaces is analyzed by the study of contact angle variation with 

processing parameters and treatment temperatures. A study of effect of plasma 

treatment in the bonding between Polydimethylsiloxane (PDMS) layers as well as 

to glass surfaces is proposed. Use of contact angle analysis for characterizing 

lubrication in TI - DMD® micro mechanical structures is highlighted as an 

application of the system developed. 



CHAPTER-11 

THERMODYNAMICS OF SURFACE ENERGY CALCULATIONS 

Surface free energy determination and the related interface - physics 

studies are important in several industrial applications like, adhesion, lubrication, 

and printing. Interactions between a solid and a contacting liquid are mainly 

govemed by the interfacial tension between the two phases in the surrounding 

medium. Understanding the surface based phenomenon is mainly by 

characterizing the solid surface free energy components, thereby providing a 

comprehensive insight into the surface interactions. 

Interfacial Tension 

This chapter is dedicated to the study of interfacial tension by means of 

thermodynamics. If a condensed phase forms an interface with another phase, 

then the physical properties of the surface must be incorporated in the description 

of the energetic behavior of the phase. 

The value y is called the interfacial or surface Tension and is crudely defined as 

the reversible work that must be done to increase the interface and has dimensions 

of N/m. Interfacial tension, a direct consequence of the intermolecular forces of 

atfraction can only be determined indirectly. The most frequentiy applied method 

to determine the surface tension of the solids is the determination from the 

wetting angle data. Contact angle measurements first described by Thomas Young 

in 1805 remains the simplest and the most accurate method for characterizing 



surface properties of solids as well as the interaction between a liquid and a solid. 

It may be recalled from the previous chapter that competing tendencies between 

the cohesion energy (of the liquid molecules) and adhesion energy (between the 

solid and the liquid molecules) result in the measure of contact angle (9 ). 

Surface Free Energy and Acid-Base Interactions 

Liftshitz van der Waals Interactions 

van der Waals forces were described to explain the presence of attractive 

interaction between neufral molecules. These interatomic/intermolecular forces 

are non-elecfrostatic and non-covalent and originate from, 

• randomly oriented dipole-dipole interactions. [Keesom] 

• randomly oriented dipole induced dipole interactions. [Debye] 

• fluctuating dipole interactions (Dispersion). [London] 

The in-depth study of the three major interactions mentioned above is beyond 

the scope of this masters' dissertation and is restricted to a brief description. 

These interactive forces vary as the inverse sixth power of distance (r") between 

the contacting surfaces and are considerably weak over larger distances. Of all the 

aforementioned interactions London's dispersion force is universal and has 

significant importance in macroscopic systems. The origin of these dispersion 

forces is believed to be the charge fluctuations associated with the motion of 

electrons in their orbitals. These charge fluctiiations result in a time-dependent 

dipole moment, the phase difference in which leads to mutiial interaction while 

the time dependent dipole generates an instantaneous electiic field which 



polarizes neighboring molecules and induces a dipole moment in it. This results in 

mutual interactions, which gradually increase the magnitude of the interaction 

force. These dispersion forces accounts to most of the interfacial interactions 

while the other two can be neglected without any significant change [3]. 

Macroscopic Interfacial Lifshitz van der Walls Interactions 

According to Good, Grifalco and Fowkes, if only the dispersion 

interaction forces are present between two condensed phases 1 and 2, the 

interfacial tension y ,2 is. 

rn =[^|rx -ylJi J 

LW LW T / ZF Tw ^^ „ 
= ri +72 - 2 V r i Y2 [2.1] 

which is referred to as the Good - Grifalco - Fowkes combining rule. 

The Lifshitz van der Waals interaction energy between materials 1 and 2 

in vacuum is give by the Dupre' equation, 

A G , / " ' = T , / " - Y r - T 2 " ' [2-2] 

Substitiiting [2.2] in [2.1] we get, 

K^^ LW ^ I ZiFTljF r̂  01 

A< î2 =-^ylh Y2 p.3] 

which is an important relation [3]. The physical meaning of this relation is that 

those in the neighboring phase pull the atoms at an interface. Since the Lifshitz 

van der Waals forces are universal and always available at the surface, equation 



[2.3] suggests that the energy of interaction is always negative. In other words, the 

interaction energy between two condensed phases is always attractive. 

In a similar note, the interaction energy between molecules or particles immersed 

in a liquid 2 is given by 

AG,2i = - 2 Y I 2 [2-4] 

and the energy of cohesion of material 1 can be written as, 

AG,i = - 2 y i [2.5] 

Also the energy of interaction between materials 1 and 2 in a medium 3 is given 

by 

j,^LW LW LW ^, LW r^ „ 

AG,32 =7i2 - r , 3 -Y23 [2-6] 

Polar Acid Base Interactions 

According to Fowkes, the surface tension of material i can be broken 

down into separate components originating from different kinds of intermolecular 

forces, 

Yi=Yji t2.7] 
/ 

where 7 represents the different types of Surface Tension components including, 

dispersion, dipolar induction, hydrogen Bonding and metallic interactions. 

These can be grouped into apolar and polar interactions. Apolar 

interactions are represented by IPF signifying Lifshitz van der Waals interactions. 

Therefore, 



Y,=Y, ' ' '+Y, '^ [2.8] 

Similarly, 

AG,. = - 2 Y . [2.9] 

A G - A G ^ ^ + A G , 5 [2.10] 

where AĜ**̂  is the free energy change due to Lifshitz van der Waals interactions 

and AG'̂ * is the same due to acid-base interactions. 

van Oss et.al. based on Fowkes' [3] acid base interaction approach showed 

that the elecfron-donor and electron-acceptor interactions are essentially 

asymmetrical. For acid base interactions between materials i andy, 

A G / ' = - 2 ^ ^ - 2 ^ ^ [2.11] 

and, 

A G / ' = - 4 ^ ^ [2.12] 

where y"" is the acidic component and y ~ is the basic component of the surface 

tension. Since AG,.,. = -2y,., equation [2.12] becomes 

Y,^'=2^rh:' [2-13] 

From the Dupre' equation, 

^ G , r = r n ' - 7 ^ - 1 2 ° P141 

which is true irrespective of the material's polarity. The interfacial tension y,^^" 

between materials 1 and 2 can be expressed as. 
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y ^S ^ A / ^ AB AB , , , AB 
Yl2 - ^ ^ 2 +Yl + y 2 • [2.15] 

Substituting this equations [2.11] and [2.13], 

r,2'^ = 2[A//IVr +V/2V2' -^YX'TI -^h'yi"] [2.16] 

= 2(^/y7-^/y7)(^/y7-^/y7), [2.17] 

diis is the equivalent of the Lifshitz van der Waals equations. Fowkes' surface 

tension components can be applied to Interfacial tension as follows, 

LW , AB 
Yn^rn +Y12 [2.18] 

Substituting [2.1] and [2.17] in equation [2.18], the total interfacial surface free 

energy between phases 1 and 2 is given by, 

LW , LW ^ I Iw IfF J I + ~ I + ~ I + ^ I - 7^ 

r i 2 = r , +Y2 - 2 V r i Yi +\-^YiY, ^^YiYi -^YxYi -^Yxli ] 

[2.19] 

= [^-W)+2[^-^][^-^). [2.20] 
If any of the phases do not have both electron donor y,.~ and election acceptor 

interactionsy,."^, it is termed as apolar. On the other hand, if they have both the 

aforementioned interactions, then they are termed as bipolar phases. Finally, 

monopolar surfaces are those, which have only electron donor or election 

acceptor interactions according to which they are termed as monopolar basic or 

monopolar acidic, respectively. 

11 



Van Oss Chaudhury-Good Equation 

According to Fowkes, the work of adhesion (Wa) between a liquid and 

solid surface would be 

K = w/+K"', [2.21] 

where W^ stands for the contributions from dispersion (non-polar) interactions 

and W^" represents those due to non-dispersion (polar or ionic) interactions. 

According to Laskowski and Kitchener, if the surface is free of polar groups on 

which the molecules can be bonded, the solids would be hydrophobic W/ = 0. 

The surface free energy components of a material i can be written as 

Y / = Y , - ^ ' ' + Y / ^ [2.22] 

The total free energy change between a solid (s) and a liquid (1) maybe written as 

AG^, = AG/"" + AG/'. [2.23] 

Applying previous derivations, 

A G / " ^ = - 2 ^ / 5 7 V ^ (Fowkes) [2.24] 

and 

AG/' = -2-s[r/Yi^-2^[^^ (Van Oss et al.) [2.25] 

Substitiiting equations [2.24] and [2.25] in [2.23], 

AG,=-2^^J^-2^^-2.f^ [2.26] 
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Consider a drop of a liquid brought in contact with the solid surface. The 

droplet will stick to the surface (if it is sufficiently hydrophobic) and forms a 

definite contact angle. According to Young, 

r/Cos(9 = r , - y , / ....[2.27] 

where y, is the surface tension of the liquid, y ̂ , is the interfacial surface tension 

between the solid and the liquid. The changes in free energy can be written as 

AG,,=y„-y,-Jr [2.28] 

Combining equations [2.27] and [2.28] we get 

- AG,, =YiO- + cose) [2.29] 

called the Young - Dupre' equation. 

Substituting the above equation in [2.26], 

(1-f cos^)r; = 2[Vr/''7/"' +4YS^+^IYS^) [2.30] 

known as the van Oss-Chaudhary-Good (OCG) thermodynamic approach [3] to 

determine the values of the surface free energy components of soUds, and is used 

for characterizing a solid surface in terms of its free energy components 

^ LW + - x 
(YS 'YS ' Y , ) • 

In order to determine these values, it is required to determine the contact 

. LW + -N 

angles of three different liquids of known properties m terms of {/i ^Yi Ji ) 

on the solid surface. This provides us with three equations and three unknowns 

which can be solved analytically. 

13 



Initially, if an apolar liquid is to be placed on the surface and the contact 

angle is to be measured, equation [2.30] reduces to 

(\+cose)r, = 2^1r/"'y,^'^ [2.31] 

as the polar components are zero. From the above equation, y/"^ can be 

determined from a single contact angle value (if both y, and y,'''^ of the liquid 

are known. 

Similar approaches can be carried out with suitable monopolar and bipolar 

liquids. Once the three unknown surface parameters are known, the surface 

energy of the solid Y i can be calculated using, 

YS=YS'"'+^4YN7 [2-32] 

The following is a tabulation of the typical liquids available for contact 

angle and surface energy analysis. 

14 



Table 2.1 Properties of test liquids [3] 

Liquid 

Hexsuie 

Heplane 

Octane 

Decjme 

tXxtec^ie 

Tetradecane 

Cyclohexanc 

Carbon tetrachtohde 

Benzetui 

Toluene 

Melhmol 

Ethanol 

Chlcffofonn 

cis-Decalin 

t -Brc»mona|)}ithaletw 

Methylene iodide 

Ethylene ^ycol 

Formaniide 

Glycerol 

Water 

Kl. 

IS 4 

20 3 

21.6 

23.8 

25.35 

2 6 6 

25.5 

2 7 0 

25.9 

28.5 

22.5 

22.4 

27.15 

3 2 2 

44.4 

50.S 

4S.O 

58.0 

64.0 

72.8 

^>^ 
1 8 4 

20.3 

21 6 

23 8 

25 35 

26.6 

25.5 

27.0 

27.1 

2S.5 

18.2 

IS.S 

27.15 

32.2 

44.4 

50.8 

29.0 

39.0 

34.0 

21.8 

'.:^^ 
0 

0 

0 

0 

0 

o 
0 

0 

o 
0 

4.3 

2.6 

0 

0 

o 
o 

19.0 

19.0 

30,0 

51.0 

'A.' 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

'v0.O6 

-0.019 

3.S 

0 

0 

0 

1.92 

2.28 

3.92 

25.5 

K 
0 

0 

0 

0 

0 

0 

0 

o 
2.8 

2.3 

-.77 

c«&8 

0 

0 

0 

o 
47.0 

39.6 

57.4 

25.5 

The liquids at the bottom of the table are more significant for test 

purposes because they have higher values of surface tension and hence form high, 

easily readable contact angles with most of the surfaces. In this project, Water, 

Glycerol, Ethylene Glycol and Methylene iodide (Di-iodomethane) are used for 

testing, of which the latter is apolar and can be used directly to find the dispersive 

part of the solid surface energy. 

Chang model 

The Chang model is an empirical acid-base model which takes into 

account the repulsive or attractive interactions between acidic and basic 

15 



components [Qin and Chang (1995)] [4]. The proposed equation describing the 

work of adhesion is 

W = {\ + cosQ)^P/p/ - P : P ; - P , ' P ; [2.33] 

where PL** and Ps'̂  are the dispersive parameters of the liquid and solid calculated 

as follows 

J I J [2.34] 

PL^ and PL'' are the principal acid-base values of the liquid which were determined 

by the above empirical model using the non - linear least square method based on 

published data [Chang and Chen 1989, 1991]. Ps* and Ps'' are the principal acid-

base parameters of the solid given by 

Y / = - P / P / . [2.35] 

Of the different methods proposed by researchers, the OCG 

thermodynamic approach is the most prevalent one and is applied in this project. 
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CHAPTER-III 

CALIBRATION AND STANDARDIZATION 

In this chapter the setup of the Contact angle system is discussed along 

with the calibration and standardization procedures involved. As in the past, 

contact angles are mostly determined by means of optical methods in a 

fransmitted light setup. Typically a resting drop (on a flat surface) is exposed to 

diffused light from one side and observed from the other side. The simplest setup 

employing the above idea is to use a protractor eye-piece, in which case the 

results are hardly reproducible owing to varying individual perceptions. This calls 

for the use of video supported systems ably supported by image processing tools 

in computers. 

In this system, the eye-piece is replaced by a CCD camera (Intel Play^"^ 

Microscope) capturing the image of the sessile droplet. The image is then acted 

upon by suitable image processing tools capable of performing several critical 

functions discussed later. As discussed previously, drop shape analysis is the most 

convenient method of determining surface energy through contact angles. 

Determination of drop Orientation 

Before we venture into contact angle determination, the orientation of the 

drop with respect to the sample surface is to be decided. There are two choices 

available, namely [1], 

17 



• Sessile drop-This is a sitting drop as in a droplet of water resting on a flat 

surface. 

• Sessile bubble-This represents a bubble or a drop floating in fluid up 

against the sample bottom. In this orientation, the positions of the liquid 

and vapor are interchanged. 

This project is limited to sessile drop analysis owing to its simplicity and 

absence of technical restraints with the following principal assumptions, 

• The drop is symmetric about a cenfral vertical axis. 

• The drop is not at motion and is at complete rest (i.e. Viscosity or Inertia 

does not determine its shape) 

• The only force determining the shape of the droplet is the interfacial 

tension at the solid - liquid interface. 

• The effect of gravity in determining the shape of the droplet is neglected 

without any appreciable error. 

Instrument Setup 

The measurement of static contact angles or the dynamic advancing 

angles, as well as the measurement of surface interfacial tension is carried out 

with the video supported contact angle measurement setiip, consisting of the 

following blocks: 

• A CCD video camera with a resolution of 800-by-600 pixels. 

• The camera is mounted on a XYZ axes translation stage capable of a 

minimum movement of 1/50* of a millimeter along each direction. 

18 



• Droplet adminisfration through a ImL syringe with readable graduations 

ofO.OlmL. 

• Adjustable stand with provisions for holding the sample atop a 

Goniometer, with a minimum tilt of 1/100* of a degree. 

• Syringe holder fixed permanently to the adjustable stand holding the 

syringe through crocodile clips. 

• A light source placed on a stand capable of moving vertically, with 

adjustable levels of intensity and a light diffiiser. 

• Video interface through a computer terminal [6]. 

Intel Play 0X3 Microscope 

The Intel Play QX3 Microscope'^'^ serves as a CCD camera in the setup 

and is simple to use with magnification options up to 200X. Electrical power for 

the camera system and specimen illumination lamps is obtained from the 

computer through the Universal Serial Bus G^SB) port. The accompanying 

software package provides an interface enabling captiire of single images as well 

as making movies and performing time-lapse investigations. 

The Intel Play QX3 computer microscope is capable of examining 

specimens through individual objectives having magnification powers of lOX, 

60X and 200X. An apertiire molded into the polymer barrel confrols the diameter 

of the light beam passing through each objective. By using apertures that restrict 

the light pathways to the center of the lenses, spherical aberration is reduced. The 

lOX objective contains two lenses (a convex front lens near the object and a 
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concave image side lens) and a plano-convex lens that projects the image into the 

CMOS Active Pixel Sensor (APS) integrated circuit located in the image capture 

circuit board. The 60X objective has a central bi-convex lens and the 200X has a 

double convex lens near the image side. Imaging problems with the microscope 

arise from relatively poor performance of the objectives coupled to random noise 

problems generated by the amplifiers in the active pixel sensor CMOS circuitry. 

The digital imaging system is centered on an active pixel sensor CMOS 

integrated circuit as mentioned before. The CMOS imaging chip used in the Intel 

QX3 microscope is a VLSI vision IJV6404 CIF Color MOS sensor, hi the center 

of the chip is a large array of optical sensors that are individual photo-diode 

elements covered with dyed filters and arranged in a periodic matrix. Each pixel 

element is confroUed by a set of three transistors and an amplifier that works 

together to collect and organize distribution of optical information. The array is 

interconnected much like memory addresses and data buses on a DRAM chip so 

that the charge generated by the photons striking each individual pixel can be 

accessed randomly to provide selective sampling of the CMOS sensor. Assisting 

the CMOS W6404 digital photo-diode integrated circuit is a co-processor, which 

along with the support circuitry forms a chipset with an USB interface housed in 

the microscope body. They perform the key functions of image capture, digital 

video image processing and video compression. The following is a pictorial 

representation of the anatomy of the fritel Play QX3 microscope. The information 

about the Intel Play QX3 Microscope is derived from the reference [13]. 
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Fig. 3.1 Intel-Play Microscope [13] 

Operating Procedure 

The procedure for obtaining images of drops resting on sample surfaces is 

described in brief below, 

• The test sample is placed on the goniometer, which is either flat or at a 

specific angle (usually 3 degrees) depending on the desired measurement. 

• A suitable test fluid is chosen and is placed on the syringe. An ideal liquid 

to start with is water, because it is safe and forms a high, easily observed 

contact angle on most surfaces. It is advisable to use separate syringes for 

different test liquids to avoid the possibility of contamination. Minimal 

amount of liquid is sufficient (< 10 micro Liter) is sufficient to obtain a 

clear contact angle data, nullifying the effect of gravity. 
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• An initial live video image of the sample is obtained. Lighting and focus 

are adjusted to obtain a sharp image. 

Effect of Camera Angle on the hnaee Obtained 

The camera may be placed to either look exactly horizontally at the drop 

or look down at a small angle (~3 degrees). The camera angle does not affect the 

reading directly but profoundly affects the finding of the baseline, which in tum 

decides the contact angle. Baseline inaccuracy is the primary contributor to 

contact angle inaccuracy. Camera angle is set by the height of the camera relative 

to die specimen and by the tilt of the camera stage [1]. 

Calibration 

Calibrating the obtained contact angle to a known accepted standard is of 

utmost importance and can be significant source of error if unchecked. In this 

experimental setup Calibration is carried out using a spherical metal ball bearing 

with diameter 1.585 {+/- 0.01mm}, comparable to the size of a Uquid droplet. The 

object is placed on the goniometer surface and brought into focus after adjusting 

the background lighting and surface tilt as described earlier. Still photographs of 

the same are captured to be analyzed using MATLAB . A sample photograph is 

as shown below. 
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Fig. 3.2 Photograph of a spherical metal ball 

Approximating the outline of the image to be a circle we apply a custom 

algorithm with the following objectives: 

• To find the center of the circular cross-section, hence its radius; 

• To determine the factor of magnification; 

• To obtain a fair estimate of the volume of the droplet using the 

aforementioned data. 

The primary aim in implementing the algorithm is to obtain an equation 

describing a circle representing the image. An optimal method to find the same 

using the co-ordinate points from the image is carried out. Image processing 

techniques applied on the image to obtain an outline of the object are discussed in 

the flowing chapter along with contact angle derivation algorithms. 

Basics of Circles 

The general equation describing a circle can be written as [7], 

x/ + yi ^2 yi 1 

x/ + y^ X, y, 1 

= 0 (3.1) 
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ax^ +cy^ +dx + ey + f = 0 (3.2) 

Center {h,k) = 

a 

Radius{r) = 

X, 3;, 1 

^ 2 > ^ 2 l 

x^y.l 

la la, 

wnn 
4a' a 

(3.3) 

d = -

^ 3 ' + 7 3 ' 3 ^ 3 ! 

(3.4) 

e = 

2 , 2 1 
Xj -I- y, X, 1 

^2^+72^^2 1 
2 2 

X3 -I- J j X3 1 

/ = x^^+y^^x^y^ 
^3^+3^3^X3 3̂ 3 

(3.5) 

A minimum of three points is required to obtain an equation describing the 

circle. To minimize the error involved in the calculations, three points are chosen 

at random from the co-ordinate matrix, describing the outline of the image. This is 

specifically done by scrambling the entries of the co-ordinate matrix, choosing 

three points at random till all the entries are used up. 

Applying the formulae mentioned before, several values of center and 

radius are obtained by solving the set of simultaneous equations. These values are 

averaged to get a final estimate of the radius of the object. Although several other 

procedures with the same objective can be applied, this stands out owing to its 

simplicity and minimized error as maximum number of entries from the image is 

is used in arriving at the result. 
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Fig. 3.3 Noise removal and edge defining Fig.3.4 Co-ordinate points selection 

The contact angle obtained from this image (described later) was 4% 

lower than the expected value of 90 degrees for the semicircle outline from the 

image. Altematively several images (sessile and pendant drop) from contact angle 

manufacturers First Ten Angstroms [1] were used to calibrate the system. An 

error of 4% consistent with all the standard images irrespective of the measured 

contact angle was observed. Corrections are made to this effect. The slight 

reduction in the angle may be attributed to the fact that the image obtained before 

processing is stietched along one axis disproportionately, slightly disfiguring the 

circle. 
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CHAPTER-IV 

CONTACT ANGLE MEASUREMENT ALGORITHMS 

This chapter encompasses the image analysis and the contact angle 

measurement procedures on the sessile droplet image taken. MATLAB® advanced 

engineering computational software is used to obtain the several parameters and 

develop a graphical user interface (GUI) aiding users with the measurement 

techniques. 

Image Analysis 

The images obtained from the Intel Play^"^ QX3 microscope are usually 

stored in the 'jpeg' format. MATLAB®'s image processing tool-box is used 

extensively in the separation of the drop profile. Canny edge detection algorithm 

is used to obtain the edges describing the contour of the droplet on the soUd 

surface. The output of this algorithm is the several co-ordinate points describing 

the same, which are later subjected to several contact angle measurement 

algorithms. MATLAB® inbuilt fimction 'canny' approximates the operator that 

optimizes the product of the signal-to-noise ratio and localization, which is 

generally the first derivative of the Gaussian. The canny edge detection algorithm 

inherently performs the following steps: 

• Smooth the image with a Gaussian filter; 

• Compute the gradient magnittide and orientation using finite differences; 

• Apply non-maxima suppression to the gradient magnitude; 
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• Use the double thresholding algorithm to detect and link edges [8]. 

The detailed study of this beyond the scope of the project at hand and 

would be aborted for the sake of simplicity. It is noted here that the points 

describing the contour of the droplet is obtained prior to the applying of the 

contact angle algorithms. Three algorithms are applied to get the requisite 

parameters that are described in detail in the following paragraphs. 

Auto-circle 

The circle algorithm is the easiest of the applied algorithms. The shape of 

the droplet is dominated by surface tension, which minimizes the surface area. 

The drop adopts a shape with the most favorable ratio between surface area and 

enclosed volume. Strictly speaking, this holds only if gravity can be neglected 

which is true in the case of small drops. Ideally, the contact angle can be 

calculated using three points only, the left and right three phase contact points and 

any other point in the contour of the drop. However if the average of all the points 

describing the contour is used, the error corresponding the equation describing the 

circle would be drastically reduced. 

The same procedure used for calibration is applied her with some minor 

modifications. Using image processing techniques mentioned earlier, the profile 

of the drop to work with is selected. The circle equation representing the contour 

is obtained as the product of the algorithm in a procedure similar to the calibration 

measurement. Three points are taken at a time, scrambled to from the co-ordinate 

matiix to obtain the radius and the center of the circle. The differentiation of the 
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same at a user - defined contact point gives the contact angle of the liquid droplet 

with the surface. The primary reasons for applying this method are that, it 

averages out most of the errors and is also quite simple to apply. 

Least Squares Approach 

This algorithm is used to define the contour with an equation obtained by 

the least squares approach. The method of least squares assumes that the best-fit 

curve of a given type is the curve that has the minimal sum of the derivations 

squared (least squares error) from a given set of data. In this project the co

ordinate points obtained are fed to the Least squares parabola method. This stems 

from the valid assumption that the contour resembles that of a circle and can be 

fitted using an equation of degree two [9]. 

The least squares parabola users a second-degree curve, 

y = a + bx + cx^ [4.1] 

to approximate the given set of data (xi,yi), (X2,y2),....(xn,yn) where n is greater 

than or equal to three. The best fitting curve f(x) has the least square error. 

It is noted that a, b and c are the unknown coefficients while Xi and yi values are 

the corresponding co-ordinate points representing the contour of the droplet. To 

obtain the least square error, the unknovm coefficients must yield zero first 

derivatives. 
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an 
- ^ " ^ Z . , = , ^ L X - l « + o^,+cx, jJ = U [4.3] 

an 

The unknovm coefficients can be obtained by solving the above equations. Once 

the coefficients are known, the equation describing the contour is obtained which 

can be differentiated at the contact angle point to get the contact angle by 

calculating its inverse tangent. 

Spline Method 

The fundamental idea behind spline interpolation is to draw smooth curves 

through a number of points. Between a set of selected points quadratic splines are 

fitted. The selected points encompass a desired number of points near the three 

phase contact point. Basically splines are piecewise polynomials, which 

interpolate or describe the relation between the chosen data points. 

Splines betw^een points xl....x_n 

xl x2 x3 x4 x_n-l x_n 

Fig. 4.1 Fitting spline between points 
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P,{x) = 

ci,x'+b,x + c,=f,{x),[x„x,] ^ 

^2X^+b2X + c,=f2{x),[x„xJ 

K x ' + Z7„X + c„ = / „ (x), [x„_„ x j 

[4.4] 

The above figure and the equations describe the splines of order two 

between the points xi, X2....Xn. To apply the spline method, there are a few 

conditions tiiat are to be satisfied by the data points. These are specified below, 

• The functional value of the polynomial must be equal at the interior knots. 

P2ix,) = Mx,)vi = l,2...n-\ 
^ 2 U ) = /+ i ( -^ / )v i = l , 2 . . . « - l 

[4.5] 

where P2 is the polynomial fitted and f represents the y co-ordinate value 

at Xj. 

• The second condition is that the first and the last function describing the 

set of data points used should pass through the end points. 

[4.6] 

The third and the most important condition to be satisfied is that the 

interior knots must have equal first derivative values at each Xi 

Frix,) = F,^,\x,)vi = l,2...n-l [4.7] 

Typically one more condition is required to make the set complete. 

Usually the second derivative of the first spline is set to zero, i.e., ai=0 
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These conditions are now solved to get the coefficients for the piecewise 

polynomials. The contact angle is then decided based on the spline it passes 

through and is found out as in the Least squares method. Thus contact angle can 

be determined by any one of the aforementioned methods. The spline and the least 

squares mediod give better results compared to the auto-circle method. 

Graphical User Interface 

A graphical user interface was developed to enhance operational 

simplicity in finding the contact angle. The front panel of one of the blocks looks 

as below. 

Contact angle analysis 
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Fig. 4.2 Contact angle analysis - GUI 
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The GUI greatly simplifies operation and produces output in an easily 

understandable manner. It highlights the choice of algorithms to use and 

depending on that the contact angle is calculated along with the parameters like 

contour radius, base radius and the volume of the droplet. The volume of the 

droplet is based on the assumption that the drop is a partial sphere and the volume 

of the sphere minus the volume of the region visible gives the droplet volume. An 

approximate value of the contact angle can also be obtained, the calculations for 

that are once again based on simplifying the drop to be an exact sphere. The 

formula for that is as specified below: 

Q =2tan'\2h/d) [4.8] 

where h is the height of the droplet and d is the base diameter. A dedicated help is 

also provide for assistance regarding any of the specified algorithms. The volume 

the droplet most times can be calculated using the formula for the volume of a 

partially filled sphere given by: 

Volume = pi * h^ (r-h/3) [4.9] 

where r is the radius of the sphere and h is the equivalent height of the droplet 

from the basal disk [14]. 

Surface Enerev Analysis 

The GUI below is used for surface energy analysis by two methods. One is 

the OCG approach specified earlier, the other one is a novel method proposed by 

Zisman [1], called the Zisman's critical wetting tension method 
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Fig. 4.3 Surface energy analysis - GUI 

According to this method a line is fitted between the cosine of the three 

contact angle values obtained and the surface tension of the three liquids used. 

This line when exfrapolated to meet the line cos0 = 1, the value of the x ordinate 

gives an equivalent parameter of the surface energy parameter. This method is 

quite intuitive as the value obtained, is the value of surface tension of a liquid 

which completely wets the surface. Such a liquid may not practically exist but that 

exact value gives an idea as to how much energy is required, or in other words 

how much work is to be done in just wetting the surface. A typical Zisman's plot 

looks as shown. The more the number of liquids the more accurate the parameter 

obtained would be. This may however not represent the exact value but can be 

used as a measure to judge the values obtained by any of the other theories 

specified earlier in Chapter II. It also suffers from the drawback that it does not 

specify exactly the different components of surface energy. 
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The system developed so far has numerous advantages to its credit. The 

most important one is the ease of operation and the reliability of the results 

obtained. The two main algorithms. Spline and LSQ are quite robust in 

application and are found to produce similar results. Commercial models involve 

huge costs, close to $15,000, for the entire setup while the same accuracy and 

repeatability can be obtained in this system at a mere pittance. The GUI also 

offers the imfrained eye easier adaptability, skipping a lot of unnecessary steps. 
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CHAPTER - V 

RESULTS AND ANALYSIS 

This chapter discusses the selected applications of contact angle 

measurements for studying the effectiveness of the experiments conducted. These 

instances are discussed in detail below. 

Advancing and Receding Contact Angles 

Contact angle measurements can be useful in obtaining valuable 

information on some important properties of the surface like cleanliness, 

uniformity and composition. In the treatment of contact angles, it is generally 

assumed that the droplet on the surface is in equilibrium at all times, which are 

usually never achieved in most of the cases. Equilibrium can be achieved by 

letting the drop sit on the surface for long periods of time. Advancing and 

receding contact angles can be considered a standard in this regard. Generally, the 

contact angle measured as the drop is expanding is called the advancing contact 

angle and the one measured as the drop is contracting is called the receding 

contact angle. Specifically, advancing contact angle is the type of dynamic 

contact angle that is measured either 

• by expanding the volume of a sessile droplet on a horizontal 

surface or 

• at the forefront of a just rolling droplet on an inclined surface, in 

order to determine the de-wetting properties of a solid. 
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Similarly, receding contact angle is the type of contact angle measured either 

• by soaking in a sessile drop on a horizontal surface 

• at the rear-front of a just rolling droplet on an inclined surface in 

order to determine the de-wetting properties of a soUd. 

Dispensing needle 

Profile at time; 

t i _ 

t3 > t2 > ti 

Fig. 5.1 Advancing contact angle [1] 

Profile at time: 

Dispensing needle 

tg > tg > t4 

Fig. 5.2 Receding contact angle [1] 

The receding mode of contact angle will normally be lower than the 

advancing contact angle. Contact angles obtained from a combination of 

measuring advancing and receding contact angles are plotted together. The 

difference between the advancing and the receding contact angle is knovra as 
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Contact angle hysteresis. There are three possible reasons attributed for contact 

angle hysteresis [1], namely, 

• Contamination 

The drop may become contaminated as it moves across the surface, 

changing the siu-face tension. This may also clean or contaminate the surface. 

• Surface roughness 

On a rough surface, the drop may spread over different portions of the 

surface. The less polar portions may affect the advancing angles, while the 

receding angle may be affected by the polar regions. 

• Surface reconstruction 

Changes in the surface may also be observed in the presence of the 

liquid. For example, the hydrophobic group of a monolayer may become 

slightly buried when using water as the liquid for contact angle measurements. 

• Re-orientation of molecules and functional groups 

For certain polar solids, the re-orientation of molecules or functional 

groups in the solid surface after contact with a liquid phase is a major 

cause of contact angle hysteresis. For instance in some hydrophilic 

surfaces, hydroxyl groups are 'buried' when the surface is exposed to air, 

while they tum over to form hydrogen bonds while the surface is till in 

contact with the liquid. 

• Penetration, adsorption and swelling 

According to Timmons and Zisman [1966], an apparent penetration of the 

liquid molecules into a surface can cause significant contact angle hysteresis. 
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In some cases, the receding droplet of the liquid, moves over a region of 

die surface where the intermolecular pores are already saturated with the 

particular liquid, resulting in a significantly lower contact angle for the receding 

case as compared [15]. 

Usually, a combination of all the above effects is responsible for 

difference in the contact angle values in the advancing and the receding cases. A 

small difference (usually less than 5 degrees) between advancing and receding 

contact angles suggests that the surface is free of contamination, well organized 

and smooth. 

e 

Advancing 
contact angle 

Receding 
contact angle 

+ + t̂  Time (t) 

Fig. 5.3 Contact angle hysteresis [1] 

Measuring advancing and receding contact angles is done in several ways. 

Both the methods aforementioned are used for analyzing the hysteresis in contact 

angle measurements. In the first case, a drop would be advanced quasistatically 

over the surface, and the contact angle is measured over various stages of the 

advance. It is noted here that the volume of the droplet is always maintained over 

a certain measurable range as well as providing distinct intervals of measurement. 
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For measuring the receding contact angles, similar approach is adopted, the only 

difference is that the quasistatic contraction of the droplet is carried out. However, 

in the latter the needle should be in contact with the drop and this may affect its 

profile and hence its contact angle. 

In the second method, the contact angle is measured by tilting the stage 

tiirough known values of degrees. In this experiment the stage is tilted through a 

range of -10 degrees to +10 degrees. This is to obtain a good correspondence 

between the left and right contact angles. The volume of the droplet is kept 

constant in one case while in the other different droplets were used to aid in the 

hysteresis measurement. A typical experiment would be to compare the 

cleanliness of two methods. For example, the hysterisis measurement would be a 

direct indicator to the oxide content in an Acetone/Methanol cleaned Silicon 

sample compared to the HF cleaned sample. 

In this project, a clean Silicon sample is used for measuring the contact 

angle hysteresis using water as the test Uquid. In the first experiment, the 

goniometer held stage is tilted through -10 degrees to 10 degrees. The contact 

angles obtained are an average of 5 readings obtained for a single captured image. 
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Table 5.1 Advancing and receding contact angle measurements - 1 [Case - 1 : 0 
degrees to + 10 degrees] 

Tilted by 

Odeg. 

+2 deg. 

+4 deg. 

+6 deg. 

+8 deg. 

+10 deg. 

Mean Contact angle 

(in deg.) 

[uphill side] 

91.111 

86.974 

78.934 

76.083 

75.532 

70.299 

S.D 

(in deg) 

0.6483 

0.987 

1.539 

1.922 

1.590 

1.514 

Mean contact angle 

(in deg.) 

[downhill side] 

91.524 

91.010 

89.050 

90.360 

90.918 

91.214 

S.D 

(in 

deg.) 

1.002 

0.868 

0.813 

1.000 

0.761 

1.304 

It is noted here that the volume of the droplet is kept constant during the 

tilting of the stage. Similar approach is applied for the tilting from 0 to -10 

degrees, i.e., tilting in the opposite direction, the results of the same are tabulated 

below. 
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Table 5.2 Advancing and receding contact angle measurements - 2 [Case - 1 : 0 
degrees to 10 degrees] 

Tilted 

by 

-10 deg. 

-8 deg. 

-6 deg. 

-4 deg. 

-2 deg. 

Odeg. 

Mean Contact angle 

(in deg.) 

[uphill side] 

91.954 

90.908 

91.129 

91.308 

91.422 

91.111 

S.D 

(in deg) 

0.455 

0.783 

0.907 

1.383 

0.798 

0.6483 

Mean contact angle 

(in deg.) 

[downhill side] 

84.453 

85.186 

86.039 

87.707 

88.447 

91.524 

S.D 

(in deg.) 

0.387 

1.128 

1.832 

0.988 

1.237 

1.002 

Similar frend in the change of contact angle with tilt is observed, but in 

the second case, it is less pronounced, which unfortunately cannot be reasoned 

out. The plots for the contact angle hysteresis in the above case can be dravm as 

follows, 
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Fig. 5.4 Hysteresis plot for experiment 1 

The contact angle hysteresis in the first case (tilt from 0 to 10 degrees) was about 

20.812 degrees and in the second case (tilt from 0 to -10 degrees), it was observed 

to be 7.071 degrees. The second set of experiments was carried out by increasing 

and decreasing the volume of the liquid for measuring advancing and receding 

contact angles, respectively. 
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Table 5.3: Advancing and receding contact angle measurements (Expt.2) 

Discrete 

Steps 

Tl 

T2 

T3 

T4 

T5 

T6 

T7 

Mean Contact 

angle 

(in deg) 

87.051 

86.113 

84.341 

82.313 

81.688 

67.384 

61.634 

S.D 

(in deg) 

1.935 

0.125 

1.792 

1.405 

0.027 

2.043 

1.608 

Mean droplet 

volume (in uL) 

0.917 

1.666 

2.512 

3.564 

2.562 

2.165 

1.885 

S.D 

(in uL) 

0.117 

0.099 

0.224 

0.108 

0.165 

0.166 

0.281 

In seven steps, the volume of the droplet was first increased and then 

reduced and the corresponding contact angle readings were tabulated. As evident 

from the above table the contact angle decreases with increase as well as decrease 

in the volume. The fall in the contact angle with sucking of the liquid is rapid as 

expected. 
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Fig. 5.5 Hysteresis plot for experiment 2 
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Fig. 5.6 Volume change during experiment 2 

The measures calculated above give an idea on the type of subsfrate used. 

The hysteresis observed in the second experiment was 25.417 degrees, which is 

pretty high, indicating it is not either uniform or is contaminated. 
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Effect of Roughness on Contact Angle Measurements 

Wetting plays a prominent role in many high technology applications from 

microelecfronics, thin film coating that involve spreading of liquid on solid 

surfaces. Roughness is a real world problem present in innumerable practical 

applications. Wetting and dewetting are known to be strongly influenced by 

inhomogeneities and roughness of the solid. Many industrial processes require 

imderstanding the problem of a moving contact line on heterogeneous surfaces. 

This necessitates a study of the performance of the system developed to 

the changes in the surface roughness. Recent theoretical studies [16, 17] suggest 

that the surface roughness of a non-planar substrate may enhance wetting, but a 

qualitative description is still lacking. Surfaces of cleaned Silicon, Titanium, 

Titanium nitride and Aluminum samples are rubbed on with a diamond lapping 

film of varying degree of roughness. The diamond lapping film consists of 

precision graded diamond particles resin bonded to a flat uniform polyester film 

backing. Thirty pm, 15pm, 9pm, 3pm, and 1pm films were used to 'roughen' the 

surface of the sample. Contact angle measurements were then taken on the same 

with water as the test liquid. The plot showing the variation of contact angle with 

roughness is depicted after the discussion of relevant theory. 

It is observed that with increase in the roughness of the surface, the 

contact angle decreases. Generally, it is believed that roughness enhances wetting 

and broadens the three phase contact line, fri a rough surface, the surface is 

disordered leading to a change in the contact angle due to the wandering of the 
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tiu-ee phase contact line abetting the spread of the wetting fluid on the non-planar 

surface. 

According to the theory by de Gennes [17] after depinning, (i.e. movement 

of the contact line), the contact line shape evolves following a logarithmic form 

with the widtii increasing at a well defined characteristic velocity and a maximum 

height that decays logarithmically with time. A basic understanding of the same 

can be obtained by the following approach. As mentioned earlier in chapter 2, in 

the ideal situation considering flat and smooth solid surfaces, the equilibrium 

angle of contact Go is determined by the Young-Dupre' equation 

rs-rsi=riCosQ ts.i] 

where, y^, y^/and y, are the interfacial free energy per unit area for the solid-

vapor, solid-liquid and liquid-vapor interfaces. The contact line of a liquid 

partially wetting the smooth solid is a straight line chosen to be in the y direction. 

In the real situation of rough substrates, the Young Dupre' equation has to be 

generalized to include the spatial (x,y) dependent interfacial energy densities and 

contact angle in the description of the local wetting phenomenon. The above 

equation can be modified as follows: 

Ysix>y)-Ysi(x^y) = YiCOs[0ix,y)] = riCOs[0„-(pix,y)] [5.2] 

where (p is the effect of roughness. The above equation implies that due to the 

surface roughness, contact angle analysis should not be restricted to just a single 

axis but to both the 2-D axes. In other words, instead of being a straight line in the 

case of planar substrates, the three phase contact line tends to wander on the x-y 

plane due to roughness in the subsfrate. Analysis of the effect of roughness on the 
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contact angle line is complex and is beyond the scope of this project. Generally, 

analysis is carried out by treating the roughness in the surface as some predefined 

noise which is time-invariant. As roughness increases, the critical surface tension 

of the solid is raised from YC to a value that depends on the sfrength and range of 

the correlated noise depicting the roughness. 

(a) blank sample (b)for 3 Jim roughness 

(c) for 15|xm roughness (d) for SO^m roughness 

Fig. 5.7 Photographs of roughened samples (Si) 

The following is a plot showing the variation of contact angle formed with 

water as the test liquid on Si, TiN, Ti and Al substrates (cleaned before 

measurement). It is observed that the drop in the contact angle is not uniform and 

varies with the substrate used. It can be safely concluded that beyond a roughness 

of 1pm, there is a drop in contact angle greater than 5% of the smooth sample 

values. Hence it can be set as the safe-limit for measurements using this system, 
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samples with roughness greater than the limit will yield a value of contact angle 

which can be best described to be dubious. 
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Supercritical CO? Treatment of Nanoporous Low-k Dielectrics 

This chapter discusses the selected applications of contact angle 

measurements for studying the effectiveness of the experiments conducted. These 

instances are discussed in detail below. 

The use of supercritical fluids in semiconductor manufacturing has 

manifold advantages this day and age. Rinsing of very high aspect ratio structures 

is becoming very difficult, as is the cleaning of diminishing line width stmctures. 

A supercritical fluid when used as process solvents combines the advantages of 

both a liquid and a gas and has interesting prospects. Before venturing deep, it is 

appropriate to provide a brief description of supercritical fluids and their 

properties. 

A supercritical fluid can be defined as a substance above its critical 

temperature (Tc) and critical pressure (Pc). The critical point represents the highest 

temperature and pressure at which the substance can exist as a vapor and a liquid 

in equilibrium. This phenomenon can easily be explained with reference to the 

phase diagram for pure carbon dioxide used extensively for cleaning purposes. 

TEMPERATURE 

Figure 5.9 Phase diagram of a substance [11] 
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Figure 5.9 shows the regions where a substance exists as a gas, solid, 

liquid or a supercritical fluid. The gas-liquid coexistence curve is called the 

boiling curve. If we move upwards along the boiling curve, increasing both the 

temperature and the pressure, the liquid becomes less dense due to thermal 

expansion and the gas becomes denser due to the pressure increase. Eventually 

die densities of the two phases converge and become identical, the distinction 

between gas and liquid disappears and the boiling curve comes to an end at the 

Critical point. The critical point for CO2 occurs at a pressure of 73.8 bar and a 

temperature of 31.1 degree Celsius [10]. 

Supercritical CO2 is well established as a solvent for use in extraction for 

several reasons. They include higher penetration into solid samples, faster than 

liquid solvents due to its high diffusion rates. It can also rapidly transport 

dissolved solutes from the sample matrix owing to its low viscosity. In addition to 

the above advantages, less solvent residues are present in the products. This part 

of the chapter mainly discusses the application of contact angle and surface 

energy analysis in the SCCO2/HMDS treatment for plasma recovery. 

Plasma etching processes tend to change the dielectric properties of 

nanoporous low-k dielectric films. These organosilicate {Methylsilseqquioxane 

[MSSQ]} fihns are originally hydrophobic, but plasma processes tend to render 

them hydrophilic. This is due to the removal of the methyl groups (CHn) from the 

sample and their replacement with polar silanol (OH) groups. Due to die high 

polarisability of the OH group, the films attract moisttire on exposure to ambient 

conditions, thereby increasing the dielectric constant. The main objective is to 
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freat these plasma-damaged films with supercritical CO2 and suitably chosen 

solvents to reinfroduce the lost methyl groups. Schematically it can be shown as. 

co-

-Si -I-CH3 

°\ 
Si-LCH, 

/ 
MSSQ 

\ 
Pla.vina 

Treatment 
O, 

—OH 

-OH 

PIa.sinii damaged 
MSSQ 

Figure 5.10 Plasma treatment renders the dielectric surface hydrophilic [11] 
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Figxu-e 5.11 Treatment with HMDS creates a hydrophobic surface [11] 

The nanoporous organosilicate films were provided by Tokyo Elecfron 

America, the description of which is provided in the table below. 

Table 5.4: TEL samples description 

Sample 

#1 

#2 

#3 

Description 

Etched and ashed 

Undamaged 

Undamaged 

Substrate 

p - type Silicon 

p - type Silicon 

p+ - type Silicon 

Analysis procedures 

FTIR and Contact angle 

FTIR and Contact angle 

Dielectric constant 

Contact angle measurements were used complimentarily with FTIR 

spectroscopy to determine if the methyl group could replace the silanol group by 
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supercritical treatment. The following is a brief description of the supercritical 

system at Jack Maddox laboratory, developed by Bashar Lahlouh [12]. 

Liquid injection unit 

High iire.s.siu-e 

gauges 

High purity COj 
at 600 psi 

V, 

K>[ Exhaust 

V High pressure filter 

Drive air High piessme y^. .̂̂ ĵ .ĝ  

Tc: Thermocouple pump 

•T 

Separation 
chamber 

Vacuum gauge 

Vacuum 
station 

Fig. 5.12 Schematic diagram of the SCCO2 system in Maddox laboratory [11] 

The system consists of a stainless steel pressure vessel capable of handling 

16000 PSI pressure. An air driven booster pump pressurizes the chamber and an 

injection pump capable of handling high pressures (-7000 PSI) is used for co-

solvent infroduction. The assembly is placed inside an oven capable of being 

heated up to 350°C. Heating of inlet and outlet lines is carried out to improve the 

solubility of the co-solvents in SCCO2 and greatly reduce the amount of co-

solvent residue left behind in the lines after the treatment. Temperature and 

pressure can be varied to suit desired needs. The ouflet from the vessel is 

connected to an exhaust through a separation chamber, the purpose of which is to 

collect the unused co-solvents for reuse. 

Before conducting all experiments, the high pressure vessel is pre-flushed 

with CO2 (100-700 PSI) five times, to reduce atmospheric contamination if any. 
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Post flushing is usually carried out similar to pre-flushing (between treatment 

pressure and 1500 PSI) to remove remnant co-solvent materials and other 

particulate matter. 

For the freatment of nanoporous organosilicates with SCCO2/HMDS, four 

sets of experiments were primarily carried out. hi the first experiment, a suitable 

quantity of HMDS was added directly to the vessel. After the last pre-flushing 

stage, the pressure inside the vessel was maintained at 700 PSI. The vessel is then 

heated to 150°C and the pressvue increased to 3000 PSI. These conditions were 

maintained for 30 minutes and post-flushing is carried out as depicted earlier, 

after which the system is let to cool dovra to room temperature. 

The second set of experiments was aimed at ensuring that SCCO2 / HMDS 

effects were only responsible for any surface changes. This is carried out to 

prevent the evaporation of HMDS before CO2 reaches supercritical state. 

Therefore, the pressure of the vessel was raised to supercritical pressure (3000 

PSI) as the temperature reached 35°C. The vessel temperature was then increased 

to 150°C and maintained so for 30 minutes. Post-flushing mentioned earlier was 

done after freatment. 

In the next set of experiments, the same procedure as in experiment 1 was 

repeated, but with a small variation, hi this case the pressure was never raised to 

supercritical pressure, but was maintained at 700 PSI even during the heating 

stage. Post flushing is then carried out between 700 PSI and 100 PSI. 

53 



Finally, the fourth set of experiments was control experiments, wherein no 

CO2 was used. The samples were subjected to pure HMDS vapor treatment at 

150°C for 30 minutes. 

Variations of experiment were also carried out by changing the process 

temperature from 150°C to 80°C, to see the changes if any in the administration of 

the SCCO2/HMDS treatment. Also the time of treatment is varied to understand 

deeply die effects of supercritical treatment in the organosilicate films. Processing 

times were 1 minute, 15 minutes and 30 minutes. Contact angles of the treated 

samples were taken immediately with water as the solvent and are tabulated 

below. 

Table 5.5: Contact angles for the TEL 'As-given' samples 

As given TEL samples 

# 1 - Etched and ashed 

#2 - Etched and ashed 

#3 - Undamaged 

Mean Contact angle 

(in degrees) 

31.066 

32.068 

91.113 

Standard Deviation 

(in degrees) 

3.053 

2.44 

0.0 
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Table 5.6: Contact angles for SCCO2 experiments 1-4 

Process 

Expt # 1 

Expt # 2 

Expt # 3 

Expt # 4 

Sample 

#1 

#2 

#3 

#1 

#2 

#3 

#1 

#2 

#3 

#1 

#2 

#3 

Mean Contact angle 

(in degrees) 

91.007 

101.852 

101.737 

103.438 

94.104 

93.625 

91.251 

93.590 

92.63 

90.806 

96.457 

92.251 

Standard Deviation (in 

degrees) 

1.127 

1.58 

0.536 

0.207 

0.831 

0.536 

0.905 

2.007 

1.626 

0.506 

1.619 

0.158 
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Table 5.7: Contact angles for the various SCCO2 processing conditions 

Treatment 

time 

(in 

minutes) 

30 min 

15 min. 

1 min 

Sample 

#1 

# 2 

#3 

#1 

# 2 

# 3 

#1 

# 2 

#3 

#1 

# 2 

# 3 

#1 

# 2 

# 3 

Treatment 

temperature 

(deg.C) 

80 

80 

80 

150 

150 

150 

80 

80 

80 

150 

150 

150 

80 

80 

80 

Mean Contact 

angle 

(in degrees) 

92.285 

88.994 

97.133 

92.076 

92.402 

92.349 

86.190 

91.382 

90.974 

92.525 

94.174 

93.921 

92.498 

92.461 

91.382 

Standard 

Deviation, (in 

degrees) 

0.158 

0.065 

0.322 

1.55 

1.638 

0.661 

0.091 

0.149 

0.164 

0.202 

0.083 

1.556 

1.041 

0.614 

0.149 

It should be noted here that the success of the experiment cannot be fiiUy 

verified with Contact angle measurements alone. FTIR spectroscopy and 
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dielectric constant measurements confirm the effectiveness of the treatment not 

only on the surface but also on the bulk of the surface. 

In all the experiments carried out earlier, the surface modification of the 

plasma damaged sample was successful. Higher contact angles (lower surface 

energies) were observed in all the treated samples indicating that there is change 

atleast at the surface level. The higher contact angles are due to the inherently low 

surface energy infroduced by hydrocarbon compounds like the methyl group. This 

leads to higher contact angles with a liquid with higher surface tension like water, 

as the surface tension forces (cohesive forces) between the water molecules is 

higher than the adhesive forces between water and the recovered surface. 

Higher the contact angles, higher the CH content. Retuming to the 

discussion on the experiments conducted, it can be inferred that SCCO2 treatment 

is not the goveming factor for rendering the surface hydrophobic. This can be 

concluded from the control experiment (4"̂ ) where without CO2 injection, the 

surface was modified accordingly. Thus it is safe to conclude that the recovery of 

CH content in the surface is due to the HMDS vapor treatment only. Further 

investigation through FTIR spectroscopy conducted by Sivaraman Gangadharan 

[11] showed that the changes in CH content were observed in all the cases except 

in the second one, where HMDS vapor formation was curtailed by setting the 

process conditions described earlier. 
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Fig. 5.13 FTIR spectroscopy showing CH absorption band for expts. 1-4 

It can be seen from the above FTIR spectra that for experiment 2, there 

was no change in the CH content change compared to the untreated film's 

content. 

Furthermore, the surface modification process was also independent of the 

processing time. The contact angle measurements taken for 1 minute, 15 minute 

and 30 minute processed samples were close to each other, indicating that 

recovery at the surface level happened as soon as the HMDS vapors reacted with 

the damaged surface. The changes in the temperature of operation also yielded 

unsurprising results leading to the conclusion that the limiting conditions for the 

experiment to be successfiil would be the vaporizing conditions of HMDS. 
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TCMS as an Alternate Solvent 

A second set of experiments was carried out in the look-out for altemate 

chemicals to substitute HMDS as the solvent of choice aiding in the recovery of 

die methyl group. TCMS (Trichloromethyl silane) was chosen owing to its small 

size compared to HMDS molecule, as it has only one methyl group attached to the 

silicon atom. This might be helpful in the easy diffiision into the nanoporous 

organosilicate mattix. However, the presence of chlorine makes TCMS highly 

reactive and corrosive, which could possibly curtail its use as a solvent. 

Two experiments were carried out using 10 % TCMS as the solvent in the 

supercritical CO2 system. The first experiment consists of two steps, in the first 

step three pulses (1500-7000 PSI) were used to treat the damaged samples at 70°C 

for a 30-minute period. The second step of the experiment involved similar 

pulsing procedure but the temperature was maintained at 160°C. Post-flushing is 

carried out in a manner similar to the SCCO2/HMDS experiment. 

A modification of the above experiment was employed as a control step. 

The only difference is that the temperature was maintained at 160°C through all 

the six pulsing steps. The contact angle of the treated substrates was then 

measured using water as the test liquid and is tabulated below. 

Table 5.8: Contact angles of TCMS treated films 

Experiment 

1 

2 

Contact angle (in degrees) 

91.882 

90.471 

Std. Deviation (in degrees) 

1.755 

0.437 
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FTIR spectroscopy experiments were taken on the damaged and the 

treated samples. The results indicate an increase in the C-H content compared to 

the damaged TEL samples, indicating that the treatment indeed resulted in the 

recovery of methyl content in the damaged MSSQ samples. This can further be 

fortified by the presence of deposits on the surface in the SEM photographs taken 

by Sivaraman Gangadharan [11]. 
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Fig. 5.14 C-H absorption band of TCMS treated films 
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Analysis of PDMS Bonding Using Contact Angle Measurements 

Polydimethylsiloxane is a commercially available physically and 

chemically stable silicone rubber. PDMS is extensively used in the development 

of several microstructures which is dependent on the bonding properties of the 

PDMS subsfrate with other polar/nonpolar substrates. This part of the chapter 

primarily deals with the analysis of the bonding of PDMS with PDMS and glass 

using contact angle measurements. 

Before venturing, it would be appropriate to study the properties of PDMS 

which make it suitable for MEMS devices. It has a unique flexibility due to one of 

the lowest glass fransition temperatures of any polymer (Tg ~ 125°C). Owing to its 

clean room processability, its low curing temperature, high flexibility, the 

possibility to change its fiinctional groups and the very low drift of its properties 

with time and temperature, PDMS is well suited for micro-machined mechanical 

and chemical sensors [18]. PDMS consists of an inorganic backbone of 

altemating Silicon and Oxygen atoms forming the repeating unit in the polymer. 

CH. 

CH3—Si—CH-Si—O 

CH 

CH: 

Cri: 

CH-

-Si—CH. 

n 
CH3 

Fig. 5.15 Structure of PDMS [19] 
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The low surface energy of PDMS (~16.21mN/m) is due to the closely 

packed methyl groups in the surface. The following structural properties of PDMS 

can be accounted for its surface properties: 

• The low intermolecular force between the methyl groups, 

• The unique flexibility of the siloxane backbone [Si - O - Si], 

• The high sfrength of the siloxane bond, 

• The partial ionic nature of the siloxane bond. 

The positively polarized Silicon atom is electron withdrawing, thus polarizing the 

methyl group and makes it susceptible to radical attack. This makes it possible for 

PDMS to attach with non-polar substrates. Owing to the high dissociation energy 

of the Siloxane bond, it has excellent thermal stability. Because of the presence of 

methyl groups it has low interfacial energy and is distinctly hydrophobic. 

This can however be modified by plasma treatment. In several 

microfluidic/MEMS applications there is a requirement for bonding PDMS 

surfaces to other PDMS surfaces or to a glass base. The bonding of the two 

determines the fimctionality of the device. Plasma oxidation makes the surface 

hydrophobic enhancing PDMS bonding to other subsfrates and can be 

characterized using surface contact angles of the substrates after plasma 

treatment. Plasma freatment was carried out by Shantanu [20] in the Trion system 

(Oxygen plasma), wherein Chamber pressure (mTorr), RIE Power (Watts) and the 

exposure time (seconds) is varied during freatment to see any effects on the 

chemical bonding or otherwise. 
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The hydrophobic surface properties of PDMS have been to shown to be 

temporarily lost by surface oxidation [21]. The oxidation resulted in the formation 

of inorganic silica like (SiO^) stmcture, i.e., silicon atoms bonded to more than 

two oxygen atoms. Polar silanol groups were also believed to have been formed 

as a result of the freatinent. Both of these newly formed stmctures increase the 

hydrophilicity of the surface, increasing the chances of bonding with other 

surfaces. 

CH3 CH3 CH3 
<^/ s^7 QĤ ^ 

0 0 ^ 

HYDROPHOBIC 

Plasma oxidation 

Air (~ 10 min) 

OH CHa 
H^J OH 7 

o o 
HYDROPHILIC 

contact PDMS 
surfaces 

V V 

irreversible seal: 
formation of 

covalent bonds 

Fig. 5.16 Schematic representation of plasma oxidation of PDMS [19] 

The parameters to be were changed in a three experiment set and are 

explained in the following paragraph. In the first experiment set, the effect of 

chamber sfrength on the bond strength is measured keeping the other parameters. 

Inductively Coupled Power (ICP) at 150W, Reactive Ion Etching power (RIE) at 

20W, Oxygen flow rate at 20sccm. and the time of treatment is fixed at 30 

seconds. In the second set, the chamber pressure is kept constant (at lOOOmTorr 

for PDMS-Glass bonding experiment and 700mTorr for PDMS-PDMS bonding) 

as well as the other parameters except RIE power. Similarly, the third set of 
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expenments were carried out by changing the time of treatment while keeping the 

remaining parameters constant at their specified values mentioned before. A 

measure of the bond sfrength of the bonded substrates is obtained by flowing 

compressed Nitrogen through the two layers (bonded) similar to performing a 

peel test. The initial pressure at which they start to separate is noted down as a 

measure of the bond sfrength (in PSI pressure units). 

Effect of Chamber Pressure on Bonding 

The pressure of the chamber during the experiment is varied from 

50mTorr to lOOOmTorr. The surface contact angle is measured with water as the 

test liquid immediately after the treatment. The variation of bond strength and 

contact angle with chamber pressure is depicted in the plots below. 

It is observed that at pressures below lOOmTorr, the bond strength is poor 

and the contact angle remains high enough for effective bonding. This can be 

attributed to the fact that with reduction in chamber pressure, the mean free path 

of the energized Oxygen atoms inside the chamber is high, improving their 

hfetime and their probability of collisions with the target. With decrease in 

pressure the process is highly anisotropic and in effect destroys the backbone 

siloxane structiire instead of dislodging the methyl groups which account for the 

surface hydrophobicity. On the other hand, as the pressure inside the chamber 

increases the process becomes less directional as the mean free paths of the 

energized Oxygen atoms reduce and thereby removes the hydrophobic methyl 

groups. The effectiveness of the process reduces with ftirther increase in pressure 
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as the Oxygen atoms in the plasma fail to possess sufficient energy to make any 

desired surface changes. The effect of low bond strength is less pronounced in the 

Glass-PDMS bonding experiment as the damage caused by the energetic pla 

on the glass structure is minimal. 
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Fig. 5.17 Contact angle and bond strength versus Chamber pressure (PDMS-PDMS bonding) 
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Effect of RIE Power Variation 

In this experiment the RIE power is varied keeping other parameters 

constant, the results of which are plotted below. 

It is observed that the bond strength is maximum at 20W RIE power and 

decreases around this value on either side. By changing the RIE power it is 

possible to change the energy of the bombarding oxygen ions (their acceleration) 

along with their density. At power levels lower than 20W, the energy imparted to 

the ions is not sufficient to completely remove the methyl groups, hence contact 

angle was higher leading to a lower bond strength arising due to ineffective 

bonding. On the other hand if the RIE power is increased beyond 20W, the energy 

imparted to the plasma is high enough to cause the breakdown of the siloxane 

backbone causing permanent stmctural damage, causing the bonding to fail. This 

failure of the bond is directly proportional to the RIE power used for the 

freatinent. 
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Fig. 5.19 Contact angle and Bond strength versus RIE Power (PDMS - PDMS bonding) 
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Fig. 5.20 Contact angle and Bond strength versus RIE Power (PDMS - Glass bonding) 
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Effect of Time of Plasma Treatment 

In this final set of experiments, the time of plasma treatment is varied 

while maintaining the other important parameters at a constant value. 
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Fig. 5.21 Contact angle and Bond strength versus Treatment time (PDMS - PDMS bonding) 
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The plots above depict the variation of the surface contact angle and the 

bond sfrength of the layers after the treatment. It is observed that the bond 

strength plot has a distinct peak and gradual decrease in the value on either side of 

the peak. The peak value is obtained for 20 second treatment and is comparable to 

the previous two cases. The decrease in the bond strength for treatment times less 

than 20 seconds is most likely due to insufficient time for the plasma oxidation to 

take place for dislodging the hydrophobic methyl groups. There are a number of 

published references available for reasoning out the behavior of the PDMS 

substrate for over-exposure to plasma [24] which may be any one of the plausible 

conditions: 

• Re-orientation of the polar groups at the surface into the bulk; 

• Condensation of silanol groups at the surface; 

• Loss of volatile oxygen rich species to the atmosphere. 

The reasoning most believed by researchers, is the progressive oxidation 

of the surface forming an extremely brittle surface. This effect was first reported 

by Owen and Smith [21], wherein the SiOx layer is believed to have formed due 

to progressive oxidation of the surface which eventually cracks up and transports 

low molar mass PDMS to the surface covering the oxidized layer. The analysis of 

contact angle and bond strength variation with plasma treatment is incomplete and 

cannot be based only on the experiments conducted. Further experiments studying 

the surface morphology after treatment is required to establish a definite theory on 

the changes taking place after treatment with plasma. This thesis mainly outiines 
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some of the possible reasons for the same from certain published sources and in 

no way deduces explicit reasons for the behavior observed. 

From the above experiments, it is possible to arrive at an optimum value 

of chamber pressure, RIE power and treatment time to obtain ideal bonding in 

PDMS surfaces. It is noted here that transformation to the hydrophobic surface 

after treatment is a natural process and takes about 10 minutes after treatment to 

return old state. Bonding, therefore should be carried out prior to the 

transformation. 
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CHAPTER - VI 

CONCLUSIONS AND DISCUSSION 

Future Challenges 

DLP technology is a revolutionary display solution that uses an optical 

semiconductor to manipulate light digitally. The DMD® chip contains a 

rectangular array of up to 1.3 miUion hinge-mounted microscopic mirrors. DLP 

technology enabled projectors for very high image quality or high brightness 

applications are used in cinemas and large venue displays. A schematic diagram 

of the different parts of the mirror is as shown below. 

Mrror+IQ" 

Spaing Up 
X 

-^ CMOS 
subsfrate Spring tip 

Fig. 6.1 Digital Micro-mirror Device (DMD®) and Spring tip enhanced view [22] 

The mirrors are operated in parallel and are individually controlled micro-

mechanical structures, flipped to either of the two states by electrostatic actuation. 

A post to a yoke/hinge assembly usually mounts the mirrors. Spring tips present 

on either side of the yoke are responsible for bringing the mirrors to a halt. In this 

process, they touch the underlying surface and thereby include the effects of 
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stiction and friction in the mirror dynamics. System performance can be improved 

drastically, if a suitable coating of the landing surface is carried out. The 

challenges include the deposition of a suitable anti-stiction layer and analyzing its 

properties under different operating conditions. Contact angle measurements form 

a valuable part in characterizing the deposited anti-stiction coating. 

Typically to reduce the effects of friction and stiction, the contacting 

surface must be coated with a low energy material. High-energy surfaces usually 

advocate chemically bonding and hamper lubrication by allowing water-

catalyzed stiction. Fluoro-carbon containing compounds (like Teflon™) have very 

low surface energies and hence form hydrophobic coatings. These coatings when 

deposited form monolayers by strongly adhering to the underlying substrate 

owing to a reactive end group, and are classified as Self Assembled Monolayers 

(SAM). 

The class of chemicals preferred for the low energy anti - stiction coatings 

is the family of perfluoroalkanoic acids, which are capable of performing SAMs. 

Specifically Perfluorodecanoic acid (PFDA) is selected for coating both the spring 

tip and the landing surface to reduce friction effects. PFDA (CF3(CF2)8COOH) 

like other perfluoroalkanoic compounds has a carbon backbone connected to the 

fluorine atom cap set. PFDA can be easily deposited by evaporation and is to be 

handled with care as it is believed to be mildly carcinogenic. 

Contact angle measurements are generally used to measure the surface 

energy of the substrate before and after coating the film. The region of interest is a 

2iLtm-by-2ptm landing region beneath the spring tips. Contact angle measurements 
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on such a small cross-section are nearly impossible owing to the inabihty to 

administer droplets in the region of interest. Added to the above fact, is the 

inability to have a droplet with base radius of such dimensions. The droplets 

employed in this project had a base diameter of the order of 1/10* of a millimeter 

(and a corresponding volume range of O.SJLIL - 4jU,L). A larger area to work with is 

desired and for this purpose, the bond pads present along the periphery of the 

DMD chip (used for controlling the mirrors from outside the chip) were chosen 

for surface analysis. These bond pads offer the same substrate to work with as that 

of the landing surface of the spring tips and are of reasonable larger cross-section 

(50/xm-by-50jLim). 

Several DMD® samples provided by Texas Instmments were analyzed 

initially to check the feasibility of the measurement method. The photoresist 

coated DMD® samples were first plasma etched, to remove the coating 

completely without damaging the underlying surface [23]. Experiments to 

measure the contact angle of water on the etched bond pads were futile as 

depicted by the following photographs (top-view). 

Fig. 6.2 Etched and water covered bondpads 
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As seen from the above photographs, a typical liquid droplet covers four 

to five bond pad samples and the intermediate regions and cannot be used for 

analysis purposes. There is a need-based challenge to develop a new system to 

analyze the surface properties of the bond pads (using contact angle 

measurements) for the small regions. These have to be addressed to make the 

system applicability universal. 

Conclusions 

The development of a custom contact angle measurement system on par 

with commercial available systems is successfully carried out in this project. The 

developed instmmentation can be easily modified to adapt for different surface 

activity measurements. Theories behind surface energy thermodynamics are 

discussed in detail with their application in the accurate analysis of contact angle 

and surface energy parameters with the user friendly GUI. These were imminently 

helpful in several strategic applications including the characterization of 

nanoporous low - k dielectric samples obtained after supercritical CO2 treatment 

to restore hydrophobocity. Similarly, loss of hydrophobicity enhancing bonding in 

PDMS is also studied along with other experiments, enhancing usability of the 

system to major surface modification experiments. 

Further Enhancements 

The exact measurement of contact angle on rough or heterogeneous 

surfaces is difficult. This as mentioned earlier is because the three phase contact 
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line possesses irregularities and the contact angle determined by the tangent at the 

three phase contact point is often is of dubious value. A better strategy relies on 

the analysis of the top view of the droplet, facilitating the contact angle 

calculation based on the volume of the drop and the average drop diameter. 

The usefulness of averaging over irregularities in the three phase contact 

line was initially used for smaller contact angles only, but eventually is used for 

larger contact angle determination as well in advanced systems. It is referred to as 

the Axisymmetric Drop Shape Analysis-Maximum diameter (ADSA - MD) [2]. 

This method involves the imaging procedure to be carried out from above the 

drop i.e. the CCD camera is to be placed above the sample. There is scope for 

applying the same in the analysis in order to improve the system performance. 

Furthermore, the design can be perfected by using well defined droplet 

volumes for analysis using micro-liter/nano-liter pipettes for droplet 

administration, doing away with unreliable and contaminating syringes. 
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ABSTRACT 

Studies of measurement of contact angles of liquids on solids have great 

technical importance particularly in the semiconductor, textile, cosmetic and 

pharmaceutical industries. Contact angle measurements are simple, highly 

efficient tools for obtaining insight into the properties and interactions of a 

surface. In this project, the thermodynamics of surface energy calculations is 

studied based on surface contact angles formed using specific test liquids. A 

home-made setup is built for contact angle and surface energy analysis. A 

dedicated software code written in MATLAB® enables computation of the contact 

angle of sessile droplets accurately, along with other defining parameters like 

Zisman's critical wetting tension (Z-CWT) and surface energy parameters 

(dispersive, acidic and basic). Applications of such techniques on supercritical 

CO2 processed nanoporous low-k dielectrics as well as bonding in PDMS are 

studied in detail. Furthermore, advancing and receding angle measurement 

techniques along with roughness studies are done with a view to improve system 

usability. 
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CHAPTER-1 

INTRODUCTION 

The characterization of the wettability of different types of complex 

interfaces has attracted much attention in the last couple of decades. This is 

mostly related to the fact that material science deals more and more frequently 

with problems involving surface properties and interactions. Most solutions deal 

with the thermodynamic approach to wetting based on equilibrium solutions. 

Contact angle measurements form an important part of the knowledge of the 

evolution of a system towards equilibrium. 

A surface may be classified according to the state of aggregation of the 

phases which they separate such as liquid-gas, liquid-liquid, solid-liquid, solid-gas 

and solid-solid surfaces. Surfaces between condensed phases, i.e., between two 

liquids, two solids or a liquid and a solid are also referred to as INTERFACES 

which is strictly a two-dimensional mathematical plane with no thickness. 

To understand completely the effect of wetting, it is logical to start from 

the definition of WETTING. Wetting may be defined as "the macroscopic 

manifestations of molecular interactions between solids and liquids in direct 

contact at the interface between them" [2]. This involves a formation of a definite 

contact angle (theta) at the solid-liquid interface line indicating the liquids' 

spreading or non-spreading, but waives any kind of chemical reaction that 

changes the system composition. The wetting theory involves inter-atomic and 

intermolecular forces acting across a surface. These forces can be primary like 



ionic, covalent and metallic co-ordination bonds or secondary forces like van der 

Waals and hydrogen bonds and electrostatic forces. Contact angles describe a 

shape of a small drop of liquid in contact with a solid. 

The drop will spread out until the liquid's cohesion is balanced by its 

adhesion to the solid. A way to describe wetting phenomenon is to assume the 

existence of surface tension and surface free energy. Liquids are distinguished 

from solids by their fluidity i.e. the freedom of their molecules to move. Consider 

a drop of hquid on a solid surface as depicted in Fig. 1.1. In the interior of the drop 

the average force of attraction i.e. cohesive forces on an individual molecule is 

imiform as identical molecules in all directions surround it. 

However at the surface, there exists an imbalance between the inward and 

the outward pulls exerted, resulting in a strong inward attraction perpendicular to 

the surface. This causes the surface to diminish in area, as there is a movement of 

molecules inwards to escape this effect. The contraction of the surface continues 

until the maximum possible number of molecules is in the interior, i.e. until the 

surface is the smallest possible for a given volume, subject to the extemal 

conditions or forces acting on the drop. 

The contraction of the liquid shows that there is free energy associated 

with the interface and work must be done to extend the surface against the inward 

attractive forces. This free energy referred to as the Surface Energy is of 

fiindamental importance relating to the equilibrium of the surfaces. Surface 

energy is an important tool for the characterization of surfaces. In other words 

svu-face energy is to a solid what surface tension is to a liquid. Contact angles are 



but one way of obtaining energies, often the easiest. 

Tangent T to drop's prolile al point -P" 

Baseilne 'B ' tangent 
to specimen surface ~ \ / f 9 

Specimen 

Fig. 1.1 Contact angle measurement [1] 

Whereas the surface tension of a fluid can be determined with accuracy, 

the same is not true of the corresponding quantity of a solid. Surface energy. A 

solid surface will support shear stress, whereas a liquid will not support one, so its 

shape reflects surface tension. In other words, surface energy remains hidden by 

the lack of deformability of the solid. However using contact angles it is possible 

to obtain a near estimate for the surface energy parameter using Young's 

equation, 

YiGCOse = Y 5 G - Y SL [1.1] 

where y^^ and y^^ are the surface free energies of the hquid and solid, 

respectively exposed to gas G, and ŷ ^ is the solid-liquid interfacial free energy. 

The unknown parameters are supplied by a variety of theories viz. Girifalco, 

Owens-Wendt, the complex and more dependable of the lot being the Lewis acid-

base theory which is based on the intermolecular forces of cohesion and adhesion. 
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In many areas of applied thermodynamics, measurement of contact angle 

plays an important role. The range of applications is quite remarkable, as a simple 

tool to assess the cleanliness of the surface or a highly sensitive scientific 

measurement aimed at obtaining information on the solid surface tension and the 

physical state of the surface. 

The measurement of contact angle of a liquid drop facilitates exact 

statements about the moistening behavior of solid surfaces, most important being 

the surface tension or surface energy calculations. This is essential as the 

application of chemical analysis methods for threshold surfaces facilitates the 

targeted development of products and their optimal adjustment to the desired 

chemical and physical properties benefiting industries including semiconductor, 

cosmetic and pharmaceutical, paint and lacquer industries. 

Some examples of its use in semiconductor industry would be in the 

analysis of plasma treated surfaces, study of planarization and adhesion properties 

along with the homogeneity and stability of layers like photo resists and 

developers. The pretreatment of the substrates (cleaning, dehydration, and 

exposure to humidity) influences surface tension. Surface modification by primers 

like Hexamethyldisilazane and Trimethylsilydiethylamine provides stable and 

reproducible surface tension. 

This thesis mainly outlines the techniques for the identification of the 

nature of the solid from the interfacial tension by using liquids with well-known 

properties. An attempt to obtain a reliable and accurate method for obtaining 

contact angle data and further processing of the data is carried out. 



Experiments involve the study of the shape of sessile drops (drops sitting 

on a surface) on various treated and deposited surfaces in an attempt to quantify 

their surface properties. Analysis of captured drops is carried out using dedicated 

software, which effectively employs image processing and numerical techniques 

to specify a mathematical expression for the shape of the drop, and then 

calculating the slope of the tangent to the drop at the liquid-solid-vapor interface. 

A home-made system is developed for the administration of the drops on 

the surface and the subsequent image capture accessories made possible using a 

CCD camera. Provisions for advancing and receding contact angle measurements 

are made allowing for hysteresis in the measurements. Calibration of the device is 

carried out with standard references for reliability and reproducibility of the 

readings. Effect of roughness on contact angle is also studied in some detail. 

Subsequent chapters involve the study of the different surfaces using 

known liquids for calculation of parameters like Critical Wetting Tension 

[Zisman]. Various models goveming the dynamics of the drop is also discussed in 

an attempt to understand the nature of the interface formed. Hexamethyldisilazane 

(HMDS) process confrol with Supercritical Carbon-dioxide treatment study for 

modification of surfaces is analyzed by the study of contact angle variation with 

processing parameters and treatment temperatures. A study of effect of plasma 

treatment in the bonding between Polydimethylsiloxane (PDMS) layers as well as 

to glass surfaces is proposed. Use of contact angle analysis for characterizing 

lubrication in TI - DMD® micro mechanical structures is highlighted as an 

application of the system developed. 



CHAPTER-11 

THERMODYNAMICS OF SURFACE ENERGY CALCULATIONS 

Surface free energy determination and the related interface - physics 

studies are important in several industrial applications like, adhesion, lubrication, 

and printing. Interactions between a solid and a contacting liquid are mainly 

govemed by the interfacial tension between the two phases in the surrounding 

medium. Understanding the surface based phenomenon is mainly by 

characterizing the solid surface free energy components, thereby providing a 

comprehensive insight into the surface interactions. 

Interfacial Tension 

This chapter is dedicated to the study of interfacial tension by means of 

thermodynamics. If a condensed phase forms an interface with another phase, 

then the physical properties of the surface must be incorporated in the description 

of the energetic behavior of the phase. 

The value y is called the interfacial or surface Tension and is cmdely defined as 

the reversible work that must be done to increase the interface and has dimensions 

of N/m. Interfacial tension, a direct consequence of the intermolecular forces of 

atfraction can only be determined indirectly. The most frequently applied method 

to determine the surface tension of the solids is the determination from the 

wetting angle data. Contact angle measurements first described by Thomas Young 

in 1805 remains the simplest and the most accurate method for characterizing 



surface properties of solids as well as the interaction between a liquid and a solid, 

ft may be recalled from the previous chapter that competing tendencies between 

the cohesion energy (of the liquid molecules) and adhesion energy (between the 

solid and the liquid molecules) result in the measure of contact angle (0 ). 

Surface Free Energy and Acid-Base Interactions 

Liftshitz van der Waals Interactions 

van der Waals forces were described to explain the presence of attractive 

interaction between neutral molecules. These interatomic/intermolecular forces 

are non-elecfrostatic and non-covalent and originate from, 

• randomly oriented dipole-dipole interactions. [Keesom] 

• randomly oriented dipole induced dipole interactions. [Debye] 

• fluctuating dipole interactions (Dispersion). [London] 

The in-depth study of the three major interactions mentioned above is beyond 

the scope of this masters' dissertation and is restricted to a brief description. 

These interactive forces vary as the inverse sixth power of distance (r'^) between 

the contacting surfaces and are considerably weak over larger distances. Of all the 

aforementioned interactions London's dispersion force is universal and has 

significant importance in macroscopic systems. The origin of these dispersion 

forces is believed to be the charge fluctuations associated with the motion of 

electrons in their orbitals. These charge fluctuations result in a time-dependent 

dipole moment, the phase difference in which leads to mutual interaction while 

the time dependent dipole generates an instantaneous electiic field which 
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polarizes neighboring molecules and induces a dipole moment in it. This results in 

mutual interactions, which gradually increase the magnitude of the interaction 

force. These dispersion forces accounts to most of the interfacial interactions 

while the other two can be neglected without any significant change [3]. 

Macroscopic Interfacial Lifshitz van der Walls Interactions 

According to Good, Grifalco and Fowkes, if only the dispersion 

interaction forces are present between two condensed phases 1 and 2, the 

interfacial tension Y,2 '̂̂  is, 

\ 2 
LW 

2 
LW ( I TiF I 

Yn =['>JYI - V Y : 

LW LW n. j Tw Iff „ n 
= ri +Y2 -^Yx Y2 [2-1] 

which is referred to as the Good - Grifalco - Fowkes combining mle. 

The Lifshitz van der Waals interaction energy between materials 1 and 2 

in vacuum is give by the Dupre' equation, 

AC?,/" = 7 , / " - V / " ' - Y / " [2-2] 

Substitiiting [2.2] in [2.1] we get, 

AG,/"'=-2V^7V^ [2.3] 

which is an important relation [3]. The physical meaning of this relation is that 

those in the neighboring phase pull the atoms at an interface. Since the Lifshitz 

van der Waals forces are universal and always available at the surface, equation 



[2.3] suggests that the energy of interaction is always negative. In other words, the 

interaction energy between two condensed phases is always attractive. 

In a similar note, the interaction energy between molecules or particles immersed 

in a liquid 2 is given by 

a y^ LW ^ LW ^^ ^., 

^<^i2i = -2y i2 [2-4] 

and the energy of cohesion of material 1 can be written as, 

AG/"' ^-2y,''' [2.5] 

Also the energy of interaction between materials 1 and 2 in a medium 3 is given 

by 

. ^ L W LW LW ^, LW 

AG,32 ^Yn -Yn -Y23 [2-6] 

Polar Acid Base Interactions 

According to Fowkes, the surface tension of material / can be broken 

down into separate components originating from different kinds of intermolecular 

forces, 

Yi=Tj' t2.7] 
/ 

where 7 represents the different types of Surface Tension components including, 

dispersion, dipolar induction, hydrogen Bonding and metallic interactions. 

These can be grouped into apolar and polar interactions. Apolar 

interactions are represented by LW signifying Lifshitz van der Waals interactions. 

Therefore, 



„ LW , , , AB 
Y,=Y/ +Y, [2.8] 

Similarly, 

^Gn=-^yi [2.9] 

AG = AG^^+AG^s [2.10] 

where AĜ**̂  is the free energy change due to Lifshitz van der Waals interactions 

and AG"** is the same due to acid-base interactions. 

van Oss et.al. based on Fowkes' [3] acid base interaction approach showed 

that the elecfron-donor and electron-acceptor interactions are essentially 

asymmetrical. For acid base interactions between materials / andy, 

A G / ' = - 2 ^ ^ - 2 ^ ^ [2.11] 

and, 

AG/'=-A.[^ [2.12] 

where y * is the acidic component and y ' is the basic component of the surface 

tension. Since AG,., =-2y, , equation [2.12] becomes 

ri^' = ̂ ^rS7 [2.13] 

From the Dupre' equation, 

AG,/' = r,."-rr-y/' P'^I 
which is true irrespective of the material's polarity. The interfacial tension 7,2 

between materials 1 and 2 can be expressed as, 
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Y '^' =AG -̂ ^ A-v ""̂  -1-v ^^ 
r\2 - ^ ^ 2 +Yi +Y2 • [2.15] 

Substituting this equations [2.11] and [2.13], 

Yn' =2[J//// A-.1//// -,[//// -/////^^ [2.16] 

= 2(^/i^-^/iv)(^/y^-^/y7), [2.17] 

diis is the equivalent of the Lifshitz van der Waals equations. Fowkes' surface 

tension components can be applied to hiterfacial tension as follows, 

LW , AB 
YX2=YX2 +Y,2 [2.18] 

Substittiting [2.1] and [2.17] in equation [2.18], the total interfacial surface free 

energy between phases 1 and 2 is given by, 

[2.19] 

= ( ^ / ^ - ^ / h ^ ) ^ 2 ( ^ - V ^ ) ( ^ - ^ ) [2.20] 

If any of the phases do not have both electron donor y, and elecfron acceptor 

interactionsy/, it is termed as apolar. On the other hand, if they have both the 

aforementioned interactions, then they are termed as bipolar phases. Finally, 

monopolar surfaces are those, which have only electron donor or electron 

acceptor interactions according to which they are termed as monopolar basic or 

monopolar acidic, respectively. 
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Van Oss Chaudhury-Good Equation 

According to Fowkes, the work of adhesion (Wa) between a liquid and 

solid surface would be 

K=K'+K"', [2.21] 

where W^ stands for the contributions from dispersion (non-polar) interactions 

and W^" represents those due to non-dispersion (polar or ionic) interactions. 

According to Laskowski and Kitchener, if the surface is free of polar groups on 

which the molecules can be bonded, the solids would be hydrophobic Wf = 0. 

The surface free energy components of a material i can be written as 

Y, -=Y , " ^+Y , ' ^ [2.22] 

The total free energy change between a solid (s) and a liquid (1) maybe written as 

AG^,=AG/''+AG/'. [2.23] 

Applying previous derivations, 

AG/"^ =-2^y/''yr (Fowkes) [2.24] 

and 

AG/' = - 2 V r > r - 2 V r 7 y 7 (Van Oss et al.) [2.25] 

Substittiting equations [2.24] and [2.25] in [2.23], 

AG,=-2.f/f^ -2^/J^ -2.^//// [2.26] 
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Consider a drop of a liquid brought in contact with the solid surface. The 

droplet will stick to the surface (if it is sufficiently hydrophobic) and forms a 

definite contact angle. According to Young, 

y,COse = y^-y^, ....[1.17] 

where y, is the surface tension of the liquid, y ,̂ is the interfacial surface tension 

between the solid and the liquid. The changes in free energy can be written as 

^G„=y„-y^-y,. [2.28] 

Combining equations [2.27] and [2.28] we get 

-AG^i=ri(l + COsQ) [2.29] 

called the Young - Dupre' equation. 

Substituting the above equation in [2.26], 

i\+cose)r, = 2[ylrs""Yr +^Y^+^[Y7y7] [2.30] 

known as the van Oss-Chaudhary-Good (OCG) thermodynamic approach [3] to 

determine the values of the surface free energy components of solids, and is used 

for characterizing a solid surface in terms of its free energy components 

f LW + - , . 

(n ^Ys J . )• 

In order to determine these values, it is required to determine the contact 

angles of three different liquids of known properties in terms of (;K, , / / ,7/ ) 

on the solid surface. This provides us with three equations and three unknowns 

which can be solved analytically. 
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Initially, if an apolar liquid is to be placed on the surface and the contact 

angle is to be measured, equation [2.30] reduces to 

/•I , n\ ^ I Tw Iw' 
{\+cose)r, = 2yir^ y, [2.31] 

as the polar components are zero. From the above equation, y/" ' can be 

determined from a single contact angle value (if both y, and y/**' of the liquid 

are knowm. 

Similar approaches can be carried out with suitable monopolar and bipolar 

liquids. Once the three unknown surface parameters are known, the surface 

energy of the solid Yi can be calculated using, 

r. = r/"'+ 2Vr7y7 [2-32] 

The following is a tabulation of the typical liquids available for contact 

angle and surface energy analysis. 
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Table 2.1 Properties of test liquids [3] 

Liquid 

Mexiuie 

Heptane 

OctJMie 

D e c j ^ e 

Xyodecane 

Tetradecane 

Cyclohexanif 

Carbon tetrachloride 

B e n z e n e 

To luene 

Methanol 

Ethanol 

Chlorofo im 

c is -Decal in 

1 -Bromonaphthaletie 

Methylene iodide 

Ethylene g lycol 

Formaniide 

Glycerol 

Water 

'A. 

18 4 

2 0 3 

2 1 6 

23.8 

25 35 

2 6 6 

25.5 

2 7 0 

2 8 9 

28 5 

22 5 

22 4 

2 7 15 

32 2 

4 4 4 

5 0 8 

4 8 0 

5 8 . 0 

6 4 . 0 

72.8 

^5* 
1 8 4 

20.3 

21 6 

23 8 

25 3 5 

26 .6 

25 5 

2 7 0 

27.1 

28 .5 

1 8 2 

18 S 

2 7 . 1 5 

32 .2 

4 4 4 

50 .8 

2 9 . 0 

3 9 0 

3 4 . 0 

21 .8 

K̂ ^ 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

4 3 

2 6 

0 

0 

0 

0 

19 0 

19.0 

3 0 0 

51 .0 

~ A . ' 

0 

0 

0 

o 
0 

0 

0 

0 

0 

0 

^.0.06 

-.O.OJ9 

3.8 

0 

0 

0 

1 92 

2 28 

3 92 

25.5 

'A." 

0 

0 

0 

0 

0 

o 
0 

0 

2.8 

2 3 

•>77 

68 

0 

0 

0 

0 

4 7 . 0 

3 9 6 

5 7 4 

25.5 

The liquids at the bottom of the table are more significant for test 

purposes because they have higher values of surface tension and hence form high, 

easily readable contact angles with most of the surfaces. In this project. Water, 

Glycerol, Ethylene Glycol and Methylene iodide (Di-iodomethane) are used for 

testing, of which the latter is apolar and can be used directly to find the dispersive 

part of the solid surface energy. 

Chang model 

The Chang model is an empirical acid-base model which takes into 

account the repulsive or attractive interactions between acidic and basic 
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components [Qin and Chang (1995)] [4]. The proposed equation describing the 

work of adhesion is 

W = {\ + cosQ) = P/P/ -P,"P/ -P/p; [2.33] 

where PL and Ps are the dispersive parameters of the liquid and solid calculated 

as follows 

d 
L 

[2.34] 

PL^ and PL'' are the principal acid-base values of the liquid which were determined 

by the above empirical model using the non - linear least square method based on 

pubhshed data [Chang and Chen 1989, 1991]. Ps^ and Ps'' are the principal acid-

base parameters of the solid given by 

Y / = - P / P / . [2.35] 

Of the different methods proposed by researchers, the OCG 

thermodynamic approach is the most prevalent one and is applied in this project. 
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CHAPTER-III 

CALIBRATION AND STANDARDIZATION 

In this chapter the setup of the Contact angle system is discussed along 

with the calibration and standardization procedures involved. As in the past, 

contact angles are mostly determined by means of optical methods in a 

transmitted light setup. Typically a resting drop (on a flat surface) is exposed to 

diffused light from one side and observed from the other side. The simplest setup 

employing the above idea is to use a protractor eye-piece, in which case the 

results are hardly reproducible owing to varying individual perceptions. This calls 

for the use of video supported systems ably supported by image processing tools 

in computers. 

In this system, the eye-piece is replaced by a CCD camera (Intel Play "̂̂  

Microscope) capturing the image of the sessile droplet. The image is then acted 

upon by suitable image processing tools capable of performing several critical 

fiinctions discussed later. As discussed previously, drop shape analysis is the most 

convenient method of determining surface energy through contact angles. 

Determination of drop Orientation 

Before we venture into contact angle determination, the orientation of the 

drop with respect to the sample surface is to be decided. There are two choices 

available, namely [1], 

17 



• Sessile drop-This is a sitting drop as in a droplet of water resting on a flat 

surface. 

• Sessile bubble-This represents a bubble or a drop floating in fluid up 

against the sample bottom, hi this orientation, the positions of the liquid 

and vapor are interchanged. 

This project is limited to sessile drop analysis owing to its simplicity and 

absence of technical resfraints with the following principal assumptions, 

• The drop is symmetric about a central vertical axis. 

• The drop is not at motion and is at complete rest (i.e. Viscosity or Inertia 

does not determine its shape) 

• The only force determining the shape of the droplet is the interfacial 

tension at the solid - liquid interface. 

• The effect of gravity in determining the shape of the droplet is neglected 

without any appreciable error. 

Instmment Setup 

The measurement of static contact angles or the dynamic advancing 

angles, as well as the measurement of surface interfacial tension is carried out 

with the video supported contact angle measurement setup, consisting of the 

following blocks: 

• A CCD video camera with a resolution of 800-by-600 pixels. 

• The camera is mounted on a XYZ axes translation stage capable of a 

minimum movement of 1/50* of a millimeter along each direction. 
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• Droplet administration through a ImL syringe with readable graduations 

ofO.OlmL. 

• Adjustable stand with provisions for holding the sample atop a 

Goniometer, with a minimum tilt of l/lOO"" of a degree. 

• Syringe holder fixed permanently to the adjustable stand holding the 

syringe through crocodile clips. 

• A light source placed on a stand capable of moving vertically, with 

adjustable levels of intensity and a light diffiiser. 

• Video interface through a computer terminal [6]. 

Intel Play 0X3 Microscope 

The Intel Play QX3 Microscope^w serves as a CCD camera in the setup 

and is simple to use with magnification options up to 200X. Electrical power for 

the camera system and specimen illumination lamps is obtained from the 

computer through the Universal Serial Bus (USB) port. The accompanying 

software package provides an interface enabling capture of single images as well 

as making movies and performing time-lapse investigations. 

The Intel Play QX3 computer microscope is capable of examining 

specimens through individual objectives having magnification powers of lOX, 

60X and 200X. An aperture molded into the polymer barrel confrols the diameter 

of the light beam passing through each objective. By using apertures that restrict 

the light pathways to the center of the lenses, spherical aberration is reduced. The 

lOX objective contains two lenses (a convex front lens near the object and a 
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concave image side lens) and a plano-convex lens that projects the image into the 

CMOS Active Pixel Sensor (APS) integrated circuit located in the image capture 

circuit board. The 60X objective has a central bi-convex lens and the 200X has a 

double convex lens near the image side. Imaging problems with the microscope 

arise from relatively poor performance of the objectives coupled to random noise 

problems generated by the amplifiers in the active pixel sensor CMOS circuitry. 

The digital imaging system is centered on an active pixel sensor CMOS 

integrated circuit as mentioned before. The CMOS imaging chip used in the Intel 

QX3 microscope is a VLSI vision UV6404 CIF Color MOS sensor. In the center 

of the chip is a large array of optical sensors that are individual photo-diode 

elements covered with dyed filters and arranged in a periodic matrix. Each pixel 

element is confroUed by a set of three transistors and an amplifier that works 

together to collect and organize distribution of optical information. The array is 

interconnected much like memory addresses and data buses on a DRAM chip so 

that the charge generated by the photons striking each individual pixel can be 

accessed randomly to provide selective sampling of the CMOS sensor. Assisting 

the CMOS W6404 digital photo-diode integrated circuit is a co-processor, which 

along with the support circuitry forms a chipset with an USB interface housed in 

the microscope body. They perform the key fiinctions of image capture, digital 

video image processing and video compression. The following is a pictorial 

representation of the anatomy of the hitel Play QX3 microscope. The information 

about the fritel Play QX3 Microscope is derived from the reference [13]. 
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Ctumber Lamp USB 

Connector 

Fig. 3.1 Intel-Play Microscope [13] 

Operating Procedure 

The procedure for obtaining images of drops resting on sample surfaces is 

described in brief below, 

• The test sample is placed on the goniometer, which is either flat or at a 

specific angle (usually 3 degrees) depending on the desired measurement. 

• A suitable test fluid is chosen and is placed on the syringe. An ideal liquid 

to start with is water, because it is safe and forms a high, easily observed 

contact angle on most surfaces. It is advisable to use separate syringes for 

different test liquids to avoid the possibility of contamination. Minimal 

amount of liquid is sufficient (< 10 micro Liter) is sufficient to obtain a 

clear contact angle data, nullifying the effect of gravity. 
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• An initial live video image of the sample is obtained. Lighting and focus 

are adjusted to obtain a sharp image. 

Effect of Camera Angle on the hnaee Obtained 

The camera may be placed to either look exactly horizontally at the drop 

or look down at a small angle (~3 degrees). The camera angle does not affect the 

reading directly but profoundly affects the finding of the baseline, which in tum 

decides the contact angle. Baseline inaccuracy is the primary contributor to 

contact angle inaccuracy. Camera angle is set by the height of the camera relative 

to the specimen and by the tik of the camera stage [1]. 

Calibration 

Calibrating the obtained contact angle to a known accepted standard is of 

utmost importance and can be significant source of error if unchecked. In this 

experimental setup Calibration is carried out using a spherical metal ball bearing 

with diameter 1.585 {+/- 0.01mm}, comparable to the size of a hquid droplet. The 

object is placed on the goniometer surface and brought into focus after adjusting 

the background lighting and surface tih as described earlier. Still photographs of 

the same are captured to be analyzed using MATLAB . A sample photograph is 

as shown below. 
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Fig. 3.2 Photograph of a spherical metal ball 

Approximating the outline of the image to be a circle we apply a custom 

algorithm with the following objectives: 

• To find the center of the circular cross-section, hence its radius; 

• To determine the factor of magnification; 

• To obtain a fair estimate of the volume of the droplet using the 

aforementioned data. 

The primary aim in implementing the algorithm is to obtain an equation 

describing a circle representing the image. An optimal method to find the same 

using the co-ordinate points from the image is carried out. Image processing 

techniques applied on the image to obtain an outline of the object are discussed in 

the flowing chapter along with contact angle derivation algorithms. 

Basics of Circles 

The general equation describing a circle can be written as [7], 

x^ +y2 ^ y^ 

x/+y,^ x,y,l 

= 0 (3.1) 
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ax^ + cy^ + dx + ey + f = {) (3.2) 

Center{h,k) = \ ~ —^ 
[la la 

Radius{r) =. 
d'+e 

Aa- a 

(3.3) 

a = 

X, y,\ 

x^y^X 

x^y^l 

d = -
^1 +3^1 J i l 

^2 +y2 3^2! (3.4) 

2 , 2 1 

X, -F>'i X, 1 
2 , 2 1 

X2 +>^2 ^ 2 ! 
2 , 2 1 

/ = -

^ i ' + 3 ^ i ' ^1 yi 

X2 +y2 ^2y2 

x^ ^y^ x^y^ 
(3.5) 

A minimum of three points is required to obtain an equation describing the 

circle. To minimize the error involved in the calculations, three points are chosen 

at random from the co-ordinate matrix, describing the outline of the image. This is 

specifically done by scrambling the entries of the co-ordinate matrix, choosing 

three points at random till all the entries are used up. 

Applying the formulae mentioned before, several values of center and 

radius are obtained by solving the set of simultaneous equations. These values are 

averaged to get a final estimate of the radius of the object. Although several other 

procedures with the same objective can be applied, this stands out owing to its 

simplicity and minimized error as maximum number of entries from the image is 

is used in arriving at the result. 
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Fig. 3.3 Noise removal and edge defining Fig.3.4 Co-ordinate points selection 

The contact angle obtained from this image (described later) was 4% 

lower than the expected value of 90 degrees for the semicircle outline from the 

image. Altematively several images (sessile and pendant drop) from contact angle 

manufacturers First Ten Angstroms [1] were used to calibrate the system. An 

error of 4% consistent with all the standard images irrespective of the measured 

contact angle was observed. Corrections are made to this effect. The slight 

reduction in the angle may be attributed to the fact that the image obtained before 

processing is stretched along one axis disproportionately, slightly disfiguring the 

circle. 
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CHAPTER-IV 

CONTACT ANGLE MEASUREMENT ALGORITHMS 

This chapter encompasses the image analysis and the contact angle 

measurement procedures on the sessile droplet image taken. MATLAB® advanced 

engineering computational software is used to obtain the several parameters and 

develop a graphical user interface (GUI) aiding users with the measurement 

techniques. 

Image Analysis 

The images obtained from the Intel Play^M QX3 microscope are usually 

stored in the 'jpeg' format. MATLAB®'s image processing tool-box is used 

extensively in the separation of the drop profile. Canny edge detection algorithm 

is used to obtain the edges describing the contour of the droplet on the solid 

surface. The output of this algorithm is the several co-ordinate points describing 

the same, which are later subjected to several contact angle measurement 

algorithms. MATLAB® inbuilt fimction 'canny' approximates the operator that 

optimizes the product of the signal-to-noise ratio and localization, which is 

generally the first derivative of the Gaussian. The canny edge detection algorithm 

inherently performs the following steps: 

• Smooth the image with a Gaussian filter; 

• Compute the gradient magnitude and orientation using finite differences; 

• Apply non-maxima suppression to the gradient magnitude; 
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• Use the double thresholding algorithm to detect and link edges [8]. 

The detailed study of this beyond the scope of the project at hand and 

would be aborted for the sake of simplicity. It is noted here that the points 

describing the contour of the droplet is obtained prior to the applying of the 

contact angle algorithms. Three algorithms are applied to get the requisite 

parameters that are described in detail in the following paragraphs. 

Auto-circle 

The circle algorithm is the easiest of the applied algorithms. The shape of 

the droplet is dominated by surface tension, which minimizes the surface area. 

The drop adopts a shape with the most favorable ratio between surface area and 

enclosed volume. Strictly speaking, this holds only if gravity can be neglected 

which is true in the case of small drops. Ideally, the contact angle can be 

calculated using three points only, the left and right three phase contact points and 

any other point in the contour of the drop. However if the average of all the points 

describing the contour is used, the error corresponding the equation describing the 

circle would be drastically reduced. 

The same procedure used for calibration is applied her with some minor 

modifications. Using image processing techniques mentioned eariier, the profile 

of the drop to work with is selected. The circle equation representing the contour 

is obtained as the product of the algorithm in a procedure similar to the calibration 

measurement. Three points are taken at a time, scrambled to from the co-ordinate 

matiix to obtain the radius and the center of the circle. The differentiation of the 
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same at a user - defined contact point gives the contact angle of the liquid droplet 

with the surface. The primary reasons for applying this method are that, it 

averages out most of the errors and is also quite simple to apply. 

Least Squares Approach 

This algorithm is used to define the contour with an equation obtained by 

the least squares approach. The method of least squares assumes that the best-fit 

curve of a given type is the curve that has the minimal sum of the derivations 

squared (least squares error) from a given set of data. In this project the co

ordinate points obtained are fed to the Least squares parabola method. This stems 

from the valid assumption that the contour resembles that of a circle and can be 

fitted using an equation of degree two [9]. 

The least squares parabola users a second-degree curve, 

y = a + bx + cx^ [4.1] 

to approximate the given set of data (xi,yi), (X2,y2),....(xn,yn) where n is greater 

than or equal to three. The best fitting curve f(x) has the least square error, 

n=ZM[x-/u)f=z;=,[>^.-(«+^^/+^^.)']'="^" [4.2] 
It is noted that a, b and c are the unknown coefficients while Xi and yi values are 

the corresponding co-ordinate points representing the contour of the droplet. To 

obtain the least square error, the unknown coefficients must yield zero first 

derivatives. 
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The unknown coefficients can be obtained by solving the above equations. Once 

the coefficients are known, the equation describing the contour is obtained which 

can be differentiated at the contact angle point to get the contact angle by 

calculating its inverse tangent. 

Spline Method 

The ftmdamental idea behind spline interpolation is to draw smooth curves 

through a number of points. Between a set of selected points quadratic splines are 

fitted. The selected points encompass a desired number of points near the three 

phase contact point. Basically splines are piecewise polynomials, which 

interpolate or describe the relation between the chosen data points. 

Splines between points xl....x_n 

xl x2 x3 x4 x_n-l x_n 

Fig. 4.1 Fitting spline between points 
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P2i^) = 

a,x^+b^x + c,=f,{x),[x„x^] ^ 

a^x" + b^x + C2 = /2 (x), [x,, X2 J 

[a,,x' +b„x + c„ = f^{x),[x„_„xj) 

[4.4] 

The above figure and the equations describe the splines of order two 

between the points Xi, X2....Xn. To apply the spline method, there are a few 

conditions that are to be satisfied by the data points. These are specified below, 

• The fimctional value of the polynomial must be equal at the interior knots, 

P2{x,) = Mx,)vi^\,2...n-l 

P2M = fMi^i)^i = 1,2...n-1 
[4.5] 

where P2 is the polynomial fitted and f represents the y co-ordinate value 

at Xi. 

• The second condition is that the first and the last fimction describing the 

set of data points used should pass through the end points. 

[4.6] 

The third and the most important condition to be satisfied is that the 

interior knots must have equal first derivative values at each Xi 

FM) = F,,,\x,)vi = l2...n-\ [4.7] 

Typically one more condition is required to make the set complete. 

Usually the second derivative of the first spline is set to zero, i.e., ai=0 
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These conditions are now solved to get the coefficients for the piecewise 

polynomials. The contact angle is then decided based on the spline it passes 

through and is found out as in the Least squares method. Thus contact angle can 

be determined by any one of the aforementioned methods. The spline and the least 

squares method give better results compared to the auto-circle method. 

Graphical User Interface 

A graphical user interface was developed to enhance operational 

simplicity in finding the contact angle. The front panel of one of the blocks looks 

as below. 

> Contact_angle_analyscr 

Contact angle analysis 

Each pixel represents an area 

sq. mm 

Choose one side 

r Led <~ Right 

Visual inspedicn 

r HydrophBlic <=• Hyd 

Load mage 

rophobic 

^ ^ ^ ^ ~ 

Choose method 

<~ Auto Cirde 

(~ Polynomiol 

r Spline method 

•̂  Least squares approach 

1 Enter data values here 
[ Enter values in square brockets ] 

CdeulatB mean and Std. dev. 

Open advarcBd consols 

^ ^ 1 deg. 

Std. Dev 1 deg 

Help 1 Exit 1 

Ranjith Ranganathan 

Fig. 4.2 Contact angle analysis - GUI 
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The GUI greatly simplifies operation and produces output in an easily 

understandable manner. It highlights the choice of algorithms to use and 

depending on that the contact angle is calculated along with the parameters like 

contour radius, base radius and the volume of the droplet. The volume of the 

droplet is based on the assumption that the drop is a partial sphere and the volume 

of the sphere minus the volume of the region visible gives the droplet volume. An 

approximate value of the contact angle can also be obtained, the calculations for 

that are once again based on simplifying the drop to be an exact sphere. The 

formula for that is as specified below: 

Q =2t2in~\2h/d) [4.8] 

where h is the height of the droplet and d is the base diameter. A dedicated help is 

also provide for assistance regarding any of the specified algorithms. The volume 

the droplet most times can be calculated using the formula for the volume of a 

partially filled sphere given by: 

Volume = pi * h^ (r-h/3) [4.9] 

where r is the radius of the sphere and h is the equivalent height of the droplet 

from the basal disk [14]. 

Surface Energy Analysis 

The GUI below is used for surface energy analysis by two methods. One is 

the OCG approach specified eariier, the other one is a novel method proposed by 

Zisman [1], called the Zisman's critical wetting tension method 
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Fig. 4.3 Surface energy analysis - GUI 

According to this method a line is fitted between the cosine of the three 

contact angle values obtained and the surface tension of the three liquids used. 

This line when extrapolated to meet the line cos9 = 1, the value of the x ordinate 

gives an equivalent parameter of the surface energy parameter. This method is 

quite intuitive as the value obtained, is the value of surface tension of a liquid 

which completely wets the surface. Such a liquid may not practically exist but that 

exact value gives an idea as to how much energy is required, or in other words 

how much work is to be done in just wetting the surface. A typical Zisman's plot 

looks as shown. The more the number of liquids the more accurate the parameter 

obtained would be. This may however not represent the exact value but can be 

used as a measure to judge the values obtained by any of the other theories 

specified earlier in Chapter II. It also suffers from the drawback that it does not 

specify exactly the different components of surface energy. 
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The system developed so far has numerous advantages to its credit. The 

most important one is the ease of operation and the reliability of the results 

obtained. The two main algorithms. Spline and LSQ are quite robust in 

application and are found to produce similar results. Commercial models involve 

huge costs, close to $15,000, for the entire setup while the same accuracy and 

repeatability can be obtained in this system at a mere pittance. The GUI also 

offers the unfrained eye easier adaptability, skipping a lot of unnecessary steps. 
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CHAPTER - V 

RESULTS AND ANALYSIS 

This chapter discusses the selected applications of contact angle 

measurements for studying the effectiveness of the experiments conducted. These 

instances are discussed in detail below. 

Advancing and Receding Contact Angles 

Contact angle measurements can be usefiil in obtaining valuable 

information on some important properties of the surface like cleanliness, 

uniformity and composition. In the treatment of contact angles, it is generally 

assumed that the droplet on the surface is in equilibrium at all times, which are 

usually never achieved in most of the cases. Equilibrium can be achieved by 

letting the drop sit on the surface for long periods of time. Advancing and 

receding contact angles can be considered a standard in this regard. Generally, the 

contact angle measured as the drop is expanding is called the advancing contact 

angle and the one measured as the drop is contracting is called the receding 

contact angle. Specifically, advancing contact angle is the type of dynamic 

contact angle that is measured either 

by expanding the volume of a sessile droplet on a horizontal 

surface or 

at the forefront of a just rolling droplet on an inclined surface, in 

order to determine the de-wetting properties of a solid. 
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Similarly, receding contact angle is the type of contact angle measured either 

• by soaking in a sessile drop on a horizontal surface 

• at the rear-front of a just rolling droplet on an inclined surface in 

order to determine the de-wetting properties of a solid. 

Dispensing needle 

Profile at time: t3 > t2 > ti 

Fig. 5.1 Advancing contact angle [1] 

Dispensing needle 

Profile at tirr«: 

t6 

% ^ % ^ U 

Fig. 5.2 Receding contact angle [1] 

The receding mode of contact angle will normally be lower than the 

advancing contact angle. Contact angles obtained from a combination of 

measuring advancing and receding contact angles are plotted together. The 

difference between the advancing and the receding contact angle is known as 
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Contact angle hysteresis. There are three possible reasons attributed for contact 

angle hysteresis [1], namely, 

• Contamination 

The drop may become contaminated as it moves across the surface, 

changing the surface tension. This may also clean or contaminate the surface. 

• Surface roughness 

On a rough surface, the drop may spread over different portions of the 

surface. The less polar portions may affect the advancing angles, while the 

receding angle may be affected by the polar regions. 

• Surface reconstruction 

Changes in the surface may also be observed in the presence of the 

liquid. For example, the hydrophobic group of a monolayer may become 

slightly buried when using water as the liquid for contact angle measurements. 

• Re-orientation of molecules and fiinctional groups 

For certain polar solids, the re-orientation of molecules or functional 

groups in the solid surface after contact with a liquid phase is a major 

cause of contact angle hysteresis. For instance in some hydrophilic 

surfaces, hydroxyl groups are 'buried' when the surface is exposed to air, 

while they tum over to form hydrogen bonds while the surface is till in 

contact with the liquid. 

• Penetration, adsorption and swelling 

According to Timmons and Zisman [1966], an apparent penetration of the 

liquid molecules into a surface can cause significant contact angle hysteresis. 
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In some cases, the receding droplet of the liquid, moves over a region of 

the surface where the intermolecular pores are already saturated with the 

particular liquid, resulting in a significantly lower contact angle for the receding 

case as compared [15]. 

Usually, a combination of all the above effects is responsible for 

difference in the contact angle values in the advancing and the receding cases. A 

small difference (usually less than 5 degrees) between advancing and receding 

contact angles suggests that the surface is free of contamination, well organized 

and smooth. 

0 

Advancing 
contact angle 

4-

Receding 
contact angle 

+ Time (t) 

Fig. 5.3 Contact angle hysteresis [1] 

Measuring advancing and receding contact angles is done in several ways. 

Both the methods aforementioned are used for analyzing the hysteresis in contact 

angle measurements. In the first case, a drop would be advanced quasistatically 

over the surface, and the contact angle is measured over various stages of the 

advance. It is noted here that the volume of the droplet is always maintained over 

a certain measurable range as well as providing distinct intervals of measurement. 

38 



For measuring the receding contact angles, similar approach is adopted, the only 

difference is that the quasistatic contraction of the droplet is carried out. However, 

in the latter the needle should be in contact with the drop and this may affect its 

profile and hence its contact angle. 

In the second method, the contact angle is measured by tilting the stage 

through known values of degrees. In this experiment the stage is tilted through a 

range of -10 degrees to +10 degrees. This is to obtain a good correspondence 

between the left and right contact angles. The volume of the droplet is kept 

constant in one case while in the other different droplets were used to aid in the 

hysteresis measurement. A typical experiment would be to compare the 

cleanliness of two methods. For example, the hysterisis measurement would be a 

direct indicator to the oxide content in an Acetone/Methanol cleaned Silicon 

sample compared to the HF cleaned sample. 

In this project, a clean Silicon sample is used for measuring the contact 

angle hysteresis using water as the test liquid. In the first experiment, the 

goniometer held stage is tilted through -10 degrees to 10 degrees. The contact 

angles obtained are an average of 5 readings obtained for a single captured image. 
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Table 5.1 Advancing and receding contact angle measurements - 1 [Case - 1 : 0 
degrees to + 10 degrees] 

Tilted by 

Odeg. 

+2 deg. 

+4 deg. 

+6 deg. 

+8 deg. 

+10 deg. 

Mean Contact angle 

(in deg.) 

[uphill side] 

91.111 

86.974 

78.934 

76.083 

75.532 

70.299 

S.D 

(in deg) 

0.6483 

0.987 

1.539 

1.922 

1.590 

1.514 

Mean contact angle 

(in deg.) 

[downhill side] 

91.524 

91.010 

89.050 

90.360 

90.918 

91.214 

S.D 

(in 

deg.) 

1.002 

0.868 

0.813 

1.000 

0.761 

1.304 

It is noted here that the volume of the droplet is kept constant during the 

tilting of the stage. Similar approach is applied for the tilting from 0 to -10 

degrees, i.e., tilting in the opposite direction, the results of the same are tabulated 

below. 
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Table 5.2 Advancing and receding contact angle measurements - 2 [Case - 1 : 0 
degrees to - 10 degrees] 

Tilted 

by 

-10 deg. 

-8 deg. 

-6 deg. 

-4 deg. 

-2 deg. 

Odeg. 

Mean Contact angle 

(in deg.) 

[uphill side] 

91.954 

90.908 

91.129 

91.308 

91.422 

91.111 

S.D 

(in deg) 

0.455 

0.783 

0.907 

1.383 

0.798 

0.6483 

Mean contact angle 

(in deg.) 

[downhill side] 

84.453 

85.186 

86.039 

87.707 

88.447 

91.524 

S.D 

(in deg.) 

0.387 

1.128 

1.832 

0.988 

1.237 

1.002 

Similar frend in the change of contact angle with tilt is observed, but in 

the second case, it is less pronovmced, which unfortunately cannot be reasoned 

out. The plots for the contact angle hysteresis in the above case can be dravra as 

follows. 
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Fig. 5.4 Hysteresis plot for experiment 1 

The contact angle hysteresis in the first case (tilt from 0 to 10 degrees) was about 

20.812 degrees and in the second case (tilt from 0 to -10 degrees), it was observed 

to be 7.071 degrees. The second set of experiments was carried out by increasing 

and decreasing the volume of the liquid for measuring advancing and receding 

contact angles, respectively. 
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Table 5.3: Advancing and receding contact angle measurements (Expt.2) 

Discrete 

Steps 

Tl 

T2 

T3 

T4 

T5 

T6 

T7 

Mean Contact 

angle 

(in deg) 

87.051 

86.113 

84.341 

82.313 

81.688 

67.384 

61.634 

S.D 

(in deg) 

1.935 

0.125 

1.792 

1.405 

0.027 

2.043 

1.608 

Mean droplet 

volume (in uL) 

0.917 

1.666 

2.512 

3.564 

2.562 

2.165 

1.885 

S.D 

(in uL) 

0.117 

0.099 

0.224 

0.108 

0.165 

0.166 

0.281 

In seven steps, the volume of the droplet was first increased and then 

reduced and the corresponding contact angle readings were tabulated. As evident 

from the above table the contact angle decreases with increase as well as decrease 

in the volume. The fall in the contact angle with sucking of the liquid is rapid as 

expected. 

43 



Contact angle hysteresis 

^-^^ O) 
0) 
•a 

c 
(1) 
O) 
c-
ro 
o 
iS 
c 
o 
O 

95 

90 

85 

8U 

75 

/O 

65 

60 

bb 

50 

45 

40 

— Mean Contact angle 

Discrete steps 

Fig. 5.5 Hysteresis plot for experiment 2 
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Fig. 5.6 Volume change during experiment 2 

The measures calculated above give an idea on the type of substrate used. 

The hysteresis observed in the second experiment was 25.417 degrees, which is 

pretty high, indicating it is not either uniform or is contaminated. 
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Effect of Roughness on Contact Angle Measurements 

Wetting plays a prominent role in many high technology applications from 

microelectronics, thin film coating that involve spreading of liquid on solid 

surfaces. Roughness is a real worid problem present in innumerable practical 

applications. Wetting and dewetting are known to be strongly influenced by 

inhomogeneities and roughness of the solid. Many industrial processes require 

understanding the problem of a moving contact line on heterogeneous surfaces. 

This necessitates a study of the performance of the system developed to 

die changes in the surface roughness. Recent theoretical studies [16, 17] suggest 

that the surface roughness of a non-planar substrate may enhance wetting, but a 

qualitative description is still lacking. Surfaces of cleaned Silicon, Titanium, 

Titanium nitride and Aluminum samples are mbbed on with a diamond lapping 

fihn of varying degree of roughness. The diamond lapping film consists of 

precision graded diamond particles resin bonded to a flat uniform polyester film 

backing. Thirty pm, 15pm, 9pm, 3pm, and 1pm films were used to "roughen' the 

surface of the sample. Contact angle measurements were then taken on the same 

with water as the test liquid. The plot showing the variation of contact angle with 

roughness is depicted after the discussion of relevant theory. 

It is observed that with increase in the roughness of the surface, the 

contact angle decreases. Generally, it is believed that roughness enhances wetting 

and broadens the three phase contact line. In a rough surface, the surface is 

disordered leading to a change in the contact angle due to the wandering of the 
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diree phase contact line abetting the spread of the wetting fluid on the non-planar 

surface. 

According to the theory by de Gennes [17] after depinning, (i.e. movement 

of the contact line), the contact line shape evolves following a logarithmic form 

with the width increasing at a well defined characteristic velocity and a maximum 

height that decays logarithmically with time. A basic understanding of the same 

can be obtained by the following approach. As mentioned earlier in chapter 2, in 

the ideal situation considering flat and smooth solid surfaces, the equilibrium 

angle of contact Go is determined by the Young-Dupre' equation 

rs-rsi=riCosQ ts.i] 

where, y^, y^/and y, are the interfacial free energy per unit area for the sohd-

vapor, solid-liquid and liquid-vapor interfaces. The contact line of a liquid 

partially wetting the smooth solid is a straight line chosen to be in the y direction. 

In the real situation of rough substrates, the Young Dupre' equation has to be 

generalized to include the spatial (x,y) dependent interfacial energy densities and 

contact angle in the description of the local wetting phenomenon. The above 

equation can be modified as follows: 

Ys(x^y)-Ysi(X'y) = YiCOs[e{x,y)] = riCOs[e^-(p{x,y)] [5.2] 

where cp is the effect of roughness. The above equation implies that due to the 

surface roughness, contact angle analysis should not be restricted to just a single 

axis but to both the 2-D axes. In other words, instead of being a straight line in the 

case of planar substrates, the three phase contact line tends to wander on the x-y 

plane due to roughness in the substrate. Analysis of the effect of roughness on the 
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contact angle line is complex and is beyond the scope of this project. Generally, 

analysis is carried out by treating the roughness in the surface as some predefined 

noise which is time-invariant. As roughness increases, the critical surface tension 

of the solid is raised from YC to a value that depends on the strength and range of 

the correlated noise depicting the roughness. 

(a) blank sample (b)for 3 urn roughness 

(c) for 15nm roughness (d) for 30nm roughness 

Fig. 5.7 Photographs of roughened sanqiles (Si) 

The following is a plot showing the variation of contact angle formed with 

water as the test liquid on Si, TiN, Ti and Al substrates (cleaned before 

measurement). It is observed that the drop in the contact angle is not uniform and 

varies with the substrate used. It can be safely concluded that beyond a roughness 

of 1pm, there is a drop in contact angle greater than 5% of the smooth sample 

values. Hence it can be set as the safe-limit for measurements using this system. 
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samples with roughness greater than the limit will yield a value of contact angle 

which can be best described to be dubious. 
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Supercritical CO2 Treatment of Nanoporous Low-k Dielectrics 

This chapter discusses the selected applications of contact angle 

measurements for studying the effectiveness of the experiments conducted. These 

instances are discussed in detail below. 

The use of supercritical fluids in semiconductor manufacturing has 

manifold advantages this day and age. Rinsing of very high aspect ratio stmctures 

is becoming very difficuU, as is the cleaning of diminishing line width structures. 

A supercritical fluid when used as process solvents combines the advantages of 

both a liquid and a gas and has interesting prospects. Before venturing deep, it is 

appropriate to provide a brief description of supercritical fluids and their 

properties. 

A supercritical fluid can be defined as a substance above its critical 

temperattire (Tc) and critical pressure (Pc). The critical point represents the highest 

temperature and pressure at which the substance can exist as a vapor and a liquid 

in equilibrium. This phenomenon can easily be explained with reference to the 

phase diagram for pure carbon dioxide used extensively for cleaning purposes. 
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Figure 5.9 Phase diagram of a substance [11] 
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Figure 5.9 shows the regions where a substance exists as a gas, solid, 

liquid or a supercritical fluid. The gas-liquid coexistence curve is called the 

boiling curx'e. If we move upwards along the boiling curve, increasing both the 

temperature and the pressure, the liquid becomes less dense due to thermal 

expansion and the gas becomes denser due to the pressure increase. Eventually 

the densities of the two phases converge and become identical, the distinction 

between gas and liquid disappears and the boiling curve comes to an end at the 

Critical point. The critical point for CO2 occurs at a pressure of 73.8 bar and a 

temperature of 31.1 degree Celsius [10]. 

Supercritical CO2 is well established as a solvent for use in extraction for 

several reasons. They include higher penetration into solid samples, faster than 

liquid solvents due to its high diffiision rates. It can also rapidly transport 

dissolved solutes from the sample matrix owing to its low viscosity. In addition to 

the above advantages, less solvent residues are present in the products. This part 

of the chapter mainly discusses the application of contact angle and surface 

energy analysis in the SCCO2/HMDS treatment for plasma recovery. 

Plasma etching processes tend to change the dielectric properties of 

nanoporous low-k dielectric films. These organosilicate {Methylsilseqquioxane 

[MSSQ]} films are originally hydrophobic, but plasma processes tend to render 

them hydrophilic. This is due to the removal of the methyl groups (CHn) from the 

sample and their replacement with polar silanol (OH) groups. Due to the high 

polarisability of the OH group, the films attract moisttire on exposure to ambient 

conditions, thereby increasing the dielectric constant. The main objective is to 
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treat these plasma-damaged films with supercritical CO2 and suitably chosen 

solvents to reintroduce the lost methyl groups. Schematically it can be shown as. 

CO-

-Si -kCHj 

°\ ! 
Si-j-CH, 

/ ' 

MSSQ 

Pla Sinn 
\ i 

Si-i-OH 

" °; i 
Treatment \ ! 

Si -^OH 
/ • 

Plasma damaged 
MSSQ 

Figure 5.10 Plasma treatment renders the dielectric surface hydrophilic [11] 
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Figure 5.11 Treatment with HMDS creates a hydrophobic surface [11] 

The nanoporous organosilicate films were provided by Tokyo Electron 

America, the description of which is provided in the table below. 

Table 5.4: TEL samples description 

Sample 

#1 

#2 

#3 

Description 

Etched and ashed 

Undamaged 

Undamaged 

Substrate 

p - type Silicon 

p - type Silicon 

Tp+ - type Silicon 

Analysis procedures 

FTIR and Contact angle 

FTIR and Contact angle 

Dielectric constant 

Contact angle measurements were used complimentarily with FTIR 

spectroscopy to determine if the methyl group could replace the silanol group by 
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supercritical treatment. The following is a brief description of the supercritical 

system at Jack Maddox laboratory, developed by Bashar Lahlouh [12]. 

High pre.s.sme 

Liquid injection unit 

High purity CO2 
at 600 psi 

^|~^5S: 

K/i Exhaust 

Drive air High pressiue 
pump 

pressure filter 

V„: valves 
Tc: Thermocouple 

Fig. 5.12 Schematic diagram of the SCCO2 system in Maddox laboratory [11] 

The system consists of a stainless steel pressure vessel capable of handling 

16000 PSI pressure. An air driven booster pump pressurizes the chamber and an 

injection pump capable of handling high pressures (-7000 PSI) is used for co-

solvent infroduction. The assembly is placed inside an oven capable of being 

heated up to 350°C. Heating of inlet and outlet lines is carried out to improve the 

solubility of the co-solvents in SCCO2 and greatly reduce the amount of co-

solvent residue left behind in the lines after the treatment. Temperature and 

pressure can be varied to suit desired needs. The ouflet from the vessel is 

connected to an exhaust through a separation chamber, the purpose of which is to 

collect the unused co-solvents for reuse. 

Before conducting all experiments, the high pressure vessel is pre-flushed 

with CO2 (100-700 PSI) five times, to reduce atmospheric contamination if any. 
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Post flushing is usually carried out similar to pre-flushing (between treatment 

pressure and 1500 PSI) to remove remnant co-solvent materials and other 

particulate matter. 

For the treatment of nanoporous organosilicates with SCCO2/HMDS, four 

sets of experiments were primarily carried out. In the first experiment, a suitable 

quantity of HMDS was added directly to the vessel. After the last pre-flushing 

stage, the pressure inside the vessel was maintained at 700 PSI. The vessel is then 

heated to 150°C and the pressure increased to 3000 PSI. These conditions were 

maintained for 30 minutes and post-flushing is carried out as depicted earlier, 

after which the system is let to cool down to room temperature. 

The second set of experiments was aimed at ensuring that SCCO2 / HMDS 

effects were only responsible for any surface changes. This is carried out to 

prevent the evaporation of HMDS before CO2 reaches supercritical state. 

Therefore, the pressure of the vessel was raised to supercritical pressure (3000 

PSI) as the temperature reached 35°C. The vessel temperature was then increased 

to 150°C and maintained so for 30 minutes. Post-flushing mentioned earlier was 

done after freatment. 

In the next set of experiments, the same procedure as in experiment 1 was 

repeated, but with a small variation. In this case the pressure was never raised to 

supercritical pressure, but was maintained at 700 PSI even during the heating 

stage. Post flushing is then carried out between 700 PSI and 100 PSI. 
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Finally, the fourth set of experiments was control experiments, wherein no 

CO2 was used. The samples were subjected to pure HMDS vapor treatment at 

150°C for 30 minutes. 

Variations of experiment were also carried out by changing the process 

temperature from 150°C to 80°C, to see the changes if any in the administration of 

the SCCO2/HMDS treatment. Also the time of treatment is varied to understand 

deeply the effects of supercritical treatment in the organosilicate films. Processing 

times were 1 minute, 15 minutes and 30 minutes. Contact angles of the treated 

samples were taken immediately with water as the solvent and are tabulated 

below. 

Table 5.5: Contact angles for the TEL 'As-given' samples 

As given TEL samples 

# 1 - Etched and ashed 

#2 - Etched and ashed 

#3 - Undamaged 

Mean Contact angle 

(in degrees) 

31.066 

32.068 

91.113 

Standard Deviation 

(in degrees) 

3.053 

2.44 

0.0 
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Table 5.6: Contact angles for SCCO2 experiments 1-4 

Process 

Expt # 1 

Expt # 2 

Expt # 3 

Expt # 4 

Sample 

#1 

#2 

#3 

#1 

#2 

#3 

#1 

#2 

#3 

#1 

#2 

#3 

Mean Contact angle 

(in degrees) 

91.007 

101.852 

101.737 

103.438 

94.104 

93.625 

91.251 

93.590 

92.63 

90.806 

96.457 

92.251 

Standard Deviation (in 

degrees) 

1.127 

1.58 

0.536 

0.207 

0.831 

0.536 

0.905 

2.007 

1.626 

0.506 

1.619 

0.158 
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Table 5.7: Contact angles for the various SCCO2 processing conditions 

Treatment 

time 

(in 

minutes) 

30 min 

15 min. 

1 min 

Sample 

#1 

#2 

# 3 

#1 

# 2 

# 3 

#1 

# 2 

# 3 

#1 

# 2 

# 3 

#1 

# 2 

# 3 

Treatment 

temperature 

(deg.C) 

80 

80 

80 

150 

150 

150 

80 

80 

80 

150 

150 

150 

80 

80 

80 

Mean Contact 

angle 

(in degrees) 

92.285 

88.994 

97.133 

92.076 

92.402 

92.349 

86.190 

91.382 

90.974 

92.525 

94.174 

93.921 

92.498 

92.461 

91.382 

Standard 

Deviation, (in 

degrees) 

0.158 

0.065 

0.322 

1.55 

1.638 

0.661 

0.091 

0.149 

0.164 

0.202 

0.083 

1.556 

1.041 

0.614 

0.149 

It should be noted here that the success of the experiment cannot be fiiUy 

verified with Contact angle measurements alone. FTIR spectroscopy and 
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dielectric constant measurements confirm the effectiveness of the treatment not 

only on the surface but also on the bulk of the surface. 

In all the experiments carried out earlier, the surface modification of the 

plasma damaged sample was successful. Higher contact angles (lower surface 

energies) were observed in all the treated samples indicating that there is change 

atleast at the surface level. The higher contact angles are due to the inherently low 

surface energy infroduced by hydrocarbon compounds like the methyl group. This 

leads to higher contact angles with a liquid with higher surface tension like water, 

as the surface tension forces (cohesive forces) between the water molecules is 

higher than the adhesive forces between water and the recovered surface. 

Higher the contact angles, higher the CH content. Retuming to the 

discussion on the experiments conducted, it can be inferred that SCCO2 treatment 

is not the goveming factor for rendering the surface hydrophobic. This can be 

concluded from the control experiment (4"̂ ) where without CO2 injection, the 

surface was modified accordingly. Thus it is safe to conclude that the recovery of 

CH content in the surface is due to the HMDS vapor treatment only. Further 

investigation through FTIR spectroscopy conducted by Sivaraman Gangadharan 

[11] showed that the changes in CH content were observed in all the cases except 

in the second one, where HMDS vapor formation was curtailed by setting the 

process conditions described earlier. 
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Fig. 5.13 FTIR spectroscopy showing CH absorption band for expts. 1- 4 

It can be seen from the above FTIR spectra that for experiment 2, there 

hange in the CH content change compared to the unfreated film's 

Furthermore, the surface modification process was also independent of the 

processing time. The contact angle measurements taken for 1 minute, 15 minute 

and 30 minute processed samples were close to each other, indicating that 

recovery at the surface level happened as soon as the HMDS vapors reacted with 

the damaged surface. The changes in the temperattire of operation also yielded 

misurprising resuUs leading to the conclusion that the limiting conditions for the 

experiment to be successfiil would be the vaporizing conditions of HMDS. 
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TCMS as an Altemate Solvent 

A second set of experiments was carried out in the look-out for altemate 

chemicals to substitute HMDS as the solvent of choice aiding in the recovery of 

the methyl group. TCMS (Trichloromethyl silane) was chosen owing to its small 

size compared to HMDS molecule, as it has only one methyl group attached to the 

silicon atom. This might be helpful in the easy diffusion into the nanoporous 

organosilicate matrix. However, the presence of chlorine makes TCMS highly 

reactive and corrosive, which could possibly curtail its use as a solvent. 

Two experiments were carried out using 10 % TCMS as the solvent in the 

supercritical CO2 system. The first experiment consists of two steps, in the first 

step three pulses (1500-7000 PSI) were used to treat the damaged samples at 70°C 

for a 30-minute period. The second step of the experiment involved similar 

pulsing procedure but the temperature was maintained at 160°C. Post-flushing is 

carried out in a manner similar to the SCCO2/HMDS experiment. 

A modification of the above experiment was employed as a control step. 

The only difference is that the temperature was maintained at 160°C through all 

the six pulsing steps. The contact angle of the treated substrates was then 

measured using water as the test liquid and is tabulated below. 

Table 5.8: Contact angles of TCMS treated films 

Experiment 

1 

2 

Contact angle (in degrees) 

91.882 

90.471 

Std. Deviation (in degrees) 

1.755 

0.437 
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FTIR spectroscopy experiments were taken on the damaged and the 

treated samples. The results indicate an increase in the C-H content compared to 

the damaged TEL samples, indicating that the treatment indeed resulted in the 

recovery of methyl content in the damaged MSSQ samples. This can further be 

fortified by the presence of deposits on the surface in the SEM photographs taken 

by Sivaraman Gangadharan [11]. 

Q 200 

o 

o 
_3 100 

-2 I t s p p u l l i n g wl l t i 
T C M S C«!P-«1) 

- Dam aged 
-1 It»p pulling wlHi 

TCMS (9 I p.SI) 
- Un-dam ag»d 

2«£0 2900 2eS0 

V^ venumber(cm ') 

Fig. 5.14 C-H absorption band of TCMS treated films 
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Analysis of PDMS Bonding Using Contact Angle Measurements 

Polydimethylsiloxane is a commercially available physically and 

chemically stable silicone mbber. PDMS is extensively used in the development 

of several microstructures which is dependent on the bonding properties of the 

PDMS subsfrate with other polar/nonpolar substrates. This part of the chapter 

primarily deals with the analysis of the bonding of PDMS with PDMS and glass 

using contact angle measurements. 

Before venturing, it would be appropriate to study the properties of PDMS 

which make it suitable for MEMS devices. It has a unique flexibility due to one of 

the lowest glass transition temperatures of any polymer (Tg ~ 125°C). Owing to its 

clean room processability, its low curing temperature, high flexibility, the 

possibility to change its fiinctional groups and the very low drift of its properties 

with time and temperature, PDMS is well suited for micro-machined mechanical 

and chemical sensors [18]. PDMS consists of an inorganic backbone of 

altemating Silicon and Oxygen atoms forming the repeating unit in the polymer. 

CH: 

C H 3 — S i — a 

CH< 

CH. 

•Si—a 

CH. 

CH. 

-Si—CH-

n ^^3 

Fig. 5.15 Structure of PDMS [19] 
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The low surface energy of PDMS (~16.21mN/m) is due to the closely 

packed methyl groups in the surface. The following stmctural properties of PDMS 

can be accounted for its surface properties: 

• The low intermolecular force between the methyl groups, 

• The unique flexibility of the siloxane backbone [Si - O - Si], 

• The high strength of the siloxane bond, 

• The partial ionic nature of the siloxane bond. 

The positively polarized Silicon atom is electron withdrawing, thus polarizing the 

methyl group and makes it susceptible to radical attack. This makes it possible for 

PDMS to attach with non-polar substrates. Owing to the high dissociation energy 

of the Siloxane bond, it has excellent thermal stability. Because of the presence of 

methyl groups it has low interfacial energy and is distinctly hydrophobic. 

This can however be modified by plasma treatment. In several 

microfluidic/MEMS applications there is a requirement for bonding PDMS 

surfaces to other PDMS surfaces or to a glass base. The bonding of the two 

determines the fimctionality of the device. Plasma oxidation makes the surface 

hydrophobic enhancing PDMS bonding to other substrates and can be 

characterized using surface contact angles of the subsfrates after plasma 

treatment. Plasma treatment was carried out by Shantanu [20] in the Trion system 

(Oxygen plasma), wherein Chamber pressure (mTorr), RIE Power (Watts) and the 

exposure time (seconds) is varied during treatment to see any effects on the 

chemical bonding or otherwise. 
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The hydrophobic surface properties of PDMS have been to shown to be 

temporarily lost by surface oxidation [21]. The oxidation resulted in the formation 

of inorganic silica like (SiOx) stmcture, i.e., silicon atoms bonded to more than 

two oxygen atoms. Polar silanol groups were also believed to have been formed 

as a result of the treatment. Both of these newly formed stmctures increase the 

hydrophilicity of the surface, increasing the chances of bonding with other 

surfaces. 

CH3 CH3 CH3 

o o 
HYDROPHOBIC 

Plasma oxidation 

Air (~ 10 min) 

OH CH3 

^ O O 

HYDROPHILIC 

contact PDMS 
surfaces 

Si Si JSi^ 
^ 0 0 

irreversible seal: 
formation of 

covalent bonds 

Fig. 5.16 Schematic representation of plasma oxidation of PDMS [19] 

The parameters to be were changed in a three experiment set and are 

explained in the following paragraph, hi the first experiment set, the effect of 

chamber sfrength on the bond strength is measured keeping the other parameters, 

hiductively Coupled Power (ICP) at 150W, Reactive Ion Etching power (RIE) at 

20W, Oxygen flow rate at 20sccm. and the time of treatment is fixed at 30 

seconds, hi the second set, the chamber pressure is kept constant (at lOOOmTorr 

for PDMS-Glass bonding experiment and 700mTorr for PDMS-PDMS bonding) 

well as the other parameters except RIE power. Similarly, the third set of 
as 
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experiments were carried out by changing the time of treatment while keeping the 

remaining parameters constant at their specified values mentioned before. A 

measure of the bond strength of the bonded substrates is obtained by flowing 

compressed Nitrogen through the two layers (bonded) similar to performing a 

peel test. The initial pressure at which they start to separate is noted down as a 

measure of the bond sfrength (in PSI pressure units). 

Effect of Chamber Pressure on Bonding 

The pressure of the chamber during the experiment is varied from 

50mTorr to lOOOmTorr. The surface contact angle is measured with water as the 

test liquid immediately after the treatment. The variation of bond strength and 

contact angle with chamber pressure is depicted in the plots below. 

It is observed that at pressures below lOOmTorr, the bond strength is poor 

and the contact angle remains high enough for effective bonding. This can be 

attributed to the fact that with reduction in chamber pressure, the mean free path 

of the energized Oxygen atoms inside the chamber is high, improving their 

lifetime and their probability of collisions with the target. With decrease in 

pressure the process is highly anisofropic and in effect destroys the backbone 

siloxane stmcture instead of dislodging the methyl groups which account for the 

surface hydrophobicity. On the other hand, as the pressure inside the chamber 

increases the process becomes less directional as the mean free paths of the 

energized Oxygen atoms reduce and thereby removes the hydrophobic methyl 

groups. The effectiveness of the process reduces with fiirther increase in pressure 

64 



as the Oxygen atoms in the plasma fail to possess sufficient energy to make any 

desired surface changes. The effect of low bond strength is less pronounced in the 

Glass-PDMS bonding experiment as the damage caused by the energetic pla 

on the glass structure is minimal. 
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Fig. 5.17 Contact angle and bond strength versus Chamber pressure (PDMS-PDMS bonding) 
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Effect of RIE Power Variation 

In this experiment the RIE power is varied keeping other parameters 

constant, the results of which are plotted below. 

It is observed that the bond strength is maximum at 20W RIE power and 

decreases around this value on either side. By changing the RIE power it is 

possible to change the energy of the bombarding oxygen ions (their acceleration) 

along with their density. At power levels lower than 20W, the energy imparted to 

the ions is not sufficient to completely remove the methyl groups, hence contact 

angle was higher leading to a lower bond strength arising due to ineffective 

bonding. On the other hand if the RIE power is increased beyond 20W, the energy 

imparted to the plasma is high enough to cause the breakdown of the siloxane 

backbone causing permanent stmctural damage, causing the bonding to fail. This 

failure of the bond is directly proportional to the RIE power used for the 

freatment. 
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Effect of Time of Plasma Treatment 

In this final set of experiments, the time of plasma treatment is varied 

while maintaining the other important parameters at a constant value. 
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Fig. 5.21 Contact angle and Bond strength versus Treatment time (PDMS - PDMS bonding) 
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The plots above depict the variation of the surî ace contact angle and the 

bond strength of the layers after the treatment. It is observed that the bond 

strength plot has a distinct peak and gradual decrease in the value on either side of 

the peak. The peak value is obtained for 20 second treatment and is comparable to 

the previous two cases. The decrease in the bond strength for treatment times less 

than 20 seconds is most likely due to insufficient time for the plasma oxidation to 

take place for dislodging the hydrophobic methyl groups. There are a number of 

published references available for reasoning out the behavior of the PDMS 

substrate for over-exposure to plasma [24] which may be any one of the plausible 

conditions: 

• Re-orientation of the polar groups at the surface into the bulk; 

• Condensation of silanol groups at the surface; 

• Loss of volatile oxygen rich species to the atmosphere. 

The reasoning most believed by researchers, is the progressive oxidation 

of the surface forming an extremely brittle surface. This effect was first reported 

by Owen and Smith [21], wherein the SiOx layer is believed to have formed due 

to progressive oxidation of the surface which eventually cracks up and transports 

low molar mass PDMS to the surface covering the oxidized layer. The analysis of 

contact angle and bond strength variation with plasma treatment is incomplete and 

cannot be based only on the experiments conducted. Further experiments studying 

the surface morphology after treatment is required to establish a definite theory on 

the changes taking place after treatment with plasma. This thesis mainly outlines 
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some of the possible reasons for the same from certain published sources and in 

no way deduces explicit reasons for the behavior observed. 

From the above experiments, it is possible to arrive at an optimum value 

of chamber pressure, RIE power and treatment time to obtain ideal bonding in 

PDMS surfaces. It is noted here that transformation to the hydrophobic surface 

after treatment is a natural process and takes about 10 minutes after treatment to 

return old state. Bonding, therefore should be carried out prior to the 

transformation. 
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CHAPTER - VI 

CONCLUSIONS AND DISCUSSION 

Future Challenges 

DLP technology is a revolutionary display solution that uses an optical 

semiconductor to manipulate light digitally. The DMD® chip contains a 

rectangular array of up to 1.3 million hinge-mounted microscopic mirrors. DLP 

technology enabled projectors for very high image quality or high brightness 

applications are used in cinemas and large venue displays. A schematic diagram 

of the different parts of the mirror is as shown below. 

Minor -10* 

Mirror+10° 

Yoke 

Spring tip 
CMOS 

sUt>str8te 
Spring tip 

Fig. 6.1 Digital Micro-mirror Device (DMD®) and Spring tip enhanced view [22] 

The mirrors are operated in parallel and are individually controlled micro-

mechanical stmctures, flipped to either of the two states by electrostatic actuation. 

A post to a yoke/hinge assembly usually mounts the mirrors. Spring tips present 

on either side of the yoke are responsible for bringing the mirrors to a halt. In this 

process, they touch the underlying surface and thereby include the effects of 
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stiction and friction in the mirror dynamics. System performance can be improved 

drastically, if a suitable coating of the landing surface is carried out. The 

challenges include the deposition of a suitable anti-stiction layer and analyzing its 

properties under different operating conditions. Contact angle measurements form 

a valuable part in characterizing the deposited anti-stiction coating. 

Typically to reduce the effects of friction and stiction, the contacting 

surface must be coated with a low energy material. High-energy surfaces usually 

advocate chemically bonding and hamper lubrication by allowing water-

catalyzed stiction. Fluoro-carbon containing compounds (like Teflon^^) have very 

low surface energies and hence form hydrophobic coatings. These coatings when 

deposited form monolayers by strongly adhering to the underlying substrate 

owing to a reactive end group, and are classified as Self Assembled Monolayers 

(SAM). 

The class of chemicals preferred for the low energy anti - stiction coatings 

is the family of perfluoroalkanoic acids, which are capable of performing SAMs. 

Specifically Perfluorodecanoic acid (PFDA) is selected for coating both the spring 

tip and the landing surface to reduce friction effects. PFDA (CF3(CF2)8COOH) 

like other perfluoroalkanoic compounds has a carbon backbone connected to the 

fluorine atom cap set. PFDA can be easily deposited by evaporation and is to be 

handled with care as it is believed to be mildly carcinogenic. 

Contact angle measurements are generally used to measure the surface 

energy of the substrate before and after coating the film. The region of interest is a 

2/im-by-2/im landing region beneath the spring tips. Contact angle measurements 
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on such a small cross-section are nearly impossible owing to the inability to 

administer droplets in the region of interest. Added to the above fact, is the 

inability to have a droplet with base radius of such dimensions. The droplets 

employed in this project had a base diameter of the order of I/IO"' of a millimeter 

(and a corresponding volume range of 0.5jU.L - 4JLIL). A larger area to work with is 

desired and for this purpose, the bond pads present along the periphery of the 

DMD chip (used for controlling the mirrors from outside the chip) were chosen 

for surface analysis. These bond pads offer the same substrate to work with as that 

of the landing surface of the spring tips and are of reasonable larger cross-section 

(50/xm-by-50^m). 

Several DMD® samples provided by Texas Instmments were analyzed 

initially to check the feasibility of the measurement method. The photoresist 

coated DMD® samples were first plasma etched, to remove the coating 

completely without damaging the underlying surface [23]. Experiments to 

measure the contact angle of water on the etched bond pads were futile as 

depicted by the following photographs (top-view). 

Fig. 6.2 Etched and water covered bondpads 
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As seen from the above photographs, a typical liquid droplet covers four 

to five bond pad samples and the intermediate regions and cannot be used for 

analysis purposes. There is a need-based challenge to develop a new system to 

analyze the surface properties of the bond pads (using contact angle 

measurements) for the small regions. These have to be addressed to make the 

system applicability universal. 

Conclusions 

The development of a custom contact angle measurement system on par 

with commercial available systems is successfully carried out in this project. The 

developed instmmentation can be easily modified to adapt for different surface 

activity measurements. Theories behind surface energy thermodynamics are 

discussed in detail with their application in the accurate analysis of contact angle 

and surface energy parameters with the user friendly GUI. These were imminently 

helpful in several strategic applications including the characterization of 

nanoporous low - k dielectric samples obtained after supercritical CO2 treatment 

to restore hydrophobocity. Similarly, loss of hydrophobicity enhancing bonding in 

PDMS is also studied along with other experiments, enhancing usability of the 

system to major surface modification experiments. 

Further Enhancements 

The exact measurement of contact angle on rough or heterogeneous 

surfaces is difficult. This as mentioned earlier is because the three phase contact 
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line possesses irregularities and the contact angle determined by the tangent at the 

three phase contact point is often is of dubious value. A better strategy relies on 

the analysis of the top view of the droplet, facilitating the contact angle 

calculation based on the volume of the drop and the average drop diameter. 

The usefulness of averaging over irregularities in the three phase contact 

line was initially used for smaller contact angles only, but eventually is used for 

larger contact angle determination as well in advanced systems. It is referred to as 

the Axisymmetric Drop Shape Analysis-Maximum diameter (ADSA - MD) [2]. 

This method involves the imaging procedure to be carried out from above the 

drop i.e. the CCD camera is to be placed above the sample. There is scope for 

applying the same in the analysis in order to improve the system performance. 

Furthermore, the design can be perfected by using well defined droplet 

volumes for analysis using micro-liter/nano-liter pipettes for droplet 

administration, doing away with unreliable and contaminating syringes. 
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