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Wetting of a substance has been widely investigated since it has many applications to 

many different fields.  Wetting principles can be applied to better select cleans for front end of 

line (FEOL) and back end of line (BEOL) cleaning processes.  These principles can also be used 

to help determine processes that best repel water from a semiconductor device.  It is known that 

the value of the dielectric constant in an insulator increases when water is absorbed.  These 

contact angle experiments will determine which processes can eliminate water absorption.  

Wetting is measured by the contact angle between a solid and a liquid.  It is known that 

roughness plays a crucial role on the wetting of a substance.  Different surface groups also affect 

the wetting of a surface.  In this work, it was investigated how wetting was affected by different 

solid surfaces with different chemistries and different roughness.  Four different materials were 

used: silicon; thermally grown silicon dioxide on silicon; chemically vapor deposited (CVD) 

silicon dioxide on silicon made from tetraethyl orthosilicate (TEOS); and organosilicate glass 

(OSG) on silicon.  The contact angle of each of the samples was measured using a goniometer.  

The roughness of the samples was measured by atomic force microscopy (AFM).  The chemistry 

of each of the samples were characterized by using X-ray photoelectron spectroscopy (XPS) and 

grazing angle total attenuated total reflection Fourier transform infrared spectroscopy 

(FTIR/GATR).  Also, the contact angle was measured at the micro scale by using an 

environmental scanning electron microscope (ESEM).   
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CHAPTER 1 

 

 

INTRODUCTION 

1.1 Basic Principles of Wetting 

 Wetting of a substance has been widely investigated since it has many applications in 

many different fields; from the semiconductor industry, to biological applications, to coatings, 

and to many other fields.  However, the main focus of interest has been on its applications to the 

cleaning of semiconductor materials.  Wetting by definition is how much a liquid attracts a solid 

surface.  Wetting is measured by the contact angle between a solid and a liquid.  The equation 

commonly used to quantify the wetting of a substance is Young’s equation [1-6] 

cos θyoung =  
γsv −γsl

γlv

    (Eq. 1-1). 

However, this equation is based on the assumption that the solid is perfectly flat.  It is known that 

this is not the case since any surface at the microscopic level will show some sort of roughness.  

To accommodate this limitation, we have to make use of other wetting models that take into 

consideration the roughness of a surface.  One such model was first described by Wenzel, and 

the other is the Cassie-Baxter model [3-4, 7-13].  The Wenzel model makes the assumption that 

the liquid penetrates the surface roughness.  The Cassie-Baxter model makes the assumption that 

surface asperities trap air beneath the surface liquid.   

1.2 Proposed Work on Contact Angle 

 In this work I studied how wetting was affected by different solid surfaces with different 

chemistries and different roughness.  It is known that as the roughness of a material increases, 

the more hydrophobic (the more it repels water) the material is.  Also, it is known that different 

surface chemistries can affect the contact angle between a surface and a liquid.  Four different 

materials were used: silicon; thermally grown silicon dioxide (thermal oxide, TOX) on silicon; 
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chemically vapor deposited (CVD) silicon dioxide on silicon made from tetraethyl orthosilicate 

(TEOS); and organosilicate glass (OSG) on silicon.  After cutting the respective samples into 1 

and 2 inch pieces, one set of these materials was etched with a mixture of hydrofluoric (HF) acid 

and deionized water.  The ratio was 1:50.  Another set was etched with dilute HF and then were 

placed in a supercritical chamber to functionalize them with hexamethyldisilazane (HMDS).  A 

third set was only functionalized by HMDS.  The contact angle of each of the samples was 

measured using a goniometer.  The roughness of the samples was measured by atomic force 

microscopy (AFM).  The chemistry of each of the samples was characterized using X-ray 

photoelectron spectroscopy (XPS) and grazing angle total attenuated total reflection Fourier 

transform infrared spectroscopy (FTIR/GATR).  A dynamic contact angle mechanism was done 

on the samples and the contact angle was measured afterwards to see if water had penetrated the 

surface.  Also, the contact angle was measured at the micro scale by using an environmental 

scanning electron microscope (ESEM).   
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CHAPTER 2 

 

 

WETTING, ROUGNESS, AND CHEMICAL FUNCTIONALIZATION 

2.1 Wetting 

2.1.1 Adhesive and Cohesive Forces 

 Wetting is usually measured by observing the contact angle a liquid makes with a solid 

surface.  The contact angle is the angle that the liquid/vapor interface makes with a solid/liquid 

interface.  There are two main forces involved in the interaction between liquid and solid; 

adhesive and cohesive [1-2].  The adhesive force is the force that causes a liquid to spread across 

a solid surface--the force of attraction between a solid and a liquid.  The cohesive force prevents 

a liquid from spreading over a solid surface.  This force is the attraction between the molecules 

within the liquid.  It causes the liquid droplet to ball up avoiding contact with the solid.  The 

resultant of these two forces is the measured contact angle between the solid and liquid.  When 

the contact angle is less than 90°, the liquid will spread over a large area of the solid and is 

commonly termed a hydrophilic surface.  When the contact angle is greater than 90°, the liquid is 

repelled by the solid surface limiting the contact area between the solid and liquid.  This is 

commonly referred to as a hydrophobic surface.   

2.1.2 Young’s Equation 

 The theory of wetting usually makes the use of Young’s equation    

cos θyoung =  
γsv −γsl

γ lv
  (Eq. 1-1) [1-6]. 

 Where γsv  is the interfacial energy between the solid and the vapor (usually termed surface free 

energy), γsl  is the interfacial energy between the solid and the liquid, and γlv  is the interfacial 

energy between the liquid and the vapor (this is usually termed surface tension).  Interfacial 
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energy is the excess energy that exists between these two phases.  It usually arises from an 

imbalance of the forces of the molecules at the interface (units are J/m2). 

2.1.3 Harmonic and Geometric Model 

  When measuring the surface energy of the solid/liquid interface, there are two different 

methods that are used to interpret these data: harmonic and geometric [14].  Before there is any 

explanation on either of these methods, we have to understand work of cohesion and work of 

adhesion [1-2].  Work of cohesion is the work required to separate a liquid into two separate 

parts, and it is given by the equation 

Wcohesion =  2γlv , (Eq. 2-1) 

where 𝛾𝑙𝑣  is the surface tension of the liquid.  The work of adhesion is the work required to 

separate a liquid from a solid surface, and it is given by the equation 

Wadhesion = γlv + γsv − γsl  (Eq. 2-2) 

which simplifies to the Young-Dupree equation  

Wadhesion =  γlv (1 + cos θ) (Eq. 2-3). 

Both the geometric and the harmonic methods employ the assumption that when using different 

liquids on the same surface, it is possible to calculate different components of the surface energy 

when the different components of the liquids are known.  These different components (i.e polar, 

dispersive, hydrogen bonding, induction force, etc…) are additive.  That means the total surface 

energy is given by the equation 

γtotal = γd +  γp + γh + ⋯   (Eq. 2-4). 

In both the geometric and the harmonic means, we make use of two different liquids to measure 

the work of adhesion: a polar liquid (deionized water) and a dispersive liquid (diiodomethane).  

The geometric model uses  
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Wadhesion = 2(γlv
d γsv

d )1/2 +  2(γlv
p
γsv

p
)1/2  (Eq. 2-5) 

for the work of adhesion.  It then sets this equation equal to the Young Dupree eqn. to get the 

following equation  

γlv (1 + cos θ) = 2(γlv
d γsv

d )1/2 +  2(γlv
p
γsv

p
)1/2  (Eq. 2-6). 

However since we are using two liquids than the two equations become              

γlvH 2O (1 + cos θH20) = 2(γlvH 2O
d γsv

d )1/2 +  2(γlvH 2O
p

γsv
p

)1/2  (Eq. 2-7) 

and the second equation becomes  

γlvDIM (1 + cos θDIM) = 2(γlvDIM
d γsv

d )1/2 +  2(γlvDIM
p

γsv
p

)1/2 (Eq. 2-8) 

the 2 equations are then linearized to get      

(γ lvH 2O
d )1/2

γ lvH 2O
(γsv

d )1/2+ 
(γ lvH 2O

p
)1/2

γ lvH 2O
(γsv

p
)1/2=

(1+cos θH20)

2
 (Eq. 2-9) 

(γ lvDIM
d )1/2

γ lvDIM
(γsv

d )1/2+ 
(γ lvDIM

p
)1/2

γ lvDIM
(γsv

p
)1/2=

(1+cos θDIM )

2
   (Eq. 2-10) 

These equations are then solved for (γsv
p

)1/2 and (γsv
d )1/2. 

For the harmonic mean, the work of adhesion is determined by the equation  

Wadhesion =
4γ lv

d γsv
d

γ lv
d +γsv

d +
4γ lv

p
γsv

p

γ
lv
p

+γsv
p    (Eq. 2-11). 

This equation is set equal to the Young-Dupree equation using two different liquids to get two 

equations to solve 

γlvH 2O (1 + cos θH20) = 
4γ lvH 2O

d γsv
d

γ lvH 2O
d +γsv

d +
4γ lvH 2O

p
γsv

p

γ
lvH 2O
p

+γsv
p  (Eq. 2-12) 

γlvDIM (1 + cos θDIM ) = 
4γ lvDIM

d γsv
d

γ lvDIM
d +γsv

d +
4γ lvDIM

p
γsv

p

γ
lvDIM
p

+γsv
p  (Eq. 2-13). 

Solving these two equations permits us to solve for (γsv
p

)1/2 and (γsv
d )1/2. 

 To obtain the contact angle, we must take into account the adhesive and cohesive forces.  

The assumption used for this case is that the solid surface is flat; however, even the smoothest 
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surfaces will have some degree of roughness at the micro scale.  Therefore, the surface energy 

models used in theses must account for rough surfaces.   

2.2 Roughness 

2.2.1 Cassie-Baxter and Wenzel’s Model 

  To deal with inherent roughness, Wenzel or Cassie-Baxter models of wetting are to be 

used [3, 8-9].  The difference between these two models is that the Wenzel model makes the 

assumption that water penetrates the surface while the Cassie- Baxter model assumes that air can 

be trapped between the peaks or pillars of the material while the liquid rests on top of the 

air/peaks.  The Wenzel model also makes the assumption that the solid is a homogenous surface. 

The equation used for Wenzel’s model is  

cos θ′ = r cos θyoung    (Eq. 2-14) 

 where θ’ is the contact angle at the rough surface, θyoung  is the Young contact angle, and r is the 

roughness coefficient.  The r constant is a measure of how surface roughness affects a material 

and is defined as the ratio between the true area of a solid surface and the apparent area.  The 

Cassie-Baxter model on the other hand makes the assumption that we have a heterogeneous 

surface composed of solid-liquid and solid-vapor interfaces.  The equation for the Cassie-Baxter 

model is  

cos θ′ = f1 cos θ1 +  f2 cos θ2  (Eq. 2-15) 

where f1 is the surface area fraction of one material with contact angle θ1, and f2 is the surface 

area fraction of the second material with contact angle θ2.  If f2  represents the area fraction of 

trapped air then we know that the contact angle on a liquid drop on air would be 180° we can set 

cos θ2  equal to 1, and since the f1 + f2  = 1 the equation becomes   

cos θ′ = f1 cos θ1 +   1 − f1 cos 180° ⇒ cos θ′ = f1 cos θ1 + f1 − 1.    (Eq. 2-16) 
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2.3 Chemical Functionalization 

2.3.1 Hydroxyl, Hydrogen, and Trimethylsilyl Termination 

 The chemical effect on contact angle was studied by varying surface chemistries on a 

surface with a known roughness.  The samples were terminated by hydroxyls, hydrogen, and 

trimethylsilyls.  These terminations will affect the contact angle of the two liquids being 

investigated. 

2.3.2 Hydroxyl Termination 

 Hydroxyl termination often results from manufacturing processing [15].  The thermal 

oxide grown on the silicon sample is amorphous, so it does not have a specifically defined 

bravais lattice crystal structure.  However, there is short range order in which the silicon is at the 

center of 4 oxygen atoms arranged in the form of a tetrahedron.  These tetrahedral are linked 

together by shared or bridging oxygen atoms.  Long range order is not present in this material 

because there is no regular three dimensional arrangements of the tetrahedral.  But there are also 

oxygen atoms that are shared between two called non-bridging oxygen atoms.  Since there is 

oxygen atoms that are not being shared, then there will be many tetrahedral not connected to 

neighboring tetrahedral.  This means that such a material will have a more open structure 

meaning that impurities can easily penetrate the material.  One of the impurities that are 

introduced is hydroxyls (OH).  Hydroxyls are formed when water is introduced into the network; 

water molecules convert the bridging oxygen site to two hydroxyls.  Hydroxyls are known to be 

hydrophilic since the oxygen on the molecule is highly electronegative making this functionality 

polar, and therefore, attracted to water molecules.  Figure 2-2a shows a hydroxyl terminated 

surface. 
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2.3.3 Hydrogen Termination 

 To create a hydrogen terminated surface, the samples were etched in a mixture of de-

ionized water and hydrofluoric acid (HF) [16-21].  The HF has the ability to attack silicon 

dioxide at room temperature; however, it is never used in full concentration because it etches 

SiO2very rapidly.   The reaction for this case is  

SiO2 +  6HF → H2SiF6 + 2H2O    (Eq. 2-17) 

where H2SiF6 is water soluble.  What tends to happen in the etching of a SiO2 layer is:  

1. Free protons are absorbed into the oxygen atoms. 

2. This causes the oxygen to positively charge and will need to neutralize. 

3. Silicon neutralizes the oxygen by donating an electron. 

4. The electron density around silicon reduces as a cause of donating an electron, and this 

causes the Si − O bond to break. 

5. A positive charge on the silicon is left. 

6. This causes HF2
− to react and allows the etching process to take place; which removes the 

oxygen and leaves a hydrogen termination [19, 22-23]. 

Hydrogen termination is known to exhibit hydrophilic properties.  Figure 2-2b shows a hydrogen 

terminated surface. 

2.3.4 Trimethylsilyl Termination 

 Functionalizing a surface with HMDS can leave a surface with trimethylsilyl (CH3)3Si −

O groups.  But before we start talking about functionalizing a surface with HMDS, we need to 

talk about supercritical fluids [24-26].  A fluid is in a supercritical state when the fluid reaches 

and surpasses its critical point and it lies in that region defined by its phase diagram (figure 2-1).  

 



9 

 

 

Figure 2-1 The CO2 Phase Diagram as a Function of Temperature and Pressure  

In this region the fluid is neither a liquid nor a gas, it is in a state that will exhibit both liquid and 

gas properties.  Supercritical fluids have a lot of applications ranging from the food industry to 

the pharmaceutical industry [27].  However, there is a lot of interest on the application to the 

cleaning of semiconductor materials, as well as, functionalizing samples using a supercritical 

treatment [28-31].  The fluid that is usually used for these processes is CO2.  There are many 

reasons why CO2 is the chosen fluid: 

1. It has gas-like transport properties and near liquid density that make it very useful when 

processing porous low k dielectrics. 

2. Supercritical CO2 is non toxic.  

3. It has a low critical temperature and pressure, 1070 Psi and 31° Celsius. 

4. Varying pressure, temperature, and co-solvents allow the control of solvating capability 

in the supercritical state.   
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 Functionalizing a surface with HMDS under supercritical conditions is faster and more 

efficient than liquid and vapor functionalization methods.  There are two things that go on during 

silylation in supercritical CO2: first, water is removed from the substrate; and second, it places 

hydrophobic functionalities on the substrate.  In this case, trimethylsilyl (CH3)3Si − O replaces a 

hydroxyl group.  Figure 2-2c shows a trimethylsil terminated surface.  A two-step reaction 

occurs in this case [32]  

Si − OH +   CH3 3Si − NH − Si CH3 3 → Si − O − Si CH3 3 +  CH3 3 − SiNH2 (Eq. 2-18a) 

 CH3 3 − SiNH2 +  Si − OH → Si − O − Si −   CH3 3 + NH3    (Eq. 2-18b). 
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Figure 2-2a 

 

Figure 2-2b 

 

 

Figure 2-2c 

Figure 2-2 a) Hydroxyl Termination b) Hydrogen Termination c) Trimethylsilyl Termination 
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CHAPTER 3 

 

 

SILICON, TOX, TEOS, AND OSG 

3.1 Materials 

The materials used for this work were: silicon; thermally grown silicon dioxide on silicon 

(these will be termed TOX); silicon dioxide deposited by chemical vapor deposition (CVD) 

using a tetraethyl orthosilicate (TEOS) precursor on silicon (these will be termed TEOS); and 

organosilicate glass (OSG) on silicon (these will be termed OSG).  These layers are expected to 

have different roughness.  The pure silicon surface is expected to have a native oxide in the 

surface that forms upon exposure to environmental oxygen.  Silicon dioxide layers are heavily 

used in the semiconductor industry because it is SiO2 is essential to building an integrated circuit.  

It passivates the silicon surface which prevents leakage paths among the devices on the piece of 

silicon.   

3.2 TOX 

 There are two common oxidation processes for silicon: dry oxidation and wet oxidation 

[33].  During dry oxidation, oxygen is introduced under a dry environment at an elevated 

temperature, and the reaction is  

Si  solid + O2 vapor →  SiO2(solid)  (Eq. 3-1). 

During wet oxidation, the silicon is placed in a water vapor environment at high temperature, and 

the reaction is   

Si  solid + H2O  vapor →   SiO2 (solid)  +  2H2(gas)  (Eq. 3-2). 

 To form high quality SiO2 layers, a silicon wafer must be exposed to oxygen at 

temperatures of 800-1200°C.  The Deal-Grove model is used to describe the oxide growth rate 
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and the oxide thickness.  However, this model is most accurate for films thicker than 300 Å, but 

can be used for films as thin as 100 Å.  There are two assumptions in using this model [33]:   

1. the chemical reaction happens on the surface of the wafer, and   

2. the rate at which oxygen or water molecules pass the oxide film on the wafer and the rate 

at which the silicon and oxygen react at the silicon surface will have an effect in the 

oxide growth.   

The equation [33] given is   

Xox  t = A/2[ 1 +
 t+τ 

 
A 2

4B
 
 

1/2

− 1]  (Eq. 3-3) 

where t is the time, B and A are constants, and 𝜏 is used to account for any oxidation already 

present.  

3.3 TEOS 

 TEOS is also a thin layer of SiO2 on silicon, made using chemical vapor deposition 

(CVD) [34].  This process uses plasma to fracture the TEOS.  CVD involves several steps to 

place a thin film on a wafer: 

1. Reactant gases are passed through a chamber in the form of a flow of gas that comes very 

close to the wafers inside the chamber.  

2. The gases are transported to the wafer surface through diffusion where the reactants are 

absorbed.   

3. These adsorbed species reach the surface of the wafer to places called growth sites, where 

the reactants form the SiO2 film. 
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3.4 OSG 

 The OSG (organosilicate glass) samples are a new type of films that are of interest 

because of their low dielectric constant (2.85) [35].  These films are of interest for the 

semiconductor industry because they are used as interlayer dielectric in interconnecting 

structures.  These films are often called SiOCH  films because silicon, oxygen, carbon, and 

hydrogen comprise these films.  These films are made using a process called Plasma Enhanced 

Chemical Vapor Deposition (PECVD).  Tetramethylcyclotetrasiloxane (TMCTS) is the precursor 

used to manufacture this film. 

3.5 Previous Work on Wettability of SiO2 

There have been some studies on the wetting of silicon dioxide [4, 6, 12, 36-44].  The 

studies have ranged from measuring contact angle of a tin droplet on a SiO2 surface to modifying 

the surface at the nanometer scale to observe super hydrophobic effects, to studying the 

wettability of SiO2 using an environmental scanning electron microscope (ESEM).  A lot of this 

work shows that the contact angles on a silicon dioxide layer vary considerably.  This is due to 

variations in impurities, roughness, and homogeneity.  All these properties will affect the 

resulting measured contact angle, thus, explaining why different researchers observe different 

contact angles for the same liquid and material.  Pierre Letellier points this out in his paper [4].   

 There is a great deal of work on the wettability of SiO2.  Richard Thomas points out [43] 

that a SiO2 surface becomes more wettable with the formation of silanols on the SiO2 layer.  This 

is relevant to this work because silanol terminated surfaces are the subject of one of our studies. 

Jeung Ku Kang and Charles B. Musgrave describe what happens when silicon dioxide is exposed 

to a HF/H2O mixture [19].  They point out that etching will leave a hydrogen terminated surface; 

however, they do not discuss the resulting contact angle.  The contact angle will be investigated 
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in this work.  The work done previously on functionalizing a surface with HMDS will make a 

surface more hydrophobic [21-24].  It is expected that this will also be the case for SiO2 samples.   

 There have also been studies on the wettability of  SiO2 using an ESEM.  Daniel Aronov 

and Gil Rosenman [6] point out that the wettability of SiO2 in this environment and in micro or 

nano scale droplets is affected by line tension.  They state that when they observe a positive line 

tension, the surface is more hydrophilic, and when the line tension is negative, the surface is 

more hydrophobic.  This is of interest because contact angles will be measured in an ESEM in 

this work.  

 The roughness effect on the contact angle is of importance [3, 8-9].  The roughness on 

silicon dioxide shows that as a surface is made rougher it will repel water more.  Soeno suggests 

[12] that by controlling the surface structure of a surface, a substrate can be made super-

hydrophobic.  He points out that rougher surfaces repel water more intensely.  

All this information is important because it is needed to better understand the effect of 

chemistries and roughness on the wetting of silicon dioxide.  Once there is a clear understanding, 

these principles can be applied to better select cleans for front end of line (FEOL) and back end 

of line (BEOL) cleaning processes.  Also, these principles can be used to help determine 

processes that best repel water from a semiconductor device.  The value of the dielectric constant 

in an insulator increases when water is absorbed.  These contact angle experiments will also help 

to determine which processes can eliminate water absorption.   

3.6 Previous Work on Wettability of OSG 

 OSG has a different structure than SiO2 [28] and shows improved dielectric properties 

over  SiO2 [35, 45-50].  As I already stated OSG is composed of an amorphous arrangement 

of Si,C,O, and H atoms.  This is the reason they are termed SiOCH.  It should be pointed out that 
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HF etching of OSG  has shown some increase in the size of the pores, but it does not affect the 

chemical makeup of the OSG [49].  Silylation of a surface affect the contact angle.  

All this information is important because it is needed to better understand the interaction 

between chemistries and roughness on the wetting of organosilicate glass.  Organosilicate glass 

is currently employed in 65nm back end structures, because OSG has a low dielectric constant.  

Understanding the effect of wetting and roughness on these films is important because the 

interaction with water will affect the dielectric constant low-k films.  Consequently, it is 

important to know what processes can be used to prevent water absorption in these films.  
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CHAPTER 4 

 

 

EXPERIMENTAL 

4.1 Etching and Supercritical Treatments 

 There are many methods to study the interactions between a fluid and a material.  

However, depending on what subject one is interested in and what is trying to be determined, one 

makes the measurements that best suit each case.  For our case, the interest was studying 

roughness and chemistry effects on the wetting of different materials.  In addition we were 

interested in how the size of a liquid droplet affects the contact angle it makes with the solid 

surface, and if this liquid penetrates the surface of the samples.  Silicon wafers with three 

different films (TOX, TEOS, and OSG) were studied.  These materials had different intrinsic 

roughness and were modified with different agents to change their surface chemistries.  Each 

where etched in a mixture of de-ionized water and hydrofluoric acid in order to remove oxide 

and create hydrogen terminated surface [16-21].  A set of the samples were treated with 

supercritical HMDS/CO2 to functionalize the surface with trimethylsilyls ( (CH3)3Si − O) [24-

26, 28-32, 51].  Samples were treated as follows: 

1. Silicon 

a. Etched with HF in a 20:1 water/HF  mixture for 90 sec 

b. Etched with HF in a 20:1 water/HF mixture for 90 sec and left over night in 

HMDS(20%) and n-hexane(80%) 

2. Thermal oxide (TOX)  

a. As received treated with an HMDS/CO2 supercritical treatment 

b. Etched with HF in a 50:1 water/HF mixture for 30 sec 
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c. Etched with HF in a 50:1 water/HF mixture for 30 sec and treated with an 

HMDS/CO2 supercritical treatment 

3. SiO2 from CVD of  TEOS  

a. As received treated with an HMDS/CO2 supercritical treatment 

b. Etched with HF in a 50:1 water/HF mixture for 30 sec 

c. TEOS was etched with HF in a 50:1 water/HF mixture for 30 sec and treated with 

an HMDS/CO2supercritical treatment  

4. Organosilicate glass (OSG)  

a. As received treated with an HMDS/CO2 supercritical treatment  

b. Etched with HF in a 50:1water/HF mixture for 30 sec 

c. Etched with HF in a 50:1 water/HF mixture for 30 sec and treated with an 

HMDS/CO2 supercritical treatment. 

4.2 Contact Angle 

4.2.1 Purpose of Measuring Contact Angle 

 Measuring the contact angle of a surface is rather a simple process; however, the contact 

angle can provide a great deal of information about the surface being studied [3-6, 12, 38, 41-

44].  Two different liquids were used to measure the contact angles; de-ionized water and 

diiodomethane (DIM).  The purpose of doing this is to see how contact angle is affected  when 

using a liquid that interacts through dispersive forces with the surface (the DIM) and using a 

liquid that is affected by polar forces (de-ionized water).  These results could be used, to measure 

surface energies [7].  Wetting of a substrate was studied by measuring the ascending and 

receding contact angle of each liquid on the samples.  Ascending contact angle is the angle at 

which the liquid is in contact with the sample and there is an addition of liquid to the surface, 
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causing the contact angle to increase.  Receding contact angle is the angle at which the liquid is 

in contact with the sample and the liquid is removed from the surface, causing the contact angle 

to decrease.  Our main interest did not lie on the hysteresis of the sample, which is the difference 

between the ascending contact angle and the receding contact angle.  The interest in doing this 

was to see if doing ascending and receding contact angles on a surface will cause the surface to 

become more hydrophilic.  This mechanism can cause the material to be more hydrophilic 

because after this mechanism the liquid would penetrate the surface roughness.  Hence, there will 

be a decrease in contact angle.  To determine this, the contact angle was measured after doing 

ascending and receding motion on the samples.      

4.2.2 Goniometer 

 Static contact angles and dynamic contact angles where measured using the Rame-Hart 

Model 250 Standard Goniometer with Dropimage Advanced v 2.3 (Figure 4-1). 

 

Figure 4-1 Contact Angle Gonimeter Rame-Hart Model 250 
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4.2.3 Contact Angle Procedure 

 Prior to beginning the contact angle measurement, the software was calibrated and the 

alignment of the stand was checked.  The DI water was changed every day that a measurement 

was taken.  The DIM was not changed every day, but a black tape was placed around the syringe 

so that light wouldn’t affect the DIM since DIM is sensitive to light.  8 to 10 drops were placed 

on different areas of the samples, and the contact angles were averaged.  The drops were around 

.01 micro liters, and the drops size was around 2 to 3 mm.   

4.3 FTIR/GATR 

4.3.1 Infrared Spectroscopy Theory 

 Infrared spectroscopy has been use for almost a century for the purpose of analyzing the 

chemical bonds in a material [52-53].  An infrared experiment will measure changes in the 

intensity of the infrared radiation beam as a function of wavelength or frequency as it passes 

through a sample.  Infrared Spectroscopy makes use of the asymmetrical molecular vibration of 

molecules.  These vibrations lead to changes in molecular net dipole moments.  This is essential 

for the molecule to be infrared active.  The frequency of vibration between bonds can be 

explained by Hooke’s Law.  This approximation makes use of the harmonic oscillator where two 

masses are attached to a spring.  The vibration frequency is given by the equation  

f =
1

2π
 

k

μ
  (Eq. 4-1) 

where 𝜇 is the reduced mass given by the equation 

μ =
m1 m2

m2 +m1
   (Eq. 4-2) 

and k is the force constant.  The masses of the atoms in the bond are given by m1 and m2.  When 

the vibration frequency of a molecule is equal to the frequency of the incident infrared radiation, 

the molecule will absorb the infrared energy.   
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The FTIR spectrophotometer is the dominant tool in infrared spectroscopy.  The FTIR 

uses the Michelson interferometer to disperse the infrared radiation.  The frequencies that are 

emitted will follow the same optical path, but the frequencies will be sent at different times.  The 

interferometer will split the infrared radiation into two beams.  The two beams will bounce off 

different mirrors and eventually recombine again at the beam splitter.  The new beam is now 

called an interferogram, it has all the infrared frequencies encoded into it.  The inteferogram is 

what actually hits the sample, and it is the signal after the interaction that is unique to each 

sample.  The detector picks up the resulting signal and sends it to a computer where it is decoded 

using Fourier Transformation mathematical techniques and then gives the transmittance or 

absorption vs. frequency (or wavenumber) spectrum.  

 

Figure 4-2 FTIR Nexus 470 E.S.P Spectrometer 

The spectrum given uses the equation  

Tw = (
It

Io
)w   (Eq. 4-3) 
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where It  is the intensity of light after it has interacted with the sample, the Io  is the intensity of 

light incident upon the sample and w is the frequency of the incident beam.  If the absorbance vs. 

frequency (or wave number) spectrum is desired than we use Beer-Lambert Law given by the 

equation  

Aw = −log Tw       (Eq. 4-4) 

4.3.2 FTIR/GATR Apparatus and Procedure of Measurements 

The spectra obtained were acquired using a NEXUS 470 FT-IR (Figure 4-2) spectrometer 

and a grazing angle total attenuated reflection accessory (GATR).  The GATR is useful for 

analyzing thin films on a substrate.  The film is sandwiched between the silicon and the 

germanium crystal.  It focuses the beam onto the sample and forces it bounce several times 

between the germanium and the film.  This gives a range of incident angles, making it suitable 

for a film.  

GATR is ideal for analyzing the surface of a sample.  This GATR accessory uses a 

germanium crystal and a 65° angle of incidence (Figure 4-3).  The beam penetrates the 

germanium crystal, and it bounces several times due to the change in the refractive index.  The 

evanescent wave is the wave that actually comes into contact with the film.  It extends beyond 

the surface of the crystal and bounces between the film and the germanium crystal.  It then exits 

the crystal into the detector.     
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Figure 4-3 GATR Using a Ge Crystal with 65° 

The samples were placed on the Ge crystal and tightened with a torque screwdriver.  It 

was tighten to a pressure of 30 oz/in.  The number of scans taken was 64 and the resolution was 

4 cm−1. 

4.4 XPS 

4.4.1 XPS Theory 

X-Ray photoelectron spectroscopy [54-55] makes use of Einstein’s photoelectric law to 

analyze the surface of a sample.  Einstein’s photoelectric law states that when a photon hits a 

surface with certain energy, it will transfer the energy to an atom of the surface and remove an 

electron.  The electron will have a kinetic energy equal to the energy of the photon that hits the 

surface minus the binding energy of the electron to the atom. 

K. E = hv − B. E (Eq. 4-5) 

This equation comes from atomic electron shells.  From basic chemistry, we know that the 

electrons in a neutral atom will equal to the number of protons in the nucleus.  It is also known 

that two electrons of opposite spin can occupy each orbital.  The energy levels of each atomic 

orbital will be discrete.  However, a given orbital, will experience different electrostatic 

attraction depending on the atom since the attraction will be different for each atomic nucleus.  

When using XPS, there is more interest in the core electrons of an atom.  The reason is that the 

Silicon 
Thin film 

Germanium  

crystm 
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binding energies of the core electrons are what provide the unique signature of the elements 

present.  All elements are identified using their core electron binding energies with the exception 

of hydrogen and helium since these elements have no core electrons.  XPS can penetrate a depth 

of 2 to 20 atomic layers of the sample being analyzed.   

4.4.2 Apparatus and Procedure of Measurements 

For elemental analysis the XPS PHI 5000 Versa Probe was used (Figure 4-4); it was 

purchased through Physical Electronics.  The measurements were conducted by Eric Osei- 

Yiadom.    

 

 

 

Figure 4-4 XPS PHI 5000 Versa Probe 

 

 

 



25 

 

4.5 AFM 

4.5.1 AFM Theory 

 An atomic force microscope (AFM) [56-57] allows us to measure roughness or texture of 

a sample surface.  As it has already been mentioned, roughness plays a critical role in the contact 

angle between a surface and a liquid.  AFM works by allowing a fine sharp tip attached to the 

micro-scale cantilever to come into contact or very close contact to a sample.  The sample is 

placed under the tip, and different forces attract or repel the tip deflecting the cantilever 

according to Hooke’s law.  A laser is used to measure this deflection by bouncing off the top 

surface of the cantilever into a position sensitive detector.  These deflections are then measured 

and processed by the computer.    

      There are several interactive forces that are involved in AFM, such as the capillary force 

that is caused by a buildup of water on the tip, and the force caused by the cantilever itself.  

However, it is the van der Waals force that is of main interest because it is this force that the tip 

and the sample experience when the distance between the two is beyond the chemical bonding 

distance.  This force is estimated to be approximately 1-20 nN.  To explain this force, we use a 

gorce vs. distance graph (Figure 4-5).  When analyzing the sample in the contact mode, the tip 

and the sample are a few angstroms apart, and the force between them is considered repulsive.  

In non-contact mode, the tip and the sample are 10-100 angstroms apart, and the force is 

considered attractive.  The tapping mode analyzes the sample by making use of both the contact 

and non-contact region, fluctuating between the two.  The force processed by the computer 

deflects the cantilever.  This force is given by Hook’s law. 



26 

 

 

Figure 4-5 Force vs. Distance for Contact and Non Contact 

 

 

 

Figure 4-6 Veeco (Digital Instruments) Multimode Nanoscope III 

 

 



27 

 

4.5.2 Apparatus and Procedure of Measurements 

 Surface topography measurements were made using a Veeco (Digital Instruments) 

Multimode Nanoscope III operated in tapping mode using Si probes (Tap300, Budget Sensors) at 

room temperature, humidity and pressure (figure 4-6).  The measurements were made by Maia 

Romanes. 

4.6 ESEM 

4.6.1 ESEM Theory 

 An environmental scanning electron microscope (ESEM) allows us to study a substrate 

with very high magnification.  The ESEM works similar in a similar fashion to the scanning 

electron microscope (SEM).  However, the ESEM allows us to control the temperature and 

pressure inside the chamber allowing other measurements to be conducted in the chamber.  

 The theory behind an ESEM is very straight forward [58-59].  A beam of electrons 

penetrates through the water vapor, which was introduced through a separate vacuum pump.  The 

beam hits the surface of the sample.  When the electrons hit the surface, there is an emission of 

electrons or photons from the surface of the sample.  These are termed secondary electrons.   

These electrons collide with the water molecules, and cause the vapor to emit secondary 

electrons of their own.  The secondary electrons produced by the water molecules also produce 

secondary electrons in adjacent water molecules.  All these secondary electrons are picked up by 

the gaseous secondary electron detector (GSED), and turned into images sent to the computer 

screen.    

One of the things that allow the formation of water droplets on the surface of a sample is 

the cooling stage.  The cooling stage allows the control of the temperature of the sample.  As you 
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cool the stage and the sample, it allows the condensation of water to take place on top of your 

sample.   

4.6.2 ESEM Apparatus and Procedure of Measurements 

 Measurements were done using the FEI QUANTA 200 (Figure 4-7).  The measurements 

were taken by placing the samples on a cooling stage and lowering the temperature from 1 °C to 

4 °C.  The pressure was kept constant at 6 Torr; the detector used was a gaseous secondary 

electron detector, and the spot size was kept at 4.  The voltage ranged from 20 kV to 25 kV, 

depending on the sample. 

 

Figure 4-7 FEI Quanta 200 ESEM 

 

 

 

 

 

 

 

 

 

 



29 

 

  CHAPTER 5 

 

 

RESULTS 

5.1 Silicon Results 

In this section the results for the experiments done on the silicon wafers are given.  These 

experiments were done to study the effects of roughness and chemistries on the contact angles.  

Silicon was used because it is a pretty flat substrate in comparison to the other samples that were 

used in this work.  One silicon set was etched in HF/de-ionized water (1:20) mixture for 90 sec 

(designated etched Si).  This was done to remove the native oxide that forms on silicon as a 

result of it being exposed to the environment, and it was done to leave a hydrogen termination on 

the surface.  A second set was etched in HF/de-ionized water (1:20) and functionalized by 

leaving it over night on a mixture of 20%HMDS and 80% n-hexane [60] (designated etched + 

HMDS Si).  This was done to measure the change in the surface energy or contact angle of the 

wafers when placing trimethylsilyls on the surface. 

5.1.1 Contact Angle and Surface Energy Results 

  Figure 5-1 shows that the measured contact angles for both etched and etched/silylated 

samples are near 90 degrees.  The water contact angle for the HMDS-treated silicon was a little 

bit higher than the silicon etched wafer.  This is likely because the trimethylsilyls are actually 

repelling the water more than hydrogen terminated silicon.  The DIM contact angle for the 

HMDS silicon is significantly higher than the etched wafer.  This is a good indication that the 

roughness does affect the interaction between dispersive liquid and the surface, since the RMS 

roughness for the etched + HMDS Si was a lot higher (1.69 nm) than the etched Si (.532nm). 



30 

 

 
 

 

Figure 5-1 Contact Angle for Etched Si  and Etched + HMDS Si 

 

 

 

Table 5-1 Surface Energies for Etched Si and Etched + HMDS Si 
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The surface energies for the samples are given in Table 5-1.  As expected, the surface 

energies of the etched Si are higher than the surface energies for the etched + HMDS Si.  This is 

expected because the water contact angle is lower for the etched Si than for the etched + HMDS 

Si.  Meaning that the surface with the highest surface energy will disperse the liquid more, and 

this will cause the liquid to spread over the surface instead of balling up into a drop.  As has 

already been mentioned, the harmonic and the geometric models use different work of adhesion 

equations to determine the surface energies.  This is the reason the surface energy values differ 

for the same sample/liquid measurements.  However, the trends are the same.   

5.1.2 Silicon FTIR/GATR 

The FTIR peaks for the etched silicon wafer are given in figure 5-2.  The peaks of interest 

are at wave numbers 1036 cm−1[61-62], 2930 cm−1 [63-64], and 3735 cm−1 [65-66].  The 

assignments of these peaks are given in table 5-3.  The peak at 1036  cm−1 reveals that we have 

the Si– O asymmetric stretch bond [61-62].  This tells us that we do have SiO2, but the 

absorbance tells us that we do not have very much.  At 2930 cm−1, it shows that there was CH2 

stretching vibrations present in the wafer [63-64].  This might be coming from the air or from 

etching.  The peak 3735 cm−1 is recognized as a terminal or isolated Si − OH group [65-66].  

This is pointing out that hydroxyls were present on the wafer.    

 The FTIR peaks for the etched + HMDS Si wafer are also given below.  The peaks of 

interest for this case are also the wave-numbers at 1036 cm−1 [61-62], 2930 cm−1[63-64], and 

3735 cm−1  [65-66].  The peaks for this case are around the same region as for the etched silicon 

wafer.  It was expected that we would observe some Si − CH3 peaks on the etched + HMDS 

wafer.  The reason we are not seeing these peaks has to do with the fact that the concentration of 

HMDS used was very low, so the FTIR/GATR is not picking up any of these peaks.   
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Figure 5-2 FTIR Peaks for Etched Si and Etched + HMDS Si  

 

 

 

Table 5-2 Wavenumber and Band Assignment for Etched Si and Etched + HMDS Si 
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5.1.3 Silicon XPS 

 XPS was done on these wafers to determine the elemental composition of the wafers.  

XPS was essential for this project because XPS helped identify the groups that were placed on 

the surfaces.  It was also used to remove trimethylsilyls from the surface of the etched + HMDS 

Si through argon sputtering.  Argon sputtering removed some of the layers of the surface of the 

sample.  Once the sample was sputtered cleaned, XPS measurements were taken again.  The 

argon sputtered sample for the etched + HMDS Si was compared to the original etched + HMDS 

Si.  The point was to see if sputtering removed the trimethylsilyls from the surface. 

 The data (Table 5-3) showed that there is carbon, oxygen, and silicon present for both the 

etched Si sample and the etched + HMDS Si sample.  The data (Table 5-3) shows that the ratio 

between the oxygen and silicon for the etched Si and the etched + HMDS Si sputter cleaned 

sample is very low.  This is an indication that the samples didn’t have an oxide layer on them.  

The table below shows the amount of carbon, silicon, and oxygen present in each of the wafers.  

They are as one might expect.  The etched Si has less carbon and oxygen than the etched + 

HMDS Si sample [67] suggesting that the extra carbon and oxygen present is due to the addition 

of trimethylsilyl (CH3)3Si − O groups [67].  Hydrogen cannot be measured in these samples by 

XPS because hydrogen does not have core electrons.  The etched + HMDS Si samples that were 

sputter cleaned showed that there is the same amount of carbon, silicon, and oxygen as the 

etched Si.  The values in the table are with the margin of error for the XPS.  This means that the 

trimethylsilyls that were placed on the etched + HMDS Si were removed after the clean.   

Table 5-3 Carbon, Silicon, Oxygen Percentages for Each Sample 

SAMPLE C 1s Si 2p O 1s O/Si 

Etched Si 4 93.8 2.2 0.02 

Etched + HMDS Si (sputter clean) 4.6 93.5 1.9 0.02 

Etched + HMDS Si (no sputter clean) 14.2 64.3 21.5 0.33 
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5.1.4 Silicon AFM Results 

An atomic force microscope allows us to measure roughness that can play a critical role 

in the contact angle between a surface and a liquid.  AFM is essential for this experiment because 

it will help determine how the surface changes when modifying it with the different chemistries.  

The height vs. number of events (asperities) for the etched Si is given in for the entire scanned 

area and a selected ―flat‖ region (Fig 5-3).  We can see that there are areas where there is less 

than the mean height known as valleys, and regions where they are greater than mean height 

known as peaks.  This is visible by looking into the 3-D image of the sample given in figure 5-4 

(this is a representative image).  As can be seen, the hillocks are higher than the flat area of the 

wafer.  They are 4.1 nm in height.  Examining Figures 5-3 and 5-4, one can observe that a 

considerable fraction of the roughness of the sample comes from large peaks.  These peaks are 

believed to be impurities on the wafer that may have come from etching or the subsequent rinse 

of etchant.  The Root Mean Square (RMS) roughness is determined by taking the deviation in 

height between the peaks and the valleys within a specific area.  Greater deviations describe a 

rougher surface.  The RMS roughness is .532 nm for the etched Si.  The wavelength is a measure 

of the distance between asperities.  The wavelength of the sample is 14 nm.  This means that the 

asperities are reasonably close to each other. 
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Figure 5-3 Number of Events vs. Height for the Etched Si 

 

Figure 5-4 3-D Image of the Etched Si Sample 

 

Table 5-4 AFM Summary of Etched Si 

Scan Wavelength  

(nm) 

RMS 

 (nm) 

1 13.1 0.52 

2 15.45 0.53 

3 14.25 0.5 

4 11.93 0.53 

5 15.23 0.59 

Average 13.99 ± 1.48 0.53 ± .03 
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The number of events vs. height for the etched + HMDS Si is given in figure 5-5.  As we 

can see for this case, it is also visible that the flat area as compared to the whole sample has less 

height.  This means that the roughness of the sample comes from these peaks, which are actually 

coming from the etching and the HMDS treatment of the surface.  By looking into the 3-D image 

(figure 5-6), it tells us that it is rougher than the etched silicon.  As can be seen, the peaks are 

actually 7.3 nm.  This is telling us that the stuff is actually being placed on the peaks rather than 

on the flat areas.  The wavelength for this case is 11.66 nm, and the average Root Mean Square 

roughness is 1.69 nm.  In comparison to the etched Si sample, this tells us that the distance 

between asperities are closer, and the sample is a lot rougher.  This value tells us that the HMDS 

actually roughened the surface a lot more and this might be the reason the contact angle was 

higher.  The wavelength and RMS roughness are given in the table 5-5.    
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Figure 5-5 Number of Events vs. Heights of Etched + HMDS Si

 

Figure 5-6 3-D Image of the Etched + HMDS Si Sample 

 

Table 5-5 AFM Summary of Etched + HMDS Si 
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5.1.5 Conclusions for Silicon 

The de-ionized water contact angles for the etched Si and etched + HMDS Si were very 

close.  However, the DIM contact angles were very different.  This suggests that the roughness 

has an effect on the contact angle of the DIM.  However, the roughness showed no effect on the 

water contact angle.  The water contact angle was mostly affected by the surface chemistries.  

From the data it showed that the RMS roughness on the etched Si was .532 nm, and the RMS 

roughness for the etched + HMDS Si was 1.69 nm.  These values are significantly different, so it 

is very likely that the DIM was more affected by the roughness, since the contact angle for the 

DIM on etched Si was 49.59° and the DIM contact angle for the etched + HMDS SI was 62.43°.  

As for the water contact angle, it showed values of 89.44° for the etched Si and 93.17° for the 

etched + HMDS Si.  As can be seen these values are closer compared to the DIM contact angles.  

The data for the XPS shows that the wafers did have the native oxide removed after etching 

them.  XPS also proved that there were trimethylsilyls left on the etched + HMDS Si.  The 

FTIR/GATR data didn’t show that there was any trimethylsilyls on the surface of the etched + 

HMDS Si wafer, but this could be due to the fact that the amount of concentration used to 

functionalize the wafer was very low.  So, the FTIR/GATR didn’t observe these peaks.  

However, XPS and AFM do show that there was a change in surface so it is concluded that 

trimethylsilyls were are added to the surface of the wafer.  This proves that the contact angle was 

affected by the trimethylsilyls.  It increased the contact angle as the chemistries with the addition 

of trimethylsilyls.  The analyses of the other samples are needed in order to make generalized 

conclusions.   
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5.2 TOX Results 

 These experiments were done to study the effects of roughness and chemistries on the 

contact angle.  TOX was used because it offers a reasonably flat surface compared to the other 

silicon dioxide sample made with CVD and the organosilicate glass.  Four different sets of 

samples were used in this case.  One TOX set was studied as-received (received TOX).  One 

TOX set was etched in HF/de-ionized water (1:50) mixture for 30 sec (etched TOX).  The 

purpose of etching the sample was to remove hydroxyls and replace them with hydrogen.  A 

third set was placed in the supercritical chamber as received and functionalized with HMDS 

(HMDS TOX).  This was done to replace hydroxyls with trimethylsilyls.  The fourth set was 

etched and functionalized with HMDS in supercritical CO2 (etched + HMDS TOX).  The etching 

was done to replace the hydroxyls with hydrogen, and functionalizing with HMDS was done to 

replace available hydroxyls with trimethylsilyls.  This was supposed to leave a surface with both 

hydrogen and trimethylsilyls.  The goal was to observe how two hydrophobic surfaces would 

repeal a liquid.  

5.2.1 TOX Contact Angle and Surface Energy 

 The results for the contact angle are shown in figure 5-7.  The water contact angle for the 

received TOX sample was 48.35°, and for the etched TOX sample, the water contact angle came 

out to be 18.44°.  This is a very interesting result because the etched sample was expected to 

increase the contact angle between the water drop and the surface.  This decrease in contact 

angle may be due to the removal of a semi-hydrophobic layer exposing a more hydroxylated 

layer on the ―new‖ surface.  The sample HMDS TOX (91.59°) gave a higher water contact angle 

which is expected since trimethylsilyls are being placed on the samples (this will be confirmed 

with XPS and FTIR data).  The etched + HMDS TOX (86.22°) water contact angle is higher 
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relative to the received TOX and etched TOX, but it is a little lower than the HMDS TOX.  This 

indicates that etching created hydroxyls, and since the sample was functionalized with the same 

concentration as the HMDS TOX than the ratio of hydroxyls to trimethylsilyls was higher for the 

etched + HMDS TOX.  This is why a lower contact angle relative to the HMDS TOX is 

observed.  

 The DIM contact angle measurements show some differences with the respective water 

contact angles.  One difference is that the etching did not reduce the contact angle for the DIM as 

much as it did for the water contact angle.  The DIM contact angles for received TOX and etched 

TOX was 50.18°, and 41.77°, respectively.  This makes sense because the DIM is not heavily 

affected by the hydroxyls since DIM is a dispersive liquid.  A non-polar liquid will not respond 

to the high polarity of the hydroxyls on the surface of the sample.  The other difference is that the 

DIM contact angle for the etched + HMDS TOX (67.88°) was two degrees higher than the 

HMDS TOX (65.82°).  However, this is within the standard deviation error, so it can be assumed 

to be the same value.     

Surface energies are given in table 5-6.  These values correlate very well with the values 

observed for the contact angles.  The samples with the contact angle with the lowest values have 

the highest surface energies.  Etched TOX is of interest because it has a very high surface 

energy.  This is due to the addition of hydroxyls after etching.    
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Figure 5-7 Contact Angle for TOX Samples 

 

Table 5-6 Surface Energies for the TOX Samples  
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5.2.2 TOX FTIR/GATR  

 

 
 

Figure 5-8 a) Received TOX FTIR/GATR Spectrum 

 

 

 

 

Figure 5-8 b) Received TOX FTIR/GATR Spectrum Wavelengths 950 cm−1-1300 cm−1  
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FTIR data for the received TOX sample (figure 5-8a) shows that it does come with 

hydroxyls.  The peaks at 3738 cm−1 are considered isolated Si − OH groups [65-66].  The peak 

at 2930 cm−1 suggests that there are some CH2 impurities in the sample [63-64].  The peaks of 

interest for SiO2 are at wavelengths from 950 cm−1-1300 cm−1 (figure 5-8b): 1055 cm−1 [68-

72], 1092 cm−1 [73-75], 1149  cm−1 [70, 76-77], and 1204 cm−1[78-81].  The 1204 cm−1 peak 

is considered a longitudinal optical phonon vibration of SiO2 [78-81].  The 1149 cm−1  [70, 76-

77] peak is considered Si − O − Si asymmetric stretching [70, 76-77].  The 1092 cm−1 [73-75] 

peak corresponds to the transverse optical mode vibration of SiO2 [73-75].  And the 1055  cm−1 

peak is also Si − O − Si asymmetric stretching [68-72].   
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Figure 5-9 a) Etched TOX FTIR/GATR Spectrum 

 

 

Figure 5-9 b) Etched TOX FTIR/GATR Spectrum Wavelengths 900 cm−1-1300 cm−1 
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The FTIR data for the etched TOX (figure 5-9a) sample shows that there are hydroxyls 

left on the surface.  However, there is a difference between the hydroxyls in this sample as 

compared to the received TOX.  The peaks at 3730 cm−1 and 3700 cm−1 correspond to the 

Si − OH terminal group [65-66].  The peaks at 3600 cm−1 and 3626 cm−1are considered 

hydrogen bonded or vicinal Si − OH groups [82-83].  The silicon dioxide is definitely present 

because the Si − O − Si peaks are very clearly shown.  Figure 5-9 b shows the silicon dioxide 

peak only.  The peaks are at the same place as the received TOX sample: 1055 cm−1 [68-72], 

1092 cm−1 [73-75], 1149  cm−1 [70, 76-77], and 1204 cm−1 [78-81].  However, there is an extra 

peak that is observed for the etched TOX.  The peak is located at 1124 cm−1.  It is considered a 

Si − O − Si asymmetric stretching vibration [84].  There were no Si − H peaks.  These peaks are 

expected to be from range 2000 cm−1 – 2300  cm−1.  This suggests that the etching did not leave 

a hydrogen terminated surface although a single monolayer of SiH may not be detectable by 

GATR-FTIR.  However, the low measured contact angle would indicate that hydrophobic Si − H 

terminal groups were not present.   
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Figure 5-10 a) HMDS TOX FTIR/GATR Spectrum 

 

 

Figure 5-10 b) HMDS TOX FTIR/GATR Spectrum Wavelengths 1000 cm−1-1300cm−1 
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The FTIR data for the HMDS TOX is given in figure 5-10 a) and figure 5-10 b).  There 

are water peaks at 3500  cm−1 to 4000 cm−1 wavelengths and at wavelengths 1300 cm−1- 

2000 cm−1.  There are four main peaks at 1055 cm−1 [68-72], 1092 cm−1 [73-75], 1149  cm−1 

[70, 76-77], and 1204 cm−1 [78-81].  These are the same peaks as in the received TOX.  

However, there are two extra peaks that are present in this sample.  They are the 1170 cm−1  and 

the 1278 cm−1.  The 1170  cm−1 peak shows that there is Si − O − C asymmetric stretching [32, 

60].  However, the 1278 cm−1 peak tells us that we have trimethylsilyl groups [28-31, 46, 50, 60, 

69].  The peak is a Si − CH3 symmetric deformation vibration.  Due to the fact that we saw 

increase in contact angles, the XPS showed higher carbon (this will be presented in the next 

section), and we saw one peak in the FTIR/GATR of Si − CH3, it is reasonable to conclude that 

some trimethylsilyls were added to the film surface.  
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Figure 5-11 a) Etched + HMDS TOX FTIR/GATR Spectrum 

 

Figure 5-11 b) Etched + HMDS TOX FTIR/GATR Spectrum Wavelengths  

950 cm−1-1300 cm−1 

 

 

 



49 

 

The FTIR data for the etched + HMDS TOX is given in figure 5-11a) and figure 5-11b).   

There are four main peaks are at 1055 cm−1 [68-72], 1092 cm−1 [73-75], 1149  cm−1 [70, 76-

77], and 1204 cm−1 [78-81].  These are the same peaks as in the received TOX.  The 1158 cm−1 

peak corresponds to the Si − O − Si asymmetric vibration [70, 76-77].  A Si − CH3 peak was 

expected, but none was observed.  Since the XPS and XPS sputtering do show signs of 

trimethylsilyl (this will be confirmed in the next section) and the contact angle increased than the 

evidence do point out that there were trimethylsilyl on the surface.  

The FTIR data showed evidence that there were trimethylsilyls present for the HMDS 

TOX, but there was no evidence of trimethylsilyls present for the etched + HMDS TOX.  Also 

there were no Si − H peaks present for the etched TOX sample.  The XPS data will be used in 

the next section to find evidence of trimethylsilyls.  The band assignments and wavenumbers are 

summarized in table 5-7.  

 

Table 5-7 Wavenumber and Band Assignment for TOX Samples 

 

 

 

 

Wavenumber 

 cm−1 

Band assignment Reference 
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1092 
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Si − O − Si asymmetric stretching 

Transverse optical mode vibration of  SiO2 

Si − O − Si  asymmetric stretching 

Si − O − Si asymmetric stretching 

Si − O − Si asymmetric stretching 

Si − O − C asymmetric stretching 

Longitudinal optical phonon vibration of  SiO2 

Si − CH3 symmetric deformation 

CH2 stretching vibrations 

Hydrogen bonded OH groups 

Terminal Si − OH group 

Terminal Si − OH group 

 

[68-72] 

[73-75, 78, 85]  

[84]  

[70, 76-77] 

[70, 76-77] 

[32, 60] 

[78-81] 

[28-31, 35, 46, 50, 60, 69] 

[63-64] 

[82-83] 

[65-66] 

[65-66] 
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5.2.3 TOX XPS 

XPS experiments were essential to monitor the surface chemistry of the films and to 

identify functional groups added on the surfaces.  Through sputtering, XPS was also used to 

remove trimethylsilyls from the surface of the HMDS TOX and the etched + HMDS TOX films.  

This analysis helped confirm that these surfaces were successfully silylated with HMDS.  

 Table 5-8 shows the amount of carbon, silicon, and oxygen present in each of the 

samples.  The chemistries are as we expect.  The received TOX and the etched TOX has less 

carbon than the etched + HMDS TOX sample and the HMDS TOX.  This could mean that the 

addition of carbon is coming in the form of the trimethylsilyl (CH3)3Si − O.  The reason the 

hydrogen is not indicated here is because XPS cannot identify this element since it doesn’t have 

core electrons.  Also it is clear that the etched TOX has less oxygen than the received TOX, but 

this is not a significant amount.  What I think is happening here is that the etching removed some 

of the hydroxyls but the subsequent rinse of the etching might have placed a new group of 

hydroxyls on the sample.  However, there isn’t as many newly placed hydroxyls as there was in 

the beginning, this is why we see that there is a little less oxygen than the received TOX sample.  

The sputter cleaned HMDS TOX shows there was some reduction in carbon.  This is indicating 

that the sputtering removed some of the trimethylsilyls off the surface but not all of them.  This 

is also observed with the etched + HMDS TOX sample that was sputtered cleaned.    

Table 5-8 Carbon, Silicon, and Oxygen Percentages for Each Sample 

 

Samples C 1s O 1s Si 2p O/Si 

Received TOX 0.5 69.4 30.1 2.31 

Etched TOX 0.5 68.4 31 2.21 

HMDS TOX (No sputter) 5.8 64.2 29.9 2.15 

HMDS TOX (Sputter clean) 1.8 64.2 31.4 2.04 

Etched + HMDS TOX (No sputter) 6.3 64.3 29.4 2.19 

Etched + HMDS TOX (Sputter clean) 2.7 67.4 29.9 2.25 
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5.2.4 AFM TOX 

An AFM image for the TOX is shown below (figure 5-12).  There were 5 different scans 

of the sample taken, and the average heights of the peaks for the different scans were similar in 

height.  This indicates that unlike the silicon samples there was not much residue or debris on the 

surface.  The wavelength for this case is 12.72 nm, and the average Root Mean Square roughness 

is .22 nm indicating that the asperities are reasonably close to each other and TOX is less rough 

than silicon.  The wavelength, RMS, and the hillock heights are given in the table 5-9.   

 

Table 5-9 Wavelength, RMS, and Peak Height for Received TOX 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5-12 Peak Heights for Received TOX  

 

 

 

 

 

Scan  Wavelength 

(nm) 

RMS 

(nm) 

Peak height 

(nm) 

1 12.63 0.22 1.1 

2 13.9 0.22 1 

3 12.8 0.21 .9 

4 12.6 0.22 1 

5 11.68 0.21 1 

Average 12.72 ± .79 0.22 ± .01 1 ± .07 



52 

 

An etched TOX AFM image is given below (figure 5-13).  The heights of the peaks are a 

little bit higher than the TOX, but not significantly.  The number of events vs. height graph was 

used to compare the height difference between the received and etched TOX.  The wavelength 

for this sample is 10.64 nm, less than the received TOX.  I think it reduced because the etching 

may have removed the surface layer heterogeneously.  Average Root Mean Square roughness is 

0.25 nm.  In comparison to the TOX sample, this is a little rougher.  The wavelength, RMS 

roughness, and peak heights are given in the table 5-10.    

 

Table 5-10 Wavelength, RMS, and Peak Height for Etched TOX 

 

 

 

 

 

 

 

 

 

 

Figure 5-13 Peak Heights for Etched TOX 

 

 

Scan Wavelength 

(nm) 

RMS 

(nm) 

Peak height 

(nm) 

1 10.08 0.25 1.1 

2 11.15 0.26 2.2 

3 10.98 0.25 1.2 

4 10.23 0.25 1.5 

5 10.8 0.24 1.3 

Average 10.64 ± .47 0.25 ± .01 1.46 ± .44 
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 An AFM image for the HMDS TOX is given in figure 5-14.  The peaks do show an 

increase in height.  This is a good indication that the surface may be silylated by trimethylsilyls.  

However, the numbers of events vs. height graph will be used to verify if the peaks increased in 

height.  The wavelength for this case is 10.16 nm.  It decreased in comparison to the received 

TOX.  The trimethylsilyls were likely added to the peaks rather than the valleys due to steric 

limitations; consequently, thus, adding both height and width to the peaks decreasing the 

distance between asperities.  The average RMS roughness is .26 nm.  This is a little rougher than 

the received TOX and etched TOX samples.  The water and the DIM contact angles increased 

for the HMDS TOX and etched + HMDS TOX, as compared to the received TOX and etched 

TOX.  This is due to changes in the chemistries and the roughness.  The wavelength, RMS 

roughness, and the peak heights are given in the table below.   

Table 5-11 Wavelength, RMS, and Peak Height for HMDS TOX 

 

 

 

 

 

 

Figure 5-14 Peak Heights for HMDS TOX 

 

Scan Wavelength 

(nm) 

RMS 

(nm) 

Peak Heights 

(nm) 

1 10 0.32 4.8 

2 9.95 0.25 2.1 

3 10.03 0.25 2.6 

4 10.77 0.28 3.3 

5 10.05 0.23 2.0 

Average 10.16 ± .34 0.26 ± .04 2.96 ± 1.15 
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The AFM image for the etched + HMDS TOX is given below (figure 5-15).  The height 

of the peaks did not change relative to the HMDS TOX.  This suggests that trimethylsilyls were 

added to the surface.  The wavelength is 10.89 nm.  I think it reduced because the etching may 

have removed the surface layer heterogeneously.  Also, placing trimethylsilyls on the peaks will 

add the (CH3)3Si − O groups.  I think this is also why the asperities are closer to each other.  The 

average Root Mean Square roughness is .42 nm.  This sample is rougher than the received TOX, 

etched TOX, and HMDS TOX samples.  The wavelength, RMS roughness, and peak heights are 

given in the table below (table 5-12).   

 

Table 5-12 Wavelength, RMS, and Peak Height for Etched + HMDS TOX 

 

 

 

 

 

 

 

 

 

 

Figure 5-15 Peak Heights for Etched + HMDS TOX 

 

 

 

Scan Wavelength  

(nm) 

RMS 

 (nm) 

Peak Height  

(nm) 

1 9.93 0.41 2.8 

2 11.25 0.42 2.0 

3 10.45 0.42 2.0 

4 11.1 0.50 6.3 

5 11.7 0.44 1.9 

Average 10.89 ± .70 0.42 ± .04 3 ± 1.88 
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The number of events vs. height for all the samples is given below (figure 5-17).  This 

data shows that the peaks increased by etching the sample, by adding HMDS, and by etching and 

adding HMDS.  However, the peak height for the etched TOX is not significantly different from 

the received TOX.  The right side of the graphs indicates the addition of stuff to the samples.  

Which in our case were would be trimethylsilyls.   

 

 

Figure 5-16 Number of Events vs. Height for TOX  

 

5.2.5 Conclusions for TOX 

There exists a clear correlation between the contact angle and surface chemistries.  The 

FTIR data and contact angle proved that there were more hydroxyls after the etching.  Hence, the 

more hydroxyls a surface has the more it attracts water.  The XPS and AFM proved that the 

HMDS placed trimethylsilyls after the supercritical treatment.  And the trimethylsilyls groups on 

the sample increased the contact angle.  However, DIM showed similar trends to the water 

contact angle but it showed that it is not heavily affected by the hydroxyls.   
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5.3 TEOS Results 

 In this section the results for the silicon dioxide made by chemical vapor deposition 

(CVD) (TEOS) will be given.  TEOS was used because it offers a rougher surface compared to 

the TOX sample.  However, this sample is not as rough as the OSG.  Four different sets of 

samples were used in this case.  One TEOS set was used as it was received (received TEOS).  

One TEOS set was etched in HF/de-ionized water (1:50) mixture for 30 sec (etched TEOS).  The 

purpose of etching the sample was to remove hydroxyls and replace them with hydrogen.  A 

third set was functionalized by HMDS in supercritical CO2 (HMDS TEOS).  This was done to 

remove hydroxyls and replace them with trimethylsilyls.  The fourth set was etched and then 

functionalized with HMDS in supercritical CO2 (etched + HMDS TEOS).  The etching was done 

to replace the hydroxyls with hydrogen, and functionalizing with HMDS was done to replace any 

remaining hydroxyls with trimethylsilyls.  The purpose was to study the contact angle of a liquid 

when it was placed on a surface that exhibited two different forms of hydrophobic functional 

groups.    

5.3.1 TEOS Contact Angle and Surface Energy 

 The results for the contact angle are as follows (figure 5-17).  The water contact angle 

for the received and etched TEOS samples were 43.3° and 28.3°, respectively.  The contact angle 

was expected to be hydrophobic.  It appears that the etching of the samples added more 

hydroxyls, thus, lowering the contact angle as compared with the received TEOS.  The HMDS 

TEOS sample had a higher water contact angle because trimethylsilyls have been added to the 

film surface.  The water contact angle for the etched + HMDS TEOS (88.25°) sample is higher 

than the received TEOS and etched TEOS, but slightly less than the HMDS TEOS (92.29°).  

This indicates that etching added more hydroxyls to the film providing more sites for silylation.  
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Because both HMDS TEOS and etched + HMDS TEOS films were functionalized with the same 

HMDS concentration, etched + HMDS TEOS will form more trimethylsilyls than HMDS TEOS.  

However, the additional un-reacted silanols make the etched + HMDS TEOS film slightly less 

hydrophobic than the HMDS TEOS. 

The DIM contact angles show similar trends as the water contact angles with one main 

difference; etching did not reduce the DIM contact angle.  The received TEOS and etched TEOS 

DIM contact angles were nearly identical: 43.83° and 41.97°, respectively.  This makes sense 

because the DIM is not heavily affected by the hydroxyls since DIM is a dispersive liquid.  A 

dispersive liquid won’t react towards hydroxyls since it is a non polar liquid.  The other contact 

angles follow the same pattern as the water contact angles.  They increase for the HMDS TEOS 

and the etched + HMDS TEOS.  This increase in contact angle is also due to the trimethylsilyls 

present on the surface of the samples.  The samples repel the DIM, causing an increase in contact 

angle.  

Surface energies for the TEOS samples are given in table 5-13.  The contact angles and 

the surface energies follow similar pattern.  The contact angles reduce for the samples that 

exhibit the highest surface energies and the contact angles increase for the samples that exhibit 

the lowest surface energies.    
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Figure 5-17 Contact Angles for TEOS 

 

 

 

 

Table 5-13 Surface Energy for TEOS  
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23.09 ± .24 37.63 ± .24 60.66 ± .23 

Harmonic of 

Received TEOS 

26.77 ± .18 38.38 ± .21 65.16 ± .22 

Geometric  of 

Etched TEOS 

30.32 ± .45 38.61 ± .3 68.93 ± .43 

Harmonic of 
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33.32 ± .38 39.26 ±.26 72.56 ± .41 

Geometric  of 
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3.25 ± .17 22.37 ± .13 25.61 ± .19 

Harmonic  of 

HMDS TEOS 

6.52 ± .21 25.22 ± .11 31.74 ± .22 

Geometric  of 

Etched + HMDS TEOS 

3.77 ± .17 25.65 ± .33 29.42 ± .29 

Harmonic  of 

Etched + HMDS TEOS 

7.45 ± .19 28.00 ± .29 35.45 ± .28 
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5.3.2 TEOS FTIR/GATR 

 

 

Figure 5-18 a) Received TEOS FTIR/GATR Spectrum  

 

 

Figure 5-18 b) Received TEOS FTIR/GATR Spectrum Wavelengths 900 cm−1-1300 cm−1 
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The FTIR data for the received TEOS (figure 5-18 a-b) indicates the presence of 

hydroxyls at the peak 3733 cm−1 (Si − OH terminal group) [65-66].  The figure 5-19 b gives a 

better picture of the SiO2 peaks: at 1032 cm−1 [61-62], 1067 cm−1 [68-72], 1104 cm−1  [84], 

1169 cm−1  [32, 60] and 1227 cm−1 [78-81].  At 1032 cm−1, it is considered an Si– O 

asymmetric stretch bond [61-62].  At 1067 cm−1, it is an Si − O − Si  asymmetric stretching [68-

72].  The 1104  cm−1 peak is a bulk Si − O − Si vibration [84].  The 1170  cm−1 peak shows that 

there is Si − O − C asymmetric stretching vibration [32, 60].  The 1227 cm−1  peak shows that 

there is longitudinal optical phonon vibration of SiO2 [78-81]. 
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Figure 5-19 a) Etched TEOS FTIR/GATR Spectrum 

 

 

Figure 5-19 b) Etched TEOS FTIR/GATR Spectrum Wavelengths 950 cm−1-1300 cm−1  
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The FTIR data for the etched TEOS sample shows that it still has some hydroxyls left on 

the surface (figure 5-19 a-b).  However, there is a difference between the hydroxyls in this 

sample as compared to the received TEOS.  The peaks at 3730 cm−1 and 3700 cm−1 correspond 

to the Si − OH terminal group [65-66].  The peaks at 3600 cm−1 and 3626 cm−1are considered 

hydrogen bonded OH groups [82-83].  The silicon dioxide is definitely present because the 

Si − O − Si peaks are very clearly shown.  These peaks are the same as for the received TOX; 

they are at 1032 cm−1 [61-62], 1067 cm−1 [68-72], 1104 cm−1  [84], 1169 cm−1  [32, 60] and 

1227 [78-81].  There were no Si − H peaks suggesting that etching did not leave a hydrogen 

terminated surface.  These peaks are expected to be from range 2000 cm−1 – 2300  cm−1.  This 

might explain why the contact angle was low.   
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Figure 5-20 a) HMDS TEOS FTIR/GATR Spectrum 

 

Figure 5-20 b) HMDS TEOS FTIR/GATR Spectrum Wavelengths 900 cm−1-1300 cm−1  
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The FTIR data for the HMDS TEOS are given figure-20a and figure-20b.  There are 

water peaks at 3500  cm−1 to 4000  cm−1 wavelengths, and at wavelengths 1300 cm−1- 

2000 cm−1.  The peaks observed here are the same peaks as for the received TEOS: they are at 

1032 cm−1 [61-62], 1067 cm−1 [68-72], 1104 cm−1  [84], 1169 cm−1  [32, 60] and 1227  cm−1  

[78-81].  However, there are two extra peaks observed.  They are the 1111 cm−1 [84] and the 

1012 cm−1 [86] peaks.  Both of these peaks correspond to the bulk Si − O − Si vibration.  There 

was no peak that showed signs of trimethylsilyls.  However, XPS will be analyzed to find 

evidence of trimethylsilyls.  
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Figure 5-21 a) Etched + HMDS TEOS FTIR/GATR  

 

 

Figure 5-21 b) Etched + HMDS TEOS FTIR/GATR Spectrum Wavelengths 

900 cm−1-1300 cm−1 
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 The FTIR data for the etched + HMDS TEOS is given in figure 5-21a, and figure 5-21b.   

The peaks observed here are the same peaks as for the received TEOS; they are at 1032 cm−1 

[61-62], 1067 cm−1 [68-72], 1104 cm−1  [84], 1169 cm−1  [32, 60] and 1227 cm−1 [78-81].  

However, there is an extra peak observed.  It is the 1134 cm−1 [78, 84] peak.  It corresponds to 

the  Si − O − Si asymmetric stretching vibration.  I was expecting to see a Si − CH3 peak, but 

there was none observed.  XPS will be analyzed to find evidence of trimethylsilyls on the 

sample. 

The FTIR data showed no evidence of trimethylsilyls present for the HMDS TEOS or the 

etched + HMDS TEOS.  Also there were no Si − H peaks present for the etched TEOS sample.  

However, the low concentration used for the HMDS could be the reason why the FTIR/GATR is 

not peaking up these peaks.  The equipment is not sensitive enough to pick up such a thin layer.  

The reason why there are no Si − H peaks is because the etching did not leave a hydrogen 

terminated surface. The XPS data will be used in the next section to find evidence of 

trimethylsilyls.  The band assignments and wavenumbers are summarized in table 5-14.   

 

 

Table 5-14 Wavenumber and Band Assignment for TEOS Samples 

 

 

 

Wavenumber  cm−1 Band assignment Reference 

1012 

1032 

1067 

1104 

1134 

1169 

1227 

3600 & 3626 

3700 & 3730 

3733 

Bulk Si − O − Si vibration 

Si − O − Si  asymmetric stretching 

Si − O − Si  asymmetric stretching 

Bulk Si − O − Si vibration 

Si − O − Si asymmetric stretching 

Si − O − Si  asymmetric stretching 

Longitudinal optical phonon vibration of SiO2 

Hydrogen bonded OH groups 

Terminal Si − OH group 

Terminal Si − OH group 

[86] 

[61-62] 

[68-72] 

[84] 

[78, 84] 

[32, 60] 

[78-81] 

[78-81] 

[82-83] 

[65-66] 
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5.3.3 TEOS XPS 

The surface chemistries are shown in table 5-15.  The TEOS and the etched TEOS have 

less carbon than the etched + HMDS TEOS sample and the HMDS TEOS.  The additional 

carbon in these two samples is due to trimethylsilyl (CH3)3Si − O addition.  The etched TEOS 

has slightly less oxygen than the received TEOS.  However, it is not significant so it can be 

assumed to be the same.  Also the XPS data shows that the etched TEOS had more carbon.  This 

could have come from impurities.   

The HMDS TEOS and the HMDS TEOS sample that was sputter cleaned show that 

sputtering removed some of the carbon species.  It is not clear if all of the trimethylsilyls are 

removed from the surface or if only some of them are removed by sputtering.  This was also 

observed with the sputter cleaned etched + HMDS TEOS.  However, since there was an addition 

of carbon for HMDS TEOS and etched + HMDS TEOS, XPS is showing that there were   

trimethylsilyls present. 

 

 

  

 Table 5-15 XPS Data for TEOS 

 

 

 

 

 

 

 

Samples C 1s O 1s Si 2p O/Si 

Received TEOS 0.6 69.5 29.9 2.32 

Etched TEOS 2 68 30 2.26 

HMDS TEOS(No sputter) 2.4 67 30.7 2.18 

HMDS TEOS (Sputter clean) 1.9 67.5 30.5 2.21 

Etched + HMDS TEOS (No sputter) 4.7 65.9 29.4 2.24 

Etched + HMDS TEOS (sputter clean) 4.1 66 29.9 2.21 
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5.3.4 TEOS AFM 

 An AFM image for the received TEOS is given below (figure 5-22).  There were 5 

different scans of the sample taken and their data were averaged.  The number of events vs. 

height graph describes the distribution of peak heights.  The wavelength for this case is 9.94 nm, 

and the average Root Mean Square roughness is .72 nm.  The wavelength tells us that the 

asperities are reasonably close.  The RMS roughness tells us that it is somewhat rougher than the 

etched Si and the received TOX.  The wavelength, RMS roughness, and peak heights are given 

in the table below.    

 

Table 5-16 Wavelength, RMS, Peak Heights of Received TEOS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-22 Peak Heights for Received TEOS 

  

 

Scan Wavelength 

(nm) 

RMS 

(nm) 

Peak Heights 

(nm) 

1 9.3 1.23 4.2 

2 9.95 0.80 2.9 

3 9.25 0.86 3.7 

4 10.13 0.68 3.9 

5 11.05 0.65 4 

Average 9.94 ± .73 0.72 ± .23 3.74 ± .50 
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An AFM image for the etched TEOS is shown below (figure 5-23).  Interestingly, 

roughness decreased after etching.  The wavelength for this sample is 13.17 nm which increased 

relative to the received TEOS.  The average Root Mean Square roughness is .66 nm.  This is a 

very interesting result because the film surface is smoothed during etching instead of roughening 

it up.  This could be due to selective etching of asperities—this is suggested by the reduction of 

peak height with respective to received TEOS.  The wavelength, RMS roughness, and peak 

heights are given in the table below (table 5-17).    

 

 

Table 5-17 Wavelength, RMS, Peak Heights of Etched TEOS 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5-23 Peak Heights for Etched TEOS 

 

 

Scan Wavelength 

(nm) 

RMS 

(nm) 

Peak Height 

(nm) 

1 12.98 0.68 2.8 

2 12.65 0.68 2.7 

3 13.23 0.66 2.9 

4 13.08 0.66 2.8 

5 13.9 0.66 2.5 

Average 13.17 ± .46 0.66 ± .01 2.74 ± .15 

Scan 2 



70 

 

 The AFM for the HMDS TEOS is given below (figure 5-24).  The heights of the peaks 

are greater than the etched TEOS, but only slightly larger than the received TEOS.  (In this case 

the 31.9 nm peak height will be excluded since this is due to dust.)  This means that the 

trimethylsilyls are being placed on the peaks, thus, increasing the height difference between 

peaks and valleys.  This difference in height between received and HMDS TEOS, 0.5 nm is only 

slightly larger than the length of a trimethylsilyl group (0.3 nm).  The wavelength for this case is 

14.34 nm, which is greater than the received TEOS.  This is in contrast to the height increase; 

consequently, it is unclear where and if silylation is preferential to any site.  The average Root 

Mean Square roughness is .65 nm.  In comparison to the received TEOS sample, this is actually 

smoothing the surface more.  The wavelength, RMS roughness, and peak heights are given in the 

table below (table 5-18).    

 

Table 5-18 Wavelength, RMS, Peak Heights of HMDS TEOS 

 

 

 

 

 

 

 

 

 

Figure 5-24 Peak Heights for HMDS TEOS 

Scan Wavelength 

(nm) 

RMS 

(nm) 

Peak height 

(nm) 

Peak Height (nm) 

Excluding 31.9 

1 14.63 0.65 4.1 4.1 

2 14.85 0.69 31.9  

3 14.47 0.65 4.6 4.6 

4 14.38 0.64 4.2 4.2 

5 13.38 0.61 4 4 

Average 14.34 ± .57 0.65 ± .03 9.76 ± 12.4 4.23 ± .27 
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The AFM image for the etched + HMDS TEOS is shown below (figure 5-25).  The peak 

heights are greater than the etched TEOS.  The wavelength for this case is 12.33 nm—slightly 

less than the etched TEOS.  This might be due to fact that silylation occurs on the surface of the 

peaks, thus increasing height and lowering wavelength.  The average Root Mean Square 

roughness is 0.67 nm—very similar to etched TEOS.  The wavelength, RMS roughness, and 

peak heights are given in the table 5-19. 

 

 

Table 5-19 Wavelength, RMS, Peak Heights of Etched + HMDS TEOS  

 

 

 

 

 

 

 

 

 

 

 

  

 

 Figure 5-25 Peak Heights for Etched + HMDS TEOS 

 

 

 

Scan Wavelength 

(nm) 

RMS 

(nm) 

Peak Heights   

(nm) 

1 12.1 0.68 7.2 

2 12.65 0.66 16.2 

3 11.93 0.68 9.8 

4 12.65 0.65 10.3 

5 12 .56 2.1 

Average 12.33 ± .35 0.67 ± .05 10.85 ± 5.12 
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The number of events vs. height for all the TEOS samples is given below.  This data 

shows that TEOS is smoothed by etching, by adding HMDS, and by etching and adding HMDS.   

It is unclear why this occurs.  One possibility is that the etching process selectively etches peaks 

leading to smoothing.  Silylation can be conformal and not roughen the surface.  Silylation of the 

TEOS may not occur on the top of peaks but on the sides of the peak surfaces.    

 

Figure 5-26 Number of Events vs. Height for TEOS  

 

5.3.5 Conclusions for TEOS 

There is a clear correlation between the contact angle and surface chemistries.  The 

FTIR/GATR indicated that there were more hydroxyls after the etching.  It is safe to conclude at 

if there are more hydroxyls on the surface of a sample the more attractive it is to water.  XPS 

showed evidence of trimethylsilyls groups on the surface of the samples.  It shows that as 

trimethylsilyls are placed on the surface, the more it repels a liquid.  The AFM data showed that 

the roughness decreased as the samples were etched and as they were functionalized with 

HMDS.  It seems that the etching was selective and this is why it smoothed the surface.  While it 

appeared that the HMDS could have placed the trimethylsilyls on the sides of the peaks rather 

than directly on top.  There was no clear correlation between the roughness and the contact 

angle.  The roughness reduced as it was etched, functionalized, and etched + functionalized.   
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5.4 OSG Results 

In this section the results for an organosilicate glass, made through a plasma enhanced 

chemical vapor deposition (PECVD) fabrication (OSG), will be given.  OSG was used because it 

offers a rougher surface compared to the surfaces presented earlier.  OSG is of interest because 

of its current use as interlayer dielectrics.  Four different sets of samples were used in this case.  

One OSG set was used as-received (received OSG).  One OSG set was etched in HF/de-ionized 

water (1:50) mixture for 30 sec (etched OSG).  The purpose of etching the sample was to see if it 

would remove hydroxyls and replace them with hydrogen.  A second set was placed on the 

supercritical chamber as they came and functionalized with HMDS (HMDS OSG).  This was 

done to replace hydroxyls with trimethylsilyls.  The third set was etched and functionalized with 

HMDS in supercritical CO2 (etched + HMDS OSG).  This was done to see if the etching would 

replace the hydroxyls with hydrogen, and the functionalization was done to replace any 

remaining hydroxyls with trimethylsilyls.  The purpose of doing this was to see if how the 

contact angle of a liquid would get affected after removing all the hydroxyls from the OSG and 

replacing them with hydrogen and trimethylsilyls.   

5.4.1 OSG Contact Angle and Surface Energy 

The water contact angle for the received and etched OSG samples were 92.71°, and 

68.19°, respectively.  My speculation of what is going on here is that the water is actually 

penetrating the sample, similar to the Wenzel model.  Ekaterina Vinogradova points out in her 

paper that it is possible for OSG to absorb moisture [87].  The HMDS OSG (83.09°) had a lower 

water contact angle compared to the received OSG.  As for the etched + HMDS OSG (81.57°) 

sample, the water contact angle is higher relative to the etched OSG, but it is a little lower than 

the HMDS OSG.  However, it is only one degree lower than HMDS OSG so it is going to be 
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considered the same contact angle as the HMDS OSG.  The reason the contact angle is less for 

both of these cases than the received OSG may have to do with unintended residues left after 

supercritical treatments.  This is what caused the lowering in contact angle for the HMDS OSG 

and the etched + HMDS OSG.   

The DIM contact angle followed similar results.  However, the changes in contact angles 

were not drastic.  The DIM contact angle for received OSG is 55.34°, and for the etched OSG is 

51.61°.  The DIM contact angle for the HMDS OSG was 53.67°.  This is lower than the received 

OSG but slightly higher than the etched OSG.  As for the etched + HMDS OSG sample, the DIM 

contact angle was 55.56° which is higher than the HMDS OSG by 2 degrees.  This result is only 

2 degrees higher, so it can be considered to be equal to the HMDS OSG DIM contact angle.  

Again, the reason the contact angle for the HMDS treated samples were less than the received 

OSG may also be the result of HMDS functionalization residue that was left on the sample after 

it was placed on the supercritical chamber.  

Surface energies for the OSG samples are given above in table 5-20.  The surface energy 

values correlate well with the observed contact angles.  The etched OSG is of interest because it 

has a high surface energy relative to the other OSG samples.  This high surface energy is due to 

the fact that the etched OSG absorbed moisture. 
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Figure 5-27 Contact Angles for OSG   

 

 

 

 

Table 5-20 Surface Energy for OSG  
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4.63 ± .14 32.77 ± .29 37.40 ± .27 
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Etched OSG 
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4.84  ±  .35 31.13  ±  .51 35.96    ±.41 

Harmonic  of 

Etched + HMDS OSG 

9.21 ±   .38 32.67 ±   .42 41.88  ±  .5 
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5.4.2 GATR/FTIR for OSG 

The FTIR data for the received OSG, etched OSG, HMDS OSG, and etched + HMDS 

OSG are given in the graphs below.  The FTIR/GATR data was used to determine the chemical 

makeup of the samples.  All of the samples showed the same peaks at the same wavelengths.  

This is saying that the chemical makeup of the films was not significantly affected by the 

chemical treatments that were done to it.  The peaks and their band assignments are given in 

table 5-21.   

 

 

 

Table 5-21 Wavenumber and Band Assignment for OSG Samples 

 

 

 

 

 

 

Wavenumber cm−1 Band assignment Reference 

1021 

1060 

1143 

1273 

1359 

1410 

1642 

3600 & 3626 

3700 & 3730 

Si − CH2 − Si  wagging vibration 

Si − O − Si asymmetric stretching 

Si– O − Si  asymmetric stretching 

Si − CH3symmetric deformation 

Bending C − H2 

Bending asymmetrical C − H3  

OH bending of absorbed water 

Hydrogen bonded OH groups 

Terminal Si − OH group 

[68, 72] 

[68-72] 

[35, 77] 

[28-31, 35, 46, 50, 60, 69] 

[35, 45] 

[35, 45-46] 

[88] 

[82-83] 

[65-66] 
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Figure 5-28 a) Received OSG FTIR/GATR Spectrum 

 

Figure 5-28 b) Received OSG FTIR/GATR Spectrum Wavelengths 900 cm−1-1300 cm−1 
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Figure 5-29 a) Etched OSG FTIR/GATR Spectrum   

 

Figure 5-29 b) Etched OSG FTIR/GATR Spectrum Wavelengths 950 cm−1-1300 cm−1 
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Figure 5-30 a) HMDS OSG FTIR/GATR Spectrum  

 

Figure 5-30 b) HMDS OSG FTIR/GATR Spectrum Wavelengths 950 cm−1-1300 cm−1 
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Figure 5-31 a) Etched + HMDS OSG FTIR/GATR Spectrum 

 

 

Figure 5-31 b) Etched + HMDS OSG FTIR/GATR Spectrum Wavelengths  

900 cm−1-1300 cm−1 
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5.4.3 OSG XPS 

The XPS data showed that there is a significant amount of carbon in all of the samples.   

The table below shows the concentrations of carbon, silicon, and oxygen present in each film.  

The chemistries are very interesting for these samples.  The received OSG, etched OSG, and 

HMDS OSG have virtually the same compositions.  What this is saying is that the chemical 

procedures that were done to the samples had no affect on the surface of the samples.  However, 

the etched + HMDS OSG showed significantly more carbon, and less oxygen and silicon 

compared to the first three samples.  This may be due to reasonably efficient silylation of the 

OSG sample after it has been etched with HF/water mixture.  These results are showing that it is 

possible to modify the surface of the samples, but the sample has to be etched in order for 

HMDS to functionalize it.     

The FTIR showed that there was no change in the surface of the samples as etching and 

supercritical treatments were done to it.  The XPS data supports this conclusion, with the 

exemption of the etched + HMDS OSG.  As can be seen in the table 5-22 the carbon content for 

the etched + HMDS OSG increased by 9 percent as compared to the OSG, etched OSG, and 

HMDS OSG. 

 

Table 5-22 XPS Data for OSG 

 

 

 

 

 

 

 

 

Samples C 1s Si 2p O 1s O/Si 

OSG 25.9 27 47.1 1.74 

Etched OSG 25.7 27.1 47.2 1.74 

HMDS OSG 25.6 27 47.5 1.76 

Etched + HMDS OSG 34.5 23.4 42.1 1.79 
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5.4.4 OSG AFM 

 A representative AFM image of the received OSG is shown below (figure 5-32).  The 

average height of the peaks was 3.5 nm.  The wavelength for this sample is 12.24 nm, and the 

average Root Mean Square roughness is .78 nm.  This RMS value is rougher than the silicon, 

TOX, and TEOS samples.  The wavelength, RMS roughness, and peak heights for OSG are 

given in the table 5-23.    

 

 

Table 5-23 Wavelength, RMS, Peak Heights of Received OSG 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5-32 Peak Heights for the Received OSG  

 

  

 

Scan Wavelength 

(nm) 

RMS 

(nm) 

Peak Heights 

(nm) 

1 14.23 0.79 4.3 

2 13.88 0.77 2.9 

3 13.58 0.77 3.2 

4 12.38 0.75 3.2 

5 12.13 0.83 3.9 

Average 13.24 ± .93 0.78 ± .03 3.5 ± .58 
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An AFM image of the etched OSG is shown below (figure 5-33).  The wavelength for 

this case is 12.44 nm, and the average Root Mean Square roughness is .86 nm.  The wavelength, 

RMS roughness, and peak heights are given in the table 5-24.    

 

Table 5-24 Wavelength, RMS, Peak Heights of Etched OSG 

Scan Wavelength 

(nm) 

RMS 

(nm) 

Peak height 

 (nm) 

1 13.65 0.86 2.8 

2 12 0.82 2.7 

3 13.2 0.84 2.9 

4 11.1 0.87 2.8 

5 12.23 0.88 2.5 

Average 12.44 ± 1 0.85 ± .02 2.74 ± .15 

 

 

 

 

 

 
 

 

 Figure 5-33 Peak Heights for the Etched OSG   
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An AFM for the HMDS OSG is show below (figure 5-34).  The heights of the peaks are 

higher than the etched OSG, but it is just a little higher than the received OSG.  This could be 

coming from the residue left over after the supercritical treatment.  The wavelength for this case 

is 13.74 nm, and the average Root Mean Square roughness is .81 nm.  This sample is somewhat 

rougher than the received OSG; this is rougher but less rough than the etched OSG.  The 

roughening is likely due to HMDS residue left on the sample.  That is why it is rougher than 

Received OSG but smoother than the etched OSG.  The wavelength, RMS roughness, and peak 

heights are given in table 5-25.    

 

Table 5-25 Wavelength, RMS, Peak Heights of HMDS OSG 

Scan Wavelength 

(nm) 

RMS 

(nm) 

Peak Heights 

(nm) 

1 13.88 0.85 4.9 

2 15.08 0.4 4.8 

3 13.55 0.79 3.5 

4 12.53 0.78 3.7 

5 13.65 0.78 3.2 

Average 13.74 ± .91 0.81 ± .18 4.02 ± .78 

 

 

 

 

Figure 5-34 Peak Heights of HMDS OSG 
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The AFM for the etched + HMDS OSG is given below (figure 5-35).  The heights of the 

peaks are a lot higher than the other OSG samples, but this can be due to the residue in the 

samples.  The wavelength for this case is 13.18 nm, and the average Root Mean Square 

roughness is .85 nm.  This sample is rougher than the Received OSG and the HMDS OSG, but 

not rougher than the etched OSG.  The wavelength, RMS roughness, and peak heights are given 

in the table 5-26. 

    

Table 5-26 Wavelength, RMS, Peak Heights of Etched + HMDS OSG 

 

 

 

 

 

 

 

 

 

 

Figure 5-35 Peak Heights for Etched + HMDS OSG  

 

  

Scan Wavelength 

(nm) 

RMS 

(nm) 

Peak height 

(nm) 

1 15.4 0.85 300 

2 12.43 0.85 4 

3 12.88 0.87 7.2 

4 12.9 0.85 110 

5 12.28 0.85 18 

Average 13.18 ± 1.27 0.85 ± .01 87.84 ± 126 
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The number of events vs. height for the OSG samples is given below (figure 5-36).  This 

data shows that the peaks did increase after etching.  When the samples were etched and etched + 

supercritical treated, the peak heights are almost identical.  Furthermore, the peak for the HMDS 

treated sample was virtually the same height as the received OSG.  It appears that etching the 

sample caused it to increase in peak heights.  

 

Figure 5-36 Number of Events vs. Height for OSG 

5.4.5 Conclusions for OSG 

There does not appear to be a clear correlation between the contact angles and surface 

chemistries.  The etched OSG sample reduced the contact angle for water and for DIM.  This is 

most likely due to moisture absorption after the etching process.  The XPS showed no difference 

in the elemental makeup of the samples.  Only the etched + HMDS OSG showed an increase in 

carbon.  This could have come from some sylilation of the OH in the sample.  What this shows is 

that etching and supercritical treatments had no effect on the samples.  However, it is possible to 

functionalize the OSG sample but after it has been etched.  The AFM showed no correlation 

between the roughness and the contact angle.   
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CHAPTER 6 

 

 

FURTHER EXPERIMENTATION 

6.1 Wetting after Dynamic Contact 

Additional experiments were conducted to see if the liquids actually penetrated the 

surface of these films using dynamic contact angle measurements.  DI water and DIM was added 

and removed from the surface of the samples.  Movies of this process were made using the 

goniometer.  The contact angle was then measured from the separate still images.  The point was 

to see if the contact angle changed after repeating this dynamic process.   

 The results are given in figure 6-1a and figure 6-1b.  All samples showed that water 

penetrated their surface.  This can be concluded because most of the samples showed a reduction 

in contact angle after the dynamic contact, with the exemption of a few.  However, those that 

didn’t show a change in contact angle showed very similar contact angles as before the dynamic 

contact mechanism was done to them.   

We see that for the water contact angle before and after the dynamic contact for the 

etched TOX gave values of 18.44 before and 18.15 after.  These two values are identical so what 

happened here is that the contact angle was already very low.  So doing a dynamic contact would 

not do anything to it.  As for the HMDS TEOS, we see that the contact angle was 92.29 before 

the dynamic contact and 92.1 after the dynamic contact.  This could have been either because the 

trimethylsilyls repelled the water after the dynamic contact, or the dynamic contact didn’t cause 

the water to penetrate the valleys.   

 The DIM contact angle after the dynamic contact caused all the samples to wet except for 

the received TOX and etched TOX.  We see that for the DIM contact angle before and after the 

dynamic contact for the received TOX gave values of 50.18 before dynamic contact and 51.6 
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after dynamic contact.  What happened here is that the DIM didn’t penetrate the surface.  The 

contact angle after dynamic contact is higher but it is still with error of the contact angle before 

the dynamic contact.  The DIM contact angle for the etched TOX showed that after the dynamic 

contact the contact angle increased by 3 degrees; 41.77° for the DIM contact angle before 

dynamic contact and 44.9° after dynamic contact.  From this observation it is obvious that the 

DIM didn’t penetrate the surface of the etched TOX, and the reason the contact angle was higher 

after the dynamic contact is probably because of impurities on the sample.    

 As has already been mentioned, the Cassie-Baxter model makes the assumption that air 

can be trapped between the peaks or pillar of a material while the liquid rests on top of the 

air/peaks.  While the Wenzel model makes the assumption that the liquid penetrates the surface 

of the sample.  What happens in this mechanism is that when the liquid touches the surface of the 

samples there is a transition from the Cassie-Baxter model to the Wenzel model.  When the 

liquid is placed on the sample and a dynamic contact mechanism is done to it, the mechanism 

will wet the sample.  And if the sample is wet already, forming another droplet will cause the 

contact angle to reduce.      
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Figure 6-1 a) Water Contact Angle Before and After Dynamic Contact 

 

Figure 6-1 b) DIM Contact Angle Before and After Dynamic Contact  
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6.2 Wetting in ESEM vs. Goniometer 

ESEM permitted the imaging of the formation of micro water droplets on the various 

surfaces.  Additional experiments examined the effect of the weight of the water droplet (i.e., its 

size and height) on the measured contact angle.  The measurements were taken in the 

environmental scanning electron microscope.  The pressure was held at 6 Torr while the 

temperature was changed from 1 to 4 degrees Celsius.  The point was to form water droplets on 

the sample surface such that the drops were on the 5 – 10 micron scale.  The Image J software 

was used to calculate the contact angle.  The results show that for smaller droplets, the contact 

angle increased for some and decreased for the others.  The results are shown in the figure 6-2.   

 

 

 

 

Figure 6-2 Water Contact Angle on Goniometer and ESEM 
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It appears that the size of the water droplet, has an affect on the contact angle.  However, 

there isn’t a direct correlation between the roughness and chemistry on the contact angle for the 

micro droplets.  For the Recived TOX and etched TOX, the ESEM contact angle increases.  But 

for the HMDS TOX and etched + HMDS TOX, the ESEM contact angle decreases.  The TOX 

samples are smoother than the other samples and it appears that the contact angles are opposite 

as for the goniometer contact angle.  For the received TEOS the ESEM contact angle increases, 

but for the etched TEOS the ESEM contact angle remains the same as for the goniometer contact 

angle.  For the HMDS TEOS and the etched + HMDS TEOS, the ESEM contact angle decreases 

relative to the goniometer contact angle.  The ESEM contact angle (91.92°)  for the received 

OSG shows the same value as the goniometer contact angle (92.71°).  For etched OSG and 

etched + HMDS OSG the ESEM contact angle decreases realitive to the goniometer contact 

angle.  However, the HMDS OSG showed a reduction of the contact angle for the ESEM.  One 

thing that appears to be happening, is that for the rougher samples the goniometer contact angle 

and the ESEM contact angle start to corralate.  However, they are not exactly the same.  Figure 

6-3 a-d shows pictures of a droplet at the micro scale as it condenses on a surface.   
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 Figure 6-3 a                   Figure 6-3 b 

             

    Figure 6-3 c                                                               Figure 6-3 d 

Figure 6-3 a,b,c,d) Images of Water Droplet on the Environmental Scanning Electron      

                                    Microscope as the Drop Starts to Condense and Grow on the Samples   
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CHAPTER 7 

 

 

CONCLUSIONS AND FUTURE WORK 

7.1 Conclusion 

There is a clear correlation between the contact angle and surface chemistry.  The more 

hydroxyls a surface has the more it attracts water.  The trimethylsilyl groups on the sample 

increased the contact angle.  DIM showed similar trends to the water contact angle but it showed 

that it is not heavily affected by the hydroxyls.  There was no clear correlation between the RMS 

roughness and the contact angle.  The OSG samples showed that etching and supercritical 

functionalization had no effect on the surface.  However, it did show that etching + 

functionalization changed the surface.  The dynamic contact measurements show that water can 

penetrate the surface of the samples.  The DIM also shows that it can penetrate the surface of the 

samples.  The ESEM contact angle does shows that size on the micro scale affects the water 

contact angle.  One thing that was observed for the ESEM contact angle is that the ESEM contact 

angle and the goniometer contact angle appear to correlate as the samples were rougher. 

However, there is no direct correlation between micro scale contact angle with RMS roughness 

and surface chemistry.   

7.2 Future Work 

 The roughness effect on the contact angle for these samples should be further 

investigated since it showed no direct correlation between roughness and contact angle.  The 

contact angle in the environmental scanning electron microscope needs to be further 

investigated.  This preliminary work showed difference in the ESEM contact angle as compared 

to the goniometer contact angle.  However, there was no direct correlation between the ESEM 

contact angle with the roughness or chemistry of the samples.  The dynamic contact mechanism 
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should also be further investigated on the ESEM to see if at the microscopic level the surface 

allows the penetration of a fluid.  
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