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Abstract 

 

Manipulating fluids in micro to nano-liter volumes poses significant challenges, due to the dominance 

of surface forces with increasingly large surface to volume ratios. Commonly, external pumps or 

precisely micromachined on-chip pumps were used to generate pressure gradients to induce fluid 

motion. Alternatively, the wettability of a surface can be manipulated by an applied electric field. This 

phenomenon, known as electrowetting, consists in the spread of a liquid drop placed on an electrode 

upon application of a voltage. Electrowetting based devices flourished upon the discovery that an 

added dielectric layer between the drop and a conductive electrode would tolerate the application of 

large voltages, allowing for significant contact angle change. Several current commercial devices 

exploiting this effect include electro-optic displays, electronic paper, and variable focus lenses. 

Additionally, electrowetting has achieved particular prominence in lab-on-a-chip applications, 

controlling drop transport across patterned electrode structures.  

Initially, polymers were utilized as the dielectric layer preventing current flow between the fluid 

and electrode, while providing a hydrophobic surface to minimize the resistance of drop movement. 

However, these layers were typically in excess of one micron thickness. As a consequence, these layers 

required over 100 Volts to achieve appreciable contact angle change. This dissertation aims to reduce 

the voltage dependence for contact angle change by optimization of a dual layer structure utilizing a 

dielectric and hydrophobic layer. The dielectric layer uses aluminum and tantalum oxides (15-44 nm 

thick) formed by electrochemical anodization. The electronic and ionic conduction, breakdown 

characteristics, and dielectric properties of these films were studied in detail, achieving a 

comprehensive understanding of the charge transport and failure mechanisms. Three hydrophobic 

layer were investigated: a commercial fluoropolymer Cytop, and two self-assembled monolayers 

(SAMs), phosphonic acid and silane. Each layer was seen to form reproducible surfaces, with high 

initial water contact angles and limited hysteresis, favoring contact line movement during 

electrowetting testing.  

The electrowetting response of these bilayer structures was characterized by concurrently 

measuring contact angle and leakage current during stepped voltage measurements up to failure, 

showing three electrowetting response regimes: ideal Lippmann-Young behavior, contact angle 

saturation, and dielectric breakdown. The onset of ionic conduction in the metal oxide layer and the 

resulting breakdown determine when the layer would ultimately fail, but the thickness of the 
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hydrophobic layer determined the achievable contact angle vs. voltage characteristics. The study 

successfully showed ideally modeled electrowetting of greater than 25o under applied voltages of 12 V 

for Cytop, 6 V for phosphonic acid, and 5 V for silane.  Cyclic wetting measurements using an “on” 

voltage above or below the voltage drop needed for polymer breakdown found that the decay rate of 

the contact angle decreases significantly over time only above this voltage threshold. The leakage 

current and charge injected in the polymer cannot comprehensively assess the stability of the system 

during operation. The contact potential difference measured with a Kelvin probe provides an 

alternative means to assess the extent of damage.  
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Chapter 1 

Overview 

 

 

Handling and manipulation of fluids in the micro to nano-liter scale poses significant challenges as 

fundamental fluidic physics drastically change at such scales, due to surface tension and viscosity 

becoming dominant over inertial forces. Microelectromechanical systems (MEMS), have been utilized 

in many ways to actuate microfluidic systems [1], aiming for devices to run automated chemical and 

biological measurements [2]. Experimental systems used pumps to generate pressure gradients and 

enable fluid transport, but initially the pumps were outside the chip structure limiting device mobility 

and practical application  [3]. In self-contained on-chip systems, mechanical pumps relying on precisely 

micromachined components were utilized, but were limited by the high cost and limited reliability of 

the actuation mechanism [4]. Alternatively, surface tension was considered as an attractive method to 

control microfluidic transport [5], due to dominance of surface effects with increasingly large surface 

to volume ratio [2]. Manipulation of surface wettability can be achieved through thermal control 

(thermocapillarity) or electrical control (electrocapillarity), with electrical control considered more 

promising due to higher efficiencies combined with avoidance of fluid heating [6]. The electrocapillary 

effect of a drop on an electrode surface is known as electrowetting. This phenomenon consists in 

enhancing the wettability of the surface by an applied electric field. Initially the efficacy of 

electrowetting was used on metals with limited success, as only small contact angle change would 

occur prior to electrolysis of aqueous solutions. In 1993, Berge discovered that utilizing a thin 

insulating layer between the electrode and electrolyte allows for large scale reversible contact angle 

change, thus creating electrowetting-on-dielectric, or EWOD [7]. The ability to provide reversible and 

precise control of the contact angle created the opportunity for many new applications based on this 

effect, significantly growing the field from the less than five publications appearing per year prior to 

2000 [8]. Commercial devices based on EWOD are currently available in electro-optic displays 

(Liquidvista Co.) [9], variable focus lenses (Varioptic Co.) [10], electronic paper (Plastic Logic Co.) 

[11], and various lab-on-a-chip applications [12].  

In order to achieve proper EWOD function, the dielectric layer must be insulating, possess 

an appreciable dielectric strength, and exhibit initial water contact angles in excess of 100o. The 

Lippmann-Young theory (Chapter 2, Eq. 6) provides an equation to predict the contact angle change 
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with applied voltage, which is dependent on the capacitance of the dielectric layer. Therefore, as the 

dielectric layer thickness decreases so does the voltage needed to achieve a given contact angle change. 

In actuality the breakdown characteristics of the layer must also be considered. The maximum 

functional voltage at a given thickness is related to the breakdown field, which introduces a 

fundamental limitation on the thickness of the dielectric layer. The interplay of dielectric constant, 

thickness, and breakdown strength is highlighted in Figure 1. Data for a commonly used EWOD 

hydrophobic commercial polymer, Cytop, are shown with solid lines, the linear dependent breakdown 

field strength in red and the square root voltage needed for 30o of contact angle change in black 

(calculated via the Lippmann-Young expression, Chapter 2, Eq. 6). A contact angle change of 30o is 

typically the maximum achievable for systems in air in current EWOD operation [13], as will be 

clarified in Chapter 6. The operational limitation of the polymer to achieve this contact angle change 

is given by the intercept of the breakdown field (red) with the required contact angle change voltage 

in black, at 40 V. If a lower voltage is applied than this operational limit, either the change in contact 

angle must be less than 30o or the dielectric layer will undergo breakdown, highlighted in grey. The 

polymer has a low breakdown field (1MV/cm), requiring an excess of 400 nm to achieve the contact 

angle change without failure. The minimum operation voltage can be decreased by selecting a higher 

breakdown field strength and/or a greater dielectric constant material, demonstrated in Figure 1 with 

the dotted curves, using a threefold increase in both properties.  If both material properties are 

increased three times, the combined improvements decrease the operating voltage to only 6 V, 

requiring a 20 nm thick dielectric layer.  

The overarching objective of this dissertation is to design high performance and reliable 

material systems for electrowetting at low voltages. Lower voltage operation is especially important 

for mobile applications where batteries are the likely power source, such as displays or lab-on-chip 

systems. The target is to achieve approximately 30o
 of contact angle change under 15 V, reliably. The 

surface must be hydrophobic, with contact angles greater than 100o, as electrowetting can only lower 

the contact angle. Additionally, the surface must have low contact angle hysteresis, defined as the 

difference between advancing and receding contact angles, when the three phase contact line moves. 

These constrains lead to the widespread use of hydrophobic fluoropolymers as the single dielectric 

layer; these materials include mainly commercially available and easily fabricated materials, such as 

Teflon [14], Cytop [15], and FluoroPel [16]. However, using the analysis in Figure 1, in order to 

decrease the operation voltage from using at least 40 V with a 400 nm dielectric layer, an additional 

layer is required, since various hydrophobic polymers have similar breakdown field and dielectric 
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constant values, limiting the parameter space. Therefore, in this study the dielectric layer and 

hydrophobic layer are broken into two different categories in order to optimize different properties 

separately. Polymer-dielectric bilayer systems studied so far include the above hydrophobic polymers, 

combined with oxides such as SiO2 [13], [17], Al2O3 [18], [19], Ta2O5 [20], [21] as the high dielectric 

strength layer. Commonly these investigations are limited to evaluation of contact angle vs. voltage 

response for the electrowetting region modeled by the Lippmann-Young relationship. The bilayer 

systems in this work will be investigated throughout the complete EWOD response until failure 

through static, dynamic, and cyclic measurement. In addition, electrowetting performance will be 

related to the processes occurring in the dielectric layer.  

 

 

Figure 1: Minimum voltage and dielectric layer thickness requirements for 30o of EWOD operation 

for 1MV/cm – εr-2.1 (solid) and 3MV/cm – εr-7 (dotted) 

 

The primary driver for minimizing the voltage dependence on the contact angle is to use a 

high dielectric constant material as the primary dielectric layer. The requirement of the dielectric 

material is analogous to the current replacement of SiO2 as gate oxides in CMOS, following similar 

constraints. The dielectric must act as an insulator, especially in conjunction with aqueous electrolytes 
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when the applied voltages used exceed the potential window of electrochemical water stability. 

Therefore, large bandgap film materials are desirable, with a sufficient thickness to avoid tunneling. 

Additionally, the layer would ideally present limited electronic defects, as trap-assisted conduction 

occurs until a critical percolation path ultimately leads to failure of the dielectric [22]. Figure 2 shows 

common dielectric materials for candidate gate oxides in CMOS highlighting the tradeoff between the 

dielectric constant and bandgap  [23]. The dielectrics chosen for this study are Al2O3 and Ta2O5, which 

meet the outlined requirements and lab fabrication constraints. 

 

Figure 2: Dielectric constant and bandgap for various oxides. Image reproduced from Ref. [23] 

 

The hydrophobic layer is evaluated as the second component of the dielectric stack. Three 

different hydrophobic materials will be studied to provide high initial contact angles with minimal 

resistance of the three phase contact line motion. A commercial fluoropolymer Cytop, which has been 

commonly used in the electrowetting literature, is employed. The polymer can be reliably synthesized 

only for thicknesses larger than 20 nm; the thickness of the hydrophobic layer could be reduced only 

using self-assembled monolayers..  Phosphonic acid and silane self-assembled monolayers are studied 

in various solution formation conditions to provide a continuous and stable surface.  

Within the general objective of this dissertation for low voltage EWOD, the following 

scientific questions are examined. (1) Can anodic oxides serve as high-k dielectrics in electrowetting 

systems, (2) can self-assembled monolayers reliably function as the hydrophobic layer, and (3) how do 

the bilayer systems fail. Additionally, it is my hope that this work would establish a framework for 

better understanding of electrowetting systems, enhancing the properties for successful structures.  
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 The dissertation is broken down in the following structure, understanding in turn the 

properties of each individual layer in the EWOD system. Chapter 2 provides the essential background 

theory behind wetting and anodic oxide formation. Chapter 3 discusses the experimental techniques 

used to characterize and evaluate the various oxides and hydrophobic materials.  Chapter 4 investigates 

the formation and properties of the anodically grown aluminum and tantalum oxide. Chapter 5 covers 

the formation of the hydrophobic layer as the second component of the dielectric stack. Chapter 6 

discusses the electrowetting performance of the combination of oxide and hydrophobic layer 

characterized in the previous chapters. Chapter 7 highlights several open questions with future work 

and includes the conclusions of the dissertation.  
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Chapter 2  

Essential Background Theory 

 

Part of this chapter is reproduced from: 

M. Mibus, X. Hu, C. Knospe, M. L. Reed, and G. Zangari, “Anodic Metal Oxides for Electrowetting Systems,” Curr. 

Nanosci., vol. 11, no. 3, pp. 333–342, 2015. 

 

This chapter highlights the theoretical background to many of the topics covered throughout the 

dissertation. Specifically, the concept of wetting and its extension to electrowetting are discussed, and 

the formation of anodic oxides and their properties are covered.  

 

2.1 Wetting Basics 

The theoretical aspects of wetting discussed here are limited to the electrowetting theory without 

discussing the complexity of this rich and fascinating field; for a more complete overview see the 

seminal work by de Gennes [24] or the equally excellent modern review by Bonn [25]. Additionally, 

gravity is always neglected in the discussion. The Bond number in fact, a unitless number measuring 

the importance of surface tension (γ) relative to gravity (g) (Bo = ∆ρR2g/γlg) with R as the length and 

ρ the difference in density between phases, ranges for the volumes of the fluids examined in this 

dissertation between 0.5 to 1, indicating that surface tension is dominant [8]. First we consider the 

placement of a liquid drop on a solid surface. Prior to touching the surface, the drop assumes a 

spherical shape as a result of intermolecular forces. The molecules in the liquid bulk are attracted 

equally in all directions, creating no net force. However, the molecules at the surface witness an inward 

force toward the liquid as the liquid – liquid cohesive force is significantly stronger than the air – liquid 

adhesive forces [26]. This attraction generates the surface tension, defined as the amount of energy 

needed to enlarge the surface area by one surface unit. Water is the primary fluid used throughout the 

dissertation, with a surface tension of 72 mJ/m2 between water and air. The surface tension for water 

is very large among fluids due to the permanent dipole of water molecules. To provide a context, the 

surface tension of the majority of other room temperature fluids, particularly organics, commonly 

range between 30 – 50 mJ/m2, while liquid metals such as Mercury reach 485 mJ/m2
. 

The surface tension creates a net force acting to compress the drop, which is balanced at 

equilibrium by the internal pressure of the drop. Laplace in 1805 found that the increase in pressure 
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across the boundary of two fluids is given by the mean surface curvature times the surface tension (γ), 

defined for liquid-vapor in Eq.  1 [27], 

 

∆𝑃 = 2𝛾𝐿𝐺𝜅 = 𝛾𝐿𝐺 (
1

𝑅1
+

1

𝑅2
)                                                   Eq.  1 

 

with κ as the mean curvature and R1 and R2 as the principal radii of curvature. Placing the drop on a 

solid surface causes three interfacial tensions to be active: solid-liquid, liquid-gas, and solid-gas. 

Young’s equation [28] gives an equilibrium force balance of the three phase contact line in Eq. 2. 

 

𝛾𝑆𝐺 = 𝛾𝑆𝐿 + 𝛾𝐿𝐺 𝑐𝑜𝑠(𝜃𝑒𝑞)                                                      Eq. 2 

 

The equilibrium contact angle (θeq) quantifies the amount of wetting at the surface; this may range 

from complete wetting (θeq = 0o) to no wetting (θeq = 180o), with partially wetting referring to the 

configurations (0o< θeq<180o). The shape of the drop must still follow the Laplace equation, thus the 

drop sits as a spherical cap on the surface. Using the relationships from Eq.  1 and Eq. 2 provides the 

starting point for the analysis of electrowetting systems, i.e., the sessile drop on the surface.  

 The materials used throughout this dissertation are primarily bilayers, one providing the 

necessary dielectric properties and the other generating hydrophobicity. The anodic oxides (Chapter 

4) are partially wetting with contact angles typically between 30-40o, which is the primary reason a 

hydrophobic layer (Chapter 5) is added, with initial angles near 110o.  

 

2.2 Electrowetting 

The alteration of the equilibrium angle of a sessile drop (Eq. 2) by an electric field was originally 

observed by Gabriel Lippmann and codified in the classical derivation of the electrocapillarity equation 

[29], using Gibbsian interfacial thermodynamics. Lippmann demonstrated field- induced charge 

accumulation in the metal at an electrolyte-mercury interface with a distribution of opposite charge 

ions at the liquid interface causing a reduction in the effective interfacial surface tension. The 

differential relationship between surface tension (γ), voltage (V), and charge density (ρ) is given by Eq. 

3 at a constant chemical potential (µ): 
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𝜌 =  −
𝜕𝛾

𝜕𝑉
|
𝜇
                                                                       Eq. 3 

 

The voltage dependence of the surface tension is found by integrating Eq. 3, but this requires 

knowledge of the relationship for the voltage dependent ion distribution in the liquid. The ion 

distribution at the charged interface is known as the electrical double layer, which is comprehensively 

modeled by considering the ions at the interface and a diffuse component dependent on applied 

potential and ion concentration. The simplest description of the ion-electrode interface uses a constant 

Helmholtz layer [30], where the ions are placed at a fixed distance (~nm) from the surface, which is 

simply integrated to obtain Eq.  4 [31]. The integration starts from the electrode potential at the point 

of zero charge (VPZC) rather than zero, since the electrode has a spontaneous charge layer. VPZC 

describes the voltage required to compensate for this spontaneous charging.  

 

𝛾𝑆𝐿(𝑉) = 𝛾𝑆𝐿
0  − ∫ 𝜌𝑆𝐿𝑑𝑉

𝑉

𝑉𝑃𝑍𝐶
= 𝛾𝑆𝐿

0 −
𝜀0𝜀𝐻

2𝑑𝐻
(𝑉 − 𝑉𝑝𝑧𝑐)

2
                          Eq.  4 

 

with εH the liquid dielectric constant, ε0 the free space permittivity, dH the layer thickness, combining 

to give the Helmholtz capacitance. No applied voltage dependence is assumed for γLG, allowing for 

the voltage dependence in Eq.  4 combined with Young’s relationship (Eq. 2) to describe the contact 

angle change for an electrolyte on an electrode surface,  

 

cos(𝜃) = cos(𝜃𝑒𝑞) +
𝜀0𝜀𝐻 (𝑉−𝑉𝑝𝑧𝑐)

2

2 𝑑𝐻𝛾𝐿𝐺
                                                 Eq. 5 

 

with θ being the apparent contact angle, a distinction that will be elaborated on further in subsequent 

sections. Suppose that a drop of a typical dilute salt electrolyte NaCl is placed on an electrode. The 

values of the constants in Eq. 5 become dH = 0.4 nm, εH = 78.5, γLV = 72 mN/m [32], giving cos(θ) 

= cos(θeq) + 12 * V2  , a massive change. Even with the simple ion distribution assumed for the analysis, 

the results demonstrate the strong influence of the electric field on contact angle changes. However, 

in this hypothetical system, the maximum achievable change is limited by the potential window 

stability of the aqueous fluid, with electrolysis occurring ideally at 1.23V.  

In 1993, Berge discovered that the previous response of an electrolyte to an applied voltage 

operates similarly on an insulating surface covering a conductor [7].  Introducing a dielectric layer over 



19 
 

the electrode creates two capacitors in series, the insulating layer and the Helmholtz layer, but the 

Helmholtz capacitance is several orders of magnitude larger (due to the much lower thickness), leading 

to the total capacitance being generated by the dielectric layer. Another common simplifying 

assumption is that the dielectric does not give rise to significant charge in absence of applied voltage, 

leading to Vpzc = 0 [8].  Combining these simplifying assumptions results in the commonly presented 

electrowetting-on-dielectric (EWOD) relationship given in Eq. 6, 

 

cos(𝜃) = cos(𝜃𝑒𝑞) +
1

2 𝛾𝐿𝐺

𝜀𝑑𝑖𝑒𝑙𝜀0

𝑑𝑑𝑖𝑒𝑙
V2                                                  Eq. 6 

 

now using εdiel and ddiel as dielectric constant and thickness of the insulator, respectively. The second 

term on the RHS of the equation is commonly referred to as the electrowetting number 

(εdielε0V
2/(2ddielγLG)) [8], a ratio of electrostatic energy to surface tension, which describes how effective 

the applied voltage will be in deforming the drop. Using a layer of Teflon, a commercial fluoropolymer, 

εdiel = 2 and d=500nm, gives 2.5 x 10-4/V2
 as the electrowetting number, several orders of magnitude 

lower than what was observed in the electrode-electrolyte system, using Eq. 5. A schematic 

representation of EWOD is shown in Figure 3(a) for a partially wetting electrolyte on a hydrophobic 

surface. Equation Eq. 6 works very well for predicting the macroscopic change of apparent contact 

angle and has been experimentally verified over a wide range of systems and material configurations. 

The above derivation is referred to as the ‘electro-chemical’ interpretation of electrowetting; this 

makes sense from an intuitive standpoint, but doesn’t provide a physical picture of how the reduction 

in contact angle is achieved in mechanical terms.  
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Figure 3: (a) basic EWOD schematic showing the change in contact angle with applied voltage (b) a 

close up view of the contact line showing the actual deformation of the drop with electric field. 

 

A more detailed description of the contact line has been developed [33]–[38] through analysis 

of an electro-mechanical force balance at the drop surface, originally introduced by Jones et. al. [38]. 

Considering only the forces on the liquid, the analysis determines that the changing drop profile 

changes while without considering any voltage dependent interfacial tension. The detailed formulation 

is reviewed in [8].  The analysis assumes that the liquid surface possesses a net charge, which causes a 

downward (electrostatic) force along the liquid-solid interface when a voltage is applied. However, at 

the edge of the drop an electric fringe field creates a Maxwell stress, generating a net force outward of 

the surface normal, schematically shown in Figure 3(b). The net force is found by integration of the 

Maxwell stress tensor over a liquid volume element. As a result, the only contribution that doesn’t 

cancel out is directed upon the surface normal, which is given by the Maxwell stress Пel in Eq. 7, 

 

Π𝑒𝑙 = 
𝜀0

2
�⃑� (𝑟)2                                                                Eq. 7 

 

where  r(arrow) is the surface normal. In order to balance the stress, the drop must deform consistently 

with the Laplace pressure (Eq.  1) everywhere along the surface, thus Пel = ∆PL.  Vallet et. al., 
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demonstrated that the electric field diverges around the contact line, with the Maxwell stress decaying 

to negligible values at the length scale of the dielectric layer thickness from the contact line [39]. As a 

result, the net local force on the drop can be found by integrating the horizontal component of the 

Maxwell stress resulting in the simple expression given by half the dielectric capacitance times the 

voltage squared, Eq. 8. 

 

𝐹𝑥 =
𝜀𝑑𝑖𝑒𝑙𝜀0

2𝑑𝑑𝑖𝑒𝑙
V2                                                                          Eq. 8 

 

The primary consequence of the previous analysis is that the local contact angle does not 

actually change, rather we macroscopically observe a change in an apparent contact angle. The 

difference can be experimentally visualized using a characteristic length d/εdiel from the contact line 

[40]. Figure 4, shows the difference between the local and apparent contact angle at dielectric length 

scales from 10 to 150 µm, with the white bar giving the characteristic length. However, this 

relationship breaks down when the thickness of the dielectric exceeds the drop size, making local and 

apparent angles equal [41].     

 

 

Figure 4: Close up of contact line with dielectric thicknesses of (a) 10 µm, (b) 50 µm, and (c) 150 µm. 

The white bars show the characteristics thickness (d/εdiel). Image reproduced from [40]. 

 

 The majority of the work in this dissertation uses bilayers consisting of a valve metal oxide 

and a fluoropolymer. The oxide layers were formed by an electrochemical anodization method, i.e., 

by applying an anodic potential to a precursor metal layer. The theory of oxide formation as well as 

the key solid-state leakage current mechanisms are discussed in the following.  
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2.3 Anodization of Valve Metals 

Valve metals have a strong tendency to readily form a surface oxide in air or an aqueous solution. The 

term valve metals comes from the observation that these metals allow current flow only in one 

direction. This term was coined by Güntherschulze and Betz as “vollständige ventilwirkung” or 

complete valves effect in Al, Bi, Sb, and Ta or “unvollständige ventilwirkung” for partial valve effect 

in Ag, Cd, Fe, Mg, W, Zn, Zr [42]. The potentially protective nature of these oxides towards corrosion 

in many environments make these materials ideal candidates for operation in microfluidic systems. 

Metal oxide (MO) formation by electrochemical anodization proceeds, ideally, through the following 

reaction scheme where the metal (M) reacts with water to form the oxide [43]: 

 

𝑀 +
𝑧

2
𝐻2𝑂 → 𝑀𝑂𝑧/2 + 𝑧𝐻+ + 𝑧𝑒−                                               Eq. 9 

 

The growth of oxide films was experimentally described to follow the high field model [44], whereby 

the film grows both by ion migration and diffusion and the dependence of anodization current on the 

applied electric field is given by Eq. 10:  

 

𝑖 = 𝑖0 exp(𝑎𝐸)                                                                      Eq. 10 

 

where i is the oxide formation current, i0 the initial current density, a the high field constant, and E 

the electric field strength in the oxide. In solution, the anodic potential or current can be supplied 

from an external circuit for precise control of the final oxide layer thickness. The theory of oxide 

formation has greatly evolved from the initial formulations of Güntherschulze and Betz in 1934 [42]. 

The process is schematically shown in Figure 5, with Figure 5a, showing adjacent lattice planes in the 

oxide and Figure 5b the activation energy reduction due to the applied electric field for the hopping 

ions. The hopping movement of the ions occurs via a neighboring vacancy or interstitial position at a 

distance equal to the lattice constant a, requiring an activation energy W. When an electric field is 

applied (E>0) the activation barrier is lowered in the direction of the applied field (W→) by αzFEa 

with α being the transfer coefficient, z the mobile species charge, and F Faraday’s constant. 

Conversely, the activation barrier is increased in the opposite direction. A detailed and complete 

derivation, which retains the functional form of Eq. 10, can be found in Ref. [45]. The rate determining 

step (RDS) in this model could be either ion transport through the interfaces, for example the - 
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oxide/electrolyte [46] or the  metal/oxide [47], or within the oxide [48],  depending on the material 

system.  

 

 

Figure 5: Schematic of the high-field model (a) the adjacent lattice planes in the oxide (b) the effect 

of electric field on activation energy (W). Images from Ref. [45] 

 

Although the high field model broadly describes the formation of anodic oxides, it does not 

capture all the important features of the process, and the final properties of the film are highly 

dependent on the nature of the mobile metal ions, oxygen, and various ionic electrolyte species as well 

as the overall crystallinity of the resulting materials.  Amorphous oxides (Al, Nb, and Ta) are formed 

via the transport of both anions and cations with transport numbers close to 0.5 at high field, as 

indicated by marker studies [49], [50]. Therefore, the oxide growth occurs simultaneously at both the 

metal/oxide and oxide/electrolyte interface. In contrast, the growth of crystalline oxides (Hf and Zr) 

is dominated by the transport of oxygen anions along grain boundaries giving transport numbers close 

to 1.0 [45], [51].  

 The simultaneous growth of the amorphous oxides at both interfaces leads to formation of 

point defects, with the oxygen vacancies creating an n-type region at the metal/oxide interface and 

metal ion vacancies generating a p-type region at the oxide/electrolyte interface. Additionally, 

electrolyte components tend to be incorporated at the oxide/electrolyte interface. For example, borate 

based electrolytes result in the presence of B2O3 in the outer third of the oxide film [52]–[54]. The 

resulting film has a p-intrinsic-n (p-i-n) structure, shown in Figure 6 for anodically grown aluminum 

oxide [55], [56]. As the thickness of the film increases, the intrinsic region grows while the defect 
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regions do not, remaining near the interfaces. Consequently, thin film amorphous oxides tend to show 

a highly asymmetric behavior in transport properties. 

 

 

 

Figure 6: Schematic of a p-i-n structure in as-grown anodic Al2O3 for (a) thin films and (b) thick 

films. Image from Ref. [56] 

 

2.4 Conduction Phenomena in Dielectrics 

The metal oxides exhibit a large bang gap (3 – 9 eV) and are classified as dielectric; however, upon the 

application of an electric field, a small current still flows through the layer, due to the presence of 

defects, enabling transport of electrons or ions through various conduction mechanisms. The 

continuous flow of this leakage current causes electrical stresses distributed across the dielectric, 

resulting in breakdown and failure when a critical defect density creates a percolating conductive path 

between the electrodes [57], [58]. For electrowetting devices designed for continuous operation, 

reliability of the dielectric is paramount; therefore, common leakage mechanisms are discussed in the 

following to elucidate the underlying phenomena which may eventually cause failure of the dielectric.  
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 The tightly bound electrons in a dielectric layer respond to applied fields through a change in dielectric 

polarization. At temperatures higher than 0K, some electrons can be thermally excited and a small 

concentration of donor impurity levels can populate the conduction band. The conduction current in 

insulators under a small electric field will be very small because their conductivities are inherently low, 

on the order of 10-20-10-8
 ohm-1-cm-1. However, conduction current through the dielectric film is 

significant when large electric fields are applied.  

The band structure of a solid is determined by its crystal structure and locally by its short-

range order [59], generating a well-defined forbidden gap for crystalline solids. However, many 

dielectric layers are amorphous, which tend to smear the band edges, as shown schematically in Figure 

7 [60]. The amorphous nature as well as interstitials, surface states, and vacancies allow for electronic 

processes to occur at lower energies than ideal bang-gap insulators [43].  As a result, the observed 

current densities are much higher than theoretically expected [60]. 

 

 

 

 

Figure 7: Energy diagram of an insulator (a) crystalline (b) amorphous. Image from Ref. [60] 

 

The materials of interest for electrowetting application are all insulators with a band gap of at 

least several eV, which results in a very low electrical conductivity. Several transport mechanisms can 
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coexist at once, but generally one dominates, depending on dielectric thickness [61]. Conduction 

processes in dielectrics are primarily classified as either electrode-limited or bulk-limited, as 

summarized in Figure 8 for a metal-insulator-metal configuration. Electrode-limited conduction 

depends on the properties of the electrode/dielectric interface and follows a temperature-induced or 

field-induced emission (A), Fowler-Nordheim tunneling (B), or direct tunneling (F). Bulk-limited 

conduction depends on the electrical properties of the dielectric layer, specifically the trap energy 

distribution and their mutual distance throughout the layer, resulting in one of the following transport 

processes: Poole-Frenkel emission (C), space-charge, or ionic conduction (E).    

 

 

Figure 8: Overview of possible conduction mechanisms in metal-insulator-metal systems. Image 

from Ref. [61] 

 

 

2.4.1 Electrode-Limited Conduction Processes 

A commonly observed conduction mechanism in dielectric films is thermionic emission, which is 

described by the Schottky-Richardson Equation (Eq. 11). Current flows due to the rate at which 

electrons are thermally excited over the interfacial energy barrier (φ) into the conduction band. When 
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electrons can gain enough energy to overcome the energy barrier at the metal-dielectric interface, they 

are injected in the dielectric. This interfacial barrier height can be greatly reduced by an image force 

(β), a phenomenon known as the Schottky effect. 

 

𝐽 = 𝐴𝑇2 exp (
−𝛷

𝑘𝑇
) 𝑒𝑥𝑝 (

𝛽𝐸
1
2

𝑘𝑇
)                                                                Eq. 11 

where, 𝛽 =
𝑞3

4𝜋𝜀𝑟𝜀0
 

In Eq. 11 J is the current density, A the Richardson constant, φ is the total barrier to thermionic 

emission, β the Schottky field lowering coefficient, and E is the electric field. The Schottky plot (ln 

(J/T2) vs E1/2) is commonly used to measure the barrier height of the interface from the resulting 

linear intercept at E=0. With increasing field the barrier bending is enhanced, lowering the barrier and 

increasing the probability of tunneling as the wave function can penetrate through the triangular 

barrier. This results in another carrier injection mechanism to dominate, tunneling, which is described 

by the Fowler-Nordheim relationship, Eq. 12,  

 

𝐽 =
𝑚 𝑞3

𝑚∗8𝜋ℎ𝜙
𝐸2 exp (

−8𝜋(2𝑚∗)1/2

3𝑞ℎ

𝜙3/2

𝐸
)                                              Eq. 12 

 

with m*  being the electron effective mass in the oxide. If the oxide is very thin, less than 50Å, direct 

tunneling can occur. Direct tunneling isn’t explicitly considered here, as the breakdown voltage for a 

layer with a thickness having direct tunneling would be well below the voltage needed to elicit 

significant contact angle change.  

  

2.4.2 Bulk-Limited Conduction Processes 

A process analogous to Schottky Emission can also occur in the bulk of the dielectric, where electrons 

can be excited from trap states into the conduction band. This process is known as Poole-Frenkel 

(PF) emission, Eq. 13, which describes a reduction of the energy barrier for the trapped electron due 

to an applied field across the dielectric film, increasing the probability of emission. The slope of the 

linearized PF emission equation is half of that observed in the Schottky emission, a feature which 

allows to differentiate the two mechanisms through their temperature dependence.  

 

𝐽 = 𝐽0 𝐸  𝑒𝑥𝑝 (
−𝛷

𝑘𝑇
) 𝑒𝑥𝑝 (

𝛽𝐸1/2

2𝑘𝑇
)                                                                     Eq. 13 
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If carrier injection occurs through an ohmic contact, the current is typically limited by space–charge, 

due to a field-generated charge imbalance in the dielectric. This formulation was first proposed to 

describe electron transport in a vacuum diode, which has been modeled with Child’s law [62], using 

an assumption of no scattering. Mott and Gurney instead formulated a trap-free space charge current 

for solid materials considering single carrier scattering [63], arriving at  

 

𝐽 =
9

8
 𝜀𝑟𝜀0 𝜇

𝑉2

𝑡3                                                                                  Eq.  14 

 

with µ being the carrier mobility, and t the film thickness. Both the voltage and thickness dependence 

have been experimentally confirmed, but real systems exhibit a high density of trap sites, leading to a 

different voltage dependence [64]. Once enough charge is passed, the trap states become filled, and 

Eq.  14 is again applicable [65]. 

2.5 Breakdown 

The breakdown strength of the dielectric material is paramount for any electrowetting device 

application and operation. As shown in Figure 1, the breakdown strength strongly influences the 

minimum voltage required for operation. Breakdown occurs by ramping the applied voltage in solid-

state measurements until an abrupt and irreversible jump in the leakage current occurs, leading to an 

increase of several orders of magnitude. Alternatively, time-dependent dielectric breakdown (TDDB) 

monitors the time to failure at a constant field below the breakdown voltage. High-k materials have 

been under investigation as replacement gate dielectrics in CMOS systems since SiO2 films have 

become susceptible to electron tunneling as a consequence of ongoing device miniaturization. The 

search for new dielectrics has led to an interest in the long term reliability of these structures, leading 

to the availability of physical models with predictive ability.   

The initial stages of failure in dielectric layers have been shown to occur as a result of both 

current- and field- induced mechanisms [58], [66], [67], followed later by increased current flow 

causing Joule-heating. The thermochemical model [68] postulates the presence of large local electric 

fields generated by superposition of the applied electric field and the dipolar field described by the 

Mossotti field (or Lorentz relation) Eloc = [(2+k)/3]Eapp [69]. This relation indicates that as the 

dielectric strength (k) of the material increases, so does the local field, leading eventually to distorted 

bonds and weakened bond strength of polar species, which become susceptible to breakage through 
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thermally activated processes [70].  As bonds break, conductive paths continue to form, leading to 

increasing current and simultaneous thermal degradation that cause the eventual failure of the layer.  

Alternative physical models of breakdown involve hole injection from the anode [71] instead of 

electron injection from the cathode, and/or the release of hydrogen at the anode [72]. The anode hole 

injection model hypothesizes that hole trapping caused by impact ionization of hot electrons may be 

the cause of breakdown. As the generated holes are trapped at the cathode region, the potential barrier 

decreases leading to the enhancement of Fowler-Nordheim tunneling, generating larger current 

injection, until a critical hole density is reached, sufficient to induce breakdown. Similarly in the 

hydrogen release model, the impact of hot electrons at the anode releases hydrogen, which under the 

applied field travels back to the cathode generating defects. The latter mechanism has been shown to 

be important at SiO2/Si interface, since during processing these materials are subjected to thermal 

annealing in forming gas to passivate defects [48]; it is unclear whether the other oxide materials may 

be susceptible to this degradation mechanism. 
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Chapter 3 

Experimental Methods 

 

 

This chapter describes the key experimental methods for fabrication and characterization of the bilayer 

films used throughout this work. Emphasis is placed on the less commonly used techniques. The 

formation and characterization of the hydrophobic layer is separated for a more in depth discussion 

covered in Chapter 5.  

 

3.1 Anodization 

Oxide layers were grown through anodic oxidation of evaporated or sputtered aluminum and tantalum 

films, respectively, forming the primary insulating dielectric layer for our electrowetting systems. The 

theoretical details of the anodization process are covered in detail in Chapter 2.2. Many different 

anodization electrolytes were tested to achieve optimal formation conditions of these materials, but 

the most consistent and reproducible solution for both metals as covered in Chapter 4, was 30 wt% 

ammonium pentaborate (NH4B5O8) in 99.99% ethylene glycol.  

Aluminum films of 100 nm thickness were grown by e-beam evaporation (CHA Industries, 

Fremont, CA) onto the native surface of a Si wafer, pre-coated with a 5 nm thick titanium adhesion 

layer. Samples were cut from the main wafer using a diamond scribe, cleaned successively with an 

acetone, isopropanol, and methanol rinse. Aluminum anodization was performed at room temperature 

in a two electrode electrochemical cell with the electrodes in a vertical configuration at constant 

potential for 8 minutes, using a platinum mesh counter electrode. Figure 9(a) shows the cell 

configuration with the current density vs. anodization time in Figure 9(b). The oxide thickness 

remained nearly constant after ~2 min, determined by ellipsometry, as the majority of charge is given 

within the first 30 s with high current values (charge = current x time). A Kepco power supply 

controlled the voltage, and a Keithley 2001 meter was used to monitor current flow, controlled by a 

LabVIEW program. After anodization the oxide layer was cleaned with Millipore water and acetone, 

then immediately used or stored in a vacuum desiccator. Tantalum films of 100 nm thickness were 

sputtered onto a native Si wafer. Anodization and preparation of the surface followed the same 

procedure as the aluminum layers.  
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Figure 9: (a) Anodization Setup with using an aluminum bar and a platinum counter-electrode (b) 

current density vs. time for aluminum oxide anodization at 20 V.  

 

 

3.2 Current – Voltage and Capacitance Measurements 

The current-voltage (I-V) characteristics of the oxide films were recorded using both a metal-oxide-

metal (MOM) and an electrolyte-oxide-metal (EOM) configuration. A basic schematic for the testing 

procedure is given in Figure 10. The samples are placed on a Micromanipulator 7000 probe station 

with two leads connected via a vacuum chuck to the probe station. Each probe used a gold plated 

tungsten needle, connected to a HP 4145b semiconductor property analyzer.  
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Figure 10: Set up for I-V and C-V measurements  

 

MOM contacts were obtained by depositing a 100 nm thick Aluminum film with e-beam 

evaporation on top of the metal oxide barrier layer. Eight independent Al contacts with 0.80mm2 area 

were grown at distinct locations on the oxide using a shadow mask. EOM contacts were prepared by 

carefully positioning a 1.5µL droplet of a .05M sodium sulfate solution on the oxide surface with a 

pipette. All solutions described above were prepared from Milli-Q water (resistivity 18.2 MΩ·cm), 

using chemicals from Sigma-Aldrich with >99% purity. 

 The same measurement configuration was additionally used with a Keithley 4200 SCS 

Parameter Analyzer. The I-V characteristics measured with the Keithley system confirmed the same 

sample characteristics measured with the HP 4145b system. The Keithley system allows for 

capacitance measurements, which were run in the MOM configuration sweeping both bias and 

frequency, for dielectric constant determination.  

 

3.3 X-ray Reflectivity (XRR) [74] 

A X-ray Reflectivity measurement is commonly used to characterize thin films using the principle of 

refraction rather than Bragg diffraction. The XRR measurement uses the direction normal to the film 

surface to obtain film thickness, interfacial roughness, and density of the surface.  
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A basic schematic of the measurement is given for a flat substrate in Figure 11. The scan 

begins at a 2θ  = 0o where the beam is initially totally reflected by the air-film interface. Once the 

incident angle equals the critical angle, defined as the angle below which total reflectance of the x-ray 

beam occurs [75], x-ray propagate across the sample surface. The critical angle is given by Eq. 15,  

 

cos(θc) = n                                                                      Eq. 15 

 

with n the refractive index of the material, a density dependent quantity, with n = 1 for air as a 

reference. For angles greater than θc, X-rays penetrate the substrate by refraction. The intensity decays 

rapidly following an oscillatory behavior, known as Kiessig fringes. The Kiessig fringes occur as a 

result of a phase shift resulting in constructive and destructive interference from the two interfaces, 

the substrate and the film in this simplified case, with the period of oscillation dependent on thickness. 

The film thickness (T) is calculated by Eq. 16, 

 

T =
2π

∆qz
                                                                        Eq. 16 

 

with qz (qz = 4πsin(θ)/λ) being the period of oscillation in reciprocal space from the reflected intensity.  

  

 

 

 

Figure 11: Basic XRR measurement beam alignment 
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The XRR measurements were performed using a Panalytical X’Pert Pro system in a grazing 

incident beam configuration. Each sample requires a series of optimizations for the beam and sample 

alignments to maximize the signal during the measurement prior to the XRR measurement. The beam 

was scanned over a 2θ range from 0o to 3o, after which the measured intensity could not be 

distinguished from the instrument background noise. Figure 12 shows the experimental XRR patterns 

for a 100 nm sputtered tantalum layer (blue) and the substrate after anodization with a resulting 8 nm 

oxide layer. The key features of the measurement are highlighted showing the location of the critical 

angle, the Kiessig fringes for both the oxide and tantalum layers (Figure 12(b)), with the roughness a 

function of the slope at higher 2θ values (>1o).  

 

 

Figure 12: (a) XRR data for tantalum (purple) and tantalum oxide (gold) layers, with XRR features 

highlighted in the plot and (b) Kiessig fringes   
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The primary method to analyze the XRR data requires building a model of the system initially 

with approximate values for density, roughness, and thickness. For example in Figure 12, the system 

is a silicon layer, tantalum layer, and tantalum oxide. The thickness of the layers can be simply assessed 

from the Kiessig fringes using Eq. 16 for tantalum and tantalum oxide; silicon isn’t detected since its 

thickness is larger than 200 nm. Using an estimated roughness and bulk density for each layer, the 

software creates a simulated profile of the structure. This simulated structure is modeled through the 

Panalytical Reflectivity software package and then compared to the actual spectra. The software runs 

a least squares fit from the simulated material structure to the experimental data, varying the layer 

thicknesses, roughness, and density. The procedure must be carried out with care as it is easy for the 

software to produce non-physical results without constraining the various parameters, but for our 

system the substrate/oxide parameters are already approximately known, facilitating the procedure. 

The most reliable method for interpretation was to understand the properties of the individual layers. 

For example in Figure 12(a), constructing the model for the tantalum substrate is a simple fit, giving 

density, thickness, and roughness for the layer. Analyzing anodized films would utilize the previously 

determined properties of the base layer. This becomes particularly important for self-assembled 

monolayers (See Chapter 5) as the variations in the XRR data are minor, and require a complete model 

of the underlying layers.   

 

3.4 Scanning Kelvin Probe 

Scanning Kelvin Probe (SKP) is a non-contact technique that utilizes a vibrating capacitive probe to 

measure the surface potential between a sample and the vibrating probe [76], thus generating a map 

of the contact potential difference, equal to the local work function. A simple description of the 

technique is shown in Figure 13 demonstrating the measurement when two metals are brought 

together. Initially in (a) the two metals are not connected, and EF-i (the Fermi energy) and Φi (the work 

function), with the subscript i representing metal 1 or 2. Connecting the metals through an external 

circuit (b) results in electrons flowing from the lower work function (metal 2) to the higher work 

function (metal 1), until the Fermi levels equal. The measurement determines this voltage difference 

between the materials by externally applying a voltage (Vapp) until no current flows (c).  The basic 

overview from Figure 13 shows how the system works when using the system for two conductors, 

just as was done originally by Lord Kelvin in 1898 [77]. Measurements for the materials in this work 

do not measure work function, but rather surface potentials for the insulator surface. The system 
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utilizes a vibrating gold probe with a sinusoidal vibration over the sample (Figure 13(d)), optimized in 

design to provide a significantly more sensitive measurement than the overview from (a)-(c).   

 

 

Figure 13: Schematic of SKP operation (a)-(c) process of measuring the contact potential difference 

between two metals and (d) the actual measurement configuration used. 

 

SKP measurements were performed with a KP Technology (Scotland) Ambient Advanced 

SKP system using a 50 µm diameter gold coated probe tip. Using the null-method, an external bias is 

applied until no current is observed, defining the contact potential difference (CPD). We employ the 

SKP technique to monitor the damage of the bilayer structure after EWOD measurements by 

scanning at 0.25 mm intervals in an x-y grid to produce a surface map. The CPD values from the 

Kelvin probe allow for the charge density in the film to be determined and correlated to electrowetting 

performance.  

 

3.5 Static Contact Angle 

A Ramé-Hart Goniometer Model-200 (Succasunna, NJ) was used to image and quantify contact angles 

using their analysis software, DROPimage Standard. The system, shown in Figure 14, simply uses a 

camera to image the drop with a light source placed behind the drop, with a resulting image given in 

Figure 14(b). Static electrowetting measurements were performed by placing in air a 10-100 µL drops 

of a 0.05M sodium sulfate solution on a bilayer stack and applying voltage between the metal substrate 

and an inert Au probe in contact with the electrolyte drop. A Kepco power supply controlled the 

voltage, and a Keithley 2001 meter were used to monitor current flow, using a Labview program.  
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Figure 14: (a) Static EWOD measurement system (b) DROPImage Standard Software for contact 

angle determination 

 

3.6 Dynamic Contact Angle 

Dynamic contact angles describe three phase boundary motion giving “advancing” and “receding” 

contact angles, with their difference defining the contact angle hysteresis (CAH). CAH is typically 

measured using one of three methods [78]. The simplest technique induces drop motion by tilting the 

sample, monitoring the angles optically while the droplet slides (similar to the static angle system). The 

second method adds and removes liquid from the drop, measuring the contact angle during the change 

in volume.  The third method externally controls the movement of a surface, measuring the resulting 

force from dipping the sample into and out of a liquid bath. The technique, known as the Wilhelmy 

plate method, calculates the contact angle by performing a force balance on the sample, using Eq. 17 

& Eq. 18. The instrument corrects for the sample weight by tarring prior to insertion into the liquid. 

The effects of the buoyancy force are isolated by extrapolating the graph back to the zero depth of 

immersion. The remaining force is the wetting force (Eq. 18) with P as the wetted area, allowing for 

contact angle determination. 

 

Ftotal = Fwetting + weight of probe – buoyancy                                    Eq. 17 

Fwetting = γLV . P . cos θ                                                      Eq. 18 
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Our work used a Krüss tensiometer and a Kepco power supply when investigating voltage 

dependent performance. A schematic of the technique and the resulting data are shown in Figure 15. 

Initially, the immersion shows changing force-depth behavior upon contact of the edge with the liquid 

surface and any edge inhomogeneities until 1.5 mm. Typically the repeated measurement on the 

surface is performed at a depth far away from the edge of the sample, 4 mm to 8 mm for this example. 

The advancing and receding angles are calculated by linear fit (dotted red line) of the highlighted 

advancing and receding regions extrapolated to zero immersion.  In contrast with sessile drop contact 

angle measurements, the system allows us to perform these contact angle tests in an uncommon 

configuration changing the shape of the three phase boundary, and explore the impact of contact 

angle saturation in electrowetting (see Section 6.5) and hysteresis.  
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Figure 15: (a) schematic of a hydrophobic coated substrate being dipped into a liquid bath showing 

advancing and receding contact angles. (b) Corresponding force-immersion depth data for the 

process in (a). Data from a 21 nm Cytop surface (from Chapter 5) 

 

 

 

3.7 Scanning Electron Microscopy and Energy Dispersive X-ray spectroscopy 

A scanning electron microscope (SEM) allows for the imaging of a surface by focusing an electron 

beam through a series of magnetic lenses onto a material under investigation. The beam is rastered 

across the sample surface, using secondary emitted electrons, picked up by the detector, resulting in a 

computer processed image. If the electrons are of sufficient energy, they excite electrons from the 

material under examination to a higher energy state, which releases characteristic x-rays, allowing for 

elemental analysis known as energy dispersive X-ray spectroscopy (EDS) [79]. 
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This work used a FEI Quanta 650 SEM with an attached Oxford X-MaxN EDS detector to 

examine the surface of the oxides and polymers. As the systems under investigation are insulating, 

very low accelerating voltages were used, typically 500 V, to minimize charging while allowing for 

surface imaging. Higher energies were used for EDS measurements, still below 5kV, to generate K-

alpha characteristic X-rays from the sample for element identification.   

 

3.8 Atomic Force microscopy  

Atomic force microscopy (AFM) uses a force probe to “touch” the surface in order to produce two-

dimensional surface topography at the nanometer length scale [80]. The probe tip attached to a flexible 

cantilever is placed near the surface of interest, as shown in Figure 16.  The cantilever bends due to 

surface forces while scanning. A laser is focused on the top of the cantilever, reflecting onto a 

photodiode. The bending of the cantilever is then quantified by the changing response of the 

photodiode, turning into a 2D height image.  

 

Figure 16: Schematic of AFM operation. Image from Ref [80]. 

 

 A Bruker Innova AFM system has been used to primarily study polymer and SAM materials 

in this work. Silicon AFM probes with a force constant of 40 N/m covered with an aluminum 

reflective coating were used in tapping mode. Tapping mode uses tip oscillation at its resonance 
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frequency (300-400 kHz) intermittently contacting the sample surface [81]. This mode of operation 

limits the modification and damage on soft materials, while reducing wear on the probe tip. AFM 

scans were analyzed through the Bruker NanoScope Analysis v. 1.5 software allowing for height and 

roughness calculations, cleaning up noise, and removing sample tilt.  

 

3.9 Mott-Schottky 

Mott-Schottky analysis is a specific type of impedance measurement to characterize the doping type 

and density as well as the flat band voltage of a semiconductor electrode. This technique has also been 

effective in characterizing insulating layers under the same principle by measuring the voltage 

dependence capacitance under depletion conditions[82]–[86]. We use the technique to quantify the 

defects in the amorphous metal oxides.  

Under depletion conditions the dominant measured capacitance is the space charge in the oxide layer. 

Using the 1-D Poisson’s equation, Eq. 19, relates the charge density (ρ) at a position x from the surface 

to the potential difference (V). 

𝑑2𝑉

𝑑𝑥2 = 
𝜌

𝜀𝑟𝜀0
                                                 Eq. 19 

 

Using Gauss’ law relating the electric field to the charge at the interface and the Boltzmann distribution 

to describe the electron distribution, Eq. 19 can be solved for the Mott-Schotty expression (Eq. 20) 

giving a voltage dependent inverse square capacitance relationship [86], [87]. 

 

1

𝐶2 =
±2

𝜀𝜀0𝑒𝑁
(𝑉 − 𝑉𝐹𝑏 −

𝑘𝑇

𝑒
)                                                             Eq. 20 

 

with C the capacitance, e is the elementary charge, V the applied potential, Vfb the flat band potential, 

k the Boltzmann constant, and T is the absolute temperature. The measurements were performed in 

pH 9.2 borate buffer solution (.075M Na2B4O7-10 H2O and 0.05M H3BO3) at room temperature with 

a Mercury/Mercurous Sulfate reference electrode (MSE, 0VMSE = 0.65VSHE) at a frequency of 1 kHz 

in the potential range 0-2VMSE using a Biologic SP-150 potentiostat (Grenoble, France) 
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The measurement applies a small amplitude (10-15 mV) sinusoidal ac voltage, V(t) Eq. 21, 

with the resulting current given by Eq. 22, with IO as the steady-state current and Im the maximum 

current from the sinusoidal signal. The resulting impedance, Z, is simply given in Eq. 23 using Ohm’s 

law with the angular frequency ω. 

𝑉(𝑡) = 𝑉0 + 𝑉𝑚 sin(𝜔𝑡)                                                       Eq. 21 

𝐼(𝑡) = 𝐼0 + 𝐼𝑚 sin(𝜔𝑡 +  𝜃)                                                   Eq. 22 

𝑍(𝜔) =
𝑉(𝑡)

𝐼(𝑡)
= 𝑍′ + 𝑗𝑍"                                                        Eq. 23 

 

 

 

The capacitance (C) is calculated from the imaginary component of the impedance in Eq. 24, measured 

at the frequency (f) with the highest capacitance [86], typically around 1 kHz for the oxides under 

investigation. 

𝑍" =  −1/(2𝜋𝑓𝐶)                                                       Eq. 24 
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Chapter 4 

Dielectric Oxide Properties 

 

Part of this chapter is reproduced from: 

M. Mibus, C. Jensen, X. Hu, C. Knospe, M. L. Reed, and G. Zangari, “Dielectric breakdown and failure of anodic 
aluminum oxide films for electrowetting systems,” J. Appl. Phys., vol. 114, no. 1, p. 014901, 2013. 
 

and 
 
M. Mibus, C. Jensen, X. Hu, C. Knospe, M. L. Reed, and G. Zangari, “Improving dielectric performance in anodic 
aluminum oxide via detection and passivation of defect states,” Appl. Phys. Lett., vol. 104, no. 24, p. 244103, Jun. 2014. 

 

This chapter discusses the properties of the anodically formed metal oxide films: aluminum oxide and 

tantalum oxide. In order to assess the performance of EWOD systems, it is important to decouple 

the properties of the typical bilayer system to gain insight into the processes occurring at each layer. 

Aluminum oxide and tantalum oxide films are characterized by their thickness (using ellipsometry and 

X-ray Reflectivity), Mott-Schottky measurements, and current – voltage (I-V) characteristics. Two 

types of I-V measurement configurations were used, metal – oxide – metal (MOM) and electrolyte – 

oxide – metal (EOM), to investigate both electronic and ionic processes in the films. Additionally, the 

dielectric constant for both systems is determined through capacitance measurements. 

 

4.1 Aluminum Oxide 

4.1.1 Oxide Growth 

Several anodization solutions were initially experimented with for the formation of aluminum oxide; 

based upon the uniformity of the layer, the best breakdown characteristics, and reproducibility, a 

solution of 30 wt% ammonium pentaborate in ethylene glycol was selected. The solution was originally 

suggested by Diggle [49] based on the high current efficiency during formation. Figure 17 shows the 

Aluminum oxide thickness, as determined by ellipsometry, vs. anodization voltage. As expected the 

relationship is approximately linear, with an anodizing ratio of ~1.2nm/V. The sample anodized at 

10V shows a positive deviation from the extrapolated linear trend; this behavior is ascribed to a change 

in the ionic migration process, dominated at low voltage by ion injection in the oxide, and at higher 

voltage by bulk ion migration, leading to an increase in average growth rate at thinner thickness [49]. 
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On the same grounds, the extrapolation at low voltages should not be taken literally, since under these 

conditions both ion migration and diffusion may contribute to ionic transport. 

 

Figure 17: Thickness of anodized aluminum oxide films vs. anodization voltage. Thickness 

measurements by ellipsometry are in close agreement with calculations from the charge density. 

 

4.1.2 Metal-Oxide-Metal Contacts 

Current-voltage I-V characteristics for MOM contacts were recorded for various oxide film thickness 

and typical results are reported in Figure 18(a). The characteristics are highly non-linear and are 

asymmetrical with respect to polarity, with the positive polarity (positive voltage applied to the top Al 

contact) always showing breakdown at a lower voltage. A sharp, hard breakdown, leading to a steep 

current increase up to the maximum current allowed by the available instrumentation, is observed in 

all cases. The electrical behavior of the oxide is reversible if the applied voltage is maintained below 

the breakdown voltage VB, but the changes in conductivity are irreversible if the region of breakdown 

is reached. Figure 18(b) reports VB and the corresponding breakdown field EB = VB/t, measured under 

both polarities as a function of the oxide film thickness. For each sample, the error bars identify the 

highest and lowest value of VB, EB measured on that sample, and the symbols represent the average 

value. It is noted that both the scatter in VB, EB and the difference between VB+(EB+) and VB-(EB-) 

decrease with increasing thickness (i.e. increasing anodization voltage).The breakdown field for the 

oxides ranges between 3-7 MV/cm with the value leveling to 7 MV/cm in both polarities with 
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increasing film thickness (Figure 18(b)), similar to the values observed in other anodic aluminum oxide 

films [56], but higher than thermally oxidized aluminum (5MV/cm) [88], suggesting a better quality 

film.  

The observed asymmetry in the I-V characteristics can be traced back to an asymmetry in the 

Al oxide film structure.  During anodization, the large electric field in the oxide causes injection of 

metal ions from the metal side, and of anions from the electrolyte (O2-, OH-, borate), into the oxide. 

Opposite gradients in the concentration of both cations and anions are therefore present within the 

oxide, leading to the formation of a p-intrinsic-n (p-i-n) junction, where the p and n region are several 

nm thick as determined by their doping polarity is determined by an excess of anions and cations, 

respectively [55]. The presence of a p-i-n junction naturally leads to asymmetric characteristics; in 

addition, the degree of asymmetry would decrease with increasing oxide thickness since under these 

conditions the intrinsic region makes up most of the oxide thickness and would dominate the electrical 

behavior. Under positive bias the p-i-n junction is forward biased, and the resulting current is larger. 

A larger current flowing through the oxide would accelerate the breakdown process, leading to a lower 

breakdown voltage, as observed. It should be noticed also that during anodization the sample is 

subjected to negative bias polarization, according to the definition adopted here; the fact that a higher 

breakdown voltage is observed under these conditions suggests therefore that transport of charges 

becomes more difficult when the oxide is subject to the same bias present during anodization. 
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Figure 18: (a) I-V characteristics for aluminum oxide films of various thickness in a metal-oxide-

metal configuration operating under both polarities (b) Breakdown voltage VB and breakdown field 

EB vs. film thickness for positive (black, square) or negative (red, triangle) polarity applied to the top 

contact. The error bars represent max and min values for the data scatter with the average value as 

the data point. 
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4.1.3 Electronic conduction processes in MOM contacts 

The highly defected structure of anodized Al oxide gives rise to localized excess or deficit of oxygen, 

Al, or impurities, yielding a high density of trapped charges which act as electrically active defects [89]. 

The defect concentration has been quantified for a wide variety of passive metal films, yielding values 

in the range of 1018-1020 cm-3 [43]. Specific values for anodic aluminum oxide barrier layers have 

recently been measured at 1018-1019 cm-3, depending on thickness [90].  Significant electronic 

conductivity may therefore be present, and various electronic conduction processes become thus 

possible. These include Schottky emission (SE) (Chp 2, Eq. 11), Poole-Frenkel emission (PF) (Chp 2, 

Eq. 13) and Fowler-Nordheim tunneling (FN) (Chp 2, Eq. 12) [61]; the total electronic current would 

therefore be: j = jSE + jPF + jFN. 

It is possible to fit the experimental I-V characteristics assuming that the three processes 

described above dominate within distinct applied potential regions. The transition from SE to PF 

emission in 56nm oxides is marked by a change in the slope in the semi-logarithmic characteristics 

(Figure 19(a)); a narrow voltage region just before the irreversible increase in current on the other 

hand can be fit with a FN tunneling characteristics. 32nm thick layers in contrast (Figure 19(b)) are 

better fit with a superposition of SE and FN tunneling only; this is consistent with thinner films being 

less dependent on charge traps for conduction.  
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Figure 19: (a) Fit of the experimental I-V characteristics of a 56 nm thick Al oxide film to a 

combination of dielectric leakage mechanisms; each process in turn is assumed to dominate 

conduction in the voltage region where the corresponding characteristics applies: Schottky Emission 

(Red), Poole-Frenkel (Blue), Fowler-Nordheim (Orange).(b) I-V characteristics of a 32nm thick 

oxide layer; a good fit could be obtained by assuming only SE and FN conduction mechanisms. (c) 

Schematic for the MOM electronic conduction mechanisms. 
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In summary, the current flowing through Al oxide dielectric films is electronic in nature and is 

described by a combination of emission, hopping, and tunneling processes (Figure 19(c)) that become 

dominant within distinct applied voltage ranges. The order in which they are observed depends on the 

energy barrier for the corresponding process, with tunneling being active only at large voltages. 

Accumulation of the damage originated by the charge carriers transport under the applied field leads 

to the formation of a percolative path, increase in conductivity, and irreversible damage, eventually 

leading to dielectric failure. The observed asymmetry in the characteristics is explained by the 

formation of an asymmetric charge distribution within the oxide as a consequence of the anodization 

process. 

 

4.1.4 Mott-Schottky Analysis 

Figure 20(a) shows the Mott-Schottky (MS) plots (C-2 vs. V) for 32 nm and 44 nm thick Al oxide, in 

the as-anodized condition. Each curve reveals two linear regions, the positive slope being indicative 

of n-type doping and the negative slope evidencing p-type doping. By scanning the potential to more 

positive values, depletion is first induced at the O/E interface, and successively at the M/O interface, 

allowing the examination of both doped regions in the same measurement; the intersection of the two 

linear regions yields an estimate of Ufb. Analogously, Hakiki et. al., performed M-S measurements of 

passive films on stainless steels and observed two distinct linear regions, which they interpreted as an 

outer p-type Cr2O3 layer and an inner n-type Fe2O3 film [91].  

The slope of each linear region was used to calculate the dopant density through Chp. 3, Eq. 

20, summarized in Figure 20(b). The as-anodized films show a much larger slope for the n-type region, 

indicating a lower doping concentration, but both interfaces show significant dopant densities both 

exceeding 1018 cm-3 across all thicknesses. The dopant densities decrease with increasing thickness, 

with the 56 nm oxide film measuring almost an order of magnitude lower than the 32 nm film. This 

reduction coincides with the conduction becoming nearly symmetric for the 56 nm film (Figure 18(a)). 

The MS analysis supports the assertion of the p-i-n structure in the oxide layer as the cause of the 

asymmetrical MOM conduction. 
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Figure 20: (a) Mott-Schottky plots of as-anodized aluminum oxide films at 32 nm and 44 nm. (b) 

Dopant density as a function of thickness 

 

 

 

4.1.5 Electrolyte-Oxide-Metal Contacts 

Current-voltage characteristics for EOM contacts were also recorded for oxide films of different 

thickness; the corresponding results are shown in Figure 21. It is noted that the asymmetry of the 

characteristics in this case is even more pronounced than with the MOM contacts.  
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Figure 21: The characteristic I-V curves for Al2O3 layers of different thickness. Polarity refers to the 

voltage being applied to the .05M Na2SO4electrolyte drop, with the ground being the base aluminum 

layer. 

 

The I-V curve under negative bias reproduces in the low voltage range the trend observed 

with the MOM contacts; the current density at corresponding voltage however is about two orders of 

magnitude lower, probably due to the sluggishness of the charge transfer reactions necessary to 

generate ionic carriers in the electrolyte. Since the current in this region is very small, no significant 

potential drop is expected within the electrolyte, due to its high conductivity relative to the dielectric. 

This is consistent with the fact that this section of the characteristics can be fit through a combination 

of Schottky and PF emission, as shown in Figure 22(a). What are the charge carriers in this potential 

range? It is hypothesized that spurious oxidation reactions occur at the oxide/electrolyte interface, 

generating electrons that migrate through the oxide, reaching the base metal. Afterwards, the slope of 

the I-V curve increases and the sharp breakdown process observed in MOM contacts is replaced by a 

gradual current increase which eventually approaches saturation. The potential at which the slope 

increases corresponds closely to the anodization voltage. Taking into account that a negative bias for 

the EOM contact corresponds to an anodic bias for the oxide, we hypothesize that the observed 

current in this region is an ionic current I, with the relationship given in (Chp. 2, Eq 10)  [42]; the 

anodization potential therefore roughly separates the potential regions where electronic and ionic 

conduction dominate, respectively (Figure 22(b)). By triggering ion transport, the high voltage should 

result in further oxide growth by anodization (Figure 22(c)). This is the process proposed by Dhindsa 
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et al.[19] to accomplish self-healing of dielectrics during electrowetting operation. The actual growth 

of the oxide was confirmed by applying a negative bias to a 56 nm thick oxide using an EOM contact, 

sweeping the voltage up to the saturation region for the ionic current. After rinsing the sample, its 

thickness was measured by ellipsometry and found to be 57-59nm, 5-8% thicker than before. The 

oxide thickness increased further when holding the current in the flat I-V region. At even higher 

potentials (above 40V in Figure 22(b)), an additional increase in current was observed, with concurrent 

gas evolution; this process corresponds to oxygen formation by water oxidation.  
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Figure 22: (a) Typical I-V characteristics from a negatively biased EOM contact consisting of a56nm 

of oxide and a .05M Na2SO4 droplet as the top contact. The dielectric current leakage models are 

fitted to the data using Equations 2 and 4 (b) two regions of the negative polarity curve are identified 

where the electronic and ionic current dominate, respectively; the transition corresponds roughly to 

at the anodization voltage (c) schematic of the oxide/electrolyte interface for the negatively biased 

system. 
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The oxide growth and the onset of the breakdown process at negative bias can be monitored 

by sweeping the voltage on the same sample over several cycles while increasing the maximum applied 

value. Figure 23 shows the I-V characteristics of an EOM contact with a 38 nm thick oxide, up to the 

point where ionic current flows and the current saturates (Run 1). The second sweep is run up to the 

potential region where oxygen is evolved; in this case, the increase in current slope indicating the 

transition from electronic to ionic conduction occurs at a higher potential, suggesting that a thicker 

oxide has been formed. The third voltage sweep (Run 3), recorded after oxygen evolution on the 

electrode has occurred, shows a completely different behavior, with a large current and gas evolution 

occurring at much lower potentials, below 5 V. The onset of gas evolution cannot be determined 

precisely, therefore it is difficult to correlate gas evolution and oxide breakdown; qualitatively however 

it is possible to associate visible gas evolution with a relatively large current, which would trigger anodic 

breakdown. 

 

Figure 23: Three consecutive I-V characteristics recorded at a 38nm thick oxide surface using the 

same .05MNa2SO4 droplet for all curves. The curves were run (black to red to blue) immediately 

following one another without altering the configuration. Oxide thickening is observed between 1 

and 2, breakdown between 2 and 3. 
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4.2 Tantalum Oxide 

4.2.1 Oxide Growth 

The growth of tantalum oxide starting from a 100 nm film of Ta sputtered on a silicon wafer was 

initially investigated using a variety of different anodization solutions, including phosphoric acid [92], 

[93], and sulfuric acid [94], [95], as popular literature solutions. However, similar to aluminum oxide, 

a 30 wt% ammonium pentaborate in ethylene glycol proved best based on measurements of the onset 

of breakdown and roughness. The resulting tantalum oxide films were not transparent, and their 

thickness could not be measured through ellipsometry; therefore, to characterize the thickness of 

films, x-ray reflectivity (XRR) measurements were used (See Chapter 3.3). Similar to aluminum oxide, 

oxide films at a variety of anodization voltages were grown in order to obtain a relationship between 

the anodization voltage and oxide thickness, which is given in Figure 24(b). The XRR technique 

additionally estimates the roughness of the resulting films, all under 1 nm for both the oxide and 

substrate. The resulting oxides were amorphous, with an anodization ratio of 1.5 nm/V. The analysis 

of conduction properties was carried out at the same anodization voltages as aluminum oxide, 

therefore, the tantalum oxide films are slightly thicker due to the higher anodization ratio for the 

material system.  

 

 

 

 



56 
 

 

Figure 24: (a) XRR scans of tantalum oxide films ranging from the unanodized substrate to 

anodization at 60 V with (b) the resulting thickness calculated from (a).  
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4.2.2 Metal-Oxide-Metal Contacts 

The MOM current-voltage characteristics for the anodized tantalum oxide films are given in Figure 

25(a) for samples anodized at 20, 30, and 40 V. The current density increased rapidly in these films, 

with all oxides reaching greater than 10-5A/cm2 at a 5 V bias. After the initial current increase the final 

breakdown shifted to higher values, proportionally to thickness. As seen in the 64 nm film, the final 

breakdown occurred at very high currents, in excess of 0.1 A/cm2. Thicker films proved difficult to 

measure, with the current reaching the compliance limit in several measurements without actually 

reaching the point of irreversible breakdown. An interesting feature of these films is the symmetry 

across polarity, in stark contrast to what was observed in aluminum oxide. The symmetry would 

suggest that defects concentrations are not has high in these films, which will be further discussed in 

the Mott-Schottky analysis (Section 4.2.4) 

Figure 25(b) summarizes the breakdown voltage and field for each thickness as an average of 

at least 10 individual measurements with the exception in the 65 nm case, for which only 7 breakdown 

events could be obtained, due to reaching the compliance limit without breakdown. Therefore, the 

average breakdown value in the thicker oxides would likely be slightly higher than reported here as 

any higher breakdown voltage spots could not be included in the analysis. The breakdown field 

remained slightly above 3 MV/cm for both polarities regardless of thickness. The error bars are used 

to set the range to indicate the highly variable nature of breakdown in these films. This finding is 

consistent with what has been observed in similar tantalum oxide films during MOM measurements, 

with typical values ranging from 2.2 – 4 MV/cm [96]–[99].  

 In comparison to the aluminum oxide MOM breakdown characteristics (Figure 18(a)), 

significantly higher current and lower breakdown field are always universally observed. The trend in 

current density is consistent with the difference in band gap (see Figure 2); the lower band gap for 

tantalum oxide than aluminum oxide results in higher currents. 
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Figure 25: (a) I-V characteristics for tantalum oxide films of various thickness in a metal-oxide-metal 

configuration operating under both polarities (b) Breakdown voltage VB and breakdown field EB vs. 

film thickness for positive (black, square) and negative (red, triangle) polarity applied to the top 

contact. The error bars represent max and min values for the data scatter with the average value as 

the data point. 
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 4.2.3 Electronic Processes 

The anodized tantalum oxide films are amorphous and exhibit the conduction mechanisms discussed 

in Chapter 2.4, similar to those of Al oxide. As originally suggested by Frenkel [100], the potential 

barrier for thermoelectric emission at bulk defects is related to the dielectric constant of the material. 

As a result, the higher dielectric constant of tantalum oxide, εr = 25 (confirmed in section 4.3), has a 

lower barrier to emission and therefore higher currents than what was seen in aluminum oxide. As 

shown in the MOM current measurements, the symmetry between polarities suggests that interfacial 

defect densities do not play a significant role for these films. Oxygen vacancies have been observed as 

the primary defect for the bulk conduction mechanisms in tantalum oxide films [101], [102], closely 

tied to the energies observed for Poole-Frenkel conduction [103].  

Figure 26 shows the fit of conduction mechanisms to the current-voltage data for a 42 nm 

thick tantalum oxide layer. The total current was modeled as a combination of Schottky (Chp 2, Eq. 

11) and Poole-Frenkel conduction (Chp 2, Eq. 13).  The change in the conduction mechanism is 

noticed in the abrupt change, with roughly an order of magnitude increase in current. The change in 

mechanism was far from consistent across thicknesses, with no trend in thickness nor polarity. For 

example, as shown in Figure 25(a), the 64 nm curve under positive polarity, as well as those for 34 nm 

and 49 nm thickness under negative polarity, exhibit a change in conduction mechanism, but the other 

measurements only show a Schottky current.  Out of the roughly 10 measurements per thickness, 3-

5 measurements showed both conduction mechanisms, while the others did not.  In contrast to AlOx, 

no tunneling current was ever observed, likely due to breakdown occurring prior to the occurrence of 

barrier thinning (see Chapter 2, Figure 8(b)) to the length scale needed for tunneling.  
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Figure 26: Fit of the experimental I-V characteristics of a 42 nm thick Ta oxide film to a 

combination of dielectric leakage mechanisms; each process in turn is assumed to dominate 

conduction in the voltage region where the corresponding characteristics applies: Schottky Emission 

(Red), Poole-Frenkel (Blue) 

 

 

 

 4.2.4 Mott-Schottky Analysis 

Figure 27(a) shows the Mott-Schottky data for a 64 nm tantalum oxide film; only a positive slope is 

observed, indicating n-type doping. Tantalum oxide is indeed commonly known as an n-type 

semiconductor, with oxygen vacancies being the dominant defect [104], [105]. In contrast with 

aluminum oxide where metal and oxygen ion transport numbers are relatively close, tantalum oxide 

shows a metal ion transport number averaging around 0.3 [106], which results in excess oxygen 

vacancies at the metal/film interface. The calculated donor density for thicknesses of 34, 49, and 64 

nm (Figure 27(b)) is roughly 7x1016 cm-3, several orders of magnitude lower than both the interfaces in 

aluminum oxide (Figure 20(b)). The flat band of -0.9 vs. MSE agrees very closely to the value of -0.95 

V vs. MSE obtained in a photoelectrochemical study [107].  



61 
 

 

 

Figure 27: (a) Mott-Schottky plot of 64 nm tantalum oxide (b) summary of donor densities for 34, 

49, and 64 nm oxides 

 

 

4.2.5 Electrolyte-Oxide-Metal Contacts 

The I-V characteristics for tantalum oxide using an EOM configuration is given in Figure 28, showing 

a strongly asymmetric current in the opposite polarities. The results are nearly identical to those for 

the aluminum oxide system with the oxide layer under cathodic polarization showing very little 

resistance to current flow. Hard breakdown and gas evolution occur at or below 5 V bias in all cases 

with little additional resistance observed at increased oxide thickness. The oxide layer is very stable 

under anodic polarization, with only electronic leakage current evident prior to the anodization 
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voltage. Exceeding the anodization voltage initially causes further oxide growth, followed by 

irreversible gas evolution. The tantalum oxide film thickness can also be estimated by the change in 

color. The measurements that induce further oxide growth upon exceeding the anodization voltage, 

show a uniform color change on the entire drop contact area.  

 

 

 

Figure 28: The characteristic I-V curves for tantalum oxide layers of different thickness. Polarity 

refers to the voltage being applied to the .05M Na2SO4electrolyte drop, with the ground being the 

base tantalum.  

 

 Both aluminum and tantalum oxide in the EOM configuration follow the same behavior, with 

the oxide layer under anodic polarization. These measurements simulate an electrowetting 

measurement only on the oxide layer, with no significant contact angle change due to the low initial 

contact angle and high hysteresis surface. Under this configuration, it is clear that both systems allow 

for EWOD operation under the anodization voltage. Figure 29 shows the direct comparison of both 

oxides anodized at 20, 30, and 40V. The leakage current given by the electronic conduction 

mechanisms is significantly higher in the tantalum oxide system, which could negatively affect the long 

term performance during EWOD performance. The current converges at the anodization voltage, 

followed by gas evolution in both layers. 
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Figure 29 : Comparison of EOM I-V characteristics for tantalum and aluminum oxide under anodic 

polarization.  

 

 

 

 

4.3 Dielectric Constant Determination 

Solid state capacitance measurements were performed using the same configuration as the I-V 

measurements during the MOM evaluation. Varying both frequency and voltage, the system 

capacitance is measured, which is then transformed to dielectric constant values using the thickness 

of the layer and the area of the contact. Figure 30 presents the dielectric constant determination for 

both tantalum and aluminum oxide anodized at 30 V, 46 and 44 nm, respectively. The aluminum oxide 

dielectric constant values ranged between 8.87 and 9.11, with an average of 8.96, very close to the 

commonly used literature value of 9 [23]. Tantalum oxide showed more variation in comparison, 

ranging between 23.9 to 26.5 with an average value of 24.9. The higher dielectric constant values were 

measured at high frequency. The literature values of tantalum oxide show significantly variability, 

typically due to the use of different fabrication methods. Specifically looking at anodized tantalum, 
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values range between 18.5-30.2 [104], [108]–[110]. The capacitance was similarly characterized for 

different thicknesses of oxide in both systems, but showed slight to no difference in dielectric constant 

values, except for very thin layer (>10 nm) that are outside the scope of this work.   

 

Figure 30: Dielectric Constant of aluminum and tantalum oxide films anodized at 30 V reaching a 

thickness of 44 and 46 nm, respectively. 

4.4 Conclusions 

The characteristics of metal oxide films for electrowetting systems were investigated using solid-state 

and electrolytic configurations. Both tantalum and aluminum oxide produced consistent amorphous 

oxide films through anodization of smooth metal substrates. The electronic leakage could be assigned 

to both Schottky and Poole- Frenkel emission, while aluminum oxide also showed Fowler-Nordheim 

tunneling at high voltage. The solid-state breakdown polarity dependence was a function of the 

interfacial defect densities generated during the anodization process; aluminum oxide results in the 

formation of a p-i-n junction, creating a strong polarity dependence that decreased with increasing 
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oxide thickness. In contrast, tantalum oxide showed n-type defects at low densities, causing no 

detectable polarity difference during MOM measurements.  

Both systems performed nearly identically upon electrolytic conductions under anodic 

polarization, with the leakage current being determined by electronic mechanisms under the 

anodization voltage, followed by oxide growth and gas evolution. The primary difference between the 

metal oxides is the significant increase in leakage current prior to the anodization voltage for the 

tantalum oxide. Cathodically, both layers fail rapidly with gas evolution under 5 V, limiting operation 

to a single polarity. 

Under EWOD operation, both systems provide a stable dielectric layer as long as operation 

occurs under anodic bias and below the anodization voltage. The information provided throughout 

this chapter will enable a better understanding of performance during EWOD measurements. 
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Chapter 5 

Hydrophobic Layer Formation 

 

Part of chapter reproduced from: 

M. Mibus, X. Hu, C. Knospe, M. L. Reed, and G. Zangari, “ Octadecylphosphonic Acid Self-Assembled Monolayers in 

Low Voltage Electrowetting-on-Dielectric Systems,” ECS Trans., vol. 61, no. 2, pp. 325–331, May 2014. 

 

 

5.1 Overview 

As evident through the discussion in Chapter 2 and 4, significant emphasis in this work is placed on 

the dielectric oxide layer. The oxide in fact serves as both the primary insulator and due to its high 

dielectric constant, can greatly affect the voltage dependence in EWOD. However, as the oxide layer 

becomes thinner, reaching the 30 – 60 nm range of films analyzed in Chapter 4, the oxide capacitance 

increases and the effect of the hydrophobic layer begins to dominate the EWOD response since the 

dielectric and hydrophobic layers act as two capacitors in series. The equivalent capacitance is given 

by Eq. 25:  

𝐶𝑇𝑜𝑡𝑎𝑙 = (
𝑡𝑜𝑥𝑖𝑑𝑒

𝜀0𝜀0𝑥𝑖𝑑𝑒
+

𝑡𝑝𝑜𝑙𝑦𝑚𝑒𝑟

𝜀0𝜀𝑝𝑜𝑙𝑦𝑚𝑒𝑟
)
−1

                                                   Eq. 25 

 

Three hydrophobic materials are discussed in this chapter: a commercial fluoropolymer Cytop, and 

two self-assembled monolayers, phosphonic acid and silane; their chemical formation and deposition 

methods are summarized in Figure 31. Cytop is spin coated and dried, while the latter two materials 

are assembled through solution methods. The formation process of the three materials is investigated 

and the sessile contact angle as well as contact angle hysteresis (CAH) characterized. The scope of the 

characterization is limited to (i) the achievement of reproducible fabrication with (ii) high initial water 

contact angles that (iii) do not hinder movement of the drop contact line for EWOD measurements. 
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Figure 31: Summary of hydrophobic layer formation  

 

 

 These three described criteria can be easily met by applying polymer coatings (think Teflon on 

a pan) through dip or spin coating at thicknesses of several hundred nanometers to 

micrometers. However at this thickness, any advantage in EWOD generated from the metal 

oxide layer would be negligible. Figure 32, shows the L-Y curves (Eq. 6) using different 

hydrophobic layers, with properties of Cytop as the polymer layer with thickness of 400 and 

30 nm chosen to highlight the thickness dependence. Fluoropolymers and conventional SAMs 

have a similar range of dielectric constants (1.8-2.2), but the SAM coating results in a dramatic 

decrease in the thickness of the layer from 30 nm polymer to approximately 2 nm. Assuming 

the same initial contact angle, the SAM addition minimally increases the contact angle-voltage 

dependence (red) from the expected dependence from an oxide only dielectric (in black), 

allowing for the performance of the high-k dielectric material to be the determinant of EWOD 

operation, rather than the hydrophobic layer. The work described in this chapter is to fabricate 
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hydrophobic layers that allow for EWOD satisfying the three outlined criteria at minimal 

thicknesses so that the metal oxide layer can enhance device performance.  

 

 

 

Figure 32: Simulated Lippmann-Young relationship using different thickness combinations of 

aluminum oxide and hydrophobic materials 
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5.2 Cytop 

 5.2.1 Synthesis 

Developed by the Asahi Glass Co., Cytop is a completely amorphous perfluorinated polymer with the 

advantage of transparency and solubility. Cytop has become one of the most widely used hydrophobic 

surfaces in EWOD, due to easy formation and stable dielectric properties. The solubility in 

perfluorinated solvents proves to be a key feature and part of the wide spread popularity, as the layer 

can simply be spin coated, providing a simple method to reproducibly control thickness down to tens 

of nanometers.  The polymer is available with different end groups, selected to achieve optimal 

bonding on the substrate of interest. We use an amidosilyl end group to attach to inorganic substrate 

materials, pictured in Figure 31.  

Cytop is diluted from a stock solution, followed by spin coating, and drying. The exact 

conditions for the different films used within this work are as follows: Cytop CTL-809M was diluted 

to 0.5 wt% using CT-Solv. 180 (Asahi Glass Co) and spin coated at 2000rpm for 30s and then baked 

for 1 hr at 130oC to form a 23nm thick film. In order to obtain thicker layers, multiple spins of the 

solution were necessary. As an example, 2 wt% CTL-809M was spun for 30s at 2000 rpm, then baked 

at 90oC for 15 min followed by a second 30s, 2000 rpm spin and by baking at 160oC for 60min, 

resulting in a 210nm Cytop layer. 

As described in Figure 32, the thickness of Cytop creates a functional challenge to lower the 

voltage dependence. Lowering the thickness was investigated in order to push down the voltage 

dependence even further. In Figure 33, more diluted polymer solutions than the recommended 0.5 

wt% was used reaching a final thickness of ~10 nm, with Figure 33(a) showing tearing of the polymer 

layer of ~10 nm over the oxide surface. This 100 micrometer tear was one of many across the 

substrate, which could probably impact drop wetting. A similar approach was used in a study by 

electroplating copper onto a cytop + gold substrate. The experiment aimed to easily identify weak 

spots in the polymer film via pinhole decoration [111], but commonly for thin samples entire regions 

of bare substrate were exposed, showing lots of electrodeposited copper on the surface, as seen in 

Figure 33(b). As a consequence, layers of ~20 nm thickness were used as the thinnest reliable Cytop 

layer that didn’t show any obvious discontinuity after fabrication. 
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Figure 33: Thin film Cytop layers showing (a) tearing on aluminum oxide and (b) tearing on gold 

with electrodeposited copper on the bare gold substrate 

  

 

5.2.2 Contact Angle 

One of the primary appeals of Cytop is reproducibility of the contact angle. Under ideal conditions, 

the surface should exhibit a contact angle of 112o using pure DI water [112]. Throughout the 

thousands of measurements run within this study, contact angles of aqueous fluids was always between 

106-112o, barring a defective film.  

 

 5.2.3 Contact Angle Hysteresis 

CAH measurements are carried out as described by the dynamic contact angle measurements (Section 

3.6). Figure 34 shows the force-depth curve for ~20nm cytop on aluminum oxide, dipped into a 0.05M 

Na2SO4 bath run for 5 cycles. The curve’s reproducibility indicates that the solution doesn’t modify 

the surface during measurement. Using Eq. 18 (Chp 3), the average advancing contact angle is 115.7o 

and the average receding contact angle is 103.5o
 giving a CAH of 12.2o. The result is typical for a 

freshly fabricated layer, with values ranging from 9.2 – 15.1o considering all dynamic measurements 

on Cytop, comparable to other Cytop-air systems [113].  
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Figure 34: Force-depth curves of 20 nm Cytop film 

 

 In summary, Cytop provides an easily formed hydrophobic surface on the metal oxide 

substrates discussed in Chapter 4. The formation of 20 nm thickness films is highly reproducible 

without any tearing of the substrate. As will be discussed in detail in Chapter 6, 20 nm Cytop with a 

34 nm metal oxide substrate allows for EWOD of 25o in 12 V, a substantial amount of electrowetting. 

To further lower the contact angle voltage dependence, a different hydrophobic materials is required. 

 

5.3 Self-Assembled Monolayers 

SAMs are attractive organic materials due to the widely tunable properties through alteration of 

specific functional groups. For example, the wetting properties can be altered through the endgroup 

from hydrophobic when CH3-terminated to hydrophilic when OH-terminated.  

Preparation of the organic layers is commonly carried out by solution or gas-phase deposition, 

with the solution process more widely utilized due to ease and lower cost [114]. Solution formation 

simply consists in dipping a substrate into a bath containing dissolved SAM molecules, typically with 

µM - mM concentration in an organic solvent, for a certain duration of time, allowing the assembly of 

a monolayer. The self-assembly process utilizes the chemisorption of the headgroup with a specific 



72 
 

affinity to the substrate. For SAM formation with metal oxide substrates, organosilane and 

organophosphonic acid have been shown to readily form films [115]–[117], which are the targeted 

materials for this study.  

A tremendous effort to characterize the initial steps of adhesion and layer formation of 

monolayers has been undertaken in the past by various research groups, particularly with alkanethiols 

on Au (111) [114], [118], [119]. Silane and phosphonic acid have both been investigated in a number 

of studies. Most prominently, octadecyltrichlorosilane (OTS) on SiO2 was one of the first reported 

SAM structures [120], which underwent a significant amount of study due to their compatibility with 

CMOS fabrication [121]. Similarly, Schwartz et. al., studied the growth of phosphonic acid monolayers 

on mica in a series of papers, determining that monolayers form close-packed islands that eventually 

coalesce into a uniform film [122]–[127]. Both systems have a lot of similarities, with surface 

attachment by a condensation reaction between the surface hydroxy groups and the hydrolyzed SAM 

chain occurring in both systems. 

 

5.3.1 Phosphonic acid SAMs 

  5.3.1.1 Formation and contact angle 

Octadecylphosphonic acid (ODPA) layers were deposited on the metal oxide surface by submerging 

the films in a heated solution of toluene, detailed below. Several different solutions were investigated 

for delivering the ODPA monomers, varying the solvent from non-polar to strongly polar, the 

solution temperature, and ODPA concentration. For example, polar solvents such as ethanol readily 

form aggregates [128], [129] while non-polar solvents tend to form monolayers [130]. However, the 

fundamental studies of formation by the Schwartz group used tetrahydrofuran, a polar aprotic solvent 

[123]–[125], [131], [132].   From initially evaluating the range of solvents, toluene repeatedly showed 

the most promise in initial sessile angle [133]. The film’s contact angles were evaluated over various 

immersion durations to determine the optimum fabrication conditions for use in EWOD 

measurements. Temperature proved to be key in monolayer formation. Figure 35 shows contact angle 

vs. time for room temperature, 45oC, and 65oC. Each data point is the average of 10 measurements 

across the sample, and the error bar indicates the data range. 
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Figure 35: Contact angle vs. Immersion time for 1mM ODPA SAMs formed in Toluene at room 

temperature (black), 45oC (red), and 65oC (green) 

 

 

 The majority of the EWOD results discussed in Chapter 6 use phosphonic acid formation in 

1mM ODPA in Toluene at 45oC as it was by far the most reproducible and consistent condition 

despite the variability observed in Figure 35. Additionally, discussed in 5.3.1.2, the hysteresis of the 

layers formed under these conditions almost reached the low values seen with Cytop.  The formation 

follows the mechanism suggested through a simple cartoon in Figure 36 [119]. The generic description 

follows that adsorbate molecules travel through convective and diffusive transport to the solid-liquid 

interface with adsorption on the substrate. Islands of disordered adsorbed molecules grow and 

coalesce into ordered solid-phase islands. 

From our observations of ODPA growth, initially at low immersion time, a large amount of 

scatter exists in the contact angle. As the immersion time increases the scatter in the data is drastically 

reduced, suggesting a SAM layer of high quality. The samples show the least scatter at highest angles 

between 28 and 42 hours; with longer immersion times however a decrease in contact angle occurs. 

The monolayer films likely progress from a disordered state at low immersion times to a continuous 
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monolayer, to a multilayer configuration with a large amount of stacking at high immersion times, 

which reduces the contact angle. 

 

 

 

 

Figure 36: Sketch of SAM formation process progressing from a disordered “lying down” phase to  

Image reproduced from Ref. [119]. 

 

The quality of the monolayer films was assessed using an SEM at low acceleration voltage 

(500V) for imaging. Low accelerating voltage minimizes the interaction volume of the incident beam, 

allowing for more pronounced imaging of surface features. The method was used previously at 800 V 

to identify formation and stacking of phosphonic acid monolayers [134].  At low immersion times the 

films showed a generally flat surface without any discernable features with the exception of darker 

patches on the order of 100 µm. Even at low accelerating voltages, with the non-conductive layer, 

charging of the surface from the beam becomes a problem; therefore, imaging must be done quickly. 
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Figure 37 shows images of two samples at immersion time of 40 and 60 hours. The low accelerating 

voltage SEM found stacked regions beginning with 40 hour immersion and increased surface coverage 

by 60 hours. This was confirmed by energy-dispersive X-ray spectroscopy (EDS) measurements 

detecting strong Carbon and Phosphorus Kα signals, suggesting that these regions are indeed covered 

by a relatively thick layer of the SAM. The method allows to quickly investigate a large area of the 

surface, which is very difficult for AFM or other in direct studies such as XRR, which would only give 

average properties over the entire film.  

 

 

 

Figure 37: Low voltage SEM of oxide-SAM surface using 1mM ODPA in toluene at 45oC immersed 

for (a) 60 hours and (b) 40 hours. Dark regions show high C and P EDS signals 

 

 The 1mM ODPA 45oC – toluene layer was studied explicitly through XRR measurements. 

Three immersion times were selected from the contact angle measurements from Figure 35 to analyze 

the density, thickness, and roughness for each resulting sample. Figure 38(a) shows the complete XRR 

pattern from the bare aluminum oxide substrate and SAM immersion times of 24, 32, and 40 hrs. The 

aluminum oxide pattern is initially fitted using the PANalytical software, summarized in Table 1. The 

very wide Kiessig fringes in the measurement correspond to the titanium adhesion layer of 5 nm with 

the remaining oscillation being a combination of the aluminum and aluminum oxide layer. The 

alteration of the XRR pattern with the SAM layer is subtle as the density and thickness of the layer are 

quite small in comparison to the substrate, but as shown in Figure 38(b), differences can be observed. 

Each SAM layer was analyzed through careful fitting of each spectra, as summarized in Table 1. Similar 

XRR studies for pristine monolayers show a thickness of 2.59 nm, similar to the 2.602 nm value found 

in Table 1 for the 32 hr formation [135].  The results follow what was previously hypothesized. As 
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immersion time increases the layer transitions from a disordered state, to an ordered layer, finally 

reaching a multilayer configuration.  

 

   

   

 

Figure 38:(a) XRR patters for aluminum oxide and various SAM immersion times, as indicated in 

plot. (b) zoomed in region from (a). 
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Layer Density (g/cm3) Thickness (nm) Roughness (nm) 

SAM – 40hr .798 2.928 1.214 

SAM – 32hr .403 2.602 .657 

SAM – 24hr .262 1.832 .722 

Substrate Fit 

Al2O3 3.1833 43.55 3.514 

Al 2.6628 55.14 1.195 

Ti 5.5037 5.091 .173 

Si 2.231 - .393 

Table 1: Summary of XRR model fitting for 1mM ODPA layers formed in 45oC toluene on 44nm 

aluminum oxide substrates. 

 

 

5.3.1.2 Contact Angle Hysteresis 

The advancing and receding contact angles were determined through tensiometer measurements for 

various immersion times using the 1mM ODPA formation in 45oC toluene solution. Each 

measurement consists in dipping the plate shaped sample into Millipore water as the fluid. Figure 39 

shows the dynamic contact angle measurements, with Figure 39(a) and (b) showing the raw force-

depth data and (c) the calculated values of CAH. The sample after 4 hours of immersion, Figure 39(a) 

shows considerable variability throughout the measurement along with advancing angles changing 

with additional measurement cycles. The disordered layer is difficult to truly analyze through this 

method as the high variability in contact angle across the sample surface is averaged out as the 

technique requires to use the slope of the force-depth plot to calculate the advancing and receding 

angle. The changing position of the curve also indicates that the configuration of the surface is changed 

from the DI water bath. 
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 The CAH for each surface is summarized in Figure 39(c). The disordered surfaces are 

considerably hysteretic, which should hinder EWOD performance as discussed in Chapter 6.3.1. The 

best films grown for 32 hours show the lowest hysteresis of ~ 15o, still above the 12o observed in the 

Cytop system. With additional immersion time and evident monolayer stacking, hysteresis again begins 

to increase.  
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Figure 39: Dynamic contact angle measurements on 1mM ODPA in toluene at 45oC surfaces at 

various immersion times. (a)-(b) raw force-depth data and (c) calculated CAH values across 

immersion times  
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5.3.2 Silane SAMs 

5.3.2.1 SAM Formation 

Silane SAMs were selected as they also readily attached to metal oxide substrates, with the advantage 

of providing cross-linking. The ability to cross-link has given very contact angle low hysteresis layers 

(under 5o) [136], [137] with water contact angles around 110o. It is hypothesized that these cross-linked 

structures would be more stable to repeated EWOD.  

The silanes used in this work are RSiX3 type materials with X as different head group materials: 

Cl, OCH3, or longer chained alcohols with R as the molecular chain. Formation on the surface follows 

a three step mechanism for attachment [130], schematically shown in Figure 31.  First, the 

organosilanes react with water or hydroxide through a hydrolysis reaction to create hydroxysilane 

(RSi(OH)3). The water for reaction can either be on the surface of the oxide surface or added in 3:1 

ratio to the SAM concentration.  This step is vital to producing high quality layers, leading to either 

excessive or incomplete hydrolysis leading to polymerization in solution or incomplete monolayers, 

respectively [138], [139]. The reactivity of the head group also plays a key factor, with chloride being 

more reactive than the alkoxy groups. In the second step, the SAMs are aggregated by hydrogen 

bonding with the oxide surface and laterally ordered by van der Waals forces between chains. Lastly, 

the hydroxysilane reacts with the oxide surface through a condensation reaction with the surface and 

cross-linking with neighboring silanol groups producing many covalent bonds  with the underlying 

oxide surface [130].  

 The formation of high quality silane films proved to be very difficult. Initially 

trimethoxy(octadecyl)silane was studied but the reactivity of the methoxy head group proved to be 

insufficient in the hydrolysis step for consistent layer formation. Next, trichloro(octadecyl)silane 

(OTS) was studied, greatly increasing the reactivity of the hydrolysis step so that the solution showed 

self-polymerizing in air over hours. Fadeev et. al, show that the wide variation in reactivity of silane 

SAMs may occur in absence of precise control of the solution/environment [140]. All the films formed 

in solution in an atmospheric laboratory environment proved to be both inconsistent and highly 

hysteretic (seen in Figure 45(a)).  The main issue with SAM formation was that the films had robust 

sessile contact angles, all above 105o, but had such high CAH that drop motion was pinned under 5-

10 V bias during EWOD evaluation. In order to consistently grow high quality SAMs, the preparation 

and formation of OTS SAMs had to be undertaken in a glove box under an inert atmosphere.  

 The exact procedure for the preparation of OTS SAMs was as follows. Glasswear and samples 

were cleaned by plasma cleaning prior to placing the materials in the glove box. The system was flushed 
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with high purity Ar, monitoring with a relative humidity meter, until the environment was inert. Next 

the OTS material was syringed from the as-purchased bottle to a beaker of anhydrous toluene at 2% 

(v/v). The solution was cooled by placing the OTS-toluene beaker into an ice bath. Ordering during 

OTS formation has been shown in several studies to be highly temperature dependent [119], [141]–

[144]. Figure 40 shows the alkyl chain length dependence on monolayer order with solution 

temperature [141], which for the 18 carbon atom OTS SAM has a transition temperature at roughly 

room temperature. Once the OTS-toluene solution was chilled, the metal oxide substrates were placed 

in solution for various immersion times. The sample was then removed at the specified time, rinsed 

with toluene to remove any excess materials on the surface, and then dried on a hot plate, all still under 

inert atmosphere.  This formation condition showed the most consistent results and is studied from 

hereon.  

 

 

Figure 40: Temperature vs. alkyl chain length for molecular conformations in final monolayer [143]. 

Image from Ref. [141]. 
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 A series of AFM and low voltage SEM images for different immersion times on tantalum 

oxide were aquired to further understand the optimum conditions for film formation. Unlike ODPA, 

a contact angle, didn’t provide much insight into the quality of the surface. The layer forms rapidly 

with contact angle increasing from the nearly complete wetting on the oxide substrate to greater than 

105o within 5 min. Figure 41(b), shows the AFM of a surface immersed for 5 min. The surface shows 

very minimal height variation with a z-scale of only 1.1 nm, compared to the tantalum oxide substrate 

(Figure 41(a)) with an image height scale of 1.6 nm.  The SEM imaging couldn’t pick up any feature 

for this low immersion time.  

 

 

 

Figure 41: AFM image of (a) 44 nm tantalum oxide substrate and (b) 5 min immersion of 2 (v/v) 

OTS in toluene on 44 nm tantalum oxide 

 

With increasing immersion time, the surface begins to show features in the SEM and AFM 

measurements. Figure 42 shows SEM and AFM for 1 hour immersion. The SEM image (Figure 42(b)) 

at the micron length scale shows generalized accumulation of excessive silane material attached to the 

surface. AFM scans (Figure 42(a)) didn’t capture some of the larger formations observed in SEM, but 

showed more surface material with height increasing to 6 nm from the ~1 nm initial difference.  
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Figure 42: (a) AFM image and (b) SEM image of 60 min immersion of 2 (v/v) OTS in toluene on 44 

nm tantalum oxide 

 

By two hours of immersion time the surface became discolored, showing white spots. It has been 

hypothesized that these white regions are unreacted silane groups [140].  Imaging of the surface 

showed considerable accumulation of material. Figure 43(a)-(b), shows SEM images at different 

magnifications of the surface with significant coverage of carbon rich material. The corresponding 

carbon k-alpha signal is shown in Figure 13 (d) in teal matching the dark material in the SEM image. 

Finally, AFM scans (Figure 43 (c)) of the surface showed extreme height variation of over 140 nm. 

The highly disordered layer with variable topography causes significant hysteresis (see Figure 45), and 

should limit contact angle change at low voltage (as covered in Section 6.4.1). 
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Figure 43: (a) and (b) SEM images at different magnifications and (c) AFM image of 120 min 

immersion of 2 (v/v) OTS in toluene on 44 nm tantalum oxide 

  

 

 

XRR analysis of 30, 60, and 120 min films grown on 44nm anodized tantalum oxide films is 

shown in Figure 44. The tantalum films did not have an adhesion layer so the Kiessig fringes show 

similar oscillation frequencies for both the oxide and metal layers. The XRR patterns are dominated 

at low 2-theta angles by the very dense tantalum layer, which causes only very minor differences as 

seen in the black box excerpt. However, at 2θ values greater than 1.5o the differences between the 

films becomes very apparent seen, as in the magenta excerpt.  Similar to ODPA, the substrate model 

is built and then the additional SAM layers are fit, as summarized in Table 2.  

 With increasing immersion time, the fitting to the data suggests increasing density, thickness, 

and roughness of the SAM layer. The XRR data are consistent with the AFM/SEM of the layers with 

higher immersion time increasing accumulation and stacking of silane material. Studies at lower 

immersion times were unable to show any substantial differences between the materials through the 
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model fitting. From the XRR evaluation and CAH, discussed in the next section, layers formed from 

15 to 45 min were very difficult to distinguish.  Previous XRR studies of silane showed thickness of 

2.1 +/ 0.3 nm with a densities ranging from 0.76 - 0.87 g/cm2 for complete monolayer formation 

[145], [146], consistent with what we observe. Higher densities were shown to correspond to 

incomplete SAM formations [146]. Additionally, the AFM scan of the anodized tantalum oxide 

substrate showed a RMS roughness of 0.612 nm, the same as found from the XRR measurement. 

 

 

 

 

 

Figure 44:(a) XRR patters for tantalum oxide and various silane SAM immersion times, as indicated 

in plot. (b) zoomed in region from (a). 
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Layer Density (g/cm3) Thickness (nm) Roughness (nm) 

SAM – 120 min 1.12 3.21 2.1 

SAM – 60 min .872 2.60 .823 

SAM – 30 min .765 2.17 .702 

Substrate Fit 

Ta2O5 7.76 43.4 .568 

Ta 16.49 75.5 .26 

Si 2.241 - .292 

Table 2: Summary of XRR model fitting for silane monolayers on 44 nm tantalum oxide substrates 

 

 

  5.3.2.2 Contact angle Hysteresis 

As previously discussed, the sessile contact angle for these materials was remarkably consistent, 

showing very hydrophobic values (> 105o). However, the dynamic contact angles showed considerable 

variation with preparation conditions. Figure 45(a), shows the force-depth curve for a surface grown 

in lab air, and samples grown in the glove box with immersion times of 30, 60, and 120 min in 2 (v/v) 

OTS-toluene solution under Ar. The results are very linear and do not change with cycle number, 

suggesting that the layer does reach consistent contact angle and are very stable. The unreasonable 

hysteresis from the lab air measurement of 53o causes terrible EWOD response, as will be seen in 

6.4.2. However, using the inert atmosphere, the hysteresis drops considerably to values of 11o, 

comparable with standard Cytop values. With increasing immersion time the hysteresis increases for 

these samples with the very rough 120 min layer showing a CAH of 25o. 
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Figure 45: Force-depth measurements on silane surfaces at various immersion times (a) in lab air (b) 

under inert atmosphere immersed for 30 min, (c) 60 min, and (d) 120 min. Contact angle hysteresis 

values given in plot (red) 

 

 

5.4 Conclusions  

This chapter investigates the formation of thin hydrophobic layers on metal oxides for 

EWOD. Cytop provides a very consistent and easily prepared layer at 20 nm that would induce 30o of 

contact angle change with only 15 V. In order to further lower this voltage dependence, SAMs with 

silane and phosphonic acid headgroups were studied. Both layers, upon optimization of the  formation 

process can similarly provide high contact angles, low contact angle hysteresis, and most importantly 

deposit at only 2 nm thicknesses, increasing capacitance and therefore contact angle change. 
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Chapter 6 

Electrowetting 

Part of this chapter is reproduced from: 

M. Mibus, X. Hu, C. Knospe, M. L. Reed, and G. Zangari, “Failure Modes during Low Voltage Electrowetting,” submitted. 

 

The materials described in Chapters 4 and 5 are now integrated and evaluated with respect to EWOD 

performance. The electrowetting performance is studied through three types of characterization: 

static, cyclic, and dynamic. Static measurements monitor the contact angle vs. applied voltage by 

stepping at 1 V steps until failure of the layer. Cyclic measurements study the stability of repeated 

EWOD measurements on the surface, aiming to understand the causes of performance degradation. 

Dynamic measurements investigate electrowetting during externally controlled motion of the surface, 

thus estimating the reversibility of the EWOD process. Using the aluminum oxide + Cytop system, 

the importance of thickness for each layer and how reproducibility is altered over many applied voltage 

cycles are explored in detail. The comprehensive characterization of this system lays the foundation 

for studying how the tantalum oxide and different hydrophobic layers alter EWOD performance.   

 

6.1 Aluminum Oxide + Cytop 

6.1.1 Static Electrowetting 

The contact angle vs. applied voltage characteristics was recorded by increasing the voltage stepwise 

and holding the value for 10 s, throughout the whole range of stable operation; this measurement is 

considered static since typical drop transport velocities are approximately 10-150 mm/s [147] and with 

typical drop response times under 15 ms [148]; the change in drop shape therefore occurs practically 

instantaneously. The thickness of both the Cytop and AlOx layers were varied (Table 3), resulting in a 

variable overall capacitance; if the two capacitances in series are significantly different the smallest one 

will dominate. Table 3 shows the thickness of the two layers, and the calculated percentage of the total 

voltage drop across the polymer and the overall voltage VT needed to exceed the breakdown voltage 

of the polymer layer. The calculation uses Eq. 26, discussed in detail later: 

 



89 
 

   

𝑉𝑇 = 𝐸𝑃𝑜𝑙𝑦𝑚𝑒𝑟 (𝑡𝑃𝑜𝑙𝑦𝑚𝑒𝑟 +
𝜀𝑃𝑜𝑙𝑦𝑚𝑒𝑟

𝜀𝑂𝑥𝑖𝑑𝑒
𝑡𝑜𝑥𝑖𝑑𝑒)                                      Eq. 26 

 

 

where E is the breakdown field strength (V/nm), t the thickness (nm), and ε the dielectric strength.  

 

 

TAlOx (nm) TCytop (nm) Vdrop Cytop (%) VT (V) 

15 23 86.8 2.59 

32 21 75.5 2.99 

44 22 68.2 3.39 

44 43 80.7 5.59 

44 210 95.3 23.13 

Table 3: Summary of sample configurations used in this study with the percentage of total voltage 

across the Cytop layer and voltage needed to exceed the breakdown field of the Cytop. 

 

In order to achieve significant EWOD under 10 V, the overall capacitance must be maximized, 

which requires small Cytop and AlOx layer thicknesses. With increasing voltage, all the bilayers in 

Table 1 will exceed the breakdown field in the polymer layer first, in most cases at very low voltages, 

when the samples are still in the early stages of electrowetting. The sample with a thick Cytop film, 

210 nm, is added for performance comparison, allowing for a significant amount of electrowetting 

without exceeding the polymer breakdown field.    

 

 

6.1.1.1 Effect of Oxide Thickness 

Figure 46 shows the contact angle vs. applied voltage for three different aluminum oxide thicknesses 

(15nm to 44nm) while holding the Cytop layer thickness approximately constant at ~20nm, within 2 

nm, utilizing the same fabrication conditions.  The applied voltage is increased until significant oxygen 

evolution occurs on the sample surface, indicated visually by the presence of bubbles during drop 

imaging and confirmed by the high current densities flowing through the bilayer (10-6 – 10-5 A/cm2). 

Data are presented in double axis plots showing both the contact angle (left axis, black) and the current 
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flowing upon voltage stepping (right axis, blue) as a function of applied voltage. Each test exhibits 

three electrowetting regions: low voltage EWOD, saturation, and breakdown. Contact angle saturation 

at about ~85-90o is observed in Figure 46 (b) and (c) without incurring in gas evolution. Breakdown 

is observed after the onset of oxygen evolution from the oxide film, identified by a recession of the 

contact angle.  
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Figure 46: Electrowetting and leakage current measurements on bilayers of ~22nm Cytop + 

Aluminum Oxide with thicknesses (a) 15nm (b) 32nm (c) 44nm. Contact angle data in black (left 

axis) with Eq. 6 modeled (black line) and measured current density in blue (right axis) 

 

 The first stage of electrowetting follows closely the Lippmann-Young relation (Eq. 6); experimental 

data in this range were fitted using the calculated series capacitance of Cytop (with εr-2.1, and thickness 
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21nm) and aluminum oxide (εr – 9, varying thickness, see plot labels). The relevant material parameters 

were experimentally validated using (i) XRR and ellipsometry as an independent thickness 

measurement and (ii) solid-state capacitance measurements for determination of the dielectric 

constant. Each sample showed minimal hindrance to contact angle change at low voltage, indicative 

of low contact angle hysteresis (i.e., a small difference between advancing and receding angles), with 

initial contact angles ranging from 107o-111o across the samples. As discussed in Gupta et. al. [149], 

the initial motion of the contact line is often inhibited by contact line pinning, resulting in hysteresis 

of the surface and a voltage threshold to initiate deformation. In order to minimize contact angle 

hysteresis, electrowetting system designs may resort to drops immersed in oil [150], placed on an oil 

film [147], or may use an alternating current [151]; these approaches reduce hysteresis from 10-15o 

observed in air [113], at a cost of complicating design, operation, and modeling of the system. In 

particular, the influence of oil on the EWOD system has been discussed with regard to its effect on 

contact angle saturation [152] and breakdown voltage [153]. Our samples in contrast avoided these 

complications, since the bilayer system ideally followed the L-Y relation, probably as a consequence 

of the limited roughness (RMS roughness was 2 nm over a 1um x 1um region – not shown) and 

surface defects in the polymer layer. As observed in Figure 46, no significant change from the ideal L-

Y behavior, nor discontinuities in the current are observed when the voltage exceeds the polymer 

breakdown voltage(<5 V, see Table 1), suggesting that the leakage current is limited by the 

characteristics of the aluminum oxide [154].  

 The second stage of this process corresponds to CAS, the onset of which is defined by the initial 

deviation from the ideal L-Y curve. The phenomenon of contact angle saturation remains a point of 

ongoing discussion in the EW community, so far without a universal physical cause [152]. Several 

groups have suggested a fundamental reason for CAS, such as charge in the dielectric [155], charge in 

insulating fluid [152], gas ionization [39], contact line instability [39], [156] or electrochemical 

interpretation of reaching zero interfacial tension [157], [158].  CAS is observed in Figure 46(b) and 

(c), while the sample in Figure 46(a) underwent dielectric breakdown prior to CAS. In our 

polymer/oxide system, CAS occurs always at contact angles between 80-90o, with a minimum 

observed value of 79o. An interesting feature for these low thickness films is the relative instability of 

the saturation angle. For example, Figure 46(c) shows a constant angle up to 25 V, where a current 

spike is observed, resulting in a wetting angle increase of 6o. This remains stable during the voltage 

hold, but relaxes to the initial saturation angle during subsequent voltage cycling. Alternative evidence 

of such behavior is available later in the chapter (Figure 48(a)). This slight variation in wetting angle 



93 
 

in the saturation region is always observed during the measurements conducted in this study, and is 

likely caused by the strong voltage influence in the thin film system due to the larger overall 

capacitance, as discussed in the following. Specifically, under the electromechanical interpretation of 

electrowetting, the net force acting on the drop is given by the total capacitance times the applied 

voltage squared (CV2/2) [38]. The instability of the saturation angle suggests that, rather than an 

absolute phenomenon limiting further wetting, a balance between opposing forces occurs that 

temporarily allows further wetting prior to returning to the initial saturation angle. For example, the 

calculated horizontal force exerted on the contact line, under ideal conditions, in Figure 46(c) increases 

from .041 N/m at saturation (10 V) to more than quadruple to 0.18 N/m during the enhanced wetting 

at 25V. These forces are significantly higher for thin film layers; in contrast, a 500 nm thick Cytop 

yields a much lower force of .011 N/m at 25V, a 16x decrease. The significantly stronger force acting 

on the thin films in Figure 46 could overcome the as yet unidentified opposing force that prohibits 

further contact line movement in thicker polymer systems, albeit temporarily, before instabilities occur 

and the system relaxes at the saturation angle. As will be discussed in the cyclic experiments, charge at 

the electrolyte-polymer interface appears to diminish EWOD performance. The return of the contact 

angle from the unstable wetted state to the saturation contact angle could be a consequence of charge 

incorporation on the newly wetted surface. Charge adsorbed or injected in the polymer would partially 

screen the electric field, reducing the driving force on the liquid, causing the system to return to the 

saturation angle. 

 The third characteristic stage occurs when the voltage applied through the oxide layer exceeds the 

anodization voltage, resulting in a shift from electronic to ionic conduction in the oxide, followed 

soon after by gas evolution [154]. Very small gas bubbles are observed at the center of the electrolytic 

drop concurrent with the onset of contact angle recession. This recession is likely caused by 

breakdown in the oxide layer occurring at voltages higher than the anodization voltage, which thus 

becomes unable to hold charge, causing the drop to reset to the initial sessile contact angle. This is 

demonstrated for each sample in Figure 46, even in the film that failed to saturate. With increasing 

voltage in the breakdown region, the contact angle begins to drop dramatically until nearly reaching 

complete wetting (θ<15o). Figure 47 shows the surface of a Cytop/aluminum oxide sample following 

failure. After the drop recedes to the sessile angle upon gas evolution, the electrolyte begins to show 

a wetted out region next to the drop, highlighted with red arrows in the inset of Figure 47(a). With 

additional applied voltage the drop essentially falls out of contact with the needle probe onto the 

completely wetted surface. Imaging of the surface following the measurement shows removal of the 
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polymer across the entire drop area (Figure 47(a)), confirmed by the weaker Fluorine Kα signal in 

yellow in the inner region (Figure 47(b)). The drop profile on the wetted area displays a sharp corner 

between the fluid and wetted section of the liquid drop, which should not be possible, as this 

configuration is incompatible with solutions to the hemispheroid Young-Laplace equation (Eq.  1). 

We hypothesize that in this case the oxygen evolution would generate a force sufficient to form a tear 

in the polymer layer, allowing for the liquid to seep under the Cytop film, until the eventual complete 

detachment. Similar observations were conducted to investigate the surface prior to the stage of 

complete wetting and polymer detachment, but no remarkable features were observed.  
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Figure 47: SEM image of Aluminum Oxide – Cytop layer showing the detachment of the 

fluoropolymer indicated by wetting out in the drop image inset. EDS map of Fluorine signal given in 

yellow. 

 

 

6.1.1.2 Effect of Polymer Thickness 

Samples with varying polymer layer thickness (43nm – 210nm) on top of 44 nm AlOx exhibit the same 

three characteristic regions as discussed in the previous section. The bilayer capacitance is still 
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dominated by the polymer layer, due to the four times lower dielectric strength of the polymer layer 

compared to the oxide. Increasing the polymer layer thickness therefore causes a decrease in the total 

capacitance, weakening the initial low-voltage EWOD response. The rate of contact angle change with 

voltage is now lower, but the saturation angle remains approximately the same as the tests shown in 

Figure 46. Failure in these devices occurs via the same mechanisms of oxide breakdown, similarly 

leading to detachment of the polymer layer.  

 Figure 48 shows contact angle and leakage current data for two Cytop thicknesses: 43 and 210 

nm, respectively. The region of contact angle saturation showed the same unstable behavior, described 

in reference to Figure 46, suggesting a significant influence of the balancing of opposing forces at the 

saturation angle. In Figure 48(a), the saturation angle regularly decreases until a discontinuous jump 

to a lower angle, prior to recession in the saturation regime. The process is particularly evident in the 

210 nm layer, showing three instances of increased wetting prior to the apparent contact angle 

retreating to the initial CAS values. The increasing polymer layer thickness would increase the voltage 

drop therein, and shift the onset of ionic conduction transition in the oxide from 30 V at 43nm Cytop 

to nearly 40 V at 210 nm. Similar behavior is observed in these bilayers, resulting eventually in gas 

evolution at the oxide film, contact angle recession, and eventual polymer detachment. Interestingly, 

the voltage to exceed the Cytop breakdown field in the 210 nm case is nearly 23 V, with no particular 

difference in performance observed in comparison to the previous thin film polymer cases. This leads 

us to conclude that the oxide layer limits the leakage current, and controls performance independently 

of the polymer thickness. 

 In order to increase the contact angle dependence on voltage in these bilayer systems, the 

thickness of the polymer layer should be minimized. A ~20 nm thick polymer layer was utilized in the 

previous set of films, as this was the thinnest layer that our fabrication process could reliably 

synthesize; thinner layers in fact commonly show small gaps or tears as observed by SEM imaging. As 

demonstrated in Figure 48, a larger polymer thickness did not demonstrate any advantageous features 

in comparison to the 20 nm polymers for single run, stepped voltage measurements. Therefore we 

conclude that, from the standpoint of stepped static electrowetting, the polymer should be applied as 

thin as possible to form a consistent and uniform surface, providing sufficient hydrophobicity while 

minimizing the contribution of the polymer to the overall capacitance. 
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Figure 48: Electrowetting and leakage current measurements on bilayers of Aluminum Oxide - 

Cytop of (a) 43nm and (b) 210nm. Contact angle data in black (left axis) with EQ.1 modeled (black 

line) and measured current density in blue (right axis) 

 

6.1.2 Cyclic Electrowetting  

The previous measurements evaluated electrowetting performance at one sample location through all 

the electrowetting stages until breakdown and failure. These measurements resulted in polymer 

detachment, losing the EWOD function. In contrast, similar samples tested at a voltage lower than 

the AlOx anodization voltage showed a reproducible characteristics for several cycles. It has been 

reported however that significant degradation of electrowetting performance would occur over many 

actuation cycles, showing a continuous decrease in the contact angle change [16]. The most common 
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explanation for such degradation over time has been the injection of charges into the fluoropolymer 

during voltage bias. These materials have been shown to hold charge permanently, in contrast to the 

transient function of capacitors. Fluoropolymers with thickness on the order of microns have 

experimentally shown to hold charge up to 3.9 mC/cm-2
, functioning as electrets [159]–[161]; Cytop 

in particular was shown to reach charge densities up to 1.5mC/cm2 [161], with charge storage 

maintained for at least 4000 hr. The concept of trapped charges diminishing the response of the layer 

was proposed long ago [155], following observation of a threshold for irreversible electrowetting 

response. Berry et. al., furthered this theory by developing an empirical model based on the breakdown 

voltage of the fluoropolymer as the threshold for charge injection [162]. For the oxide-polymer bilayer 

system the threshold voltage for charge injection (Eq. 26) is the point when the voltage drop across 

the polymer layer, modeled through the series capacitance, exceeds the breakdown field of the polymer 

layer. 

The reversibility of the contact angle change (CAC) was investigated for the polymer – oxide 

bilayer configurations evaluated in Figure 46. The saturation angle was observed as 86o at 11 V during 

the sweeping measurements (see Figure 46(c)), leading to a selection of 15 V for the maximum applied 

voltage for the “on” state, ensuring saturation while remaining below half the anodization voltage (30 

V), thus minimizing undesirable degradation in the oxide layer. A cycle is defined as one 10 s “on” 

period at the specified voltage and a 10 s “off” period at 0 V. Figure 49 shows the resulting CAC from 

a 21 nm polymer/32 nm oxide bilayer, Figure 49(a), and 21 nm polymer/44 nm oxide, Figure 49(b). 

The threshold voltage (Eq. 26) in both cases was below 5 V due to the polymer layer thickness, leading 

to a rapidly degrading CAC in both cases. A higher oxide layer thickness does slightly increase the 

amount of reversible CAC, with a 44nm oxide reaching 50 cycles compared to only 30 cycles for 

32nm, but doesn’t significantly enhance reversibility for any long term operation. 
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Figure 49: Contact angle vs. Cycle number are shown for cyclic measurements of (a) 32nm 

aluminum oxide – 21nm Cytop and (b) 44nm aluminum oxide – 22nm Cytop bilayers until no 

wetting was observed 

 

‘ In order to better understand the effect of VT, a 210 nm Cytop/44 nm aluminum oxide bilayer 

was chosen, allowing significant EWOD while not exceeding the polymer breakdown field. For this 

sample VT was 23.13 V, and EWOD was investigated at an applied voltage above (25 V) and below 

(20 V) VT. Figure 50 shows contact angle data at roughly 25 cycle intervals for both “on” and “off” 

states. The stepped voltage characteristics for this bilayer was presented in Figure 48(c), showing that 

at 20 V the expected contact angle was 98.2o, while at 25 V it was 92.1o.  The initial contact angle 

closely matched the stepped experiment for each applied voltage, with the 25 V case having a lower 

wetted angle due to variability in the CAS region. A stark difference is evident between the two tests 

as a function of cycle number; below the voltage threshold no significant degradation occurred to the 
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contact angle during 300 cycles, maintaining a contact angle change (CAC) of ~11o. In contrast, above 

VT, the contact angle rapidly degraded after 100 cycles decreasing from a CAC of 23o to 9.5o, with the 

difference continually decreasing until almost no change was observed at 300 cycles. In the trapped 

charge model [162], a voltage term Vc is added to the L-Y expression (Eq. 27) to estimate the effect of 

trapped charge density σc (Eq. 28) on the decrease of the applied voltage on the electrowetting effect. 

 

cos(𝜃) = cos(𝜃0) +
𝐶 (V𝑎𝑝𝑝−V𝑐)

2

2 𝛾𝐿𝐺
                                              Eq. 27 

𝜎𝑐 = 𝐶𝑉𝑐                                                                       Eq. 28 

 

 

The 25 V experiment results in zero contact angle change at the end of the measurement, making Vc  

= Vapp = 25V; using the above equations an injected charge density of 2.11 x 10-4 mC/cm2 was 

calculated. In contrast, the contact angle during the 20 V test increases from 97.5o to 98.3o, estimating 

a charge density of 1.4 x 10-5
 mC/cm2.  Similar values on the order of 10-5 mC/cm2

 were obtained 

using the same methodology [162], while a value of 10-4
 mC/cm2 was found using a charging-

discharging method [163]. The charge densities measured here are well below the values found for the 

polymers used as electrets ~mC/cm2, with the charge limited to contact angle degradation 

measurements.  
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Figure 50: Contact angle vs. Cycle number cyclic measurements are shown on 44nm aluminum 

oxide /210nm cytop bilayer with applied voltages of (a) Von = 20 V  and (b) Von = 25 V 

 

Leakage current has been monitored closely in similar electrowetting systems [18], [19], [164] 

attempting to link performance degradation to underlying changes in the films. Figure 51 shows the 

current vs. time transients of the cyclic measurements extracted from the contact angle variation 

reported in Figure 50, showing cycles 125 to 130. Figure 51(a) from the 20 V test shows a stable 

leakage current, limited to the range between +/- 7x10-7 A/cm2 depending on the “on” or “off” cycle. 

A similar value of current is observed from the 25V test if we neglect the large initial current spike, 

due to the larger applied voltage. The result is noteworthy as the current during the Von = 25 V case 

(Figure 51(b)) remains relatively constant around 1.6x10-6 A/cm2, while the contact angle change varies 

drastically during these cycles. The current transients show a very different behavior than those 
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reported in Figure 46 and Figure 48 during failure, where the current reached ~10-4 A/cm2 along with 

gas evolution. We suggest that the leakage current per se is not a proxy to estimate the extent of 

degradation towards failure, but it depends strongly on the mode of failure the system is undergoing 

increasing voltage vs. cycle voltage bias. Although the current-time characteristics from Figure 51(b) 

show the same current densities values and shape from the initial cycles to the end of measurement, 

we note that the slope of the Von response shows an increasing trend once the contact angle 

degradation in Figure 50(b) begins. This potential correlation between degradation and the increasing 

slope feature is only a preliminary hypothesis at this stage (but explored further in Future Work, 

Section 7.2).  
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Figure 51: (a) Current-time transient for cycles 125 to 130 from the Fig. 5 contact angle 

measurements with (a) Von = 20 V and (b) Von = 25 V on 44nm aluminum oxide/210nm Cytop 

bilayer. 

6.1.3 Scanning Kelvin Probe  

SKP measurements were conducted in order to evaluate the amount of damage during cyclic EWOD 

measurements. Scans across the sample surface provide a contact potential difference (CPD) map that 

could be used to provide a possible correlation between the local surface potential and the contact 

angle degradation. Figure 52 displays the CPD measured at the 44 nm oxide-20 nm Cytop after 13, 

25, 50, and 125 cycles at 15 V on a single large area substrate. As established in Figure 51(b), CAC 

rapidly degrades after 50 cycles, as the Cytop layer is subjected to a voltage significantly above VT, thus 
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providing minimal resistance to charge incorporation.  After 13 cycles the substrate already showed a 

measureable amount of degradation, which increased significantly with progression of the cyclic stress. 

After 50 cycles a CPD of 1000 mV was measured, which corresponds to the stage where the bilayer 

loses the ability to electrowet. After 125 cycles no CAC occurred, with the CPD reaching 1600 mV.  

 

 

Figure 52: Contact potential difference maps of 44 nm Al2O3 – 20 nm Cytop surfaces total cycle, 

numbers indicated in the figure. Colors correspond to mV in legend 

 

The Kelvin probe scan is particularly informative in the thick polymer bilayer 210nm Cytop – 

44nm aluminum oxide system. The degradation of the material after 325 cycles reported in Figure 50 

was evaluated with the SKP, as shown in Figure 53. The two cyclic tests show the dramatic difference 

in the polymer damage for Von of 20 V and 25 V, with 20 V showing a max CPD of 1626 mV while 

25 V reaches 6583 mV. A scan of the pristine substrate maintains a consistent CPD of ~ 530 +/- 100 
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mV throughout the surface. The striking difference is consistent with what was previously observed 

in the 20 V case, which revealed a constant CAC, while the amount of damage at the 25 V site limits 

the ability of the drop to further electrowet. However, under the concept of the threshold voltage for 

charge incorporation, the 20 V case should be indistinguishable from the untested substrate as the 

threshold was not exceeded. This indicates that with Von = 20 V some charge is still introduced into 

the polymer layer, which should over many cycles similarly degrade the CAC repeatability.  

 

 

Figure 53: Contact potential difference map of 44 nm Al2O3 – 210 nm Cytop surface with cycle 

applied voltage values for cyclic spots, numbers indicated in the figure. 
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A charge injection technique is commonly used to determine the integrity of gate oxides in 

semiconductor fabrication by depositing charge through a corona discharge [165]. If the trapped 

charge is located within the polymer layer and is significantly larger than the native charge in the 

aluminum oxide and interface, the charge density is simply given by the potential drop due to the 

capacitance of the polymer [166], [167]. Under this assumption, the charge derived from the CPD 

values is estimated to be 5.359 x 10-5 mC/cm2 at 25V and 9.704 x 10-6 mC/cm2 at 20V. Both values 

however underestimate those derived from the trapped charge model discussed in regard with the 

cyclic measurements.  It is possible that the assumptions and simple analysis of the SKP charge may 

not provide a complete picture, or that the trapped charge EWOD model overestimates the charge 

injected, as it assumes that all the degradation in the contact angle is a consequence of charges in the 

film. However, these results confirm qualitatively what was observed in the cyclic measurement and 

the importance of the threshold voltage concept. Thus, prolonged cyclic measurements in low voltage 

EWOD systems may inevitably lead to thin film polymer degradation, as VT will always be well below 

the applied voltage necessary for useful EWOD. In order to improve the long term stability of these 

bilayer systems, it is instead necessary to limit charge incorporation into the polymer film, for example  

by altering ion size [18], [154], or using non aqueous electrolytes  [168]. 

 

6. 2 Tantalum Oxide + Cytop 

6.2.1 Static Electrowetting 

The EWOD performance of tantalum oxide was also studied, using the same measurement 

configuration used for investigation on aluminum oxide,. Figure 54, shows a theoretical Lippmann-

Young plot comparing the aluminum and tantalum oxide layers coupled with 21 nm of Cytop. The 

total applied voltage necessary to obtain a theoretical CAS angle of 85o decreases by only about 1 V.  

Both oxide and polymer thickness were varied in order to assess of EWOD performance, but only 

using thin films of Cytop could any difference between the metal oxide’s performance be observed. 

Tantalum oxide has a dielectric constant of 25 compared to 9 for aluminum oxide, but this increase 

in dielectric constant has limited effect as the polymer layer dominates the overall capacitance as 

discussed using Eq. 25 in Chapter 5. With increasing polymer thickness, the difference between the 

curves becomes indistinguishable.  
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Figure 54: Theoretical contact angle vs. voltage Lippmann-Young curves for 21 nm Cytop + 32 nm 

Ta2O5 (black) and Al2O3 (red) 

 

 Full static EWOD measurements are shown in Figure 55, for 32 and 44 nm tantalum oxide 

with a 21 nm Cytop layer. The response mimics the same three region response shown in Figure 46 

of ideal L-Y, CAS, and breakdown.  The change from electronic to ionic conduction takes place at the 

anodization voltage, which occurs at slightly lower values than in aluminum oxide due to the different 

thickness dependence on anodization voltage of the materials. For example, 44 nm aluminum oxide 

is anodized at 30 V while 26.5 V are needed to grow 44 nm tantalum oxide making the change from 

electronic to ionic conduction occur sooner. The breakdown occurs identically; after the onset of gas 

evolution, the contact angle returns to the intial value. With additional voltage steps the polymer layer 

detaches and the surface is wetted.  

 The largest difference between the aluminum and tantalum oxide systems is observed in the 

current density during the measurement. In the CAS region, the tantalum oxide current is 

approximently 10-6 A/cm2 while the aluminum bilayer system averaged ~ 5x10-7 A/cm2. This 
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difference is consistent with what was shown in Chapter 4, with tantalum oxide showing more leakage 

current due to a smaller band gap. The significant increase in current during the measurement did not 

alter the performance of the single stepped voltage curves, but would likely affect cyclic tests, as will 

be discussed in 6.2.2.  

 

Figure 55: Electrowetting and leakage current measurements on bilayers of ~22nm Cytop + 

tantalum oxide with thicknesses (a) 32nm and (b) 44nm. Contact angle data in black (left axis) with 

Eq. 6 modeled (black line) and measured current density in blue (right axis) 
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6.2.2 Cyclic Electrowetting 

The same oxide/polymer thickness combinations were tested for cyclic performance as in Figure 49, 

using tantalum oxide in place of aluminum oxide in Figure 56. The cyclic tests used Von = 15 V for 

both cases, well within the CAS region for both the 32 nm (Figure 55 (a)) and 44 nm (Figure 55 (b)) 

films, as seen in the static electrowetting measurements. The 32 nm tantalum oxide case, from an 

initial CAC of 22.9o, rapidly decreased to less than 5o after 15 cycles. Several measurements on the 

same sample surface (fresh spots) showed a very consistent number of total cycles needed for CAC 

to go to zero CAC. In comparison to Figure 49 (a), the aluminum oxide samples saw relatively stable 

CAC till 40 V, with no CAC occurring after 80 cycles, a significantly larger window of reusability. The 

44 nm tantalum oxide case showed a considerably more stable CAC performance, as shown in Figure 

56 (b). Initially, the CAC showed 26.4o, but readily decreased to 15.3o after only 10 cycles. This CAC 

remained fairly stable until 30 cycles, with complete degradation by 55 cycles. Again, in comparison 

to the same thickness AlOx system, the performance shows significantly less reproducibility cutting 

the amount of cycles in half. 

As was suggested in the previous section, the higher leakage current would suggest more 

charge injection and quicker degradation of the layer. For thin films (~20 nm Cytop), the applied 

voltage remains well above the VT voltage, indicating that the field across the polymer is well beyond 

the breakdown. Therefore, the less resistive tantalum oxide films lead to quick degradation of EWOD 

performance.  
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Figure 56: Contact angle vs. Cycle number are shown for cyclic measurements of (a) 32nm tantalum 

oxide – 21nm Cytop and (b) 44nm tantalum oxide – 22nm Cytop bilayers until no wetting was 

observed 

 

The damage to the surfaces due to cyclic contact angle changes was assessed using the SKP 

system measuring the CPD of the surface for a single 21 nm Cytop + 44 nm tantalum oxide substrate. 

Figure 57 displays the CPD measured after 20, 40, and 60 cycles at 15 V. The plot uses the same color 

thresholds indicating the CPD in mV as shown in Figure 52 for aluminum oxide. The background 
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CPD of the substrate is similar to the previous system at a value of 827 mV. The tantalum based 

bilayers show higher CPD values, with the final CPD at no CAC reaching a value of 1980 mV 

compared to 1600 mV in aluminum oxide. Although higher for tantalum oxide, the overall CPD values 

for the two systems remain fairly similar to the point of no further CAC.  

 

Figure 57: Contact potential difference maps of 44 nm Ta2O5 – 21 nm Cytop surfaces, total cycle 

numbers indicated in the figure. Colors correspond to mV in legend 

 

The results from Figure 57 in tantalum oxide are very interesting in comparison to the same 21 nm 

Cytop surface covering aluminum (Figure 52). When we considered the trapped charge values 

estimated for the thick aluminum oxide – Cytop system (Section 6.1.3), the trapped charge model and 

SKP were used. The trapped charge model uses Eq. 27 and Eq. 28 to estimate the charge using the 

entire dielectric capacitance while the other model only considers the SKP CPD as the voltage drop 

over the polymer layer (V = σ/C). In the latter case, it makes sense that the measured CPD doesn’t 

change between the aluminum and tantalum oxide systems.  
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 At 15 V, the tantalum oxide still shows only electronic conduction mechanisms (Section 4.2.2) 

and functions as the primary insulator in the polymer-oxide dielectric stack. Figure 58 shows the same 

number of 15 V cycles being applied to the oxide layer as in Figure 57, applied to only 44 nm tantalum 

oxide layer without the hydrophobic layer. The drops unsurprisingly didn’t show any electrowetting 

as the surface shows an initial contact angle below 30o and the oxide surface is highly hysteretic. The 

SKP evaluation at the same Z-scale as Figure 57 demonstrated minimal measured charge (Figure 

58(a)). Upon rescaling the Z-scale (Figure 58(b)), the damage from the repeated cycles could be 

observed, but with CPD value much lower than that of the same Cytop system. This is further 

explored in the thick polymer case. 
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Figure 58: Contact potential difference map of 44 nm Ta2O5 surfaces, total cycle numbers indicated 

in the figure. (a) & (b) are the same surface at different scales, in mV indicated by the legend 

 

To further test the VT concept [162], 44 nm tantalum oxide is used in conjunction with the 

210 nm polymer layer. Theoretically, if staying under the voltage threshold, no difference should be 

observed between the tantalum and aluminum oxide system according to the model [162]. Changing 

the oxide alters the VT slightly (Eq. 26), for this system to VT = 22.44 V. Therefore, we again compare 

the cyclic performance above, Von = 25 V, and below, Von = 20 V, the voltage threshold, as shown in 

Figure 59. Below VT the contact angle change remains fairly stable, with CAC changing from 13.1 

initially to 7.8 after 350 cycles. The ideal L-Y contact angle for 20 V for this system would be 97.4o 
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(also experimentally confirmed through stepped voltage measurement, not shown), close to the initial 

value of 97.9o. At 25 V, the drop should theoretically electrowet to 89.9o, with the initial value in Figure 

59(b) of 91o. The CAC from 20o rapidly degrades to less than 8o after 56 cycles, reaching no CAC at 

106 cycles.  

The results above VT for this system are not as stable as previously observed for aluminum 

oxide. Over the first 100 cycles slight ongoing decreases for both Von and Voff are observed prior to 

settling. The results still show a fairly reproducible and reliable response, as is expected for polymer 

layers at this thickness. For the case below VT, the rapid decrease in CAC (Figure 59(b)) with cycle 

number follows the same rationale as with the stepped case, the higher leakage current in the tantalum 

oxide layer leads to quicker reduction in reversible EWOD.  
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Figure 59: Contact angle vs. Cycle number cyclic measurements are shown on 44nm tantalum oxide 

/210nm cytop bilayer with applied voltages of (a) Von = 20 V  and (b) Von = 25 V 

 

The resulting CPD of the two cyclic measurements above (25 V) and below (20 V) the VT = 22.44 V 

for the 210 nm Cytop + 44 nm tantalum oxide is shown in Figure 60. From the background of 747mV 

+/- 80 mV, the Von = 25 V reaches a peak CPD of 6134mV, comparable to the value observed in 

Figure 59. However, the number of cycles required to reach zero CAC is only 106 cycles versus over 

300 cycles in aluminum oxide.  
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 It is very interesting that the measured CPD for both metal oxides systems at the point of no 

CAC is so similar. Using the charge density interpretation from the corona charge measurements, the 

charge density is only given through the potential drop due to the capacitance of the polymer [166], 

[167]. This suggests that the observed value of charge for zero contact angle change is independent of 

the underlying oxide layer. In the tantalum oxide system, the value of charge is reached with 

significantly less cycles, but a similar final value. A complete summary of the data is provided later in 

this chapter in Table 4. 

 

Figure 60: Contact potential difference maps of 44 nm Ta2O5 – 21 nm Cytop surfaces total cycle, 

numbers indicated in the figure. Colors correspond to mV in legend 
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6.3 Oxides + ODPA 

6.3.1 Static Electrowetting 

The static electrowetting of the ODPA monolayers, the formation of which was discussed in Chapter 

5, is characterized for both aluminum and tantalum oxide substrates while varying immersion times in 

45oC toluene. Figure 61 shows the contact angle and current density vs. applied voltage for 1mM 

ODPA assembled by immersion for times of 4, 24, 32, and 60 hrs on 44 nm aluminum oxide. The 

EWOD shows three general regimes similar to what is observed in the polymer system. The current 

density measured through the EWOD measurements closely follow what is expected for the 

aluminum oxide substrate, with the SAM layer showing no alteration to the current transients.  

 The initial electrowetting region doesn’t show ideal L-Y EWOD, due to the high hysteresis 

observed for the different immersion times, as summarized in Chapter 5, Figure 39. The L-Y simulated 

curve for the modeled system (black line) is offset for all immersion times except for 32 hr to the 

initial point of appreciable contact angle change. The sample at 4 hr immersion shows several pinned 

regions where the contact angle doesn’t change until jumping resulting in a new pinned state. At low 

immersion times it is possible that this effect is a combination of hysteresis and discontinuity in the 

layer. The sample grown at 32 hr immersion time resulted in the highest contact angle (112o) and 

lowest CAH (15o) during evaluation of the layer formation. Unsurprisingly, this formation condition 

lead to the best EWOD response given in Figure 61 (c), with 25o CAC by applying only 7 volts.  

 Contact angle saturation varied between 80-90o for each layer combination, similar to the 

values observed in polymer system. The CAS behavior was more variable than the Cytop films with 

pinned angles (4 hr) or a broader response (60 hr). Even the ideal 32 hr immersion time showed a 

more random variation during CAS, suggesting instability during the voltage stepping measurement.  

 The final region corresponds to a condition where the voltage exceeds the breakdown field of 

the aluminum oxide layer. This results in a current flowing through the aluminum oxide surface at 

high voltage, inducing gas evolution. Simultaneously, the monolayer desorbs from the oxide film, 

causing an irreversible decrease of the contact angle. Therefore, we see the contact angle plummet 

rather than the initial receding contact as in the Cytop system. It is interesting that the monolayer 

remains stable, indicated by the contact angles, even though the voltage drop over the SAM becomes 

considerable before the breakdown of the oxide film. This is observed throughout all the SAM systems 

studied in this work. 
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Figure 61: Electrowetting and leakage current measurements of ODPA (formation times in plot) +  

44nm aluminum oxide. Contact angle data in black (left axis) with Eq. 6 modeled (black line) and 

measured current density in blue (right axis) 

 

 

 The SAM formation on tantalum oxide didn’t show any appreciable difference in monolayer 

formation characteristics. The EWOD behavior in Figure 62, shows the contact angle and current 

density vs. voltage for 1mM ODPA films formed at 24, 32, and 40 hr in 45oC toluene. The same three 

regime response is seen as was observed in the ODPA-aluminum oxide. The difference between the 

systems is primarily the higher current density during the measurement due to the tantalum oxide layer 

and the rapid contact angle vs. voltage change in ideal L-Y response due to the higher dielectric 

strength. The ideal response occurs again with the formation at 32 hr providing over 20o using 5 V.  
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Figure 62: Electrowetting and leakage current measurements of ODPA (formation times in plot) + 

44nm tantalum oxide. Contact angle data in black (left axis) with Eq. 6 modeled (black line) and 

measured current density in blue (right axis) 
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6.3.2 Cyclic Electrowetting  

Cyclic tests on ODPA films grown on both metal oxide substrates showed inconsistent results, with 

wide variability. Cyclic measurements appeared to modify the surface during measurement making the 

contact angle change erratic. Figure 63 shows the contact angle vs. cycle number for measurements 

on 32 hr immersion ODPA on aluminum oxide. This is one of many different measurements on this 

hydrophobic surface configuration showing erratic results. For example, in Figure 63, the initial cycles 

go fairly as expected but see lots of fluctuation in the contact angles during Von = 15 V ranging between 

84o and 92o with the Von = 0 V returning ~108o, but then the contact line became pinned at 20 cycles 

at an angle of 95o. This remained stable for a couple of cycles until the contact angle dropped to 80.1o 

returning to 102o when the voltage was switched off again. This measurement is obviously a single run 

on the surface and this exact response isn’t repeated, but the general behavior was consistently 

observed. Commonly, the contact line became pinned and saw no CAC for several cycles or didn’t 

move again permanently. Imaging with low-voltage SEM and AFM didn’t show any obvious changes 

to the film. With AFM it is difficult to find the edge of the contact line where the alteration would 

occur, so it cannot conclusively be stated that the layer remains unchanged.  

 

 



121 
 

 

Figure 63: Contact angle vs. Cycle number are shown for cyclic measurements of 44nm tantalum 

oxide with ODPA monolayer immersed for 32hr in 45oC toluene 

 

 

6.4 Tantalum Oxide + Silane 

Silane SAMs were chosen as potentially providing a more stable surface for cyclic EWOD 

measurements due to the cross-linked and low hysteresis surfaces. As detailed in Chapter 5, the 

formation of the layer proved to be quite difficult, with only a couple of static EWOD measurements 

being in agreement, showing the high hysteresis of the film limiting EWOD performance. However, 

under the optimal EWOD formation we observe very good performance. 

 

6.4.1 Static Electrowetting 

Figure 64 shows the contact angle v. applied voltage dependence for four silane films on 44 nm 

anodized tantalum oxide. The four SAM formation conditions were specified in Chapter 5.3.2 with 

XRR patterns in Figure 44 and contact angle hysteresis values in Figure 45. Figure 64(a) shows the 

silane layer formed in lab air for 30 min. The contact angle change was far from ideal due to the 
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considerable CAH of 53o, an enormous value. Initially the contact angle slowly decreased from the 

sessile angle of 105o to 101o until a jump in wetting at 9 V to 90o occurred, with slowly decreasing 

angles throughout the measurement. Similar behavior was observed in other silane formation in air, 

with the high hysteresis preventing low voltage EWOD. Figure 64(b-d) shows silane formation under 

the inert atmosphere conditions (5.3.2) at increasing time in 2% OTS (v/v) toluene solution. The best 

layer formation was found to be 30 min of immersion time with a CAH of only 11o, a value that is 

comparable or better than measured on Cytop, with only 2.17 nm thickness and a roughness of 0.702 

nm (see Table 2). The corresponding film performance in static EWOD followed the ideal L-Y 

relationship until saturation at 84o, remaining stable until breakdown in the underlying tantalum oxide 

film, and eventual layer desorption. The result shows the best overall EWOD performance within this 

work, over 25o of contact angle change using only 5 V.  

 Increasing immersion time to 60 and 120 min (Figure 64(c) and (d), respectively) shows 

inferior performance to the 30 min case. The 60 min case saw good initial contact line motion at the 

initial voltage steps changing from the sessile angle of 111o to 96.1o with 5 V, but saw a very high angle 

CAS. Over the remaining voltage range without failure, the contact angle continued to drop a 

significant amount to 80o
. A similar type of response is seen in the 120 min immersion sample with 

the nearly 20o of increased wetting under 10 V. The response however was highly hysteretic initially, 

as seen by no change for the first 5 V. This follows the increasing CAH with immersion time in Chp. 

5, Figure 45 reaching 25o for the 120 min immersion. With increasing field the contact angle shows an 

unstable behavior with increasing and decreasing angle reaching a final angle of 86o before failure.  

 The main issue for the silane electrowetting is to limit the formation of the hydrophobic layer 

to an ordered monolayer. As seen in Figure 43 (Chapter 5), increasing material is deposited with 

increasing immersion time, especially by 120 min with AFM images showing 120 nm height 

differences. Without an inert atmosphere the silane SAMs react readily in solution and white clumps 

of partially and unreacted SAMs cover the surface. However, under precisely controlled conditions, 

the layer can form a low hysteretic thin film surface, allowing substantial EWOD at very low voltages 

as in Figure 64 (b).  
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Figure 64: Electrowetting and leakage current measurements of Silane SAMs (formation times in 

plot) + 44nm tantalum oxide. Contact angle data in black (left axis) with Eq. 6 modeled (black line) 

and measured current density in blue (right axis) 

 

6.4.2 Cyclic Electrowetting 

The cyclic performance of the 30 min silane SAM under Ar on 32 and 44 nm tantalum oxide layers is 

shown in Figure 65. The performance on both dielectrics show a narrow amount of cycles with 

reproducible CAC. Both cases showed a very good initial EWOD as expected from the static 

evaluation (Figure 64(b)) with the initial 110o contact angle decreasing to ~84o with the applied 15 V. 

A Von = 15 V was selected to directly compare the performance to the cyclic Cytop + tantalum oxide 

in Figure 56. In the Cytop system, the 21 nm Cytop + 32 nm tantalum oxide layer had no CAC after 

30 cycles with significant change limited to under 10 cycles. With the SAM on 32 nm tantalum oxide, 

only 20 cycles could be run before no change could be observed, with substantial EWOD only 

occurring under 8 V. Similarly, the 44nm tantalum oxide case goes from 50 total cycles in the polymer 
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with over 20O of contact angle change limited to 30 cycles, while the SAM reached 20 cycles of 20o 

CAC with no change by 40 cycles.  

 

Figure 65: Contact angle vs. Cycle number are shown for cyclic measurements of 32nm and 44nm 

tantalum oxide with 30 min formation of Silane SAMs 2% (v/v) in toluene under Ar.  

 

 

SKP scans of the SAM layers for the cyclic conditions for the 32 nm and 44 nm tantalum oxide + 30 

min silane, discussed in Figure 65, are given by Figure 66 with (a) 32 nm and (b) 44 nm tantalum oxide 

layer. Figure 66(a) shows the surface after the 25 cycles without further CAC and Figure 66(b) shows 

both 20 cycles, where the CAC started to considerably decrease and 40 cycles, where no CAC 

occurred.  
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Figure 66: Contact potential difference maps of (a) 32 nm and (b) 44 nm Ta2O5 + 30min formation 

of Silane SAMs 2% (v/v) in toluene under Ar. Total cycle numbers indicated in the figure. Colors 

correspond to mV in legend 

 

Both plots are shown on the same color scale from the substrate value of average 287 mV, reaching 

1338 mV. These CPD values are substantially different from what was observed in the Cytop systems.  
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The performance for this combination of SAM and oxide shows great promise for large scale contact 

angle change at very low voltages, but is limited to low voltage use applications due to the limited 

CAC described in Figure 65. Eq. 1 is reproduced here for the Silane SAM evaluation as the result is 

both very important and instructive to understanding the cyclic performance. 

𝑉𝑇 = 𝐸𝑆𝐴𝑀 (𝑡𝑆𝐴𝑀 +
𝜀𝑆𝐴𝑀

25
44 𝑛𝑚) 

The appropriate values for the tantalum oxide dielectric constant and thickness are inserted into the 

equation. The ESAM term refers to the breakdown field of the silane, which has been measured in many 

organic transistor systems. The breakdown field values range from 4 - 9.5 MV/cm, with ~6 MV/cm 

the most common value for OTS layers [169]–[172]. The breakdown process follows the same 

conduction mechanisms covered in Chapter 2, using primarily FN or direct tunneling current [173], 

[174] due to the thickness of the SAM layer, but hopping transport has been observed [175], [176].  

The dielectric constant is approximately the same as the oxide layer i.e., ~2 [170]. Using these values, 

the VT values range from 4.9 to 11.6 V, all values being below the applied voltage used in the cyclic 

measurements.  The SAM provided the key advantage in LY analysis (Eq. 6) of providing a layer of 

minimal thickness for EWOD, but is still limited by charge incorporation.  

As a result, even though the silane SAM has a considerable higher breakdown field than Cytop, 

using thicknesses of 2 nm limits the calculated VT to low applied voltages. This becomes a very 

important consideration for designing systems to operate at very low voltages. The hydrophobic layer 

requires a large thickness to mitigate charge incorporation and allow for stable long term performance. 

A summary of the material systems and the calculated charge loading through both the trapped 

charge model (TCM) and the charge estimated through the SKP measurements is given in Table 4.  

 

Oxide 44 nm Aluminum Oxide 44 nm Tantalum Oxide 

Hydrophobic 21 nm Cytop 210 nm Cytop 20 nm Cytop 210 nm Cytop 2.17 nm Silane 

TCM 8.94 x 10-4 2.11 x 10-4 1.13 x 10-3 2.18 x 10-4 4.76 x 10-3 

SKP 1.44 x 10-4 5.36 x 10-5 1.75 x 10-4 4.82 x 10-5 9.01 x 10-4 

Table 4: Charge density (mC/cm2) calculated for the different material combinations evaluated 

through the Trapped Charge Model and the Kelvin probe measurements.   
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The amount of charge that is present to reach zero CAC through the kelvin probe measurement is 

nearly equivalent for both 21 nm Cytop + 44 nm aluminum oxide and 21 nm Cytop + 44nm tantalum 

oxide at 1.6x10-4 mC/cm2. Similarly, the amount of charge in the 210 nm Cytop case on both metal 

oxide substrates was 5 x 10-5 mC/cm2. Having the same measured charge in the SKP system for both 

cases in combination with the SKP measurement on the bare substrate in Figure 58, shows that the 

charge is located in the polymer layer. 

 

6.5 Dynamic Electrowetting 

 The final EWOD characterization performed in this work evaluates electrowetting during 

dynamic measurements. The measurement allows for a unique investigation as the contact line is 

dramatically altered from a small drop on the order of a millimeter to a two large planar interfaces (See 

Chapter 3, Figure 15) with a total > 20 mm wetted width. Along with a significantly larger area, the 

shape of the contact line now is also changed to a line rather than just the circular drop. EWOD 

during external surface motion was carried out previously by Nelson. et. al., by monitoring the contact 

angle in a parallel plate configuration with the bottom plate motion externally controlled. They show 

that the contact angle change triggered by electrowetting can be drastically altered by the capillary 

number (Ca= µv/γlg) with µ the dynamic viscosity and v the immersion speed [177]. The tensiometer 

allows for direct control of plate movement using a rate of 3 mm/min giving a Ca=6.25x10-7, allowing 

the measured contact angle change to be solely electrowetting based.  

 Figure 67, shows both the force vs. immersion depth data (Figure 67 (a)) and the 

corresponding advancing (black) and receding (red) contact angles (Figure 67(b)) at two voltage 

intervals with the ideal L-Y curve for both measurements.  The contact angle follows the theoretical 

L-Y dependence for both the advancing and receding angle with the sessile angle offering the only 

difference in between the curves. Therefore, the measured data show that the hysteresis is clearly 

independent of the applied field with a value of 14.3o, similar to 12.2o measured without EWOD 

(Chapter 5, Figure 34). The CAH for this surface didn’t show any impact on contact line motion 

during EWOD measurements with drops, and this measurement didn’t show any issue either.  

Interestingly, CAS showed unique behavior during the dynamic measurements. In Figure 67, 

(b), the CAS on Cytop occurs at an angle lower (both advancing and receding) than the majority during 

individual drop EWOD measurements. During experimentation, the contact line can be visually 

observed in the tensiometer test system while capturing the force-depth data. At low-voltages the 
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contact angle is uniform across the contact line, but around the saturation voltage, some regions 

continue to see increased wetting while others remain unchanged. Therefore, the calculated contact 

angle shows a smeared response instead of the more typical invariant saturation angle from a drop 

measurement. The measurement provides an interesting probe into CAS, showing the variation of 

saturation angle on the same surfaces. This is discussed more in the proposed future work section in 

Chapter 7.  
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Figure 67: Dynamic EWOD measurements on 21 nm Cytop + 34 nm Aluminum oxide using a 

.05M electrolyte with (a) the force-depth curves and (b) the resulting advancing and receding contact 

angles 
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Chapter 7 

Conclusions and Future Work 

 

 

7.1 Conclusions 

The work presented in this dissertation studied electrowetting systems designed to function at low 

applied voltages. The total change in contact angle is limited to 25-30o from the hydrophobic sessile 

contact angles of 110o until the limit of contact angle saturation between 80-85o. The primary focus 

of this effect was to create material bilayers to achieve this increase in wettability at applied voltages 

under 20 V and below. In order to achieve this result, a simple hydrophobic polymer couldn’t be used 

as is commonly done in initial work within the field; therefore, bilayer materials were studied 

comprised of a high dielectric strength, highly insulating metal oxide layer and a hydrophobic layer.  

 The tantalum and aluminum oxides were chosen for this study as the metal oxide layers. Both 

metal layers allow for simple and controllable oxide formation through the anodization process, 

providing a highly reproducible oxide film. Aluminum oxide provides an insulating layer with an 

electronic breakdown field of ~6 MV/cm for the polarity under study with a dielectric constant of 9. 

The layer has a bandgap of ~8 eV, but presents a large density of donor and acceptor interfacial states, 

aiding electron conduction processes and eventually causing failure. Tantalum oxide allows for 

improvement in the dielectric strength with a dielectric constant of 25, but reduces the breakdown 

field to ~3 MV/cm. The most important characteristic for the electrowetting analysis, was how the 

oxide functions in conjunction with electrolytic fluids. Both systems under anodic polarity showed 

electronic dominated leakage current until exceeding the anodization voltage, followed by a small 

region of oxide growth before gas evolution occurred. Under cathodic polarization, both oxides failed 

rapidly below 5 V. The analysis establishes that these materials can serve as high dielectric strength 

layers for electrowetting systems under anodic polarization while remaining at voltages below the 

anodization voltage.  

 Hydrophobic layers were studied as the topcoat on the anodically grown metal oxide layer. 

The goal was to form a layer that could be easily reproducible, with high initial water contact angles 

that did not hinder the contact line movement during electrowetting testing. Three materials were 

studied, a commercial fluoropolymer Cytop, and two self-assembled monolayers (SAMs), phosphonic 
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acid and silane. Cytop layers were formed by spin-coating, allowing for highly reproducible film 

formation, with precise thickness control and reproducible dielectric properties. The layers 

consistently gave water contact angles > 107o with an average contact angle hysteresis (CAH) of 12.2o.  

Reproducible films were limited to thicknesses greater than 20 nm, introducing a limitation to further 

reduce the electrowetting voltage dependence. SAMs were formed through solution deposition in an 

organic solvent. A wide variety of solutions conditions were evaluated for reproducible layer 

formation, with high contact angles and low values of contact angle hysteresis. Phosphonic acid films 

formed in 1mM octadecylphosphonic acid in 45oC toluene for 32 hr on both metal oxides, showed 

sessile angles of 112o with a CAH of 15o, meeting the contact angle and hysteresis requirements. 

Similarly, Silane layers formed with 2 % (v/v) trichloro(octadecyl)silane – toluene under Ar for 30 

min, gave a 2.17 nm layer with a sessile angle of 111o and a CAH of only 11o. As a result, all three 

studied materials showed that they could function as hydrophobic films for electrowetting study. 

 The electrowetting performance of the combination of metal oxide and bilayer was assessed 

using a stepped, increasing voltage, up to failure, and cyclic conditions. Three regimes during stepped 

voltage were observed: ideal Lippmann-Young behavior at low voltages, contact angle saturation, and 

failure. The initial wetting occurred reversibly until reaching a saturation angle between 82-89o. 

Ultimate failure occurred upon oxide breakdown, leading to the onset of oxygen evolution. Upon 

failure, the Cytop polymer initially shows contact angle recession from the initial sessile angle, until 

complete detachment of the polymer. Both SAM layers show decreasing contact angles with the SAMs 

detaching once the oxide has begun gas evolution. This study successfully showed ideally modeled 

electrowetting of greater than 25o under applied voltages of 12 V for Cytop, 6 V for phosphonic acid, 

and 5 V for silane.  

Cyclic wetting experiments tested the long term stability of the system, focusing on the contact 

angle change. Both tantalum and aluminum oxides were studied using a variety of thicknesses of Cytop 

coatings. Thin (< 50 nm) Cytop layers show decreasing wettability with applied voltage cycles, until 

no contact angle change occurs. Studying the voltage (VT), which equates the voltage drop over the 

polymer to the layer’s breakdown strength, elucidates the ability for repeated electrowetting 

performance. When VT exceeded the breakdown field, significant charge was injected into the film, 

minimizing the ability to electrowet, while below VT highly repeatable electrowetting occurred. The 

surface potential maps using the Kelvin probe related the decrease in contact angle change to the 

incorporated charge. Cyclic evaluation of the phosphonic acid SAMs gave very poor reproducibly, 

with the contact angle commonly getting pinned during the evaluation. Silane SAMs showed rapidly 
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diminishing contact angle change, similar to the Cytop system, due to the applied voltage exceeding 

the VT for the bilayers.  

Significant electrowetting is possible at voltages as low as 5 V, for the investigated materials. 

Anodic metal oxides provide simply fabricated films that provide a large amount of stable 

electrowetting, limited to one polarity. The properties of the anodic oxide, especially the anodization 

voltage, control the failure in stepped voltage measurements. For single use systems, such as a 

disposable one test lab-on-chip device, the required electrowetting can be achieved with only a battery. 

However, based on cyclic studies, the bilayers will not function for applications requiring many 

actuations of the fluid. The voltage threshold concept from the trapped charge model [162], predicted 

the voltages for reproducible contact angle change. The relationship should be used in future design 

of low-voltage electrowetting systems for repeated use.  

  

7.2 Suggestions for Future Work 

 The dissertation study was limited to anodic metal oxides as the primarily dielectric layer. As 

a consequence of the film polarity dependence under electrolytic conditions, measurements could only 

be run applying a positive voltage to the base metal layer. Using alternative formation methods for the 

metal oxide films or through modification of the anodized layers, the dielectric could be operated 

using bipolar voltages. This could potentially reduce the amount of charge in the polymer layer, greatly 

increasing amount of cyclic electrowetting.  

 An additionally key feature in the electrowetting system, the electrolytic fluid could possibly 

greatly change the response of the bilayers. Literature as well as our own studies have shown the 

dependence of ion size to electrowetting failure [18], [154], [168]; however, these measurements were 

still limited to aqueous systems. Our initial studies of an ionic liquid, 1-butyl-3-methylimidazolium 

tetrafluoroborate, showed total electrowetting of 13.1o from a sessile angle of 86.4o to saturation at 

73.1o on 21 nm Cytop + 44 nm tantalum oxide. The fluid did however show consistent cyclic contact 

angle change for 250 cycles, with minimal contact potential difference measured by the Kelvin probe 

system. Expanding the set of fluids under study could greatly enhance our understanding of the system 

and provide additional ways to provide reproducible electrowetting. 

Significant amount of effort was placed on understanding the electronic and ionic conduction 

processes occurring in the system, with the stepped current in Chapter 4 clearly fit to known 

conduction mechanisms. The current during the electrowetting measurements in Chapter 6 however 

did not fit a simple explanation. Figure 68 shows an examination of the current-time data for 44 nm 
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aluminum oxide + 56 nm Cytop with a power law fit. The current – time data in (a) is fit through a 

power law relationship I = α t –β described in (b) using a normalized log(current) vs. log(time) plot. 

The slope of each data series in the log-log plot gives the power law exponent (β). This power law 

exponent is then monitored in (c) at each voltage step during the electrowetting measurement, with 

an exponential fit of the power law data in red. The increasing slope for the current with each voltage 

step provides an interesting relationship that may give further insight towards understanding of the 

underlying processes occurring in the dielectric layers.   

 The power law exponent shows a clear relationship in the cyclic measurements. Figure 69 

shows the current – time transients of the cyclic measurements from VT analysis in the 210 nm Cytop 

+ 44 nm aluminum oxide system from Chapter 6, Figure 50. The current transients follow a power 

law dependence for each cycle interval (all data fitted with R2 > 0.95), with Figure 69(a) and (b) 

revealing the power law exponent over the entirety of the current-time data for 20 V and 25 V cases, 

respectively. In the case of Von = 20 V (Figure 69(a)), the power law exponent quickly reaches a 

consistent value between -0.53 and -0.55 for both the on and off state after the initial 15 cycles, with 

Voff remaining below Von. In contrast, Von = 25 V sees the power law exponent values dramatically 

increase from 100 to 150 cycles followed by a slow decrease to near the initial value of -0.5 at 300 

cycles. The alteration in the exponent matches closely to when the Von contact angle saw significant 

reduction in value, see Figure 50. The current from these measurements can provide more information 

about the underlying processes. 
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Figure 68:  (a) Current Density vs. time for stepped electrowetting measurements on 44 nm 

aluminum oxide + 56 nm Cytop, (b) current – time data plotted on log-log scale with beta indicating 

the slope of each voltage step, and (c) the power law exponent at each voltage step, with an 

exponential fit in red. 
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Figure 69: (a) power law exponent for Von = 20 V and (b) power law exponent for Von = 25 V for 

44nm aluminum oxide + 210nm cytop bilayer.  
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