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Chapter 1 
 

Introduction 

 

This chapter provides a brief introduction of this thesis. In this thesis, we will discuss 

two kinds of responsive systems based on fluoropolymers. One is “electrowetting”, 

an electrical responsive system with input stimulus of electricity and output response 

of liquid movement. The other one is “charge trapping electric nanogenerator (CT-

ENG)”, an electrically responsive system with input stimulus of liquid motion and 

output response of electric power. Two typical applications of electrowetting displays 

and energy harvesting from water motion will be mainly discussed.   
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1.1 Responsive systems  

Responsive systems refer to the systems which can response to a certain stimulus or 

more than one stimulus. These stimuli could be electrical, light, thermal, contact, etc. 

The response of the systems could also be in many different forms, such as mechanical, 

electrical, chemical , etc.. The schematic representation of such systems can be seen 

in Figure 1.1.  

 

Figure 1.1 Various types of responsive systems. The illustration of biological haptic 

perception system is from reference[1]. 

 

Such responsive systems can be easily found in nature. For example, leaves of Mimosa 

pudica are able to respond to several stimuli, like touching, vibration and photo 

stimulation[2-4]. Chameleon’s skin can respond to and match the colors from the 

environment accordingly [5]. There are also extensive and more complex responsive 

systems in human beings’ physiological systems, such as sensory neuron[6], to ensure 

that we can react properly to the stimuli from the internal physical systems and the 

external environment. These systems look diverse, but their essences, or at least of the 

first step of these responsive processes, are actually same. They all convert one kind 

of ‘signal’ into another ‘signal’ in the broadest sense. These “signals” could be a 

mechanical movement, a transformation, an electrical current, a chemical reaction, or 
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an energy or enthalpy change. The existence and interactions of these numerous 

elegant responsive systems make our universe functional, active, and splendid.  

 

1.2 Electrically responsive fluoropolymer surfaces  

In this thesis, we study electrically responsive systems based on fluoropolymer 

surfaces. There are two aspects according to this topic (Figure 1.2). One is, the 

surfaces ‘response to electricity’, which means the surface properties, mostly 

wettability in this thesis, change with the applied electric field (the electric signals). 

This phenomenon is known as ‘electrowetting (EW)’. In this scenario, the electricity 

is an input signal and the process is an electro-mechano-transduction. The other one 

is the surfaces ‘response in form of electricity’, which refers to that a fluoropolymer 

surface receives a mechanical stimulus and converts this mechanical stimulus into an 

electric signal. In this situation, the electricity is an output signal, and the process is a 

mechano-electro-transduction. 

 

 
Figure 1.2 Two electrically responsive systems based on fluoropolymer surfaces in this thesis. 

 

 

1.2.1 Fluoropolymer surface responding to electricity 

Electrowetting- a system of surface wettability responding to electricity 

The properties of a surface can be varied by many approaches. EW is an approach to 

attain electrically responsive surfaces. By using EW, the wettability of hydrophobic 

surfaces can be reversibly switched without changing their chemical composition.[7] 

Electrocapillarity, the basis of modern electrowetting, was first described in detail in 

1875[8]. In the early 1990s, Berge introduced the idea of using a thin insulating layer 
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to separate the conductive liquid from the metallic electrode in order to eliminate the 

problem of electrolysis[9-10]. To emphasize the relevance of the dielectric layer,  EW 

is often also denoted as ‘electrowetting-on-dielectric’ (EWOD). Recently, it has 

attracted many attention because of its broad applications in microfluidics[11-12], 

optofluidics[13-14], display technology[15].  

The working principle of EWOD is schematically shown in Figure 1.3. When a 

voltage (V) is applied on the dielectric layer via an electrolyte droplet and the bottom 

electrode, a pulling force, emerging from the applied electric field, pulls the three 

phase contact (TPCL) line towards the outward direction of the droplet, and thus 

changes the contact angle. The contact angle θ(V) is given by the classical Young-

Lippmann EW model:  

     cos 𝜃(𝑉) = cos 𝜃𝑌 +
𝑐

2𝛾
𝑉                                              (1.1) 

where θY is Young’s angle,  γ is the surface tension of the liquid and V is the applied 

voltage. 

 

 
 

Figure 1.3 Illustration of the electrowetting on dielectric (EWOD) principle.  

 

Fluoropolymer- a suitable material for reversible EW 

A material system with low contact angle hysteresis is essential to make a switchable 

EW device. EW always requires the motion of contact lines by definition. Therefore, 

it is naturally affected by contact angle (CA) hysteresis. As shown in Figure 1.4, a 

water droplet typically exhibits an advancing contact angle ( 𝜃𝑎 ) prior to initial 

application of the voltage. When the voltage is applied, the liquid advances further to 

𝜃𝑎,𝑉 . When the voltage is removed the liquid recedes to 𝜃𝑟. A further switching on 

and off of the voltage leads to a transition between the receding angle, 𝜃𝑟,  in the 
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absence of a voltage and the advancing angle, 𝜃𝑎,𝑣, in the presence of the voltage. So 

reversible switching is only possible when the contact angle hysteresis is  low, and r, 

exceeds 𝜃𝑎,𝑉 . On most solids, this is not the case, meaning that only a single switch 

is possible, with no reversibility. The modulation of a reversible electrowetting device 

is given by 𝜃𝑟𝜃𝑎,𝑉  

 

Figure 1.4 Effect of surface contact angle (CA) hysteresis on reversibility of electrowetting. 

As a result, amorphous fluoropolymer (AFP), as a kind of hydrophobic material with 

low contact angle hysteresis, is preferred in EW devices. The typical and most studied 

amorphous fluoropolymers are Teflon AF and Cytop. These two matrials are also the 

main materials utilized in the research presented in this thesis. Teflon AF was 

previously produced by DuPont company, and this product is currently provided by 

the Chemourse company, a spin-off company from DuPont. Cytop matreial is 

provided by AGC Chemicals company. Hyflon is also an amorphous fluoropolymer 

material produced by Solvay company.  

 

1.2.2  Fluoropolymer surface response in form of electricity 

Some of the materials, when receiving stimuli on their surfaces, can respond and 

generate a detectable electrical signal. Such examples can be found in material classes 
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of piezoelectric , thermoelectric, photosensitive and ferroelectric ones. In this thesis, 

we discuss an phenomenon that the electric current signal can be generated when a 

water drop moves on a fluoropolymer surface with trapped charges. This current 

signal was initially found while monitoring the leakage current during electrowetting-

induced charge trapping experiment. After further systematical investigation, this 

electric current signal was proved to be reproducible and this phenomenon was 

utilized as an electrical nanogenerator for harvesting energy from water droplets. The 

‘nano-’generator, refers to the electrical generation system that can convert nanoscale 

mechanical energy to an electrical response[16].  

 

Figure 1.5 Schematic of the mechanism of CT-ENG (charge trapping electrical nanogenerator)  

In electrowetting applications, charge trapping is actually a long-standing problem.  It 

was reported frequently that during operating EW devices, the charges can be trapped 

in the fluoropolymer films and cause the contact angle saturation and device reliability 

degradation[17-18]. In this thesis, we first investigate how the charges could be trapped 

at fluoropolymer surfaces by EW. It is found that the charges are accumulated to the 

TPCL region after EW process, because the local electric field at TPCL region is much 

higher compared to that of other regions. While a drawback for most conventional 

EW applications, we demonstrate this EW-assisted Charge Injection (EWCI) can 

serve as a simple and low-cost method to deposit stable charges on fluoropolymers. 
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Following this discovery, by introducing a dielectric layer with high dielectric 

strength, we are able to deposit charges with relatively high density on a centimeter 

sized fluoropolymer surface. Based on this surface with trapped charges, we have built 

a charge trapping electric nanogenerator setup (CT-ENG) to harvest energy from 

water motions.  

The working principle of CT-ENG is illustrated in Figure 1.4. In general, the electric 

generating process can be described in 4 steps. Step 1: The droplet contacts and 

spreads on the charged surface. Before the droplet touches the top electrode, the 

(positive) counter charges are in the bottom electrode layer, therefore,  no current is 

generated. Step 2: The droplet touches the top electrode, and negative current is 

generated due to the migration of counter charges from bottom electrode to the top 

electrode. Step 3: The droplet keeps in contact with the top electrode and positive 

current is generated as the liquid/solid interfacial area decreases. Counter charges 

transfer back to the bottom electrode. Step 4: The droplet leaves the top electrode and 

all charges move back in the bottom electrode layer again. Further details of the CT-

ENG will be discussed in Chapter 5. In the last part of this thesis, we further enhance 

the surface charge density by optimizing the charging condition and the dielectric film 

construction. Charge density as high as 1.8 mC/m2 and energy harvesting efficiency 

of 10% are thus achieved.  

 

1.3 Aim of the thesis 

The aim of the thesis is to investigate how do the amorphous fluoropolymers work in 

the electrically responsive systems, and how to improve the performance of the related 

devices. EW display devices and electrical nanogenerators are used as two platforms 

to implement the research.  

 

 

1.4 Outline of the thesis 

The outline of this thesis is as follows. In Chapter 2, we investigate the influence of 

the amorphous fluoropolymer in EW display devices, and three typical amorphous 

fluoropolymers, Teflon AF, Cytop, and Hyflon, are studied in this chapter. We reveal 

that even slight lacking of hydrophobicity of fluoropolymer surfaces will lead to the 

“non-closing” failures in the EW display devices. In Chapter 3, an approach of 

fabricating hydrophobic/hydrophilic surfaces with high wettability contrast is 

proposed for manipulating water motions in a micro-sized confined region. The 
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surface damage of fluoropolymer during the fabrication process is successfully 

avoided with the proposed approach. EW display devices are utilized as an example 

to verify the advantage of this approach. In Chapter 4, we investigate the charge 

trapping phenomenon in EW. We find that the trapped charges are accumulated in the 

TPCL region, which means the failures in EW may also occurs in the TPCL region. 

However, in another view point, these findings also provide a simple and an efficient 

method for fabricating surface charge pattern. Macro-scale charge regions are 

fabricated by such an electrowetting assisted charge injection (EWCI) method. In 

Chapter 5, we continue the exploration of the utilization of charge trapping by using 

EWCI method. By introducing SiO2 layer with a high dielectric strength and 

protecting the TPCL region, we are able to apply higher voltages on the AFP films. 

Therefore, trapped charges can be deposited on a larger area of AFP surfaces. We 

investigate the mechanism of electrical responses generated from the charged AFP 

surfaces, and propose a charge trapping electrical nanogenerator (CT-ENG) for 

energy harvesting from water motions. The performance of CT-ENG is also 

investigated in this chapter. In Chapter 6, we discuss the influencing factors of CT-

ENG and propose an optimized EWCI approach to enhance the trapped charge density 

of CT-ENG, and thus to improve the performance of CT-ENG.  

 

Contributions 

Hao Wu wrote this chapter. Frieder Mugele and Guofu Zhou provided suggestions. 

Hao Wu and Beybin Ilhan revised this chapter. 
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Chapter 2 

 

Influence of fluoropolymer surface wettability 

on electrowetting display performance* 

 

Amorphous fluoropolymer (AFP), as a material for both insulating and hydrophobic 

coating, plays an essential role in electrowetting displays (EWD). In this chapter, three 

AFPs are studied according to their influences on the EWD performances. Reversible 

and fast optical switch could be achieved in the EWD devices fabricated using all 

three AFPs; however, less hydrophobicity of the Cytop 809A surface would lead to a 

slower off-switching speed and even incomplete close of the micro-pixels in EWDs. 

The “reflow” temperature for restoring the hydrophobicity of fluoropolymer surface 

should be high enough to achieve a sufficient surface recovery, and at the same time 

avoid inducing failures like film dislocation and breakdown. The optimal “reflow” 

temperature has been investigated and evaluated based on the EWD performances. 

                                                            
* This chapter is based on publication: H. Wu, R.A. Hayes, F. Li, A. Henzen, L. Shui, G. Zhou, 

Influence of fluoropolymer surface wettability on electrowetting display performance, 

Displays, 53 (2018) 47-53. 
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2.1. Introduction 

Electrowetting has been widely used to manipulate liquid motion at small scales. It 

was first exploited by Lippmann in 1875[1]. Recently, it has attracted a lot of attentions 

because of its broad applications in electrowetting displays (EWD)[2-4], digital 

microfluidics[5], lenses[6], and energy harvesting[7].The working principle of 

electrowetting on dielectric (EWOD) can be described by Young-Lippmann’s 

equation[8] 

cos 𝜃 − cos 𝜃0 =
𝜀0𝜀𝑟

2𝑑𝛾
𝑈2                                          (2.1) 

where θ0, the initial contact angle; γ, the interfacial tension between two fluids; ε0, the 

vacuum permittivity; εr, the relative permittivity of the insulator; d, the thickness of 

the insulator and 𝑈 is the applied voltage. As can be seen from the equation, the 

insulator and the surface wettability (contact angle) are key parameters for 

electrowetting performance. It has also been proven that the insulating layer and the 

hydrophobic coating is very important for electrowetting performance, and therefore 

the related parameters, including driving voltage, degradation of electrowetting effect 

and leakage current[9-13]. The combination of inorganic thin film as insulating layer 

and fluoropolymer (FP) as hydrophobic top coating has been widely used to 

investigate the electrowetting phenomenon. The inorganic insulator materials (such 

as SiO2, TiO2, Si3N4, and so on) with high dielectric constant were normally used to 

decrease the electrowetting actuating voltage based on the Young-Lippmann’s 

equation[10-12]. Teflon AF1600 and Cytop 809A have been commonly used as 

hydrophobic top layer because of their low surface energy[10-14]. It was reported that 

Cytop showed superior long-term electrowetting on dielectric (EWOD) performance 

compared with Teflon AF[13].  

Except for EWOD, electrowetting on liquid-infused films (EWOLF) has recently 

received increasing interest. Dielectric liquid lubricants are spread on the surface and 

being locked in a membrane to form a smooth liquid-infused dielectric layer which 

could minimize the contact angle line pinning and lead to fast response without 

sacrificing the desired electrowetting reversibility. EWOLF has been applied for 

complete reversibility and controlled droplet oscillation suppression in droplet 

electrowetting devices[15-16].  
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EWD is a device utilizing a dual fluidic system of colored oil and transparent water 

to realize display function in a microscale pixel based on electrowetting mechanism. 

The concept of EWD was first proposed by Beni et al.[17]. In 2003, the functional EWD 

device was reported by Hayes et al[2]. Afterwards, a lot of research has been done to 

optimize the EWD performance from the views of materials, fabrication process or 

electrical control[18-21]. Figure 2.1 shows the schematic drawing of a EWD pixel at 

“off” (Figure 2.1a) and “on” (Figure 2.1b) states. In the absence of a voltage, the oil 

forms a continuous film in a pixel between the hydrophobic insulator-covered 

electrode and water, showing the color of the oil film. When a voltage is applied across 

the top and bottom electrodes, the transparent water is driven to move towards the 

insulator, pushing the oil film aside or break, showing the color of the bottom substrate. 

In this way, the optical properties of the stack, when viewed from the top, are tuned 

between a colored off-state (dyed oil) and a white On-state (color of bottom substrate).  

 

Figure 2.1 Schematic drawing of an electrowetting display (EWD) pixel. (a) Off state: in a 

EWD pixel, without applied voltage, a homogeneous oil film spreads over the pixel area 

showing the color of the dyed oil. (b) On state: in a EWD pixel, with an applied voltage of V, 

the oil film was pushed by water to one corner of the pixel, showing the color of the bottom 

substrate. 

Recently, FPs have been widely applied in electrowetting devices as both insulating 

and hydrophobic layer[3, 9, 18-19]. The breakdown voltage as high as 100 V/μm has been 

achieved for Teflon AF1600 when its thickness was lower than 1.0 μm[9]. Large scale 

EWD devices have also been processed with both Teflon AF1600 and Cytop 809A 

javascript:void(0);
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materials[3, 20]. However, the comparison among different FP’s influence on EWD 

performance has not been reported yet.  

In this chapter, three FPs based on Teflon AF1600, Hyflon AD60 and Cytop 809A 

are investigated according to their effects on the EWD performance. The surface 

wettability of FPs is evaluated by the contact angles of the water droplet in air. To 

mimic the real situation in an electrowetting display device, the contact angles of the 

oil droplet in water surrounding are introduced. Two specific processes, named 

“activation” and “reflow” in EWD fabrication, could be achieved by reactive ion 

etching (RIE) and thermal annealing. The contact angle changes before and after such 

processes have been investigated to understand the surface wettability change, and 

thus their effect on EWD performance. Therefore, an optimum “reflow” temperature 

for each FP has been obtained and used for EWD fabrication. Moreover, the failure 

modes caused by annealing at high temperature are also studied to understand the 

reasons of device damage. 

 

2.2. Materials and Methods  

2.2.1 Materials 

Commercial indium tin oxide (ITO) glass with thickness of 0.7 mm and resistance of 

100 Ω/□ was purchased from Guangdong Jimmy Glass Technology Ltd. (Foshan, 

China). Amorphous fluoropolymer based on Teflon AF1600 (Dupont, Shanghai, 

China), Hyflon AD60 (Solvay, Shanghai, China) were dissolved into FC-43 

(Minnesota Mining & Manufacturing Company, Saint Paul, USA) with concentration 

of 3.7 wt% and 6.5 wt%, respectively. Cytop 809A solution was purchased from Asahi 

Glass Co., Ltd (Kanagawa, Japan) with concentration of 9.0 wt%. Negative 

photoresist for fabricating pixel walls was co-developed with a local material supplier. 

The conductive liquid was 1.0 mM NaCl solution with conductivity of ~110 S/cm. 

The color dye was designed and synthesized in our lab. Decane (Micklin, Shanghai, 

China) was used as dye solvent. The interfacial tension of colored oil (0.21 M dye 

decane solution) / conductive liquid (1.0 mM NaCl aqueous solution) was 19 mN/m. 
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2.2 Device Fabrication 

ITO glass was used as the starting substrate which was initially cleaned in a cleaning 

line (KJD-7072ST, KEJINGDA Ultrasonic Equipment Co., Ltd., Shenzhen, China), 

and then coated with amorphous fluoropolymers using a spin coater (KW-5, Institute 

of Microelectronics Chinese Academy of Sciences, Beijing, China) at the speed of 

1000 - 2000 rpm for 60 s. FP coating was then dried on a hotplate at 85 °C for 5 min 

and then in an oven at 185 °C for 2 hours, obtaining ~800 nm thick fluoropolymer 

film on the ITO-glass. In order to coat the photoresist on it, the FP surface was treated 

to hydrophilic by using a reactive ion etching (RIE) machine (ME-6A, Institute of 

Microelectronics Chinese Academy of Sciences, Beijing, China) with slight oxygen 

plasma (5W for 10 s plasma treatment). Photoresist was coated on the FP surface, and 

lithography process was applied using an aligner (URE-2000/35, Institute of Optics 

and Electronics, Chinese Academy of Sciences, Chengdu, China) to make the pixel 

walls. A thermal reflow process was applied by putting the substrate in an oven (5FG-

01B, Huangshi, China) under a certain degree for 2 h. Afterwards, the ITO-glass with 

FP layer and pixel walls was filled with colored oil, assembled and sealed with a bare 

ITO-glass under water. The detailed process has been described in the reference[20-21]. 

 

2.2.3 Measurements 

Contact angle was measured using a Contact Angle Meter (POWEREACH, Shanghai 

Zhongchen Digital Technology Apparatus Co., Ltd. Shanghai, China). Thickness and 

surface morphology of the FP and pixels were measured using a stylus profiler 

(Dektak XT, BRUKER Corporation, Shanghai office, China). A waveform generator 

(Agilent 33500B Series, Santa Clara, CA, USA) and an amplifier (Agilent 35502A) 

were used to provide square wave signals with specific voltage amplitude to drive the 

EWD devices. An optical colorimeter (Arges 45, Admesy, Ittervoort, the Netherlands) 

was used to measure the optical response of the devices. The incident light was shined 

at an angle of 45°, and a detector at 45° angle with surface area of ~1 cm2 was 

positioned on the device area. Optical microscope (CTX41, Olympus, Tokyo, Japan) 

equipped with a high-speed camera (Phantom MiRO M110, Wayne, USA) was used 

to visualize and record the oil movement in the devices. The scanning electron 

microscope (SEM) (ZEISS Ultra 55, Carl Zeiss, Jena, Germany) was used to observe 

the sample structures. 
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2.3. Results and discussion 

2.3.1 Effect of surface wettability on switching speed 

Cytop is a commonly used fluoropolymer coating for electrowetting systems[13-14, 20]. 

It showed superior long-term electrowetting on dielectric (EWOD) performance in 

comparison with other FP materials[13]. For EWD application, the reversibility and 

switching speed are key factors for device evaluation. Since FP surface directly 

contacts with the hydrophobic oil and conductive water, the surface properties play 

the key role in electrowetting performance. Surface roughness is commonly assumed 

to be similar after a standard coating and thermal treatment process. However, the 

surface wettability varies with chemical components of the FP materials. In this work, 

the three FP materials based on Teflon AF1600, Hyflon AD60 and Cytop 809A were 

compared (Table S1). The FP films were fabricated using the process described in the 

fabrication section. Figure 2.2 shows the contact angle (CA) measurements on the 

three FP coatings. There was only slightly difference in the contact angles of water-

in-air (W/A) (θ(W/A)) on the three FP coatings. The advancing contact angle (θAdv(W/A)) 

on Teflon AF1600, Hyflon AD60 and Cytop 809A surfaces were 120, 120 and 116°, 

respectively, as shown in Figures 2.2a,2.2b and 2.2c; and the receding contact angle 

(θRec(W/A)) were 110, 110 and 102°, respectively, as shown in Figure 2.2d, 2.2e and 

2.2f. The contact angle difference may be attributed to the different distribution of 

fluorine-containing groups in polymer structures (Table S1). In addition to difluoro -

CF2- groups, Teflon AF1600 and Hyflon AD60 contain trifluoro -CF3 or OCF3 - 

groups; however, Cytop 809A is composed mainly of difluoro -CF2- groups. 

In EWD devices, the existed bi-fluidic system is the dyed oil solution and the 

conductive aqueous solution. Therefore, the contacts of either water droplet 

surrounded by oil (W/O) or oil droplet surrounded by water (W/O) should be 

investigated. Here, the oil-in-water (O/W) contact angle (θ(O/W)) was measured, as 

shown in Figure 2.2(g-i). θ(O/W) on Teflon AF1600 and Hyflon AD60 were smaller 

than 10° (Figure 2.2g and 2.2h), while the θ(O/W) on Cytop 809A was higher than 40° 

(Figure 2.2i). This means that the surfaces of Teflon AF1600 and Hyflon AD60 

showed obviously higher affinity to the oil phase compared to Cytop 809A surface. 

In other words, the θ(O/W) was more sensitive than θ(W/A) regarding to the 

characterization of the surface wettability. The θ(O/W) difference was >40° which 

would induce big variation in electrowetting phenomenon. 



Influence of fluoropolymer surface wettability on electrowetting display 

performance 

17 

 

 

Figure 2.2 The advancing and receding contact angle of water droplet on initial FP coatings 

of Teflon AF1600 (a, d), Hyflon AD60 (b, e) and Cytop 809A (c, f). The contact angles of the 

oil droplet surrounded by water on the initial coatings of Teflon AF1600 (g), Hyflon AD60 (h) 

and Cytop 809A (i). The contact angles of the oil droplet surrounded by water on the coatings 

after “reflow” treatment: Teflon AF1600 (j, m), Hyflon AD60 (k, n) and Cytop 809A (l, o). 

The oil volume in (g)-(o) is 0.5 μL. 

To fabricate a EWD device, the FP film needs to be treated to be hydrophilic for 

photoresist coating to fabricate pixels on it[3, 18]. The FP surfaces were “activated” by 
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using a RIE process to be hydrophilic, and then recovered using a thermal annealing 

process called “reflow” to treat it back to hydrophobic. Therefore, the contact angles 

of water droplets on the FP surfaces after “reflow” were also measured. The “reflow” 

temperature is typically set at above the phase transition temperature (Tg) of the FP. 

Figure 2.2d and 2e show θ(O/W) on FP surfaces after “reflow” at 180 and 230 °C, 

respectively. It is seen that the Cytop 809A film surfaces showed less affinity to oil 

compare to those of Teflon AF1600 and Hyflon AD60 films. Hyflon AD60 and Cytop 

809A were both recovered to their initial hydrophobicity after “reflow” at 180 and 

230 °C. However, Teflon AF1600 only recovered partially after 180 °C “reflow” 

treatment (θ(O/W)≈30°), and completely recovered after 230 °C treatment (θ(O/W)≈10°). 

This means that FP materials need to be treated at higher temperature to restore its 

surface to original hydrophobicity according to its higher Tg. 

To investigate the surface wettability effect on the EWD performance, the devices 

composed of the three FPs as hydrophobic insulating layers were fabricated. Based on 

the θ(O/W) results, the reflow temperatures were set at 230, 180 and 180 °C, for Teflon 

AF1600, Hyflon AD60 and Cytop 809A, respectively. Figure 2.3a is a photograph of 

the samples with display area of 50.7×66 mm2. Figures 2.3b and 3c show the 

fabricated pixel walls on the FP surface with width of 15 μm and height of 5.8 μm. 

The pitch of the pixels was 150 μm. To test the switching behavior of the EWD 

devices, 30 V voltage difference was applied to the ITO electrodes on the upper and 

lower substrates. Typical “off” and “on” states were displayed for all three EWD 

devices, as shown in Figures 2.3d and 3e. At the “off” state, the colored oil spread on 

the FP surface, showing the color of the oil phase. At the “on” state, the oil film was 

pushed aside by the conductive water phase because of the electrowetting effect, 

showing the color of the bottom substrate. 
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Figure 2.3 Electrowetting devices: (a) optical image of a fabricated EWD device, (b) the 

microscopic image of pixels, (c) the surface profile measurement of the pixels on a FP surface, 

(d) “Off” state of 9 pixels in the EWD device, and (e) “On” state of the corresponding 9 pixels 

driven at 30 V voltage.  

Figure 2.4 shows the optical response of the devices measured by the colorimeter. The 

display devices were driven by applying a rectangular electrical waveform generated 

by a waveform generator and an amplifier, which was 30 V DC at a duty cycle of 50 % 

and frequency of 5 Hz. For the devices with Teflon AF1600 and Hyflon AD60 as the 

hydrophobic insulator, the oil in the pixels was “open” when a 30 V voltage was 

applied onto the devices; and the oil could “close” completely when the electrical field 

was turned off. Both the “on” (pixel “open”) and “off” (pixel “close”) time was ˂10 

ms (Figures 2.4a and 2.4b). For the EWD using Cytop 809A as the hydrophobic 

insulator, the oil film in pixels could “open” under the same conditions; however, the 

“close” was incomplete with a small area of oil film “open” in most pixels (Figure 

2.4c). The “close” process took about 25 ms which was 2.5 times longer than the other 

two devices.  
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Figure 2.4 Optical response of the electrowetting displays using (a) Teflon AF1600, (b) 

Hyflon AD60 and (c) Cytop 809A as hydrophobic insulating layer. Inset: pictures of the “off” 

and “on” states of pixels in each sample. 

From the experimental results, both the switching states and speed could be influenced 

by the surface wettability. To understand the mechanism behind, the force balance at 

the contact line was drawn in Figure 2.5. The interfacial tensions of oil/water, FP/oil 

and FP/water are presented as δOW, δFO and δFW, respectively. The static force balance 
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at the contact line is shown in Figure 2.5a. The steady contact angle θY is calculated 

by equation: 

cos 𝜃𝑌 =
𝛿𝐹𝑂−𝛿𝐹𝑊

𝛿𝑂𝑊
 .                                               (2.2) 

 

 

Figure 2.5 Schematic drawings of (a) the static force balance at the contact line and (b) the 

forces at the oil/water/FP contact line at a certain contact angle when oil film is spreading back 

to “off” state. 

Since δOW is the same in all devices with different FPs (δOW = 19 mN/m in this work), 

the larger oil/water contact angle on Cytop 809A (θY(Cytop)) results in smaller horizontal 

surface tension difference ΔδF = δFW - δFO. According to Equation 2.2, the ΔδF  of Teflon 

AF1600, Hyflon AD60 and Cytop 809A was ~ 18.9 mN/m, ~18.9 mN/m and 13.4 

mN/m, respectively. Figure 2.5b shows the forces at the oil/water/FP contact point 

when the oil film was moving back and spreading on FP surface. In a certain point 

when the oil film was advancing and the water phase was receding, the oil advancing 

contact angle θAdv(O/W) was shown in Figure 2.5b. The resultant force in the horizontal 

direction FH is the joint result of ΔδF and the horizontal component of δOW. For the 

same reason, the larger ΔδF results in larger FH. As Δ δF(Cytop) is smaller than ΔδF(Teflon) 

and ΔδF(Hyflon), the FH(Cytop) is correspondingly smaller, and the relatively low force in 

the horizontal direction leads to a low oil spreading speed, namely “off” speed. 
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2.3.2 Effect of reflow temperature on EWD performance 

Fluoropolymer surface repels to most fluids according to the low surface energy 

groups presented on the surface; therefore, reactive ion etching was applied to treat 

the FP surface to be hydrophilic for pixel layer coating. After lithography process, a 

thermal “reflow” process was applied to restore the FP surface to be hydrophobic in 

order to carry on electrowetting performance. The ITO-glass with pixels and FP layers 

were put into an oven and annealed for 2 hours under a certain temperature. During 

the “reflow” process, the low surface energy components in the FP film moved from 

the “bulk” to the surface since air presented at the interface. This resulted in fresh 

hydrophobic groups on the fluoropolymer surface[4]. Typically, the “reflow” 

temperature (Tre) needs to be high enough to allow most of the oxidized molecules to 

move into the bulk, so that the FP surface could turn back to be hydrophobic enough 

to contribute to the fast and reversible switch in EWD device. At the same time, the 

heat resistance of both FP and photoresist has to be considered. Commonly, Tre was 

set to be higher than Tg of the FPs but lower than Tg of the photoresist in order to get 

practical EWD devices. 

To understand the influence of “reflow” process on the electrowetting performance of 

FP surface, both θRec(W/A) and θ(O/W) were measured on the FP surfaces by varying Tre, 

as shown in Figure 2.6. Before “reflow”, θRec(W/A) was 57, 58 and 40 ° for Teflon 

AF1600, Hyflon AD60 and Cytop 809A, respectively. With the increase of Tre, 

θRec(W/A) increased at the beginning and reach a plateau when Tre was 200, 140 and 

140 °C for Teflon AF1600, Hyflon AD60 and Cytop 809A, respectively. Cytop 809A 

showed lower θRec(W/A) at both before and after “reflow” processes. However, Δθ(W/A) 

for the three FPs was similar, which were 53-62°. As seen from Figure 2.6b, θ(O/W) 

also increased with Tre, and reach the turning point at Tre of 230, 180 and 180 °C for 

Teflon AF1600, Hyflon AD60 and Cytop 809A, respectively. However, the θ(O/W) 

before “reflow” was all about 90° for all three FPs after activation, and the θ(O/W) at 

the plateau was ~10° for Teflon AF1600, ~10° for Hyflon AD60, and ~45° for Cytop 

809A. This means that Δθ(O/W) was ~80° for Teflon Teflon AF1600, ~80° for Hyflon 

AD60, and ~45° for Cytop 809A. 

EWD devices have been prepared using the three FPs as hydrophobic insulating layers 

and “reflow” at various temperatures. Qualified electrowetting performance was 

observed when Hyflon AD60 and Cytop 809A was reflowed at 180 °C; and no 

obvious difference was found when Tre was 200 and 230 °C. For EWD devices with 
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Teflon AF1600 as the hydrophobic insulating layer, Tre ≥ 230 °C was required to 

achieve a reversible and fast pixel switching. This confirms that the reflow 

temperature is very important for restoring the surface wettability of different FPs and 

resulted EWD performance. 

 

Figure 2.6 (a) θ(W/A) and and (b) θ(O/W) varying with “reflow” temperature on Teflon AF1600, 

Hyflon AD60 and Cytop 809A surfaces. 
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On one hand, “reflow” at high temperature could achieve better recovery of the FP 

surfaces and EWD performance; however, higher temperature may bring failure 

issues to the EWD devices. As shown in Figure 2.7, obvious bending and dislocation 

was observed at the edge of the devices after “reflow” according to the difference of 

Tg and coefficient of expansion between FPs and pixel wall materials. Figures 2.7(a-

f) show the edges of the devices annealed at 180 and 230 °C. The pixel walls stayed 

on the FP surfaces without obvious bending and dislocation for the devices reflowed 

at 180 °C; however, obvious edge bending and large dislocation was found when 

reflowed at 230 °C. The largest shift between Teflon AF1600 and pixels was 120 μm, 

which occupied 4/5 length of a pixel (Figure 2.7d). Regarding to the devices reflowed 

at 230 °C using Hyflon AD60 and Cytop 809A, the FP layers at edge area were 

destroyed. The Hyflon AD60 material in the pixels at the edge area became very thin 

(observed by microscope) and even gathered at the pixel corners and accumulated to 

a bulge with thickness of > 13 μm, as shown in Figure 2.7e. The Cytop 809A film was 

partially torn at the edge, as shown in Figure 2.7f. 

The EWD devices performance was also carried out to verify these findings. The 

EWD device with Teflon AF1600 reflowed at 180 °C could not realize completely 

reversible switching. The oil films in the pixels could not close completely after being 

switched off, which was consistence with previous findings. This might be caused by 

the less hydrophobicity of the surface. The electrodes in the edge area of devices with 

Hyflon AD60 and Cytop 809A reflowed at 230 °C were damaged immediately when 

voltages were applied. The EWD devices with hydrophobic insulating layers based 

on Teflon AF1600, Hyflon AD60 and Cytop 809A reflowed at temperature of 230, 

180 and 180 °C, respectively, performed well. 50% duty cycle for 36000 “on”-“off” 

cycles (2 h) durable testing was achieved when driven by 30 V rectangular wave with 

5 Hz frequency, as shown in Figures 2.7(g-i). 
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Figure 2.7 Optical microscope images and surface profile measurements of pixels and FPs 

based on Teflon AF1600 (a), Hyflon AD60 (b), and Cytop 809A (c) reflowed at 180 °C; and 

Teflon AF1600, (d), Hyflon AD60 (e), and Cytop 809A (f) reflowed at 230 °C. The red lines 

were the surface profiler measurement area. Pictures of the sample devices after being driven 

by 30 V rectangular waveform with 5 Hz frequency and 50 % duty cycle for 36000 “on”-“off” 

cycles (2 h) durable testing with Teflon AF1600 (g), Hyflon AD60 (h), and Cytop 809A (i) 

reflowed at 230, 180, and 180 °C, respectively, as the hydrophobic layer. Inset of (g) is the 

result of the colored oil “overflow” and jumping to the adjacent pixels.  

To understand the reflow caused failures, the interfaces among pixel walls and FPs 

were measured using a scanning electron microscopy (SEM), as shown in Figure 2.8. 

When Teflon AF1600 and the pixel wall materials were annealed at 230 °C, the pixel 

wall and Teflon AF1600 layer stayed close; however, Teflon AF1600 climbed up on 

the pixel wall (Figure 2.8a). Cracks of the Teflon AF1600 layer were also found, 

which may induce the breakdown failure in the devices. In Figure 2.8b, little FP 
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climbing to the pixel walls was found; however, pixel wall delamination and FP 

depletion was observed. This might because of the low Tg of Hyflon AD60 (120 °C). 

As seen from Figure 2.8c, the Cytop 809A climbed up to the pixel wall and adhered 

tightly to the ITO surface. This might also explain the tearing patterns observed in 

Figure 2.7f. On the other hand, such a combination could result in less defects or 

pinholes in the central region of the display devices. 

 

 

Figure 2.8 SEM images of the cross-sectional view of the FP-pixel interfaces: (a) Teflon 

AF1600 reflowed at 230 °C, (b) Hyflon AD60 reflowed at 180 °C, and (c) Cytop 809A 

reflowed at 180 °C. 

 

2.4. Conclusion 

Fluoropolymers have been chosen as the hydrophobic insulating layer to achieve 

electrowetting performance. In this work, three FPs based on Teflon AF1600, Hyflon 

AD60 and Cytop 809A have been evaluated for their applications in electrowetting 

displays. Reversible and fast optical switch could be realized in EWD devices with 

Teflon AF1600, Hyflon AD60 or Cytop 809A as the insulating and hydrophobic 

layers. The oil-in-water contact angle (θ(O/W)) was introduced as a more reliable way 

to evaluate the surface wettability of the FPs in EWDs. The θ(O/W) on Teflon AF1600 

and Hyflon AD60 surfaces were both < 10 °, resulting in fast pixel switch with “open” 

and “close” time of <10 ms. The Cytop 809A showed less hydrophobicity compared 

to Teflon AF1600 and Hyflon AD60 according to the dominance of -CF2- groups. 

θ(O/W) on Cytop 809A surface was ~45°, leading to slower and incomplete “close” of 

pixels. Moreover, the “reflow” temperature was found to significantly affect the 

performance of EWD devices. Low Tre would cause less recovery of FP surfaces, 

reducing the reversibility and completeness of pixel switching. However, a higher Tre 

would cause the dislocation or crack of the FPs, inducing the breakdown failure of the 

EWD device. The optimum Tre was found to be 230, 180 and 180 °C for the films 
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based on Teflon AF1600, Hyflon AD60 and Cytop 809A, respectively, to achieve a 

reliable EWD device. In summary, the slight wettability difference of FPs could 

induce big variation in EWD performance; and the “reflow” temperature plays a key 

role for EWD fabrication and performance. These results may help us deeply 

understand the electrowetting phenomenon and find ways to improve quality and 

durability of electrowetting-based devices in the future. 
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Supporting information: 

 

Table S1: Molecular structures and properties of the three selected fluoropolymers.  

 

a, experimental value by averaging four measurements. 

b, data from the datasheet of commercial product manual.  

 

 

 

FP Type Teflon AF1600 Hyflon AD60 Cytop 809A 

structure 
   

θ(W/A) (°)a 
110 110 102 

θ(O/W) (°)a 
<10 <10 45 

Tg (°C) b 
160 120 108 
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Chapter 3 

 
Large-area high-contrast 

hydrophobic/hydrophilic patterned surface for 

robust electrowetting devices* 

 

In Chapter 2, we demonstrated that the hydrophobicity of fluoropolymer is essential 

for electrowetting(EW) devices. However, building hydrophilic structures firmly on 

the hydrophobic coatings has been a challenge for EW device fabrication. In this 

chapter, we propose a reconstructive approach to keep hydrophobicity of Teflon AF 

surfaces and at the same time, enhance the hydrophilicity of patterned microstructures 

by local plasma etching method with a self-assembled protection mask. The extremely 

high wettability contrast with a large oil/water contact angle difference (Δθo/w) of 175º 

is reached between the hydrophobic and hydrophilic surfaces. Electrowetting display 

devices are fabricated to verify the feasibility of the approach. 

 

                                                            
* This chapter is based on publication: H. Wu, L. Shui, F. Li, R. Hayes, A. Henzen, F. Mugele, 

G. Zhou, Large-Area High-Contrast Hydrophobic/Hydrophilic Patterned Surface for Robust 

Electrowetting Devices, ACS Applied Nano Materials, 2 (2019) 1018-1026. 
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3.1. Introduction 

Stenocara beetles in Namib Desert utilize the hydrophobic/hydrophilic patterned 

surfaces (HHPS) on their body to capture small water droplets[1-3]. HHPS can also 

control the direction of water droplet movement on the rice leaf[4]. Recently, HHPS 

have attracted a lot of attentions due to their fundamental interests and promising 

application perspectives [5-7], including biomimetic studies for spatial controlling of 

condensation and freezing[8], fog collections for solving global freshwater crisis[9-10], 

biomedical devices for molecular sensing, targeted antibacterial and drug delivery[11-

12], green electronic devices of light valves[13], and electrowetting displays [14-15]. In 

most cases, the wettability contrast between the hydrophilic and hydrophobic areas is 

the key for achieving designed functional properties[16-17]. For instance, HHPSs are 

required in an electrowetting display device to achieve well confinement of the dual-

liquid system, with the non-polar oil assembled to the hydrophobic area (pixels) 

surrounded by hydrophilic walls and coexisting with aqueous solution[13, 15]. The high 

contrast in wettability is challenging for micro- and nano-patterning technologies. 

Because of the low free energy of the hydrophobic coating (e.g. Teflon), it is difficult 

to directly pattern hydrophilic patterns onto a hydrophobic surface; and delamination 

happens easily according to the mismatch of thermal expansion between two layers 

when a high temperature process is applied[18-20].  

Amorphous fluoropolymers, are mostly used materials for hydrophobic coatings 

and can be fabricated by various methods, such as spin-coating, dip-coating and 

screen-printing[21-23]. Photoresists are usually patterned on the fluoropolymer surfaces 

via a lithography approach to form HHPS[20-23]. As the relatively hydrophilic 

photoresist is hardly compatible with the hydrophobic fluoropolymer surface, a 

regular way is to utilize reactive ion etching (RIE) to convert fluoropolymer surface 

to be hydrophilic, allowing photoresist layer to be coated and patterned[24-25]. 

Afterwards, a thermal reflow process is applied to recover the fluoropolymer’s 

hydrophobicity to achieve a HHPS (Figure 3.1a)[15]. We denote the HHPS fabricated 

using this “RIE-reflow” methods as “RIE-reflow” HHPS (RR-HHPS). In this way, 

undesirable chemical and physical contaminations could be introduced to the 

fluoropolymer layer during this “RIE-reflow” process [26]. It was reported that 

unrecoverable damage of the fluoropolymer surface would decrease the surface 

hydrophobicity and dielectric strength, resulting in non-uniform onset voltage of 

electronic devices 18,24,26. On the other hand, highly viscous photoresist can also be 

patterned on hydrophobic surfaces directly[27]; however, these structures can be easily 

peeled off or delaminated because of lacking of strong chemical bonds [24, 27]. Zhang 
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H. et al [18] applied a hydrophilic SiO2 coating as a sandwiched layer between 

fluoropolymer and photoresist layers. Yet the E-beam deposition of SiO2 layer led to 

the degradation of hydrophobicity of fluoropolymer surface. To achieve a sound 

fabrication process for making hydrophobic/hydrophilic surfaces, researchers tend to 

employ approaches of either decreasing the wettability contrast of two layer coatings 

or via a surface modification and recovery process [18, 22, 28]. Both strategies 

compromise on the wettability contrast.  

In this work, we propose and evaluate a reconstructive approach for large-area 

fabrication of highly hydrophilic patterns on a hydrophobic fluoropolymer coating, 

creating a reconstructive hydrophobic/hydrophilic patterned surface (denoted as RC-

HHPS) with high wettability contrast. By encapsulating “damaged” hydrophobic 

Teflon AF 1600 (AF) surface with a fresh one, both hydrophobicity and dielectric 

strength of the coatings were preserved as on a pristine AF surface; and the local RIE 

activation of the photoresist via a self-assembled mask resulted in super hydrophilic 

micro-patterns. Compared with the conventional RR-HHPS, the RC-HHPS presented 

in this work exhibits superior surface wettability contrast and dielectric strength. RC-

HHPS could be utilized in any application that requires HHPS. Particularly, RC-

HHPS itself is already a high-quality and robust electrowetting platform. We fabricate 

electrowetting devices based on this engineered substrate to demonstrate the 

beneficial effects derived from the RC-HHPS. 

 

3.2. Experimental Section 

3.2.1 Materials and Equipment 

Teflon AF1600 (Dupont, Shanghai, China) dissolved in fluorinate electronic liquid 

(FC-43; Minnesota Mining & Manufacturing Company, Saint Paul, USA) at 

concentrations of 3.0 and 3.7 wt.% was used as amorphous fluoropolymer material in 

this work. The hydrophilic micro-patterns were made of the negative photoresist of 

SU8-3005 (MicroChem Corp., Westborough, USA). Positive photoresist of SUN-

120P was applied as the material for creating the protection mask, which was 

purchased from SUNTIFIC Company (Weifang, China). Indium tin oxide (ITO) 

coated glass with electrical resistance of 100 Ω/□ was purchased from Guangdong 

Jimmy Glass Technology Ltd. (Foshan, China). The conductive liquid was 1.0 mM 

NaCl solution with measured conductivity of ~110 µS/cm. The colored oil was 

prepared by dissolving the synthesized dyes in Decane (Micklin, Shanghai, China)[29]. 
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The interfacial tension of colored oil (0.21 M dye in decane solution) /conductive 

liquid (1.0 mM NaCl aqueous solution) was measured to be 19 mN/m.  

ITO coated glass sheets were cleaned by a commercial cleaning line (KJD-7072ST, 

KEJINGDA Ultrasonic Equipment Co., Ltd., Shenzhen, China) prior to use. 

Fluoropolymer solution was spin-coated on the surface of ITO glass using a spin 

coater (KW-5, Institute of Microelectronics Chinese Academy of Sciences, Beijing, 

China). Reactive Ion Etching (RIE) tool (ME-6A) was purchased from the Institute of 

Microelectronics Chinese Academy of Sciences (Beijing, China). Lithography 

process was performed by using an aligner (URE-2000/35, Institute of Optics and 

Electronics, Chinese Academy of Sciences, Chengdu, China). An oven (5FG-01B, 

Huangshi, China) was used for all thermal treatment processes. Protection layer was 

filled into the gaps between hydrophilic patterns by a dip coating equipment (SYDC, 

Shanghai SAN-YAN Technology Co., Ltd, China).  

 

3.2.2 Fabrication methods  

Hydrophobic AF film fabrication 

Teflon AF 1600 (AF) films with thickness of 40020 and 80020 nm were prepared 

by spin-coating 3.0 and 3.7 wt.% AF 1600 solutions, respectively, on ITO-glass 

surfaces. The substrate was cured on a hot plate at 85 °C for 5 min and then in an oven 

at 185 °C for 30 min. Thus, a “virgin” or “fresh” AF film was obtained. Afterwards, 

RIE treatment was carried at 5 W power for 10 s to tune the AF surface to become a 

hydrophilic “RIE AF” film. A thermal annealing process at 230 °C for 2 h in an oven 

was then applied to recover the hydrophobicity of the AF surface. Such an AF film at 

this stage was denoted as a “RIE-reflow AF” film. 

 

Conventional “RIE-reflow” method for HHPS preparation 

The conventional “RIE-reflow” fabrication methods for HHPS (RR-HHPS) is shown 

in Figure 3.1a. In this process, amorphous fluoropolymer (Teflon AF1600) was coated 

as an insulator and hydrophobic layer by the method describe in the previous session 

of 2.2.1. Considering the low surface tension of an AF coating, to allow hydrophilic 

patterns to be fabricated onto it, a RIE process with oxygen plasma powered at 5 W 

for 10 s was applied to enhance the surface roughness and wettability of AF film. 

After fabricating the hydrophilic patterns (SU8-3005) by a lithography process, a 
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thermal reflow process at high temperature of 230 C was employed to recover the 

hydrophobicity of the AF surface. 

 

Proposed “Reconstruction” method for HHPS preparation  

In this work, we propose a surface “non-damaging” approach for fabricating HHPS 

with both highly hydrophilic surfaces and virgin hydrophobic fluoropolymer surfaces. 

The process is illustrated in Figure 3.1b, which is denoted as a “reconstruction” 

process. A layer of ~400 nm Teflon AF 1600 (AF) was coated on the ITO-glass as a 

hydrophobic insulating layer. The relatively hydrophilic upper surfaces of the micro 

walls were made by SU8-3005 (SU8) via a photolithography process on the RIE 

treated AF surface. Afterwards, a layer of ~400 nm fresh AF was spin coated (at spin 

rate of 1500 rpm, AF concentration of 3.7 wt.%) on the substrate covering both 

activated AF and SU-8 surfaces. According to the low surface energy of AF material, 

the freshly coated AF layer could spread and cover the patterned substrate to form a 

continuous coating layer. In addition, given the selected solvent of FC-43 with a very 

high boiling point of 174 ºC, the Teflon AF solution tends to spread on the surface 

and level itself to a large extent before the solvent completely evaporates. As a result, 

a relatively homogeneous film is obtained. Although the coating may not be 

completely conformal with local inhomogeneity existing around the corners (SEM 

picture shown in Figure 3.1), there is a complete AF layer underneath SU8 and the 

fresh AF layer; the problems, such as leakage, derived from the incomplete conformal 

issue could be avoided mostly. Afterwards, a protection layer (positive photoresist of 

SUN-120P) was filled into the gaps between pixel walls via a dip coating process at a 

falling and pulling rate of 17 mm/s. The second RIE process (power of 200 W for 80 

s) was applied to etch away the exposed AF layer on the top of SU8 wall surfaces. 

After cleaning up the protection layer by NaOH solution (8.0 wt%) following with a 

thorough water cleaning, the Reconstructive HHPS (RC-HHPS) substrate with new 

hydrophobic (fresh AF) surfaces in the wells and firmly hydrophilic (activated SU8) 

upper wall surfaces, was obtained. As the materials of the top layer and the bottom 

layer are identical, the excellent adhesion between these two layers allows the micro 

patterned Teflon AF sticking perfectly on the bottom layer without delamination. 
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Figure 3.1. Schematic drawing of (a) the conventional RIE-reflow process and (b) the 

proposed reconstruction process for fabricating hydrophobic/hydrophilic patterns. Inset of (b) 

is a cross-sectional image detected by a scanning electron microscope (SEM). 

 

3.2.3 Characterization 

Thickness of the fluoropolymer film was measured by a stylus profiler (Dektak XT, 

BRUKER, Germany). Oil/water contact angle on the surface of films was measured 
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by a contact angle goniometer (POWEREACH, Shanghai Zhongchen Digital 

Technology Apparatus Co., Ltd. Shanghai, China). Atomic force microscopy (AFM) 

measurements were carried out using a MultiMode8 (Bruker, Guangzhou, China) with 

a monocrystalline cantilever of Bruker ScanAsyst. Instantaneous current profiles were 

recorded using a pico-ammeter (Keithley 6487, USA) equipped with a platinum 

coated needle. A 10 μL 1 mM NaCl aqueous droplet on the film surface was applied 

as the top electrode. The capacitance of the fluoropolymer film was measured by an 

impedance analyser (6500B, WAYNE KERR, UK). An optical microscope (CTX41, 

Olympus, Tokyo, Japan) equipped with a high-speed camera (Phantom MiRO M110, 

Wayne, USA) was used to visualize and record the fluid movement in devices. A 

scanning electron microscope (SEM) (ZEISS Ultra 55, Carl Zeiss, Jena, Germany) 

was used to observe the sample structures. The opening ratio of pixels in the 

electrowetting display devices was calculated by analyzing the captured images using 

MATLAB program.  

 

3.3. Results and discussion 

3.3.1 Topology and surface wettability of RR-HHPS and RC-HHPS 

The top-view schematic diagrams of array-patterned RR-HHPS and RC-HHPS are 

shown in Figures 3.2a and 3.2b, respectively. The surface pattern design for the RR-

HHPS and RC-HHPS are the same. The square hydrophilic patterns are 15 µm wide 

(line) with an interval distance (pitch) of 150 µm between the mid-line of the 

hydrophilic patterns. The cross-sectional schematic and scanning electron microscope 

(SEM) observation of RR-HHPS and RC-HHPS are presented in Figures 3.2(c-f). 

During the fabrication of RR-HHPS, a high temperature (230 ºC) above the glass 

transition (Tg) of AF was applied to recover the hydrophobicity of the AF surface 

which was damaged by the previous RIE process. We found that this high temperature 

led to a transformation of the AF film connecting the hydrophilic patterns. As the 

surface free energy of AF is 16.4 ±1.4 mN/m [30] which is much lower than that of 

SU8 of 45.20 ± 0.88 mN/m[31], AF in the RR-HHPS climbs up the hydrophilic walls 

during the reflow process. This transformation may lead to unexpected issues of 

defects, delamination or ruptures[15] in practical applications. In the RC-HHPS 

samples, some nano-sized particles appeared near the SU8 surfaces, which were 

caused by the heavy etching process.  
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Figure 3.2 Schematic of the top view of (a) RR-HHPS and (b) RC-HHPS, and cross-sectional 

view of (c) RR-HHPS and (d) RC-HHPS. Scanning electron microscope (SEM) images of the 

cross-sectional observations of (e) a RR-HHPS and (f) a RC-HHPS. The height of the 

hydrophilic walls is about 6 and 7 µm for RR-HHPS and RC-HHPS samples, respectively. 

The wettability contrast of RR-HHPS and RC-HHPS is presented in Figure 3.3. 

Figures 3.3a and 3.3b show the water contact angle in air (θw/a) and the oil contact 

angle in water (θo/w), respectively, on the surfaces. The interfacial tension of dyed 

oil/conductive water was 19 mN/m. The insets are the captured profiles of the contact 

angle measurements. The wettability of the hydrophobic surfaces for RR-HHPS and 
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RC-HHPS are similar. θw/a of the hydrophobic surfaces of RR-HHPS and RC-HHPS 

are both about 115 º. The contact angle hysteresis of both surfaces are small, and the 

difference between water/air advancing contact angle and receding contact angle of 

both samples are less than 10 º. There is an obvious difference of θo/w between the 

hydrophobic surfaces of the two samples, which is 10 º for RR-HHPS and <5 º for 

RC-HHPS. This indicates that, during the conventional “RIE-reflow” process for 

HHPS, the reflow process at high temperature could recover the hydrophobicity of an 

AF surface to a large extent, yet there is still slight wettability difference in θo/w, 

influencing the performance of a water-oil two phase system. On the contrast, the 

wettability difference between hydrophilic regions for RR-HHPS and RC-HHPS are 

pronounced. θw/a of hydrophilic areas of RR-HHPS and RC- HHPS are 60 and 10 º, 

respectively. The advancing θo/w on RR-HHPS and RC- HHPS are 70 and 180 º, 

respectively. As the oil droplet poorly wets the hydrophilic surfaces of RC- HHPS, 

there always exists a water layer on the hydrophilic surface and we had to use a syringe 

needle to hold the oil droplet to show the contact angle profile. For comparison, the 

θo/w data for all hydrophilic surfaces of RR-HHPS were measured in the same way. 

According to the contact angle hysteresis of hydrophilic surfaces of RR-HHPS, the 

advancing and receding θw/a are 69 and 55 º, respectively; and the advancing and 

receding θo/w are 70 and 20 º, respectively. The significant enhancement of 

hydrophilicity of the SU8 surfaces in RC- HHPS was caused by the heavy oxygen 

reactive ion etching (RIE) process. By treating the SU8 surfaces with oxygen plaster, 

the absolute amount of oxygen on the surfaces increases, while the amount of carbon 

decreases. The reported analysis of the XPS spectra indicates the formation of 

different oxygen species in a mixture of ether, aldehyde and carboxylic acid functional 

groups[31]. At the same time, physical roughness was introduced on the SU8 top 

surfaces due to the heavy RIE process. The hydrophilicity of the SU8 surface is thus 

highly increased because of the combination of chemical compounds and physical 

nano-roughness. As the hydrophobic AF regions in RC-HHPS are covered by the 

protection layer (a self-assembled mask produced by dip-coating method), its 

hydrophobicity was preserved. As a consequence, the contrast of θo/w on RC-HHPS is 

as high as 175 º, which is significantly higher than that on the RR-HHPS of 60 º . The 

contrast of  θw/a on RC-HHPS is 105 º, which is also much higher than that on the RR-

HHPS of 55 º. The wettability contrast between the hydrophilic and hydrophobic 

regions is significantly enhanced by this reconstructive process. 
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Figure 3.3 Comparison of (a) θw/a and (b) θo/w on the hydrophobic and hydrophilic region on 

RR-HHPS and RC-HHPS. 

 

3.3.2 Morphology and electronic properties of “RIE-reflow” (RR) AF film and 

“Reconstructive”(RC) AF film. 

The difference in wettability of the AF films fabricated by “RIE-reflow” (RR) and 

“Reconstructive”(RC) processes suggests that the reflow process can not completely 

recover the AF surface to the initial state. We investigated the influence of the RIE 

and reflow processes on AF surfaces by using an atomic force microscopy (AFM). 

The surface morphology (surface roughness) of the virgin AF, RIE AF (AF surfaces 

treated by RIE process) and RIE-reflowed AF (AF surfaces treated by RIE and 

thermal recovery processes) are shown in Figures 3.4 (a-c). The average roughness of 

the virgin AF, RIE AF and RIE-reflow AF surfaces are different, with the Rq (Root 

mean square average of height deviations) of 0.42, 0.52 and and 0.39 nm, respectively. 

It seems that the RIE process makes the surface roughness increase; however, after 

the reflow process, the surface rough returns to original value. Thus, the overall 

roughness of virgin AF and RIE-reflow AF surfaces is similar. However, if we look 

at the Surface Area Difference (SAD: representing the percentage increase of the 

three-dimensional surface area over the two-dimensional surface area)[32] of the 

surface height data, obvious difference among the three samples was observed. SADs 

are 0.20, 0.61 and 0.61 % for the virgin, RIE and RIE-reflowed AF surfaces, 

respectively. Combining with the three dimensional features shown in Figures 3.4(a-

c), we found that the surface area was increased, and numerous nano-scaled islands 
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were generated after RIE-reflow process. Overall, compared to the virgin AF surface, 

the RIE-reflow AF surface shows similar vertical roughness but higher specific 

surface area. 

The adhesion force was also measured by using a Bruker ScanAsyst cantilever at 

a force of 1.3 nN. Figures 3.4(d-f) show the mean values of adhesion forces on virgin, 

RIE and RIE-reflow AF surfaces to be 3.22, 6.16 and 3.41 nN, respectively. The 

average adhesion value of the RIE-Reflowed AF surface (3.41 nN) is similar to that 

of virgin AF surface (3.22 nN). However, the SAD data of their adhesion forces 

increase dramatically after RIE treatment. SADs of the virgin, RIE and RIE-reflow 

AF surfaces were 0.46%, 9.32% and 9.99%, respectively. Thus, the surface uniformity 

cannot be recovered after RIE treatment. Although it is widely believed that the 

thermal reflow process can recover the surface wettability of RIE treated AF surface 

by bringing oxidized molecules and other high energy groups toward the “bulk” of 

the film[5], the difference in adhesion forces and their SAD indicate that there are still 

impurity phases on the AF surface after the high temperature thermal treatment. 

Therefore, such a thermal recovery process could not completely eliminate the RIE 

introduced physical and chemistry damages.  

 

 

Figure 3.4. AFM measurements of the surface morphologies on (a) virgin (fresh) Teflon 

AF1600 (AF), (b) RIE-treated AF and (c) a RIE-reflowed AF surfaces; and surface adhesion 

forces on (d) fresh Teflon AF1600 (AF), (e) RIE treated AF surface, and (f) RIE-reflowed AF 

surfaces. All AF film thickness is 80020 nm. 
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Except from the surface uniformity and hydrophobicity, the intact AF surface also 

benefits from its original dielectric strength for more reliable electrowetting 

performance. In conventional RIE-reflow process, the thermal recovery treatment 

may lead to the diffusion/immigration of RIE-induced high energy “impurities” from 

surface into bulk of the AF film[15]. Moreover, AF may also decompose at high 

temperature with small molecules being generated and oxygen components increased 

in the AF film[33]. Commonly, the impurities and oxides in dielectric films increase 

the leakage current[34-35].  Figure 3.5 shows the measured leakage currents of the virgin 

AF film, the RIE-reflow AF film, and the reconstructed AF film made by our proposed 

method, measured by a picoammeter with a platinum coated needle and 10 μL NaCl 

solution (1 mM) as the top electrode.  

The film thickness of the virgin, “RIE-reflow” and “Reconstruction” AF layers are all 

~800 nm. RIE-reflow film was treated by RIE activation and thermal recovery at 230 ℃ 

for 2 h. Reconstruction film is a bilayer AF film that comprises a ~400 nm fresh AF 

layer stacked on a ~400 nm layer of RIE treated AF surface. For comparison, the same 

RIE and photolithography parameters were employed in fabricating both RIE-reflow 

and Reconstruction films. Virgin and Reconstruction films show similar electric 

properties with low leakage current of 10-10 A at applied voltage of U<120 V (Figure 

3.5a). However, the leakage current of RIE-reflow film increases dramatically when 

U is over 14 V. This is detrimental for practical applications since the contact angle 

change is small (<2 °) at such a low voltage (U< 14 V). When U increases to be >14 

V to achieve a more pronounced contact angle change, U=30 V for instance, the 

leakage current of RIE-reflow film is 3-5 orders of magnitude higher than that of 

virgin and Reconstruction films. These results suggest that the proposed 

“Reconstruction” strategy is highly reliable compared to conventional RIE-reflow 

process, showing similar electrical properties with virgin AF films.  

Moreover, the water (10 μL of 1 mM NaCl solution) contact angles in air medium 

were measured on the three films (Figure 3.5b). The red dashed curve was calculated 

based on the Lippmann’s equation15, cos𝜃 = cos 𝜃𝑌 + 𝜂 , which predicts the 

electrowetting behavior of a liquid droplet on dielectric layer.  is the contact angle at 

an applied voltage 𝑈 ; Y is the Young’s equilibrium contact angle; and 𝜂 =

𝜀𝜀0𝑈2/2𝑑𝜎𝑙𝑣 is the dimensionless electrowetting number, where  is the dielectric 

constant of the dielectric material, 0
 is vacuum permittivity, d is the thickness of the 

dielectric layer and lv is the liquid/vapor interface energy.  measures the strength of 

the electrostatic energy compared to surface tension. Similar electrowetting curves 
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were obtained based on the Lippmann’s equation for all three samples at U < 40 V. 

The increased dielectric strength of dielectric layer leads to the inhibition of the 

saturation phenomenon[36], and increases the breakdown voltage to result in lower 

saturation contact angle[37]. The higher contact angle saturation of RIE-reflow film is 

mainly caused by the weak dielectric strength due to the damages and impurities 

introduced during RIE and high temperature reflow processes. Deviation of the EW 

curves starts at lower voltage than the breakdown voltage to reach the saturation for 

both virgin and Reconstruction films. This might be explained by the charges 

adsorption/trapping on/in the AF surfaces. The trapped charges would partially screen 

the electric field, reducing the driving force on the liquid droplet, causing to reach the 

saturation contact angle at higher voltage[38].  

 

Figure 3.5 (a) Leakage current of the virgin, RIE-reflow processed and the Reconstruction 

processed AF films. (b) Electrowetting performance (contact angle varying with applied 

voltage) of the three films. 

 

3.3.3 Electrowetting devices based on the RC-HHPS platform 

The proposed reconstruction strategy for HHPS is highly valuable for practical 

applications in device construction since it is mainly based on standard film 

preparation and lithography. To demonstrate the practical usefulness of RC-HHPS, 

we use the process to fabricate an electrowetting display (EWD) device. EWD is a 

device utilizing a dual fluidic system of colored oil and transparent conductive liquid 

(water for instance) to realize display function in a microscale pixels based on the 

electrowetting mechanism[29]. Figure 3.6a shows the schematic drawing of a EWD 

pixel at “Off” and “On” states. In the absence of a voltage, the oil forms a continuous 

film in a pixel between the hydrophobic insulator-covered electrode and water, 
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showing the color of the oil film the pixel. When a voltage is applied across the top 

and bottom electrodes, the transparent water is driven to move towards the insulator, 

pushing the oil aside to the wall, showing the color of the bottom substrate. In this 

way, the optical properties of the stack, when viewed from the top, are tuned between 

a colored Off-state (dyed oil) and a white On-state (color of bottom substrate)[15]. 

 

Figure 3.6 (a) Schematic of an electrowetting display pixel – principle and components. At 

the Off-state, in a EWD pixel, without applied voltage, a homogeneous oil film spreads over 

the pixel area showing the color of the dyed oil. at the On-state, in a EWD pixel, with an 

applied voltage, the oil film was pushed by water to one corner of the pixel, showing the color 

mostly from the bottom substrate. (b) and (c) are pictures of the Off-state and On-state (at 40 

V DC voltage) of an EWD device fabricated using conventional RIE-reflow process based on 

the RR-HHPS (Device RR). (d) and (e) are pictures of the Off-state and On-state (at 40 V DC 
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voltage) of an EWD device based on the RC-HHPS (Device RC). The display size is 50.7 × 

66.0 mm2 for both devices. 

To evaluate the proposed strategy and materials, EWD devices (Figures 3.6b and 3.6d) 

were fabricated using the conventional RR-HHPS (Device RR) and this RC-HHPS 

(Device RC) processes. The EWD is 50.7×66.0 mm2 in area, containing 1.48×105 

pixels. The pixel pitch is 150 μm with walls of 7 μm high and 15 μm wide. Except for 

the wall patterning, all other fabrication processes are the same as reported [13, 15]. The 

hydrophilic materials utilized in the two devices are both SU-8 3005. As the high 

temperature reflow process was applied in the conventional RR-HHPS fabrication 

procedure, the color of SU-8 changed to light yellow. The color changing of the 

hydrophilic pixel walls somehow affects the display contrast of the devices.  

Figures 3.7a and 3.7b show the curves of opening ratio depending on applied voltage 

of six adjacent pixels in Device RR and Device RC, respectively. The adjacent pixels 

are in 2 rows labeled as Nos. 16. The opening ratio of a pixel was extracted from the 

video snapshots using a MATLAB routine, as reported earlier[13]. It is obvious that the 

curves of Device RR is more random with larger variations in both the threshold 

voltage (pixel starts to open) and the maximum opening ratio. This is mainly due to 

the un-recovered non-uniform AF surface induced by RIE reaction. Non-uniform 

regions on the surface results in variations of the oil volume filled into each pixel[13]. 

This deviation, on one hand, influences the threshold voltage caused by the variation 

in oil film thickness. On the other hand, it affects the oil moving speed driving by 

water under EW driving, resulting in differences in opening speed and the maximum 

opening ratio. The threshold voltages vary in the range of 2055 V for Device RR. 

Based on the overall observation, in Device RR, at U= 40 and 45 V, 80% and 90% 

pixels started to open; oil overflow from one pixel to an adjacent one was observed 

frequently. “Overflow” here refers to the oil climb over pixel walls to the adjacent 

pixel and un-return afterwards. Inset images in Figure 3.7a show the opening states of 

the 6 pixels under various voltages. In Device RC, all six pixels start to open at 25 V, 

and the opening ratio increases gradually with applied voltage and reach the maximum 

opening ratio of ~0.7 at 70 V. As seen from the inset images, the pixels look 

homogeneous and similar. The opening style, ending position and size of the dye oil 

are also similar, proving their homogeneity and reliability. Over the whole device, 

more than 95 % pixels start to open at 25 V without obvious defect pixels. And 

overflow is also completely eliminated. “Overflow” in a device results in empty pixels 

at Off-state.  
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The final opening ratios seem to achieve similar level of about 0.7-0.8 in both Device 

RR and Device RC. However, in the Device RR, when the opening ratio reaches such 

a high level the oil would sit on or climb over the walls and flow into the adjacent 

pixel (namely overflow) due to the less hydrophilicity of the wall surfaces (see the 

inset of Figure 3.7a). Once the oil flows into the adjacent pixel, the oil from two pixels 

mixes together with one pixel empty and the other pixel overwhelm. As a result, the 

“overflow” induced defects would appear in the device. This means that the 

conventional Device RR could not achieve reversible switch at such a high opening 

ratio. However, in the Device RC, the same opening ratio could be repeatable achieved 

without obvious defects observed. Thus, the “overflow” phenomena could be avoided 

according to the super hydrophilic wall surfaces in the Device RC.  

 

Figure 3.7 Opening ratio varying with applied voltage in EWD devices fabricated by (a) 

conventional RIE-reflow (Device RR) and (b) proposed Reconstruction processes (Device 

RC). Insets are the microscope images of the f 32 pixels of Devices RR and Device RC. (c) 

Off-state capacitance (measured after switching off the electrical field) vs the applied voltage 

in Devices RR and RC. Insets are the corresponding images at 1 and 70 V. (d) Leakage current 

versus applied voltage in Devices RR and RC. All pixel size is 150150 µm2. 
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As the oil film and AF layer form a series circuit, the capacitance in the Off-state starts 

to increase if there are AF surfaces without oil filling[39]. Figure 3.7c shows the Off-

state capacitance measured after turning off the applied voltage in the range of 080 

V. The Off-state capacitance shows the percentage of the pixels lack of oil due to the 

“overflow” defects. In Device RR, the obvious increased Off-state capacitance at 

U>40 V, indicates the increase of the “overflow” pixels. In Device RC, the Off-state 

capacitance keeps constant without obvious change, indicating the stable and 

repeatable pixel switching behavior. The inset images of the Off-state devices at 0 and 

70 V demonstrate obvious optical difference between two devices. The high 

wettability contrast between fresh AF and RIE-treated wall surfaces ensures the 

restrict confinement of oil inside the pixels. The leakage current (Ileak ) measurements 

of the two devices are shown in Figure 3.7d. Ileak was recorded after each voltage being 

applied for 2 min. Ileak corresponding to the applied voltage was measured in a large 

range of 0-140 V. Overall, Device RC shows obviously lower Ileak than Device RR. In 

Device RR, Ileak starts to increase substantially at 50 V, which suggests that the AF 

films in pixels starts to breakdown. However, in Device RC, Ileak keeps stable when 

the applied voltage is lower than 100 V. The obvious increase of Ileak appears at 120 

V, suggesting the Teflon AF films in most pixels start breaking down at 120 V. The 

AF film thickness is ~800 nm for both Devices RR and RC. This confirms that the 

dielectric strength of RC-HHPS is much higher than that of RR-HHPS. Ileak of Devices 

RC and RR, driven at U=30 V, are 0.07 and 0.25 µA, respectively; and Ileak at U=40 

V are 0.14 and 0.34 µA, respectively. The power consumption of the Device RC 

driven at commonly working conditions with applied voltages of 30 and 40 V, was 

calculated to be 0.06 and 0.16 µW/cm2, respectively. These values are lower than the 

power consumption for Device RR of 0.23 and 0.39 µW/cm2 at the same working 

conditions with applied voltages of 30 and 40 V, respectively. M. Fernández et al[40] 

has divided energy consumption of displays into 4 levels as: high (>250 mW/cm2), 

medium (100250 mW/cm2), low (10100 mW/cm2 ) and ultra-low (010 mW/cm2). 

In this way, the display devices shown here belong to the ultra-low level, which is 

also highly beneficial for future applications as a green electronic device. This result 

on the device level is consist with the electrical measurements in the film level. 

To further verify the feasibility of the proposed strategy for high quality EWD 

applications, we fabricated and integrated two EWD systems driven by the active 

matrix (Display I) and patterned ITO (Display II) backplanes by using the RC-HHPS 

substrate proposed in this work. Figure 3.8 shows the dynamic demonstration of 

images of lines and numbers on the active matrix and patterned ITO driven displays. 



 

Chapter 3 

48 

 

The display areas are 7.5×7.5 cm2 and 5.9×3.0 cm2 for Displays I and II, respectively. 

All pixels are in square shape with size of 200×200 µm2. The driven voltage was set 

at 30 V. All response time was measured to be <50 ms. Both devices fabricated by the 

proposed RC-HHPS show reliable and repeatable performance for high quality and 

dynamic image displaying.  

 

Figure 3.8 Images showing displaying squares in line on a EWD fabricated using the proposed 

Reconstructed (RC-HHPS) process driven by (a-d) an active matrix backplane (Display I) and 

(e-h) patterned ITO electrodes (Display II).  

 

3.4. Conclusion 

In this work, we propose and validate a reconstructive approach to fabricate HHPS 

with high wettability contract. The large oil/water contact angle difference of 175º has 

been reached between the hydrophobic and hydrophilic patterned surfaces (RC-

HHPS). By utilizing this “reconstruction” method, the incomplete recovery issue in 

the conventional “RIE-reflow’ process is avoid; as a result, the properties of original 

and fresh AF surfaces are retained which contribute to the high hydrophobicity and 

stable dielectric strength. On the other hand, the highly hydrophilic property is 

achieved on the wall surfaces according to the heavy RIE process to obtain chemically 

more hydrophilic groups and physically rough nano-features on surface. 

Electrowetting display devices are fabricated to verify the performance of the RC-

HHPS, and compared to RR-HHPS. The enhanced uniform pixel aperture ratio, 

voltage tolerance, and less leakage current of the EWD devices demonstrate the 

superiority of the RC-HHPS obtained using our proposed approach. Such a RC-HHPS 

process is highly valuable to construct surfaces with high wettability contrast, which 

could be widely applied to construct chemical, electrical and optical devices using 

conventional film materials and standard photolithography processes.  
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Chapter 4 

 
Electrically controlled localized charge trapping 

at amorphous fluoropolymer-electrolyte 

interfaces* 

 

Charge trapping is a long-lasting problem in electrowetting-on-dielectric (EWOD), 

causing reliability reduction and restricting its practical applications. In this chapter, 

charge trapping induced by electrowetting (EW) at high voltage is revealed to be 

localized in the vicinity of the three-phase contact line using local contact angle 

measurements, EW-microprobe, and Kelvin Probe Force Microscopy (KPFM). While 

a drawback for most conventional EW applications, we demonstrate this EW-assisted 

Charge Injection (EWCI) can serve as a simple and low-cost method to deposit stable 

charge patterns on fluoropolymer surfaces with microscale resolution.  

 

 

                                                            
* This chapter is based on publication: H. Wu, R. Dey, I. Siretanu, D. van den Ende, L. Shui, 

G. Zhou, F. Mugele, Electrically controlled localized charge trapping at amorphous 

fluoropolymer–electrolyte interfaces, Small, (2019) 1905726. 
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4.1. Introduction 

Amorphous fluoropolymers (AFPs) are popular materials for various applications[1-5] 

because of the unique combination of favorable material properties such as chemical 

inertness, mechanical strength, water repellency, dielectric strength, optical 

transparency, and easy solution processability[5-6]. For these reasons, AFPs  are also 

predominantly used as insulating and hydrophobic layer in electrowetting (EW) 

devices [6-11]. EW, which is often also denoted as ‘electrowetting-on-dielectric’ 

(EWOD) to emphasize the relevance of the dielectric layer, relies on the fact that ionic 

charge carriers have in general a rather low affinity to the weakly polarizable AFPs. 

However, at the same time, fluoropolymers have been used for decades as charge 

storage (electret) materials with applications in electro-mechanical transductions, 

such as microphones, micro-electro-mechanical systems (MEMS) and electric 

generators[12-14]. These applications rely on the fact that charges, once deposited on or 

within AFPs, remain stable in the materials. The purpose of the present work is to 

shed light on these two contradictory aspects of charge repellence and charge storage 

in AFPs that together control the extent of charge injection into AFPs during EWOD 

at high voltage. Such EW-assisted charge injection (EWCI), if done in a controllable 

way, can be used as an innovative method for generating permanent charge patterns 

on AFPs.  

The reliability of any EW applications in microfluidics[15-16], optofluidics[17-18], display 

technology[19-20], and energy harvesting[21] relies on the reproducibility, performance, 

and durability of the dielectric layer, and hence,  the stability of AFPs is particularly 

important[22-25]. Charge trapping at the dielectric/electrolyte interfaces is a long-stand 

problem in EW, leading to the degradation of the electrical response of AFP films, 

and thus causing the contact angle saturation and failures in EWOD devices[21, 26-27]. 

While early experiments with composite dielectrics displayed a reversible response 

and symmetric saturation for positive and negative bias voltage, suggesting substantial 

mobility of both types of charge carriers upon injection into the AFP films[28], more 

recent studies displayed a strongly asymmetric and sometimes irreversible 

response[29],[30]. It was also reported that AFP materials even spontaneously assumed 

a permanent negative surface charge upon extended (several hours) contacting with 

water in the absence of any applied voltage[31]. 

Since most studies on EW-induced charge trapping phenomena mainly focus on the 

response of the macroscopic contact angles and the total electrical currents, there is a 

significant lack of a quantitative description of the underlying microscopic charge 
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trapping phenomenon. Moreover, a clear understanding of the correlation between the 

charge trapping and the macroscopic wetting characteristics has still remained elusive. 

It was recognized that diverging electric fields in the vicinity of the three phase contact 

line (TPCL) cause various types of non-linear response of the materials during EW, 

which may limit the minimum contact angle[32-33]. However, whether the 

heterogeneity of the electric field actually leads to the charge trapping and induces 

permanent changes in the local surfaces of AFPs is still unclear. The charge injection 

process was assumed to essentially follow the distribution of the electric field with its 

well-established divergence near the TPCL [34-35]. However, several recent studies on 

charge injection during EWOD using local surface potential measurement with non-

contact electrostatic probes, show otherwise [27, 36-37]. Surprisingly, the measured 

surface potential distributions were reported to be rather broad with a maximum in the 

center of the droplet, thereby challenging the classical view based on the local field 

divergence[27, 36-37]. 

In this work, we analyze the charge distribution generated on the Teflon AF (a typical 

AFP material) surfaces by EW at high voltage with unprecedented lateral resolution, 

and explore the usage of the EWCI method for localized charge deposition at AFP 

surfaces. Three complementary techniques are used to reveal the local charge 

distribution on single layer AFP surfaces. We quantitatively demonstrate that EW-

induced charge injection via a water drop is highly localized. Based on this, a simple 

and low-cost approach is proposed and validated to generate stable charge patterns 

with controllable line-width and charge density. As a result, we can tune the surface 

properties of AFP by EWCI at a microscale level without complex microfabrication 

processes involving high-end instruments. The excellent stability of the negative 

trapping charges, in particular in a “harsh” environment under water or high humidity, 

demonstrates the potential of the proposed methodology for a wide range of 

applications requiring stable surface charges[38-42].  

 

4.2. Results and discussion 

4.2.1 Evidence of charge trapping phenomenon 

Macroscopic surface wettability upon charging 

The working principle of EWOD is schematically shown in Figure 4.1a. When a 

voltage (U) is applied on the dielectric layer via a electrolyte droplet and the bottom 

electrode, a pulling force (𝑓𝑈) derived from the applied electric field pulls the TPCL 
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toward the outside direction of the droplet, and thus changes the contact angle. This 

pulling force 𝑓𝑈 =
𝜎𝑠

2

2𝑐
  is governed by the total amount of charges at the 

electrolyte/solid interfaces 𝜎𝑠 (the same amount of counter charges are in the bottom 

electrode) and the capacitance per unit area of the dielectric layer (c). When U is 

relatively low, there is no ‘trapping charge’ at the electrolyte/solid interfaces. All 

surface charges are supposed to be contributed by the electric field, and the pulling 

force is 𝑓𝑈 =
1

2
𝑐𝑈2. Thus, the contact angle θ(U) is given by the classical Young-

Lippmann EW model:  

   cos 𝜃(𝑈) = cos 𝜃𝑌 +
𝑐

2𝛾
𝑈2                                            (4.1) 

where 𝜃𝑌 is Young’s angle,  𝛾 is the surface tension of the liquid and U is the applied 

voltage. The contact angle response under the applied voltage is shown in Figure S4.1. 

However, when the voltage reaches a certain high value, charges can be trapped at the 

electrolyte/solid interfaces, thus causing contact angle saturation[28]. The charge 

trapping process could be reversible or irreversible. Once the charges are irreversibly 

trapped in the dielectric layer, the electric response of the dielectric layer will be 

permanently degraded[21, 30].    

 To investigate the charge trapping phenomenon in EWOD, we intentionally achieve 

the contact angle saturation by abruptly applying a voltage as high as −120 𝑉 to the 

EWOD system. As a response, the drop spreads within a few tens of ms from the 

initial contact angle of ~115° to ~ 70° (Figure 4.1b). Subsequently, a slow relaxation 

to 𝜃(𝑈𝑐) ≈ 80°  takes place for approximately 1 min. Along with the increase in 

contact angle, the radius of footprint area of the drop decreases (Figure 4.1c). This 

macroscopic contact angle retreat phenomenon has also been observed in previous 

works [23, 29, 36]. Because of the humid environment, we know that this relaxation is not 

caused by evaporation (Figure S4.2). After 300 s, when the charging voltage is turned 

off, subsequent inspection of the samples by optical and by atomic force microscopy 

does not display any appreciable variation of the surface topography.  

As discussed above, the contact angle variation in EW is the joint effect of the 

materials’ surface (interface) tension, the applied voltage, the reversible and the 

irreversible trapping charges. In the present experiment, the material surface 

(interface) tension and the applied voltage ( 𝑈 = −120 V) are kept constant, and the 

pulling force contributed by the applied voltage is 𝑓𝑈 =
1

2
𝑐𝑈2 = 158 mN/m. Due to 

the effect of trapping charges, the pulling forces are suppressed to 𝛾𝑤/𝑎(cos 115° −
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cos 70°) = 55 mN/m  for the initial contact angle of 70º to 𝛾𝑤/𝑎(cos 115° −

cos 80°) = 43 mN/m for the final contact angle of 80º (water/air interfacial tension 

𝛾𝑤/𝑎 = 72 mN/m) . The 12   mN/m  reduction of pulling force is supposed to be 

caused by the charge density variation of both reversible and irreversible charge 

trapping during this charging process.  

 

Figure 4.1. (a) Illustration of the electrowetting on dielectric (EWOD) principle. 𝛾𝑠 , 𝛾𝑙  and  

𝛾𝑠𝑙 are the solid/air, liquid/air and solid/liquid interface tensions. 𝑓𝑈 is a pulling force under 

the applied voltage of U. (b) Water/air contact angle and (c) contact line radius of a 5 µL water 

droplet depending on time with -120 V voltage applied. Insets of b) show side view images of 

charging droplets immediately after applying the voltage and after 5 min.  

 

Local contact angles 

To further investigate whether the charge trapping is reversible and occurs over the 

entire drop-substrate interface, we remove the charging drop (after turning off the 

charging voltage) and subsequently investigate the surface properties in several 

manners. First, the wettability of the surface is investigated with high lateral resolution 

using a contact angle measurement with a much smaller probe droplet  (0.3 µL) (the 

setup shown in Figure S4.3). To minimize disturbing effects of contact angle 

hysteresis, these measurements are carried out in ambient oil. Figure 4.2a shows a 

composite side view image of such a probe droplet at various locations on the surface. 

The probe drop is always in contact with the electrically grounded Pt wire, 

guaranteeing zero potential drop between the drop and the electrode on the substrate. 
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Figure 4.2b shows a one-dimensional variation of  𝜃(𝑈 = 0)  with position along a 

diameter of the charging droplet footprint; Figure 4.2c shows a full two-dimensional 

map of the reduction of 𝜃(𝑈 = 0) all along the contact line of the original charging 

drop.  Away from the position of the charging drop, the contact angle of the probe 

drop is close to 170°. In the center of the charging drop, the same contact angle is 

observed within the resolution of this measurement. In contrast, in the region close to 

the contact line during charging, 𝜃(𝑈 = 0) is reduced to about 155°. The width of this 

region with reduced contact angle is approximately 0.2 to 0.5 mm. The variation of 

the contact angle corresponds to a pulling force of - Δ𝑓𝑜 = 𝛾𝑤/𝑜(cos 155° −

cos 170°) = 0.08 𝛾𝑤/𝑜 ≈ 3. 2 mN/m  (water/oil interfacial tension 𝛾𝑤/𝑜 = 41 𝑚𝐽/

𝑚2). Assuming Δ𝑓𝑜 is contributed by the trapped charges- Δ𝑓𝑜 =  𝜎𝑇
2/2𝑐, the surface 

charge density  can be estimate to be around 0.37 mC/m2.  

 

Figure 4.2. Contact angle reduction along contact line of charging drop. (a) Snapshots of 

electrically grounded probe-droplets (𝑉 = 0.3 µ𝐿) at different locations relative to the original 

charging droplet (grey background; 𝑉 = 5 µ𝐿) that was used to charge the surface (𝑈𝑐 =

−120 𝑉; 𝑡𝑐 = 5 𝑚𝑖𝑛).  (b) Contact angle 𝜃(𝑈 = 0) of electrically grounded drop vs. position 

extracted from (a) . (c) 2D map of  𝜃(𝑈 = 0) (12x13 locations) as measured by probe drop.  

 

Electrowetting response  

With the trapping charges existing on a dielectric surface,  the EW response curves 

follows a modified electrowetting equation[28, 31] of 

cos 𝜃(𝑈) = cos 𝜃𝑌 +
𝑐

2𝛾
(𝑈 − 𝑈𝑇)2                                       (4.2) 
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where 𝑈𝑇  , denoted as the  ‘trapping’ voltage, corresponds to the potential on the 

droplet when it contains zero charge (i.e. all the counter charges induced by the 

trapping charges are remain in the bottom electrode). The observation of a finite offset 

voltage 𝑈𝑇 directly points to the presence of a finite permanent surface charge density 

of 

𝜎𝑇 = 𝑐 𝑈𝑇                                                              (4.3)   

at the polymer-electrolyte interfaces[28, 31]. 

 

Figure 4.3. (a) Schematic of measuring trapping charge by electrowetting probe with different 

probing regions (1) contact line; (2) drop center; (3) pristine surface. The dashed line represents 

the shape profile of the previous electrolyte drop used during the EWCI process. This drop 

was removed immediately after the EWCI process. (b) EW response curves and (c) contact 

angle vs. applied voltage (𝑈𝑑𝑟𝑜𝑝) of all three regions. (charging conditions: -120 V for 5 min).  

The reduction of 𝜃(𝑈 = 0) presented in Figure 4.2 alone does not clearly indicate 

whether the effect is caused by local chemical variation of the surface along the 

contact line, which would reduce Young’s angle 𝜃𝑌, or whether it is indeed caused by 

the expected injection of surface charge, which would give rise to a finite value of 

trapping voltage 𝑈𝑇 . To distinguish between the two scenarios, we perform EW 

measurements using probe droplets (0.5 µL). The asymmetry of EW curve is found to 

be strongly position-dependent on the surface, being much more pronounce close to 

the contact line during charging, Region 2 in Figure 4.3, as compared to the central 

part of the charging drop (Region 1). Fitting the Equation 4.2 to the data shown in 

Figure 4.3c, the trapping voltages are of 𝑈𝑇(1) = −16 𝑉 , 𝑈𝑇(2) = −3 𝑉  and 

𝑈𝑇(3) = −1 𝑉 in Regions 1, 2 and 3, respectively. The calculated 𝜎𝑇 according to 

Equation 4.3 are 0.34, 0.06 and 0.02 mC/m2 in Regions 1, 2 and 3, respectively.  𝜎𝑇 
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of 0.34 mC/m2 at Region 1 is consistent with the calculated values from the local 

contact angle 𝜃(U = 0) variation in Figure 4.2, which is 0.37 mC/m2 . The  

consistancy of 𝜎𝑇  value calculated from these two methods indicates that the 

reduction of 𝜃(𝑈 = 0)  in Figure 4.2 is indeed induced by the irrevesible charge 

trapping, instead of the chemical surface modification. Hence, the AFP surface 

modification is caused by the deposition of charges during EW rather than by any  

chemical modification.  

 

Kelvin Probe Force Microscopy (KPFM) measurement 

Considering the fact that the probe droplets spread upon applying the voltage, and 

thus their footprint area increases quickly, one may wonder whether the probe drop 

remains within the narrow ring around the original contact line where the deposited 

charges are presumably trapped. If the probe drop spreads beyond the charging area, 

the measured asymmetry of the EW response and the value of 𝑈𝑇 would in part reflect 

the finite lateral extent of the deposited charge pattern rather than its absolute value.  

To overcome the resolution limitation of contact angle-base detecting method, we 

performed Atomic Force Microscopy (AFM) and Kelvin Probe Force Microscopy 

(KPFM) measurements on the prepared charged Teflon surfaces in ambient air after 

removing the charging drop without immersing the surface into oil. The sample is 

charged by −90 V for 5 min. The AFM topography images display a very smooth 

surface with a roughness of a few nanometers. No indications of topographic surface 

modifications due to the charging process could be identified. In contrast, the KPFM 

measurements indeed reveal strong lateral variations of the surface potential 𝑈𝑆 in the 

region of the contact line, as shown in Figure 4.4. Overall, the KPFM measurements 

confirm the important observations of the macroscopic surface characterization 

(Figures 4.2 and 4.3). 𝑈𝑆 is essentially constant and small in the center of the charging 

drop-substrate interface. Pronounced variations of 𝑈𝑆  occurs in the rim along the 

contact line of the original charging drop. This rim is around 200 µm to 300 µm wide, 

only slightly smaller than that suggested by the contact angle and EW response 

measurements. The absolute value of the local surface potential in the KPFM 

measurements is around -10 V which is consistent with the EW-response 

measurements at the same charging conditions (shown in Figure 4.5a and S4.5). Nano-

sized KPFM probe in ambient air and macroscopic EW-probed drops in ambient oil 

thus experience the same surface charge density 𝜎𝑇, which could be obtained from the 
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measured voltages using Equation 4.3 with 𝑈𝑇 = 𝑈𝑆  (The detailed calculation of 

detecting surface potential 𝑈𝑆 and trapping voltage 𝑈𝑇 by KPFM can be found in S.I 

and Figure S4.4). Thus far, these results from three types of micro- and nano-scale 

measurements reveal and confirm that the charges are indeed trapped at the AFP 

surfaces after EW process and accumulate at the TPCL regions. These results also 

indicate that for EW applications driven by  DC voltage, failures such as charge 

trapping or film break-down are more likely to occur at the TPCL region. 

Consequently, protecting the TPCL region may help to improve the quality and 

reliability of such EW devices.  

 

Figure 4.4. (a) Surface potential map measured by stitching several KPFM measurements of 

90 × 90 µ𝑚2. (charging conditions: −90 𝑉 for 5 𝑚𝑖𝑛) (b) Comparison of surface potential 

(black)  and surface height (blue) in the region highlighted on the right in (a). (c) The surface 

topography and (d) local surface potential 𝑈𝑆 in the same region as in (b).  
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4.2.2 Controlling charge trapping  by EWCI 

Having established and quantitatively characterized EWCI, we proceed to explore 

how to control density and distribution of the injected charge by our approach can 

lead to a novel, simple and low-cost method of printing controllable surface charges. 

Such a controllable surface charges are favored in many studies, such as energy 

harvesting[38, 43-44], super capacitors[45-46], transport of droplets[42], nanofluidics or 

nanoparticles[47-48], water deionization [49], antifouling[50], and protein adsorption[51].  

 

Controlling the maximum charge density 

To optimize the local surface charge density within the rim, we vary the applied 

voltage and duration for injecting charges, as well as the polarity of the voltage (Figure 

4.5 and Figure S4.5). For a fixed charging time of 5 min, the highest charge density 

of 0.37 mC/m2 is achieved at the highest negative charging voltage of -140 V. (The 

application of higher voltages is hampered by risk of dielectric breakdown. The 

dielectric strength of the dielectric films is shown in Figure S4.6). For a safe charging 

voltage of −120 V , the highest charge density as obtained approaching 𝜎𝑚𝑎𝑥 =

−0.46 𝑚𝐶/𝑚2 after 20 min. These results indicate that 10 times higher charge density 

than that of the spontaneous charges[31] is reached, and almost hundred times faster 

than that from spontaneous charge accumulation at Telfon AF surfaces in contact with 

water [31]. This demonstrates the power of electric fields in immobilizing charge 

carriers at Teflon-water interfaces.  

Negative charges deposited on the surface are very stable. No appreciable signs of 

degradation are observed even after 12 hours of “harsh” testing by continuous probing 

with a water drop on top of the surface with trapping charges (Figure 4.5c). After 36 

h of immersion in oil, the measured negative charge density is still not altered. We 

also exposed the charged AFP films to water vapor in a closed chamber for 3h. As 

shown in Figure S4.7, even after this treatment the contact angle in the charged region 

is still significantly lower than elsewhere, confirming once again the stability of the 

trapped charges.  
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Figure 4.5. Trapping voltage 𝑈𝑇 and trapped charge density 𝜎𝑇 based on EW measurements 

as a function of (a) charging voltage (𝑈𝐶 ) at fixed charging time of 5 min and (b) charging 

time at fixed charging voltage (𝑈𝑐 = −120 𝑉). Comparison of 𝑈𝑇 and 𝜎𝑇 measured by EW, 

KPFM and local contact angle (CA) of the samples charged at the same conditions are 

highlighted in (a) and (b). (c) Comparison of the trapping charge density as a function of time 

(30 V amplitude, 60s period; continuous measurement) between samples charged by -120 V 

(black) and +120 V (red). The EW curves for (a) and (b), and the corresponding  𝑈𝑇 

information for (c) are shown in Figure S4.5. (d) Illustration of charge trapping process at 

Teflon surface. The black and red arrows indicate the electric field. 

In contrast, for the opposite polarity, only half the maximum (positive) charge density 

could be deposited.  More importantly, positive charges are unstable (Figure 4.5c) and 

relax within a few hours of continuous probing with a water drop in ambient oil. Due 

to this lack of stability, we did not explore positive charges in more detail.  

Figure 4.5d summarizes these observations: When a relative high voltage is applied 

in EWOD systems, the charges accumulate at the TPCL region during charging 

process due to the local wedge shape of liquid and the fringe effect. After tuning off 

the voltage and taking away the electrolyte droplet, the negative charges are stably 

trapped in the previous TPCL region with a tunable charge density depending on the 

charging conditions. In contrast, the positive charges are only temporarily trapped on 
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the polymer surfaces, suggesting that the traps for positive charges are shallower than 

those for negative ones.  

This discussion raises the question about the nature and origin of the trapped surface 

charge. This question is probably closely related to the long-standing debate about the 

charge of hydrophobic-water interfaces on the colloidal scale[52]. Extensive studies 

(e.g. titration, electrokinetics) have demonstrated that such interfaces preferentially 

carry negative charge. Based on the widely observed increase with increasing pH, it 

is believed that the charge density is caused by adsorbing hydroxide ions[53-56]. Yet, 

molecular dynamic (MD) simulations suggested that hydronium ions adsorb more 

strongly and sum frequency generation (SFG) spectroscopy failed to detect the 

expected OH-stretch vibrations[52]. The latter leads to theoretical models predicting 

partial charge transfer. Our current measurements do not provide direct answers to 

this puzzle. Nevertheless, they do support the stronger affinity of negative charges to 

the interface, consistent not only with electrokinetics and the earlier report on 

spontaneous water-aged AFP surfaces[31], but also with the better stability of negative 

charges in corona-charged electrets[57]. Since we did not intentionally add any salt, the 

only anions present in our solution should be hydroxide ions. It may well be that these 

ions donate their excess electron to polymer surface leading to similar trapped 

electronic states as commonly used to describe corona-charged electret materials. 

Note, however, the observed charge densities are very low, corresponding to a few 

hundred square nanometers per unit charge. As a consequence, attempts to detect them 

spectroscopically by XPS and thus determine their chemical nature have remained 

elusive[58].  

 

Creating narrow charge distributions  

According to the classical EW theory[34-35],  the high electric charge densities should 

be localized within a region of the order of the thickness of the dielectric layer. These 

enhanced local electric charge densities and the corresponding electric fields are 

supposed to be responsible for the charge injection. Following this thought, the 

intrinsic charge generation mechanism should allow to generate much narrower 

charge distribution region than the measured width of 200 to 300 m. A solution of 

the electrostatic problem adapted to the parameters of the present experiments shows 

that the region, in which the local electric field exceeded the average field 𝑈𝑐/𝑑 under 

the charging drop by more than a factor of two, is less than 1 µm in width, as shown 
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in Figure 4.6. We attribute the wide charge trapping distribution region to the 

relaxation of the contact line position during the charging process that accompanies 

the contact angle relaxation (Figure 4.1b and c). As it is shown in Figure 4.1c, the 

TPCL recedes for ~200 μm during charging process and the slowly receding contact 

line leaves behind a trace of charges on the surface, which eventually forms the 

observed charge trapping rim. The calculations shown in Figure 4.6 also indicate the 

well-known fact that local electric field diverges near the TPCL and is therefore much 

higher than anywhere at along the electrode/fluoropolymer interface. As a 

consequence, we assume that charge injection from the bottom electrode is negligible 

compared to the TPCL region.  

 

Figure 4.6. Fringe effect simulation using finite element method (on Comsol platform)(a) of 

the potential of the whole simulation region, (b) the potential, (c) the electric field and (d) the 

charge density on the drop near the contact line. For details of the simulations, see S.I. and 

Figure S4.8.  
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In order to reduce the width of the deposited rim of charges, we suppress the geometric 

relaxation of the drop during charging by confining it between two parallel plates at a 

distance of ℎ = 100 µm (Figure 4.7a and 4.7b). ℎ is simply achieved by placing a 

100 µm thick glass space between the two plates. The lower surface is a Teflon-

coated substrate as before and the upper one is an ITO coated glass that serves as an 

electrode during the charging process. These two surfaces confine a drop during 

charging and reduce the displacement of the contact line Δ𝑅 for the same amount of 

contact angle relaxation Δ𝜃  as in Figure 4.1, with Δ𝑅 ∝ ℎ Δ(cos 𝜃) .  KPFM 

measurements after removing the top surface and the drop demonstrate that indeed a 

much narrower rim of charges is deposited with a width of about 20 m, as shown in 

Figure 4.7. The average surface potential within the rim is -10 V, corresponding to the 

trapped charge density 𝜎𝑇 = −0.22 𝑚𝐶/𝑚2 . From these results, we could also 

conclude that a much smaller but finite charge density is deposited at the solid-liquid 

interface away from the contact line, as seen in Figure 4.4.  However, the edge of the 

charged rim is still sharp, suggesting that a further reduction of the width of the rim 

towards the intrinsic limit should be possible. Thus, by altering the charging voltage, 

charging time and controlling the TPCL motion, we demonstrated that EWCI is a 

promising strategy to produce surface charge distributions with microscale resolution.  

There are other approaches to  manipulate the TPCL than shown in this work, to meet 

the requirements of the application at hand. For example, charge injection with a 

straight boundary can be achieved by dipping the sample partially into a container 

filled with water resulting in a straight TPCL. It is also conceivable to write a line of 

surface charge by dragging a small drop or liquid meniscus attached to a 

microcapillary across a solid surface while applying a voltage, similar to the previous 

report by Banpurkar et al[59]. If the applied voltage is varied depending on the position 

on the surface, EWCI should thus enable the writing of arbitrary charge patterns with 

a wide range of possible applications (see Figure S4.9).  

The charge densities generated by EWCI are comparable (or even slightly higher) to 

conventional charge injection methods such as corona discharge or electron beam 

injection. While the lateral resolution of electron beam (or even AFM-based) charge 

injection is higher[60], EWCI allows for reasonably sharp charge patterns on the 

micrometer scale with minimal equipment requirements. Compared to corona 

discharge, EWCI is clearly superior both regarding the ability of patterning and 

regarding the stability of the injected charge, in particular in the presence of humidity.  
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Figure 4.7. Generation of narrow charge patterns using a confined drop with 𝑈𝐶 = −90 𝑉 for 

5 min. (a) and (b) schematic setup in voltage off and on state. The parts in blue, orange and 

gray are water, Teflon AF and ITO layer, respectively. The thickness of Teflon AF layer is 

800 nm. (c) and (d) corresponding bottom views in transmission illustrating the small variation 

in radius. (e) KPFM surface potential map of the region indicated in (c) after tuning off the 

voltage and removing the water. (f) line profiles of surface topography and surface potential 

of charged region in (e).  

 

4.3. Conclusion  

In this work, we conclusively show that, the deposition of surface charges from an 

aqueous drop on an electrically insulating fluoropolymer surface in an EW 

configuration at high voltage, indeed preferentially occur along the contact line of the 
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drop, in accordance with the established EW theory but deviating from recent 

suggestions based on unconventional and/or unstable EW systems[27, 36-37] in which the 

maximum charge densities are reported accumulated in the center of the drop. This 

observation is confirmed by a combination of three experimental techniques, namely 

local contact angle at zero voltage, the asymmetry of the EW response, and KPFM.  

Furthermore, we propose this EW-assisted charge injection (EWCI) method as a 

simple and low-cost strategy for generating surface charges at microscale. We 

demonstrate the tunability of the charge density and the charged regions by simply 

adjusting the electric charging conditions or confining the motion of TPCL. No 

vacuum process or other complex facilities are needed. In addition, negative charge 

patterns are very stable over long times, in dry and humid environment and even in 

water. We believe this proposed EWCI strategy will be beneficial for a wide range of 

research and applications which require controllable surface charges. 

 
 

4.4. Experimental Section 

 

4.4.1 Preparation of Teflon films 

ITO/glass substrates are cleaned in a Liquid Crystal Display (LCD) cleaning line for 

G2.5 glass (400 mm  500 mm). Subsequently, 800 nm thick AFP films are prepared 

by screen printing Teflon AF 1600  solution with solvent of FC-43 (The Chemours 

Company, USA), followed by baking on a hot plate at 95 C for 1 min to remove 

residual solvent and additional baking in an oven at 185 C for 30 min to anneal the 

film. All processes are carried out in a clean room. More details on the fabrication 

process can be found in Ref.[61]. 

 

4.4.2 Surface charging  

Teflon surfaces were charged by applying DC voltages Uc of up to  140 V for 2 to 

15 min between the ITO electrodes on the substrate (kept at electrical ground potential) 

and a platinum (Pt) wire (0.1 mm diameter) immerse into a 5 L drop of de-ionized 

water (MilliQ). Charging the surface is performed at room temperature (~25 C) in a 

closed container filled with vapour-saturated air. Electrical voltages are generated by 

a function waveform generator (33220A, Agilent, USA) in combination with an 

amplifier (PZD 700, Trek, USA). The charging voltage  𝑈𝑐 is typically chosen within 
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the range of contact angle saturation, in which 𝜃 depends only weakly on the applied 

voltage (see Figure S4.1). 𝑈𝑐 is limited to ensure that the simultaneously measured 

current on the substrate remained below 1 A for all experiments. Since the current 

induced by the trapping charges is sub-nA level, the leakage current does not indicate 

the amount of trapped charges. (detailed explanation can be found in the description 

of Figure S4.6)  

 

4.4.3 Surface characterization 

Contact angle measurements 

The wettability of the samples is measured using a commercial contact angle 

goniometer (OCA-15+, Data Physics, Germany). Advancing and receding contact 

angles of the Teflon surfaces in air prior to charging were 𝜃𝑎
𝑎𝑖𝑟 = 120° and 𝜃𝑟

𝑎𝑖𝑟 =

115°. All subsequent contact angle measurements after charging with and without 

electrowetting (EW) are carried out in ambient silicone oil (317667, Sigma-Aldrich, 

USA) with probe droplets of 0.3-0.5 µL, substantially smaller than the charging drop. 

All reported voltages are measured with respect to the grounded ITO electrodes. The 

water drop is in contact with the Pt wire at all time; i.e. contact angles at zero voltage 

corresponding to a configuration with an electrically grounded droplet (i.e. the droplet 

is not freely floating). The advancing and receding contact angles under these 

conditions are close to 170° with negligible hysteresis. The EW response is probed 

by applying a triangular waveform (±30 V) with a period of 60 s to the probe drop. 

The maximum voltage during the EW-surface characterization measurements is kept 

deliberately low to ensure that the system displays a parabolic response following the 

Equation 4.2. In Equation 4.2, the capacitance per area is 𝑐 =
𝜀0𝜀𝑟

𝑑
= 2.2 ×

10−5 𝐹/𝑚2 . 𝛾 = 41 𝑚𝐽/𝑚2  is the oil-water interfacial tension. ( 𝜀0𝜀𝑟  and 𝑑 ≈

800𝑛𝑚: dielectric permittivity and thickness of Teflon AF layer). The surface charge 

densities are calculated with Equation 4.3 under the assumption that the deposited 

charge with density 𝜎𝑇 resides on top of the Teflon surface and does not penetrate 

substantially into the bulk of the material. Penetration to a depth 𝛿 would lead to an 

enhanced capacitance 𝑐(𝛿) = 𝑐 ∙ 𝑑/(𝑑 − 𝛿). However, as long as 𝛿 is only a few nm, 

i.e. small fraction of 𝑑, the resulting correction would thus be minor. In addition,  a 

finite charge on the surface automatically implies that 𝜃(𝑈 = 0) < 𝜃𝑌 . 

Correspondingly, there is a finite screening charge density 𝜎𝐷(𝑈 = 0) = 𝜎𝑇
𝑐𝐸𝐷𝐿

𝑐+𝑐𝐸𝐷𝐿
≈
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𝜎𝑇 on the drop (𝑐𝐸𝐷𝐿 ≫ 𝑐: electric double layer capacitance). In contrast, we denote 

𝜃𝑌 = 𝜃(𝑈𝑇) as Young’s angle, which corresponds to the contact angle of zero charge 

on the drop. For more detailed aspects of EW measurements including their 

interpretation in the presence or absence of surface charges, see Ref. [6].  

Kelvin probe force microscopy (KPFM) 

To characterize the electrostatic potential of the surface in more detail and with high 

lateral resolution, KPFM measurements are performed using a commercial atomic 

force microscopy (AFM; Dimension Icon Bruker, USA) with conductive (Sb-

(n)doped Si) rectangular tips with a nominal tip radius of 25 nm (SCM-PIT-V2, 

BRUKER, USA). Upon applying an AC voltage (𝑈𝐴𝐶  = 500 𝑚𝑉, 𝑓 = 60~62𝑘𝐻𝑧, ) 

superimpose onto a DC voltage (𝑈𝐷𝐶  ) to the AFM tip, the electrostatic force (Fes) 

between the AFM tip and sample is given by:   

𝐹𝑒𝑙 =
1

2

𝜕𝐶(𝑧)

𝜕𝑧
(𝑈𝐷𝐶 − 𝑈𝑇 + 𝑈𝐴𝐶 sin 𝜔𝑡)2                                 (4.4)             

Here ∂C(z)/ ∂z is the gradient of the capacitance between tip and sample surface and 

𝑈𝑇 is the trapping voltage. Splitting the force according to their frequency (𝜔), we 

obtain the static (FDC) and dynamic (Fω and F2ω) contributions, as usual,  

𝐹𝐷𝐶 =   
𝜕𝐶(𝑧)

𝜕𝑧
[

1

2
(𝑈𝐷𝐶 − 𝑈𝑇)2 +

1

4
𝑈𝐴𝐶

2]                                      (4.5)                                              

𝐹𝜔 =   
𝜕𝐶(𝑧)

𝜕𝑧
(𝑈𝐷𝐶 − 𝑈𝑇)𝑈𝐴𝐶 sin 𝜔𝑡                                         (4.6) 

𝐹2𝜔 =  −
1

4

𝜕𝐶(𝑧)

𝜕𝑧
𝑈𝐴𝐶 cos 2𝜔𝑡                                            (4.7)    

                                          

The amplitude of 𝐹𝜔  is proportional to 𝑈𝐷𝐶 − 𝑈𝑇 . To obtain the 𝑈𝑇  in amplitude 

modulation KPFM, 𝑈𝐷𝐶  is adjusted such that 𝐹𝜔 becomes minimal. For a system with 

a perfectly homogeneous dielectric film and a bottom electrode layer, the surface 

potential 𝑈𝑆 is expected to be identical with the trapping voltage 𝑈𝑇. More details on 

measuring 𝑈𝑇 with the KPFM can be found in S.I. and  Figure S4.4. 
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Supporting information 

Electrowetting response  

 

Figure S4.1.  Contact angle depending on applied voltage in EWOD. Modeled curve is 

calculated with Young-Lippmann equation. The dielectric and hydrophobic layer is Teflon 

AF with a thickness of ~ 800 nm. 
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Charging Teflon film in humid environment 

 

 

Figure S4.2. (a) Schematic drawing of humid chamber setup. (b) comparison of water 

droplet evaporation rate in room environment and in a humid chamber. 

 

Schematic drawing of local contact angle measurement by probe-droplet   

                                                                                

 

 

Figure S3. Schematic drawing of local contact angle measurement by probe-droplet. 
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Measuring trapping voltage (𝑈𝑇) by Kelvin probe force microscopy (KPFM)  

 

 

Figure S4.4. The schematic of measuring the trapping voltage (UT) and trapping charge 

density σT by utilizing KPFM. A detailed explanation is given below.   

According to Figure S4.3 the charge density on the probe of KPFM (𝜎𝑝)  and on the 

bottom electrode (𝜎𝑔) are 

𝜎𝑝 = 𝑐𝑎(𝑧)(𝑈𝑝 − 𝑈𝑠)                                               (𝑆4.1) 

𝜎𝑔 = 𝑐𝑑(𝑈𝑔 − 𝑈𝑠)                                                  (𝑆4.2) 

where the 𝑐𝑎(𝑧) is the capacitance per unit area of the air capacitor formed between 

the probe and the dielectric surface. 𝑐𝑎(𝑧) depends on the distance between the probe 

and the dielectric layer (z), and can be calculated by 𝑐𝑎(𝑧) = 𝜀0 𝑧⁄ . 𝑐𝑑  is the 

capacitance per unit area of the dielectric layer. 𝑈𝑝, 𝑈𝑠 and 𝑈𝑔 are the potential at the 

probe, at the dielectric surface and the bottom electrode.  Given the total charge in the 

system is zero, we get  

𝜎𝑔 + 𝜎𝑝 + 𝜎𝑇 = 0                                                      (𝑆4.3) 

where 𝜎𝑇 is the trapping charge density on the surface of dielectric layer. 

From Equations S4.1 – S4.3, we get: 
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𝑈𝑠 − 𝑈𝑝 =
𝜎𝑇

𝑐𝑎(𝑧) + 𝑐𝑑
−

𝑐𝑑

𝑐 + 𝑐𝑑
(𝑈𝑝 − 𝑈𝑔)                                (𝑆4.4) 

𝑈𝑠 − 𝑈𝑔 =
𝜎𝑇

𝑐𝑎(𝑧) + 𝑐𝑑
+

𝑐𝑎

𝑐 + 𝑐𝑑
(𝑈𝑝 − 𝑈𝑔)                               (𝑆4.5) 

Here, we should notice that the surface potential of the dielectric layer 

𝑈𝑠 =  
1

𝑐𝑎(𝑧)+𝑐𝑑
(𝜎𝑇 + 𝑐𝑎(𝑧)𝑈𝑝 + 𝑐𝑑𝑈𝑔)                                           (𝑆4.6)                

is not constant during the measurement. The dielectric surface potential 𝑈𝑠 (𝑧, 𝑈𝑝) 

does not only depend on the trapping charge density 𝜎𝑇, but also on z and 𝑈𝑝. We 

define the trapping voltage as 𝑈𝑇 = 𝜎𝑇/𝑐𝑑 . Only if the probe is very far away from the 

dielectric surface, the surface potential equals the trapping voltage, 𝑈𝑠 = 𝑈𝑇 =  𝜎𝑇/

𝑐𝑑 . The electric energy of the system 𝑊𝑒𝑙  contain two parts: the energy from the 

capacitance 𝑊𝑐 and the energy from the source (battery) 𝑊𝑠, can be written as: 

𝑊𝑒𝑙 = 𝑊𝑐 + 𝑊𝑠                                                                 (𝑆4.7)     

The energy of the capacitance contains the energy in the air capacitance between the 

probe and the surface (𝑊𝑎) and the energy in the dielectric layer 𝑊𝑑 , and can be 

calculated as:  

𝑊𝑐 = 𝑊𝑎 + 𝑊𝑑 =  
1

2
𝐴𝑐𝑎(𝑧)(𝑈𝑝 − 𝑈𝑠)

2
+

1

2
𝐴𝑐𝑑(𝑈𝑠 − 𝑈𝑔)

2
                                         

         =  
1

2
𝐴 [

𝜎𝑇
2

𝑐𝑎(𝑧) + 𝑐𝑑
+

𝑐𝑎(𝑧)𝑐𝑑

𝑐𝑎(𝑧) + 𝑐𝑑
(𝑈𝑝 − 𝑈𝑔)2]                                  (𝑆4.8)  

The energy from the source is:   

𝑊𝑠 = 𝑊0 − 𝜎𝑝𝐴(𝑈𝑝 − 𝑈𝑔)                                                               (𝑆4.9) 

Where 𝑊0 is the initial energy stored in the source. 𝐴 is the overlapping area of the 

probe and the dielectric surface. According to Equations S4.1, S4.2 and S4.3, the 

charge density on the probe is : 

𝜎𝑝 = 𝑐𝑎(𝑧) (
−𝜎𝑇

𝑐𝑎(𝑧) + 𝑐𝑑
+

𝑐𝑑

𝑐𝑎(𝑧) + 𝑐𝑑
(𝑈𝑝 − 𝑈𝑔))                               (𝑆4.10) 

Substitute Equation S4.10 to Equation S4.9, we get 
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𝑊𝑠 = 𝑊0 − 𝐴𝑐𝑎 [
−𝜎𝑇

𝑐𝑎 + 𝑐𝑑
+

𝑐𝑑

𝑐𝑎 + 𝑐𝑑
(𝑈𝑝 − 𝑈𝑔)] (𝑈𝑝 − 𝑈𝑔)        

= 𝑊0 + 𝐴
𝑐𝑎𝜎𝑇

𝑐𝑎 + 𝑐𝑑
(𝑈𝑝 − 𝑈𝑔) − 𝐴

𝑐𝑎𝑐𝑑

𝑐𝑎 + 𝑐𝑑
(𝑈𝑝 − 𝑈𝑔)

2
                         (𝑆4.11)  

Substitute Equations S4.8 and  Equations S4.11 to Equations S4.7,  the electric energy 

in the system is  

𝑊𝑒𝑙 =
1

2
𝐴 [

𝜎𝑇
2

𝑐𝑎 + 𝑐𝑑
+

𝑐𝑎𝑐𝑑

𝑐𝑎 + 𝑐𝑑
(𝑈𝑝 − 𝑈𝑔)2] + 𝑊0 + 𝐴

𝑐𝑎𝜎𝑇

𝑐𝑎 + 𝑐𝑑
(𝑈𝑝 − 𝑈𝑔)

−
𝑐𝑎𝑐𝑑

𝑐𝑎 + 𝑐𝑑
(𝑈𝑝 − 𝑈𝑔)

2
 

= 𝑊0 +
1

2
𝐴 (

𝜎𝑇
2

𝑐𝑎 + 𝑐𝑑
) −

1

2
𝐴 

𝑐𝑎𝑐𝑑

𝑐𝑎 + 𝑐𝑑
(𝑈𝑝 − 𝑈𝑔)

2
+ 𝐴

𝑐𝑎𝜎𝑇

𝑐𝑎 + 𝑐𝑑
(𝑈𝑝 − 𝑈𝑔)  (𝑆4.12) 

Given the trapping voltage 𝑈𝑇 = 𝜎𝑇/𝑐𝑑 and the total capacitance 𝐶(𝑧) of the probe 

and the dielectric layer:                                                                      

  𝐶(𝑧) = 𝐴 ∙
𝑐𝑎(𝑧)𝑐𝑑

𝑐𝑎(𝑧) + 𝑐𝑑
                                                   (𝑆4.13) 

the electrical energy is given by:  

𝑊𝑒𝑙 = 𝑊0 −
1

2
𝐶(𝑧)(𝑈𝑝 − 𝑈𝑔 − 𝑈𝑇)

2
+

1

2
𝐴𝑐𝑑𝑈𝑇

2                              (𝑆4.14) 

The electric force on the AFM probe is given by the gradient of the energy: 

𝐹𝑒𝑙 = −
𝜕𝑊𝑒𝑙

𝜕𝑧
=

1

2

𝜕𝐶(𝑧)

𝜕𝑧
(𝑈𝑝−𝑈𝑔 − 𝑈𝑇)

2
                                 (𝑆4.15) 

Because 
∂C

∂z
 is negative, this force is attractive. Since the potential on the tip is the sum 

of an AC voltage (𝑈𝐴𝐶 sin 𝜔𝑡) and a DC voltage (𝑈𝐷𝐶  ), 𝑈𝑝 can be written as: 

𝑈𝑝 = 𝑈𝐷𝐶 + 𝑈𝐴𝐶 sin 𝜔𝑡                                                     (𝑆4.16)  

while the bottom electrode is grounded: 𝑈𝑔 = 0. Thus, the electric force is: 

𝐹𝑒𝑙 =
1

2

𝜕𝐶(𝑧)

𝜕𝑧
(𝑈𝐷𝐶 − 𝑈𝑇 + 𝑈𝐴𝐶 sin 𝜔𝑡)2                               (𝑆4.17) 
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=
1

2

𝜕𝐶(𝑧)

𝜕𝑧
[(𝑈𝐷𝐶 − 𝑈𝑇)2 + 2(𝑈𝐷𝐶 − 𝑈𝑇)𝑈𝐴𝐶 sin 𝜔𝑡 +

1

2
 𝑈𝐴𝐶(1 − cos 2𝜔𝑡)]  

Splitting the force according to its frequency components, we obtain the static (FDC) 

and dynamic (Fω and F2ω) contributions: 

 

𝐹𝐷𝐶 =   
𝜕𝐶(𝑧)

𝜕𝑧
[
1

2
(𝑈𝐷𝐶 − 𝑈𝑇)2 +

1

4
𝑈𝐴𝐶

2]                              (𝑆4.18) 

𝐹𝜔 =   
𝜕𝐶(𝑧)

𝜕𝑧
(𝑈𝐷𝐶 − 𝑈𝑇)𝑈𝐴𝐶 sin 𝜔𝑡                                  (𝑆4.19) 

𝐹2𝜔 =  −
1

4

𝜕𝐶(𝑧)

𝜕𝑧
𝑈𝐴𝐶 cos 2𝜔𝑡                                         (𝑆4.20) 
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Charge trapping contorted by charging voltage and time 

 

Figure S4. 5. The electrowetting curve of samples charged at (a) various voltage for 5 min and 

(b) -120 V for various time. Insets in (a) and (b) are the trapping voltage dependence of the 

charging voltage and charging time. (c) Electrowetting response comparison of two charged 

samples under -120 and +120 V, respectively, for 5 min. (d) Trapping voltage varying with 

time driven by a triangular waveform (30 V amplitude and 60 s period). 
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Leakage current measurement 

 

Figure S4. 6. Leakage current depending on applied voltage of sample with a 0.8 µm thick 

Teflon films. 
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Charge trapping detected after being treated with water vapor 

 

 

Figure S4.7. (a-c) The image of condensation phenomenon during charge sample (charged by 

-120 V for 5 min) being treated with water vapor for 3 h. The sample is vertical placed in a 
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humid chamber with water vapor. The water vapor forms (a) small droplets, then (b) the 

droplets grow bigger, and (c) slide down and now droplet forms on the sample surfaces. (d) 

Snapshots of local contact angle merriment at different position on the surface of the sample 

treated by water vapor for 3 h. The red arrows point the TPL region with trapping charges. 

 

 

 

Information of  fringe effect simulation 

 

 

 

Figure S4.8. (a) Schematic showing the axi-symmetric geometry used for the numerical 

simulations (b-d) Meshes used for the finite element based simulation using the Comsol 

platform. The simulation box is 3 mm × 3 mm in size, and the axis of symmetry is represented 

by the dash-dotted line in (b). The thickness of the dielectric layer is 800 nm. The size of the 

elements for the dielectric layer is 10 nm to 100 nm, and both for the droplet and air domains 

it is 10 nm to 100 µm. The droplet is considered perfectly conductive. The two sides of the 

platinum electrode, dipped into the droplet, are considered to be at -120 V (Dirichlet boundary 

condition), and the electrode underneath the dielectric is considered to be at 0 V (Dirichelt 

boundary condition). The outer domain boundaries are maintained at the no flux condition 

(Neumann boundary condition). The potential and the field distributions are calculated by 

solving the equation  ∇ ∙ (ε0εr∇φ) = 0 in each of the domains (dielectric, droplet and air) 

where ε0 is the vacuum permittivity; εr is the relative permittivity of the insulator (1.93 for 

Teflon in this case), and φ is the electric potential.        
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Ideas of using EWCI strategy to produce surface charges in various way 

 

     

               
 

Figure S4.9. (a) Schematic of charge injection at a straight band by putting the samples 

into a container filled with water. The charge trapping region is supposed to be a straight 

band because the TPCL is a straight line. (b) Schematic of injection charge on 

fluoropolymer surfaces with controllable shape and charge density. A small droplet is hold 

by a conductive tube and moved during the charging process. The charging voltage (Uc) 

can also be tuned during EWCI process as well, in order to deposit surface charge with 

varying density along the TPCL trace.  

 

 



 

 

 

 

 

 

 

Chapter 5  

 
Electric power generation from drop impact on 

charged surfaces* 

 

In this chapter, we explore the usefulness of the trapped charges. We propose a new 

type of nanogenerator based on the charge trapping phenomenon, to convert 

mechanical energy from drops impacting onto a hydrophobic surface into electrical 

energy. The mechanism of this proposed charge trapping electric nanogenerator (CT-

ENG) is investigated by using a combination of the high speed video microscopy and 

the current measurements. A physical model is built to quantitatively understand the 

charge transferring behavior. The scaling law was demonstrated for energy harvesting 

by using CT-ENG. The electric generation behavior depending on the impact 

conditions, fluid properties, and external electrical circuitry are investigated to verify 

the proposed model and to demonstrate the performance of the CT-ENG. 

 

 

                                                            
* This chapter is based on the preprints: H. Wu, N. Mendel, D. van den Ende, G. Zhou, F. 

Mugele. Electric generation from drops impacting onto charged surfaces. arXiv:2001.05019 

(2020, Submitted) 
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5.1 Introduction 

In Chapter 4, we have proposed an EWCI method for surface charge fabrication. 

When monitoring the leakage current during the EWCI experiment, the author 

accidently found a very interesting phenomenon: a current signal was generated when 

the droplet moved together with a conductive probe through the charged region. This 

finding was very exciting, because a current signal can be easily utilized for energy 

generation and sensors. A novel Charge Trapping Electric NanoGenerator (CT-ENG) 

is thus invented after further improving the setup. An application of energy harvesting 

from water drops utilizing the CT-ENG is demonstrated in this chapter.  

In recent years, strategies are proposed for energy harvesting from water motions, 

such as reverse electrowetting[1-2] and triboelectric nanogenerators[3-8]. However, 

inherent flaws exist in current approaches. Ineluctable external voltage depresses 

applications of reverse electrowetting. Dependence of low and unstable surface 

charges on tribo-layers limits the performance of triboelectric nanogenerators (TENG) 
[9-10]. As reported, the droplet energy harvesting efficiency is only 0.01%[5] by using 

the conventional TENG.  High and stable surface charge density can only be achieved 

in vacuum environment[11] or by implementing external pumping or excitation 

sources[10, 12]. In addition, the surface charges generated by triboelectrification is 

unpredictable, therefore, the quantitatively understanding of the underlying 

mechanism of the nanogenerator is challenging.   

In this chapter, we propose the CT-ENG and we investigate the electro-mechanical 

energy conversion by simultaneously measuring the dynamics of drop spreading on a 

charged substrate and its electrical response with microsecond resolution, both 

experimentally and theoretically. A physical model is presented, which quantitatively 

describes the charge transfer mechanism when water drops impact on charged 

surfaces. The electrical generation behaviors depending on the impact conditions, 

fluid properties, and external electrical circuitry are investigated to verify the proposed 

model and to demonstrate the performance of the CT-ENG. 100 days’ reliability 

testing of CT-ENG will also be presented. 

 

5.2 Results and discussion 

The basic setup of the experiment is sketched in Fig. 5.1a. Millimeter-sized drops of 

water are released from a syringe a few centimeters above a functionalized and 

electrically charged substrate. The substrate consists of glass slides coated with a 
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transparent conducting ITO layer (to record the spreading area 𝐴(𝑡) of the droplet 

optically) on which a hydrophobic micrometer thin fluoropolymer film is deposited. 

Prior to use, these substrates have been charged by surface charge printing[15] (SCP, 

see Suppl. Sect. I) resulting in a trapped surface charge density 𝜎𝑡 = −0.12 mC/m2. 

Approximately 0.5 mm above the substrate, a thin platinum (Pt) wire has been 

mounted horizontally to make electrical contact with the droplet that spreads on the 

substrate (Figure 5.1a). The ITO layer and the Pt wire form the terminals of the 

nanogenerator, to which a load resistor is connected. 

The drop hits the substrate at an impact location in the vicinity of the wire. Upon 

impacting, the drop first spreads on the surface, forms a pancake-like structure (Figure 

5.1c), and then touches the Pt wire while the drop-substrate contact area 𝐴(𝑡) reaches 

its maximum, 𝐴𝑚𝑎𝑥. Subsequently, the drop contracts and finally detaches from the 

wire. While the drop is initially cylindrically symmetric, its shape gets distorted by 

the off-axis collision with the wire in later stages of the process. Nevertheless, the  

contact area 𝐴(𝑡) (Figure 5.1d) as extracted from bottom view images,  recorded 

through the transparent substrate (Figure 5.1c, Suppl. Sect Ⅳ) follows the typical drop 

impacting behavior with a characteristic spreading time, 𝜏ℎ, which is of the same order 

of magnitude as the inertial-capillary time 𝜏 ≡ (𝜌𝑟3/𝛾)1/2 , where 𝜌,  𝑟  and 𝛾  are 

liquid density, drop radius and interfacial tension, respectively[13-14]. We define the 

hydrodynamic time 𝜏ℎ  as the time between the moment the drop first touches the 

surface (𝑡 ≡ 0)  and the moment it reaches maximum spreading (Figure 5.1d). Before 

the spreading drop touches the Pt wire the simultaneously recorded electrical current 

remains zero (Figure 5.1c) but jumps abruptly to a large finite value as the drop 

touches the wire. With a relaxation time of around 2 ms, the current decays initially 

exponentially. Subsequently, the current changes direction as the drop footprint starts 

to retract and eventually abruptly vanishes when the drop detaches from the wire.  
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Figure 5.1. Simultaneous characterization of drop impacting dynamics and the electrical 

responses. a, schematic of a cross section of a drop falling onto negatively charged surface 

with a top electrode (black ‘−’ symbols),  a bottom electrode with positive counter charge, an 

external load resistor RL and current IR through the resistor.  b, equivalent circuit where the 

gained charges in the system upon spreading is represented by a generation current Igen. (see 

text for details). c, bottom view through transparent substrate of a drop (volume: 33 µL; liquid: 

100 mM NaCl solution) impacting on a hydrophobic surface (Teflon AF1600): (I) prior to 
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contact with wire (top electrode); (II) moment of contacting wire; (III) contracting; (IV) 

detaching from wire. Scale bar: 5 mm.  Simultaneously measured d, drop-solid interfacial area 

(A) and e, current ( IR) of drop impacting on a charged hydrophobic surface ( σT =

−0.12 mC/m2). τh is a hydrodynamic time scale representing the time between drop impact 

and maximal spreading. Black symbols: experimental data; red curve: model. The current IR  

flows only during drop-wire contact (blue region). The hydrophobic coating is a 800 nm thick 

Teflon AF 1600 film (for preparation see Suppl. Sect. I), the load resistor 𝑅𝐿 is 810 Ω. 

This characteristic behavior can be understood as follows (see Suppl. Sect. Ⅲ). As the 

drop hits the negatively charged surface, the drop initially becomes polarized due to 

the charges on the solid surface. As long as the drop does not touch the Pt wire, there 

is no net charge transfer between the two electrodes. At moment the drop touches the 

wire (Figure 5.1e), part of the countercharge on the bottom electrode (red ‘+’ symbols 

in Figure 5. 1b) flows through the external load resistor 𝑅𝐿  to the drop, and 

accumulates in the electric double layer (EDL) at the drop-substrate interface. In the 

next stage, as the drop contracts, the countercharge flows back to the bottom electrode 

in pace with the decreasing contact area  𝐴(𝑡). Once the drop detaches from the wire, 

the current abruptly drops to zero (Figure 5.1c-Ⅳ). 

This charge transfer is driven by the potential difference 𝑈  between the top and 

bottom side of the fluoropolymer film that arises from the trapped charge 𝐴(𝑡)𝜎𝑡 

together with the charge 𝑞 accumulated in the EDL at the liquid-film interface, 𝑄 =

𝜎𝑡𝐴(𝑡) + 𝑞 in total, and the countercharge −𝑄 on the ITO electrode at the bottom. 

Because the thickness of the film is approximately 𝑑 ≈ 1 𝜇𝑚 while the Debye length 

𝜆𝐷 is typically a few nm, depending on the salt concentration, the capacitance per unit 

area of the electric double layer 𝑐𝐸𝐷𝐿 = 𝑂(10−2𝐹/𝑚2)  is much larger than the 

capacitance of the dielectric film 𝑐𝑑 = 𝜖0𝜖𝑑/𝑑 ≈ 2.2 × 10−5𝐹/𝑚2  ( 𝜖0𝜖𝑑  is the 

dielectric permittivity of the fluoropolymer layer). Therefore,  we neglect the capacity 

of the EDL can represent the droplet-substrate system as a single capacitance 𝐶 ≈

𝑐𝑑𝐴(𝑡)  while the potential over this capacitor is 𝑈 =  (𝜎𝑡𝐴(𝑡) + 𝑞)/𝑐𝑑𝐴(𝑡) . 

Moreover, due to Ohms law, 𝑈 = 𝐼𝑅𝑅𝐿, where 𝐼𝑅 = −𝑑𝑞/𝑑𝑡 is the current through 

the resistor 𝑅𝐿 . Combining both expressions for 𝑈  we obtain the governing 

differential equation: 

𝑑𝑞

𝑑𝑡
+

𝑞(𝑡)

𝑅𝐿𝑐𝑑𝐴(𝑡)
=

−𝜎𝑡

𝑅𝐿𝑐𝑑
                                              (5.1) 
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This equation describes the charge transfer when the drop makes electrical contact 

with the Pt wire, so for 𝑡𝑜 < 𝑡 < 𝑡𝑓 where 𝑡𝑜 is the moment the drop touches the wire 

and  𝑡𝑓 the moment the drop detaches from the wire. At 𝑡 = 𝑡𝑜 the charge in the EDL 

𝑞 = 0, while 𝑈 = 𝜎𝑡/𝑐𝑑. The sketched process can be represented with an electric 

circuit as given in Figure 5.1b, where the switch closes at  𝑡 = 𝑡𝑜 and opens again at 

𝑡 = 𝑡𝑓.  In the time between, a current 𝐼𝑔𝑒𝑛(𝑡) = 𝜎𝑡𝑑𝐴/𝑑𝑡 is injected in the RC circuit, 

part of which, 𝐼𝑅 = 𝑈/RL, flows through the resistor while the other part, 𝐼𝐶 = 𝑑𝑄/𝑑𝑡, 

flows towards the capacitor, where 𝑄 = 𝜎𝑡𝐴(𝑡) + 𝑞. While 𝐼𝑔𝑒𝑛 scales with 1/𝜏ℎ, the 

current 𝐼𝑅 through the load resistor, which is the device in the applications, scales with 

the inverse of the electrical relaxation time 𝜏𝑒𝑙 = 𝑅𝐿𝑐𝑑𝐴𝑚𝑎𝑥, where 𝐴𝑚𝑎𝑥 = 𝐴(𝜏ℎ) is 

the maximal value of 𝐴(𝑡). Depending on the value of  𝑅𝐿 and 𝑐𝑑 both timescales (𝜏ℎ 

and 𝜏𝑒𝑙) can be quite different (see Suppl. Sect. Ⅴ for more details). 

We consider two cases, 1: the drop touches the Pt wire after spreading (“off-wire” 

case)  or 2: immediately at the moment of impact (“on-wire” case) . For the first case 

when the drop touches the wire  at its maximum area 𝐴𝑚𝑎𝑥 (referred as “off-wire”, 

Figure 5.1), the numerically calculated 𝐼𝑅(𝑡) = −𝑑𝑞/𝑑𝑡 based on Equation 5.1 with 

𝑅𝐿 = 810 Ω and 𝐴(𝑡) as measured by the high-speed camera, is shown as the red 

dashed line in Figure 5.1c. The curve perfectly matches the measured current curve, 

confirming the proposed mechanism. To explain the process and further verify the 

model, we first consider the current behavior during a short time directly after impact, 

𝑡𝑜 < 𝑡 ≪ 𝑡𝑜 + 𝑡ℎ . During this time the contacting area barely changes, i.e.,  

𝐴 ≈ 𝐴𝑚𝑎𝑥, and correspondingly, 𝐼𝑔𝑒𝑛 = 0. The charge 𝑄 at the moment of touching, 

𝑡0 , is given by 𝑄(𝑡0) = 𝜎𝑇𝐴𝑚𝑎𝑥 . In this regime Eq. 5.1 reduces to: 𝑑𝑄/𝑑𝑡 +

𝑄(𝑡)/(𝑅𝐿𝑐𝑑𝐴𝑚𝑎𝑥) = 0. With the initial condition just given, the resulting current 

through 𝑅𝐿 is 𝐼𝑅 = −𝐼𝑜𝑒−𝑡/𝜏𝑒𝑙 , where 𝐼𝑜 = −𝜎𝑡𝐴𝑚𝑎𝑥/𝜏𝑒𝑙 is the initial current at 𝑡 =

𝑡𝑜. This exponential decay of the current is characteristic for the discharge of an 𝑅𝐶-

circuit. 
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Figure 5.2 Universal current response from impacting drops with varying 𝐑𝐋, 𝛔𝐓 and 𝐡. 

Current through load resistor vs. time for “off-wire” impact under various conditions: a, 

varying RL  (0.47, 0.81, 1.65 MΩ ) fixed σT = 0.35 mC/m2; h = 43mm  (oxidized silicon 

samples); b, varying trapped charge density (  σT = −0.07, −0.20, −0.35 mC/m2 ); fixed 

RL = 810 Ω ; h = 43 mm . (oxidized silicon samples) c, varying impact height ( h = 3,

9, 18 cm). fixed σT ≈ −0.1 mC/m2; RL = 810 Ω (transparent samples); Drop volume for a 

and b are 33 μL, for c is 17 μL. d, non-dimensional current response curve vs. non-dimensional 

time for all data shown in panels a, b, c. For t ≪ τh (inset of d), all curves collapse onto the 

universal response curve of a discharging RC-circuit.  
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Current curves obtained from drops impacting on substrates from several heights ℎ 

(implying variable 𝐴𝑚𝑎𝑥) and with different load resistances 𝑅𝐿, or surface charge 

densities 𝜎𝑇 have been plotted in Figure 5.2. After normalizing current and time as 

𝐼𝑅 = 𝐼𝑅/𝐼0 and  𝑡̃ = 𝑡/𝜏𝑒𝑙, respectively, the curves indeed overlap with each other and 

display the universal discharge behavior as shown in Figure 5.2d. This consistency 

once more confirms the applicability of the model for the “off-wire” case. Here we 

used electrowetting-assisted charge injection (EWCI)[15] instead of SCP to achieve 

stable surface charge densities on a relatively large surface area. The obtained surface 

charges 𝜎𝑇  can be determined with an electrowetting (EW) probing method (see 

Suppl. Sect. Ⅱ). The calculated 𝐼0 based on the 𝜎𝑡  measured by EW, is in good 

agreement with the measured initial current (see Suppl. Sect. Ⅴ). Thus, all parameters 

in the model (𝑅𝐿 ,  𝑐𝑑 , 𝜎𝑡 , 𝐴𝑚𝑎𝑥 , 𝜏ℎ) are known and moreover, the measurements 

fully corroborate the model. 

In the second case the drop impacts directly on the Pt wire (“on-wire”). Here we use 

a low 𝑅𝐿 value, so 𝜏𝑒𝑙 ≪  𝜏ℎ and because the charge on the film adjust itself almost 

immediately, the total current 𝐼𝑔𝑒𝑛(𝑡) flows through the resistor. Consequently, 𝐼𝑅 =

𝐼𝑔𝑒𝑛 = 𝜎𝑇𝑑𝐴/𝑑𝑡 . The calculated current 𝐼𝑅(𝑡)  matches again perfectly with the 

measured current curve, without any adjustable parameter (see Figure 5.3a). 

According to this model the total charge transferred through 𝑅𝐿 from drop impact 

( 𝐴 = 0)  to maximal spreading ( 𝐴 = 𝐴𝑚𝑎𝑥) , 𝑄𝑡𝑟𝑎𝑛 = 𝑞(𝜏ℎ) = ∫ 𝐼𝑅𝑑𝑡
𝜏ℎ

0
=

∫ 𝜎𝑇
𝐴𝑚𝑎𝑥

0
𝑑𝐴 = 𝜎𝑇𝐴𝑚𝑎𝑥, is proportional to 𝐴𝑚𝑎𝑥. The measured dependence of 𝑄𝑡𝑟𝑎𝑛 

on 𝐴𝑚𝑎𝑥 for 𝜏𝑒𝑙 ≪ 𝜏ℎ is given in Figure 5.3b and confirms this linear relationship.  

From a more general perspective, the roles of 𝐼𝑔𝑒𝑛  and 𝐼𝐶  can be revealed by 

comparing the current response for “on-wire” and “off-wire” impact at low and high 

load resistance (Figure 5.3c and 3d). For very low 𝑅𝐿, i.e. 𝜏𝑒𝑙 ≪ 𝜏ℎ, “off-wire”  impact 

leads to a very high current peak, 𝐼𝑜 = −𝜎𝑡𝐴𝑚𝑎𝑥/𝜏𝑒𝑙, as the orange curve in Figure 

5.3c shows. This is caused by the rapid discharge (with a decay time 𝜏𝑑  =

𝜏𝑒𝑙𝐴(𝑡0)/𝐴𝑚𝑎𝑥) of the initial charge 𝑄(𝑡0) = 𝜎𝑇  𝐴(𝑡0). After the initial discharge, 𝐼𝑅 

follows the same response as observed in a “on-wire” situation (blue curve, Figure 

5.3c), which is governed by the generation current 𝐼𝑔𝑒𝑛. For higher 𝑅𝐿, i.e. longer 𝜏𝑒𝑙, 

the overall current level, in particular the 𝐼0  for “off-line” case, is much lower 

compared to the one with low 𝑅𝐿  (Figure 5.3d), because 𝐼𝑜 ∝ 1/𝜏𝑒𝑙 . The current 

responses from “off-wire” and “on-wire” impacts are much more similar because the 

electrical and the hydrodynamic time scale are no longer separated and hence the 
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contributions of 𝐼𝐶  and 𝐼𝑔𝑒𝑛 to the current through the load resistor are comparable in 

magnitude.  

 

Figure 5.3  Drop impacting “off-wire” vs “on-wire”. a, simultaneously measured drop-solid 

interfacial area (A) and current (IR) of drop impacting on a charged hydrophobic surface (σT =

−0.13 𝑚𝐶/𝑚2, 𝑐𝑑 = 2.2 × 10−5𝐹/𝑚2, 𝑅𝐿 = 0kΩ ). b, amount of transferred charge q 

depending on maximum spreading area Amax. The slope of the dashed line is the surface 

charge density σT. (c, d) Current response for on-wire (blue) and off-wire (orange) impact with 

c, low load resistance (RL = 100kΩ , 𝑐𝑑 = 1.48 × 10−5𝐹/𝑚2, σT = −0.35 𝑚𝐶/𝑚2 ,τel ≪

τh)  and d, high load resistance (RL = 6.5MΩ, τel ≈ τh). Note the high peak current in the 

inset of c is limited by the internal resistance of the detection electronics. Samples used for a, 

b are transparent samples charged by SCP method, and for c, d are oxidized silicon samples 

charged by EWCI method. 

Because the drop, which impacts on the charged substrate, transmits electrical power 

(𝑅𝐿𝐼𝑅
2 ) to the load resistor[16], the setup described above is literally a charge-trapping-

based electric nanogenerator (CT-ENG). Depending on the charge injection method, 

this CT-ENG can be modified towards other types of nanogenerators, such as an 

electret nanogenerator[11, 17] , a triboelectric nanogenerator[18-19] or an electret-
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triboelectric nanogenerator[8, 20]. Here, we study the energy harvesting capabilities of 

this CT-ENG device from water drops using the proposed physical model. The 

harvested energy, i.e. the energy dissipated in the load resistor, during the entire 

process is (see Suppl. Sect. V):  

Δ𝐸 = 𝑅 ∫ 𝐼𝑅
2(𝑡) 𝑑𝑡

t𝑓

to

= 𝐸0 𝑔(𝜏ℎ/𝜏𝑒𝑙 ,  𝑡𝑜/𝜏ℎ ,  𝑡𝑓/𝜏ℎ , {𝛼𝑛})                 (5.2) 

where 𝐸0 = 𝜎𝑇
2𝐴𝑚𝑎𝑥/𝑐𝑑 . Hence, Δ𝐸  scales linearly with 𝜎𝑡

2 , 𝐴𝑚𝑎𝑥  and 𝑐𝑑
−1 . The 

scaling factor 𝑔 is just a dimensionless function of 𝜏ℎ, 𝜏𝑒𝑙, 𝑡𝑜, 𝑡𝑓, and the coefficients 

{𝛼𝑛}, describing the time evolution of the contact area 𝐴(𝑡)/𝐴𝑚𝑎𝑥. This prediction is 

confirmed by our experimental results using samples with various surface charge 

densities, see Fig. 5.4. By plotting the harvested energy as Δ𝐸/𝐸𝑜 versus 𝜏𝑒𝑙/𝜏ℎ, we 

observe in Figure 5.4b a nice collapse of the curves with different 𝜎𝑡 for both 𝑡𝑜 = 0 

and 𝑡𝑜 = 𝜏ℎ, over a wide range of load resistors.  

Moreover, it turns out that “off-wire” impact leads to a more efficient energy 

conversion than “on-wire” impact for 𝑅𝐿 < 𝑅0 ≈ 6 𝑀𝛺 where 𝑅0 = 𝜏ℎ/(𝑐𝑑𝐴𝑚𝑎𝑥). 

This is caused by the initial extremely high “off-wire” current response due to 𝐼𝐶 , 

which leads to an efficient energy conversion, while the 𝐼𝑔𝑒𝑛  governed “on-wire” 

current remains low throughout the entire process. Numerical calculations based on  

Eqs. 5.1 and 5.2 with a typical 𝐴(𝑡)  profile as observed in the experiments also 

indicate that for a relatively small electrical timescale 𝜏𝑒𝑙, i.e. for low 𝑅𝐿 values, a 𝑡𝑜 

value close to 𝜏ℎ leads to a more efficient energy conversion (see Fig. S5.9).  

To further demonstrate the influence of the water droplet properties on the 

performance of the CT-ENG, we use water solutions with various conductivities, 

including rain water from the Enschede area in the Netherlands. In “off-wire” mode, 

we find that for low conductivities the initial current 𝐼0  increases with increasing 

water conductivity, saturating at high conductivities towards 𝜎𝑇/𝑅𝐿𝑐𝑑 , see Figure 

5.4c. This can be understood from the additional resistance, 𝑅𝑑𝑟𝑜𝑝 in the droplet due 

to low conductivity of the water, so we have to modify the initial current expression 

as 𝐼0 = 𝜎𝑇/(𝑅𝐿 + 𝑅𝑑𝑟𝑜𝑝)𝑐𝑑 (see Suppl. Sect. V). Moreover, as reported previously, 

for negative charges, the charge injected by EW is very stable, even in a humid or 

water environment, for more than 100 days, see Figure 5.4d. Consequently, the 

performance of a CT-ENG device produced by EWCI is unaffected, at least during 

100 days. 
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Figure 5.4  Applications of Charge Trapping Electrical Nanogenerator (CT-ENG). a. 

Harvested energy Δ𝐸 from one water drop (volume: 33 μL, liquid: 100mM NaCl solution) 

falling from 43 mm height by using Charge Trapping Electrical Nanogenerator (CT-ENG) 

with three trapped charge density (squares: σT = −0.07 mC/m2 ; triangles: −0.2 mC/m2 ; 

circle: −0.35mC/m2). Inset is a schematic of CT-ENG.  b. normalized harvested energy per 

drop (Δ𝐸/𝐸0) vs. 𝜏𝑒𝑙/𝜏ℎ for on-wire impact (blue) and off-wire impact (orange) with variable 

trapping charge densities. Inset is a calculated harvested energy ΔE/E0 vs. τel/τh based on a 

numerical solution of Eqs. 5.1 and 5.2, for impact times  0 < t0 < τh (see Supplementary 

Section Ⅴ). c. The current generated from multiple water drops with different conductivities 

(𝑅𝐿 = 810kΩ, 𝑐𝑑 = 1.48 × 10−5𝐹/𝑚2, σT = −0.35mC/m2) Inset is the equivalent circuit. 

d. Reliability testing of current generated from multiple falling drops for 100 days (𝑅𝐿 =

6.5 MΩ , 𝑐𝑑 = 1.48 × 10−5𝐹/𝑚2, σT = −0.27mC/m2). 

 

5.3 Sample preparation and solid-liquid area measurement 

Transparent samples used in Figure 5.1, 5.2c, 5.3a and 5.3b are fabricated based on 

glass substrates in a pilot manufacturing line in a high standard cleanroom (Class 100, 

ISO 5) in South China Normal University. Glasses substrates coated with indium tin 
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oxide (ITO) are cleaned in a Liquid Crystal Display (LCD) cleaning line. 800 nm thick 

Teflon AF1600 films (the Chemours Company, USA) are prepared by screen printer 

(Autech Enterprise Co., Ltd. China). Afterwards, the substrates are baked on a hot 

plate at 95 C for 1 min and in an oven at 185 C for 30 min to anneal the film. The 

substrates are cut into 7.5 cm× 2.5 cm sized rectangular samples. (More details on this 

fabrication process can be found in Ref.[21]). Surface charges on these transparent 

samples are prepared by Surface Charge Printing method (Suppl. Sect. Ⅰ).  

Oxidized silicon samples used in Figure 5.2a, 2b, 3a, 3b and 4 are prepared in the 

NanoLab in University of Twente (cleanroom Class 100, ISO 5). Czochralski (CZ)-

grown p-type (100)-oriented silicon wafers are used as bottom electrode. 300 nm thick 

SiO2  layer is grown on the doped silicon substrate with a low pressure chemical vapor 

deposition (LPCVD, Tempress, the Netherlands) at a temperature of 1100 °C for 4.5 

h. The wafer substrates are cut into 3 cm × 2 cm sized rectangular samples. The 

samples are cleaned by 99% HNO3 for 2 min and rinsed by purified water afterwards. 

A 1 μm thick hydrophobic layer is prepared by spin-coating (spinning speed of 1500 

rpm) with Teflon AF1600 solution (Chemours, USA). The substrates are heated to 85 

ºC for 1 min and following by an annealing process at 185 ºC for 1 h. By utilizing the 

electrowetting-assisted charge injection (EWCI) method, surface charge densities up 

to -0.35 mC/m2 can be generated (see Suppl. Sect. Ⅱ). The top electrode of a Pt wire 

(diameter of 0.1mm) is fixed with glue or tape on the surface of both transparent glass 

and oxidized silicon samples. 

The solid-liquid contact area during the drop impact on the surface is extracted from 

the images recorded with a highspeed camera (Fastcam SA5, Photron, Japan). The 

details of the image processing are described in Suppl. Sect. Ⅳ. The highspeed current 

measurements are done with a fast trans-impedance amplifier (HF2TA, Zurich 

Instrument, Switzerland) combining with a digital phosphor oscilloscope (TDS503B, 

Tektronix, United States). A picoammeter (Model 6487, Keithley, United States) is 

also used for some current measurements. 
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Supporting information 

Ⅰ.  Charging transparent substrates by surface charge printing 

In order to record the evolution of the drop-substrate contact area, we need high-speed 

imaging through the bottom of the substrates. Therefore, transparent substrates are 

required. As reported previously, surface charges can be generated from a water drop 

impacting on/contacting with hydrophobic surfaces[1-3]. For instance, Q. Sun et al. 

used surface charge printing (SCP) for programmed droplet transport[1]. In this work, 

we use SCP to generate a surface charge distribution on a fluoropolymer surface. The 

schematic is shown in Fig. S5.1a. A series of droplets with volume of 33 μL are 

released from a height of around 5 cm and impacts on a fixed spot on the hydrophobic 

surface. This results in a surface charge at the impact spot. According to our 

observation, the surface charge increases with every drop impact. The surface charge 

density reaches a plateau after around 500 drops (Fig. S5.1b). This surface charge 

saturation phenomenon has also been observed for the case of drop sliding on a 

hydrophobic perfluoro octadecyltrichlorosilane (PFOTS) surface[3]. With the SCP 

method, surface charges of approximately 0.15 mC/m2 can be generated (depending 

on drop height and substrate conditions).  

 

Figure S5.1 a, schematic of surface charge produced by surface charge printing(SCP) method. 

b, surface charge density depending on the count number of impacting water drops. 
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Ⅱ.  Charging Si/SiO2/Teflon substrates by improved electrowetting-assisted 

charge injection 

In order to verify the proposed physical model and to enhance the performance of the 

Charge Trapping Electrical Nanogenerator (CT-ENG), substrates with a stable and 

high surface charge density are required. For this purpose, ElectroWetting-assisted 

Charge Injection (EWCI) method is applied.  

 

Figure S5.2 a, schematic of the enhanced Electrowetting-assisted Charge Injection (EWCI) 

process (thickness of SiO2: 300nm; thickness of Teflon AF1600: 1μm). Atomic force 

microscopy (AFM) images of surfaces b, before and c, after EWCI process. Scale bar: 200 nm. 

d, surface charge densities on three charged surfaces measured by Electrowetting probe. 

Charge injection conditions for these three samples are, red: -400V for 15 min; blue: -300V 

for 15 min;  black: non-charged. Insets are the drop images under applied voltage 𝑈 =  0V. 

The frame color indicates the surface charge density: red for −0.35 mC/m2, blue for −0.20 

mC/m2 and black for −0.07 mC/m2. 

According to Chapter 4, charges can be injected at the three phase contact line (TPCL) 

region on fluoropolymer-water interfaces during electrowetting due to the locally 

enhanced electric field. To deposit a homogeneous charge distribution over the full 

contact area, a relatively high and more homogeneous electric field should be applied. 

To this purpose, we protect the substrate near the TPCL region by polypropylene (PP) 
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tape and introduce a 300 nm thin thermally grown SiO2
 layer as a dielectric layer 

underneath the fluoropolymer (Teflon AF1600) layer. The dielectric strength of the 

thermally grown SiO2 is higher than 1000 V/μm, which is much higher than for Teflon 

AF (20 - 150 V/μm)[4-5]. By simply placing a 300 nm SiO2 layer underneath the 1 μm 

fluoropolymer film, a potential of 400 V can be applied to the combined film (using 

deionized water) without damage. Consequently, a high electric field can be applied 

over a large arear of the dielectric layer. Fig. S5.2 shows the schematic of this 

improved EWCI process. It also shows  that the surface topography does not change 

under EWCI, consistent with the results of Chapter 4.After charging the surface in 

this way, the water is removed from the fluoropolymer surface and the surface charge 

densities can be tested by electrowetting (EW), as shown in Fig. S5.2d. For a neutral 

surface, the EW response curve, i.e. cos 𝜃 , where 𝜃  is the contact angle, versus 

applied voltage 𝑈, is symmetric around 𝑈 = 0. When the hydrophobic surface has 

been charged, the symmetry axis will be shifted to 𝑈 = 𝑈𝑇. From this shift 𝑈𝑇, the 

surface charge density can be calculated as 𝜎𝑇 = 𝑐𝑑𝑈𝑇 , where the  𝑐𝑑  is the 

capacitance of the dielectric layer per area [6]. For a pristine surface, a spontaneous 

surface charge density of -0.07 mC/m2 has been found. By applying -300V or – 400V 

for 15 minutes a charge density of respectively -0.20 mC/m2 and -0.35 mC/m2 is 

achieved.   

 

Ⅲ.  Charge transfer process  

As shown in Fig. 1, the process of a drop impacting on a solid surface can be divided  

into 4 stages: Ⅰ) the drop impacts and spreads on the charged surface; Ⅱ) the drop 

reaches its maximum spreading and touches the conductive (Pt) wire; Ⅲ) the drop 

contracts; Ⅳ) the drop detaches from the wire. Here, we discuss the charge transfer 

during these stages, using the schematics and the equivalent circuits that are shown in 

Fig. S5.3.  

Ⅰ) Before the drop touches the wire, all counter charges are at the bottom electrode. 

Since the switch in the equivalent circuit is open, there flows no current through the 

load resistor 𝑅𝐿.   

Ⅱ) Because the capacitance of electric double layer(𝐶𝐸𝐷𝐿)  at the liquid-solid interface 

is much larger than the dielectric capacitance (𝐶𝐷𝑖𝑒𝑙), counter charge tends to migrate 

from the bottom electrode through 𝑅𝐿  to the liquid-solid interface, when the drop 

touches the wire. The amount of charge transferred between the two electrodes 
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depends on both the hydrodynamic 𝜏ℎ and electric timescale 𝜏𝑒𝑙 we discussed in the 

main text. When the resistance is small,  𝜏𝑒𝑙 ≪ 𝜏ℎ, and the local counter charge will 

be transferred to the EDL. 

Ⅲ) After reaching its maximum spreading, the drop starts to contract, and the liquid-

solid contact area 𝐴(𝑡) decreases. As shown in Fig. S5.3-Ⅲ, the counter charge flows 

back to the bottom electrode during this stage, leading to a positive current through 

𝑅𝐿. In the case 𝜏𝑒𝑙 ≪ 𝜏ℎ, the current 𝐼𝑅 is dominated by the drop dynamics, while 

when 𝜏𝑒𝑙 is comparable or larger than 𝜏ℎ, 𝐼𝑅  is determined by both the drop dynamics 

and the RC circuit response. 

Ⅳ) When the drop detaches from the wire and bounces off or slides downhill 

(depending on whether the surface is tilted), the current through the load resistor 

becomes zero. 

 

 

 

Figure S5.3 Schematic of the four stages of a drop impacting on a charged surface: Ⅰ) drop 

impacting and spreading on the charged surface; Ⅱ) drop reaching its maximum spreading and 

touching the conductive (Pt) wire; Ⅲ) drop contracting; Ⅳ) drop detaching the wire.  
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Ⅳ.  Extracting the liquid-substrate contact area 𝐀(𝐭) 

The impacting drop is observed through the substrate using a microscope in reflection 

mode. Although it is more vividly to observe the drop impact from aside, one can only 

observe the outer profile of the drop, while the liquid-solid contact area is hard to 

quantify. To determine the liquid-solid contact  area 𝐴(𝑡) correctly, we process the 

images observed in a reflection mode.  

 

Figure S5.4 a-d, non-processed images (extracted liquid-solid interfacial area is marked in 

red); e-h, images after background subtraction and median filtering (steps 1 and 2); i-l, binary 

masks of the extracted liquid-solid interfacial area. Scale bar: 5mm. 

Images are recorded using a high speed camera (Fastcam SA5, Photron, Tokyo, Japan) 

at 10,000 fps and a microscope (Eclipse Ti, Nikon, Tokyo, Japan). Due to limited 

contrast with the background, the liquid-solid contact area could not be extracted by 

simple thresholding techniques (Fig. S5.4a-d). Therefore, we process the images in 

several steps (using the scikit-image library[7], Fig. S5.4e-l):  

1) The background is removed by subtracting a Gaussian blur of the image (kernel: 

40px disk), and subtracting the first recorded image in the sequence (with zero liquid-

solid interfacial area). Subtracting a Gaussian blur with a large kernel removes the 
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background gradient. Subtracting the initial image reduces the noise in the images 

considerably (e.g. noise from pollution of the backside of the substrate).  

2) A median filter (kernel: 10px disk) is applied to the images. Other than by applying 

a standard Gaussian blur to smoothen the image, a median filter smoothens the image 

while preserving sharp edges. (Figs. S5.4 e-h). 

3) Edges are detected by applying a 3x3 Sobel filter. The output image is binarized by 

applying a (global) threshold. 

4)  Morphological transformations are applied to remove small objects and fill holes 

from the binary mask(Figs. S4i-l). The number of pixels on the resulting mask is 

counted and converted using a predetermined scaling factor. 

  

V.  Modeling the electric behavior  

The governing equation for the charge flowing through the load resistor is given by 

Eq. 5.1 :   

−
𝑑𝑞

𝑑𝑡
= 𝐼(𝑡) =

𝑈(𝑡)

𝑅𝐿
=

𝜎𝑡𝐴(𝑡) + 𝑞(𝑡)

𝑅𝐿𝑐𝑑𝐴(𝑡)
                                            (𝑆5.1) 

Where 𝑡0 < 𝑡 < 𝑡𝑓 and 𝑞(𝑡0) = 0. This equation can be rewritten as: 

𝑑𝑞

𝑑𝑡
+

𝑞(𝑡)

𝑅𝐿𝑐𝑑𝐴(𝑡)
=

−𝜎𝑡

𝑅𝐿𝑐𝑑
                                                        (𝑆5.2) 

Defining 𝑥 = 𝑞/𝑞0, 𝑠 = 𝑡/𝜏ℎ,  𝑓(𝑠) = 𝐴(𝜏ℎ𝑠)/𝐴𝑚𝑎𝑥,  𝑞0 =  −𝜎𝑡𝐴𝑚𝑎𝑥, 𝜏𝑒𝑙 =

𝑅𝐿𝑐𝑑𝐴𝑚𝑎𝑥 and 

𝛽 = 𝜏ℎ/𝜏𝑒𝑙, we make Eq. S5.2 dimensionless: 

𝑑𝑥

𝑑𝑠
+ 𝛽 

𝑥(𝑠)

𝑓(𝑠)
= 𝛽                                                      (𝑆5.3) 

By inspection we observe that the solution of Eq. S5.3, with boundary condition 

𝑥(𝑠0) = 0,  is given by: 

𝑥(𝑠, 𝛽, 𝑠𝑜) = 𝛽 ∫ e−𝛽𝐿(𝑠,𝑠1)𝑑𝑠1

𝑠

𝑠0

                                               (𝑆5.4) 
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where 𝐿(𝑠, 𝑠1) = ∫ [𝑓(𝑠2)]−1𝑠

𝑠1
𝑑𝑠2 and 𝑠0 < 𝑠1 < 𝑠2 < 𝑠. Note that 𝜕𝐿/𝜕𝑠 =

1/𝑓(𝑠). Eq. S5.4 can be solved numerically, once one has an expression or 

parametrization for 𝑓(𝑠). 

From Eq. S5.3 we observe that for 𝑠 = 𝑠0 the derivative is given by 𝑑𝑥/𝑑𝑠 = 𝛽 

unless 𝑓(𝑠0) = 0. In that case we obtain for the derivative, using l’Hopital’s rule: 

𝑑𝑥/𝑑𝑠 = 𝛽𝑓′(𝑠0)/(𝑓′(𝑠0) + 𝛽), where 𝑓′(𝑠) is the derivative of 𝑓(𝑠).  

In dimensional form we obtain for the charge 𝑞 and current 𝐼 = −𝑑𝑞/𝑑𝑡 as a 

function of time 𝑡: 

𝑞(𝑡) =  −𝜎𝑡𝐴𝑚𝑎𝑥  𝑥(𝑠) ,          𝐼(𝑡) =
𝜎𝑡𝐴𝑚𝑎𝑥

𝜏ℎ
  (

𝑑𝑥

𝑑𝑠
)                           (𝑆5.5) 

for 𝑡/𝜏ℎ  = 𝑠 > 𝑠𝑜 = 𝑡𝑜/𝜏ℎ. Thus for 𝑡 = 𝑡0 we get in case 𝐴(𝑡0) ≠ 0 (off-wire):  

𝐼0 =
𝜎𝑡𝐴𝑚𝑎𝑥

𝜏𝑒𝑙
=

𝜎𝑡

𝑅𝐿𝑐𝑑
                                                            (𝑆5.6) 

 and in case 𝐴(𝑡0) = 0 (on-wire): 

𝐼0 =
𝜎𝑡𝐴′(𝑡0)

1 + 𝑅𝐿𝑐𝑑𝐴′(𝑡0)
≃  

𝜎𝑡

𝑅𝐿𝑐𝑑 + 𝜏ℎ/𝐴𝑚𝑎𝑥
                                  (𝑆5.7) 

Here we use the notation 𝐴′(𝑡) = 𝑑𝐴/𝑑𝑡. At impact we estimate 𝐴′(0) ≈ 𝐴𝑚𝑎𝑥/𝜏ℎ. 

Therefor, the off-wire current can be much larger than the on-wire current. The 

excess current decays exponentially with a short decay time because at 𝑡 = 𝑡0: 

(
𝑑2𝑥

𝑑𝑠2
)

𝑠0

=  
−𝛽

𝑓(𝑠0)
(

𝑑𝑥

𝑑𝑠
)

𝑠𝑜

                                                (𝑆5.8) 

So the initial slope of 𝐼(𝑡) is given by (𝑑𝐼/𝑑𝑡)𝑡0
= −𝐼0/𝜏𝑒𝑙.  

If the process starts at 𝑠0 = 1, where 𝑑𝑓/𝑑𝑠 = 0, we can approximate Eq. 3 for 1 <

𝑠 ≪ 2 as:  

𝑑𝑥

𝑑𝑠
+ 𝛽 𝑥(𝑠) = 𝛽                                                               (𝑆5.3𝑎) 

Which has as solution 𝑥(𝑠) = 1 − 𝑒−𝛽(𝑠−𝑠0) and 𝑑𝑥/𝑑𝑠 = 𝛽𝑒−𝛽(𝑠−𝑠0). In 

dimensional form last equation reads: 
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𝐼(𝑡) =
𝜎𝑡𝐴𝑚𝑎𝑥

𝜏𝑒𝑙
 𝑒−(𝑡−𝑡0)/𝜏𝑒𝑙                                              (𝑆5.3𝑏) 

The total harvested energy is given by: 

Δ𝐸 = 𝑅𝐿 ∫ 𝐼2𝑑𝑡
ꝏ

𝑡0

= 𝛽−1  
𝜎𝑡

2𝐴𝑚𝑎𝑥

𝑐𝑑
∫ (

𝑑𝑥

𝑑𝑠
)

2

𝑑𝑠
𝑠𝑓

𝑠0

                    (𝑆5.9) 

Because the integral 

1

𝛽
∫ (

𝑑𝑥

𝑑𝑠
)

2

𝑑𝑠
𝑠𝑓

𝑠0

= 𝐹(𝛽, 𝑠0, 𝑠𝑓 , {𝛼𝑛})                                    (𝑆5.10) 

is just a function of 𝛽 = 𝜏ℎ/𝜏𝑒𝑙, 𝑠0, 𝑠𝑓 and {𝛼𝑛}, where the parameters  {𝛼𝑛} 

describe the time evolution of 𝐴(𝑡)/𝐴𝑚𝑎𝑥, we can write the harvested energy as: 

Δ𝐸 =
𝜎𝑡

2𝐴𝑚𝑎𝑥

𝑐𝑑
𝑔(𝛽, 𝑠0, 𝑠𝑓 , {𝛼𝑛})                                     (𝑆5.11) 

We can tune 𝛽 and 𝑠0 such that Δ𝐸 is optimal, i.e.  𝜕𝐹/𝜕𝛽 = 𝜕𝐹/𝜕𝑠0  =  0. 

With this model in mind we now explain several observations done during this study. 

Initial current 

According to the model, see Eq. S5.6, the initial current value when the drop touches 

the wire at a “off-wire” mode can be calculated as 𝐼0 = 𝜎𝑇 𝑐𝑑𝑅𝐿⁄ , depending not only 

on the load resistance, but also on the surface charge density 𝜎𝑇.  This prediction is 

also confirmed by the experimental results shown in Fig. S5.6. The currents measured 

in Figs. S5.6a and b, using substrates with a charge density of −0.07, −0.20 and 

−0.35 mC/m2, directly show that a higher 𝜎𝑇  results in a higher 𝐼0.  With a load 

resistance of 47 kΩ,  milliamp level initial currents can be achieved. But the low 

resistance also leads to a shorter electrical relaxation time (𝜏𝑒𝑙 = 𝑅𝐿𝑐𝑑𝐴𝑚𝑎𝑥). The 

peak width of the current for 𝑅𝐿 = 47 kΩ  is below millisecond, which is much 

narrower than for 𝑅𝐿 = 6.5 MΩ (inset of Fig. S5.6b). 𝐼0 and the corresponding initial 

power (𝑃0) are shown in Fig. S5.6d for a wide range of 𝑅𝐿values. Taking into account 

a 10 ~20 kΩ internal resistance introduced by the detection electronics (𝑅𝑖𝑛), we fit 

the 𝐼0(𝑅𝐿) curve with 𝐼0 = 𝜎𝑇 𝑐𝑑(𝑅𝐿 +⁄ 𝑅𝑖𝑛) varying 𝜎𝑇 . The fitted value of 𝜎𝑇  is 

consistent with the EW measurements, as discussed in Supl. Sect. Ⅱ.  
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Figure S5.6 Current 𝐼𝑅(𝑡) for charge densities 𝜎𝑇 of −0.07, −0.20 and −0.35 mC/𝑚2 with 

load resistor a, 𝑅𝐿 = 47 kΩ and b, 𝑅𝐿 = 6.5 MΩ. Insets show 𝐼𝑅(𝑡) for 𝜎𝑇 = −0.35 mC/𝑚2 . 

c, 𝐼𝑅 from a single drop impact for different 𝜎𝑇 values (𝑅𝐿 = 810 kΩ). d, Initial current 𝐼0 and 

power 𝑃0 versus load resistance 𝑅𝐿 . The dashed line shows the best fitting curve 𝐼0(𝑅𝐿) =

𝜎𝑇 𝑅𝐿𝑐𝑑⁄ . The substrates are the same as in Fig. S5.2. 

Conservation of transferred charge 

In the situation that the drop impacts on a flat surface in a “off-wire” mode, there is 

always a finite contacting area when the drop detaches from the wire, which cannot 

be neglected (see Fig. 5.1). However, after reaching the maximum spreading, the 

impacting drop will contract and bounce off (Fig. S5.7a). As a result,  the finite area 

when the drop detaches from the surface could be very small (the red circle in the Fig. 

S5.7a). Correspondingly, almost all the charge transferred to the EDL is transferred 

back to the bottom electrode as the drop contracts and bounces off the surface. As 

shown in Fig. S5.7b, the integral over the negative part of the 𝐼𝑅 and the positive part 

are identical. 

When 𝑅𝐿 is small, and 𝜏𝑒𝑙  is short, all charge in the EDL near the liquid-substrate 

contact area can transfer back and forth between the bottom electrode and the EDL 

during drop spreading and contraction. However, when 𝑅𝐿  is large and 𝜏𝑒𝑙 
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comparable with 𝜏ℎ, charge transfer is partially blocked by the large 𝑅𝐿 in the circuit. 

In Fig. S5.7c, is also shown that the amount of transferred charge 𝑞 is higher for 

samples with a larger surface charge density. The maximum 𝑞 for the samples with a 

surface charge of −0.07, −0.20 and −0.35 mC/𝑚2  are ~23 nC, 12 nC  and 5 nC, 

respectivily. Considering the maximum spreading area of a 33 μL drop released from 

a 4.3 cm height is around 0.62 cm2, the transferred charge density of these three 

samples are approximately 0.08 mC/𝑚2 , 0.24 mC/𝑚2  and 0.37 mC/𝑚2 . These 

results are consistent with the EW results in Suppl. Sect. Ⅱ. 

 

 

Figure S5.7 a, bottom view through a tilted transparent substrate of a drop (volume: 33µL; 

liquid: 100 mM NaCl solution) impacting on a hydrophobic surface (Teflon AF1600). b, 

generated current (𝐼𝑅) from a 33 uL drop impacting on a surface with charge density (𝜎𝑇) of -

0.35 mC/𝑚2 . c, the amount of transferred charges q with samples of 𝜎𝑇 = -0.07 

mC/𝑚2 (black) , -0.20 mC/𝑚2  (blue)  and -0.35 mC/𝑚2 (red) depending on 𝑅𝐿 . The “x” 

represents current direction from the bottom to the EDL at liquid-solid interface (blue part in 

b), “ • ” represents the reverse current direction (orange part in b) . 

Dependence of conductivity of the drop  

In a typical charge trapping electric nanogenerator (CT-ENG), the resistance of the 

drop can be neglected when the conductivity of the liquid is relatively high, because 
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the resistance of the water drop 𝑅𝑑𝑟𝑜𝑝 ≪ 𝑅𝐿 . The current is calculated as 𝐼𝑅(t) =

𝑈(𝑡) 𝑅𝐿⁄ , where the 𝑈(𝑡) is the potential difference across the dielectric capacitor.  

However, when a low conductive liquid is used for the falling drop, 𝑅𝑑𝑟𝑜𝑝 can be 

comparable or even larger than 𝑅𝐿, therefore 𝑅𝑑𝑟𝑜𝑝 cannot be ignored and the current 

is 𝐼𝑅(t) = 𝑈(𝑡) (𝑅𝐿 + 𝑅𝑑𝑟𝑜𝑝)⁄ . The initial current at the moment the drop touches the 

Pt wire is 𝐼0 = 𝜎𝑇 𝑐𝑑(𝑅𝐿 +⁄ 𝑅𝑑𝑟𝑜𝑝).  

NaCl solutions with various concentrations were prepared to investigate the effect of 

the conductivity of the liquid. The linear relationship of the conductivity and the 

concentration of  NaCl solutions is shown in Fig. S5.8a. The  current curves for 

various conductivities of the drop are shown in Figs. S8b and c. For a low load 

resistance of 47 kΩ, 𝐼0 increases with increasing conductivity over a large range.  𝐼0 

becomes constant when the NaCl concentration reaches 0.1 M and 𝑅𝑑𝑟𝑜𝑝 becomes 

negligible compared to 𝑅𝐿. For a relatively high load resistance of 10 MΩ,  𝑅𝑑𝑟𝑜𝑝  

hardly affects 𝐼0, and only when the NaCl concentration is below 1 mM, the 𝐼0 value 

can be reduced. In Fig. S5.8d 𝐼0 versus 𝑅𝐿 is shown for various salt concentrations. 

By varying 𝑅𝑑𝑟𝑜𝑝 we obtain the best fitting curve 𝐼0 (𝑅𝐿) = 𝜎𝑡 ⁄ 𝑐𝑑 (𝑅𝐿 +   𝑅𝑑𝑟𝑜𝑝). 

The values found for 𝑅𝑑𝑟𝑜𝑝 are inversely proportional to the liquid conductivity. Low 

conductive drops introduce a certain resistance to the circuit, and as such 𝑅𝑑𝑟𝑜𝑝 

consumes  energy. Consequently, the energy  Δ𝐸 generated in the load resistor will be 

reduced by the low drop conductivity (Fig. S5.8f). 
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Figure S5.8 a, conductivity depending on the salt (NaCl) concentration. Current (𝐼𝑅) generated 

from multiple falling drops with various salt concentration, as well as the rain water from the 

campus of University of Twente (Enschede, the Netherlands) with load resistance of b, 47 kΩ 

and c, 10 MΩ.  Inset of b shows rain water collection. d, the characteristic current value 𝐼0 

depending on load resistance with various salt concentration of drops. e, calculated resistance 

induced by drops ( 𝑅𝑑𝑟𝑜𝑝)  depending on drop conductivity. f, generated energy ( Δ𝐸 )  

depending on load resistance with various salt concentration of drops. 
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Calculating the harvested energy 𝚫𝑬 

Using Eqs. S5.4 and S5.11, and a typical area profile 𝐴 = 𝐴𝑚𝑎𝑥𝑓(𝑠) of a drop that 

impacts on a hydrophobic surface (Fig. S5.9a), we calculate the energy Δ𝐸 =

𝐸0 𝑔(𝛽, 𝑠0, 𝑠𝑓 , {𝛼𝑛}) , where 𝑔  depends on the load resistance, via 𝜏𝑒𝑙 = 𝜏ℎ/𝛽 =

𝑅𝐿𝑐𝑑𝐴𝑚𝑎𝑥. The results have been shown in Fig. S5.9b. From this calculation we learn 

that for 𝜏𝑒𝑙 < 𝜏ℎ  most energy is harvested when the drop touches the Pt wire at 

maximal spreading. 

 

Figure S5.9 a, Typical time profile of the contacting area 𝐴(𝑡) for a water drop impacting on 

a hydrophobic surface. b, Calculated Δ𝐸/𝐸0 versus 𝜏𝑒𝑙/𝜏ℎ for various drop impact times (0 <

𝑡0 ≤  𝜏ℎ). 
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Chapter 6 

 
Why and how to achieve a high charge density 

for a charge trapping electric nanogenerator 

(CT-ENG) * 

 

In Chapter 5, we developed a charge trapping electric nanogenerator (CT-ENG) and 

proposed a physical model to understand the working principle of CT-ENG for energy 

harvesting from water drops impacting on charged hydrophobic substrates. In this 

chapter, we explore in more detail the influence of some crucial parameters of this 

model on the performance of a CT-ENG. We also propose an improvement of the 

electrowetting assisted charge injection technique that enhances the trapped charge 

density in a CT-ENG device, resulting in a more efficient energy conversion. 

 

  

                                                            
* This chapter is based on the manuscript: H. Wu, D. van den Ende, S. van der Ham, G. Zhou, 

F. Mugele, Why and how to achieve ultrahigh surface charge density for charge trapping 

electrical nanogenerator (CT-ENG) (in preparation) 
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6.1 Introduction 

The term nanogenerator refers to an electric generator that is able to convert 

mechanical energy into electrical energy on a nanoscale[1]. With the increasing threat 

of energy crisis and global warming, nanogenerators have attracted more and more 

attention due to their light weight, low cost, high efficiency and promising potential 

for the next generation of renewable blue energy generators[2-5]. Although energy 

harvesting from rain drops (as we described in Chapter 5)  is unlikely to provide 

sufficient energy to address the global energy crisis, the general principle of energy 

conversion based on capacitance variations due to fluid motion may still be promising 

for certain applications, considering the fact that 70 % of the earth’s surface is covered 

by oceans. More specific, the capacitance variation due to spreading as discussed in 

chapter 5, will also occur when ocean waves splash against a gigantic panel with 

suitable coatings and electrical circuit design, as conceptually described by Wang et 

al.[2].  

According to their working mechanism, nanogenerators are often divided in several 

types, such as triboelectric nanogenerators (TENG)[6], electret nanogenerators[7], 

electret-triboelectric nanogenerators[8-11] and piezoelectric nanogenerators[12-13]. The 

early TENG devices relied on surface charge generation at the contact area due to 

triboelectric effects[14-15]. However, nowadays, electret materials are frequently used 

for TENG to enhance the charge density on the triboelectric surface, therewith 

improving the performance of the TENG device[8-11]. Although the charge injection 

methods are different, such as triboelectricity[6, 16], electrowetting-assisted charge 

injection (EWCI)[17], or corona discharge[9, 18], once the charges are injected and 

trapped at the material surface, the electrical response is for all types dictated by the 

counter charge transfer in the electric circuit and this energy transfer enables their 

functionality. We collectively call them charge trapping electrical nanogenerators 

(CT-ENG). Experiments have shown that higher charge densities 𝜎𝑇 always result in 

a higher energy yield in such CT-ENGs[19-22]. In Chapter 5, we have shown also 

theoretically, that the harvested energy from impacting water drops scales with 𝜎𝑇
2, 

but how to optimize in this respect the performance of CT-ENG devices in general is 

still not well described. In practice, careful selection of substrate material and 

optimization of the surface structure allowed for surface charge densities up to 

hundreds of μC/m2[20], which is much higher than the intrinsic 𝜎𝑇 of polymer films 

which is only several tens of μC/ m2 [23-24]. In 2017, Wang et al. reported a surface 

charge of  1.003 mC/m2, in a high vacuum environment[21]. More recently, 𝜎𝑇 values 

ranging from 1.02 to 1.25 𝑚𝐶/𝑚2 have been achieved under ambient conditions[22, 

25]. 
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In this chapter, we will first exploit the model developed in chapter 5 to analyze the 

consequences for a general CT-ENG based on a contact line moving with constant 

speed rather than considering complex drop spreading. As we will see, the model will 

illustrate the general validity of our previous conclusion that the generated energy is 

proportional to 𝐸0 = 𝜎𝑇
2𝐴𝑚𝑎𝑥/𝑐𝑑  for all types of CT-ENG with a proportionality 

constant that is of the order one under optimal conditions. Here 𝐴𝑚𝑎𝑥 is again the 

maximal contact area between the liquid and charged substrate, while 𝑐𝑑  is the 

capacitance per unit area of the dielectric films. Next, we will address the specific 

technical challenge to maximize the trapped charge density while maintaining long 

term stability. Based on the EWCI method developed in chapter 4, we will show that 

charge densities up to 1.8 mC/m2 can be achieved in a large area instead of a micro-

line region by optimizing substrate material, fluid composition, and electrical 

charging conditions. In this manner, we obtain an overall conversion efficiency of up 

to 10% from initial kinetic impact energy to electrically harvested energy. Moreover, 

we will demonstrate a simple technique to determine the surface charge density on the 

substrate by measuring the induced current during the liquid motion over the substrate.  

 

6.2 A case study, a sliding mode CT-ENG 

To reveal the parameters that control CT-ENG, we first study a simple case in which 

a top electrode slides with a constant speed on a charged surface (Figure 6.1). 

Depending on the  charge generation method used, the CT-ENG could be referred to 

as a triboelectric, an electret, an electret-triboelectric or an electrowetting-assisted 

charge injection (EWCI) nanogenerator. The moving top electrode can be any 

conductive material, such as water, a liquid or solid metal. In this case study, we 

assume that the top electrode slides smoothly over the dielectric substrate with a stable 

surface charge density 𝜎𝑇. Before the top electrode reaches the dielectric substrate 

(left panel in Figure 6.1a), all the counter charge induced by 𝜎𝑇 resides on the bottom 

electrode. Once the top electrode starts moving over the dielectric layer, counter 

charge is transferred from the bottom to the top electrode (Figure 6.1a). 
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Figure 6.1. (a) Schematic of charge trapping electrical nanogenerator (CT-ENG) with the top 

electrode (water, liquid metal or metal, etc.) moving on dielectric surfaces with a surface 

charge of σT. The interfacial area variation ratio is dA/dt (b) The equivalent circuit of sliding 

mode CT-ENG. The bottom electrode is always grounded.  φs is the surface potential of the 

dielectric film, here, .  φs = 𝑈; q is the amount of charges transferred to the top electrode. c is 

the capacitance per area of the dielectric layer. d is the thickness of the dielectric layer. RL is 

the load resistance. I is the current in the circuit. The influence of load resistance on (c) the 

amount of transferred charges (q) depending on time. (d) the current value and generated 

energy (E) depending on RL.  

The equivalent circuits are shown in Fig. 6.1b. Before the top electrode makes contact 

with the dielectric substrate, the initial local potential difference 𝑈(𝑡 = 0) between 

the top of the dielectric film and the bottom electrode is determined by the surface 

charge density 𝜎𝑡: 

  𝑈(𝑡 = 0) = 𝜎𝑇 𝑐𝑑⁄                                                    (6.1)  

Once the top electrode starts to overlap with 𝜎𝑇, the charge in the capacitor formed by 

the two electrodes is the sum of the transferred charge 𝑞(𝑡) and the initial surface 
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charge at the contact area 𝜎𝑇𝐴(𝑡). The surface potential is calculated as: 

𝑈(𝑡) =
𝑞(𝑡) + 𝜎𝑇𝐴(𝑡)

𝑐𝑑𝐴(𝑡)
                                                  (6.2) 

while the current 𝐼(𝑡) through the resistor 𝑅𝐿 is given by:   

 𝐼(𝑡) = −
𝑑𝑞

𝑑𝑡
=

𝑈(𝑡)

𝑅𝐿
                                                  (6.3) 

Here we define the current from the top to the bottom electrode (ground) as positive. 

Combining Eqs. 6.2 and 6.3, we get:   

𝑑𝑞

𝑑𝑡
=   

−𝜎𝑇

𝑅𝐿𝑐𝑑
−

𝑞(𝑡)

𝑅𝐿𝑐𝑑𝐴(𝑡)
                                          (6.4) 

Because the top electrode slides at constant speed 𝑣 over the substrate, the contact 

area is given by 𝐴(𝑡) = 𝐵𝑣𝑡, where 𝐵 is the width of the electrode. In this case we 

observe by inspection that the solution of Eq. S6.4, with 𝑞(𝑡 = 0) = 0, is simply 

given by: 𝑞(𝑡) = 𝐼0 𝑡 where 

𝐼0 =
−𝜎𝑡𝐵𝑣

1 + 𝑅𝐿𝑐𝑑𝐵𝑣
                                               (6.5)   

Therefore, the current through the resistor is given by 𝐼(𝑡) = −𝐼0 and the voltage over 

the resistor by 𝑈(𝑡) = −𝑅𝐿𝐼0.  

To investigate the electric response in more detail, we consider the top electrode to 

slide over a surface of 1 𝑚2 with a constant speed of 𝑣 = 1 𝑚/𝑠 while the width 𝐵 =

1 𝑚 and 𝜎𝑡 = 1 𝑚𝐶/𝑚2 (see also Table 1, Case 1). Figure 6.1c shows the transferred 

charge 𝑞 versus time 𝑡 for several values 𝑅𝐿  of the load resistor, as calculated with Eq. 

6.5. With increasing 𝑅𝐿, the charge transfer in the circuit is increasingly hindered by 

𝑅𝐿. As a result, the slope of 𝑞 versus 𝑡, i.e. the current, decreases. Figure 6.1d shows 

that for low 𝑅𝐿 values, i.e. 𝑅𝐿 ≪ (𝑐𝑑𝐵𝑣)−1 , the current is dominated by 𝑑𝐴/𝑑𝑡 = 𝐵𝑣 

and hardly depends on 𝑅𝐿 . Due to the low resistance the 𝑅𝐶  time is short and the 

charge transfer follows the capacity increase, caused by 𝑑𝐴/𝑑𝑡, without delay. As a 

result, the total transferred charge at a short time 𝑑𝑡 is 𝜎𝑇𝑑𝐴, and the electric current 

is 𝐼 = 𝜎𝑡𝑑𝐴/𝑑𝑡 =  𝜎𝑡𝐵𝑣. For high 𝑅𝐿 values, the charge transfer is impeded by 𝑅𝐿, 

and only a fraction of the charge accumulated in the capacitor can be compensated. In 
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this regime the charge transfer is determined by the 𝑅𝐶  time of the circuit: 𝐼 =

𝜎𝑡/(𝑅𝐿𝑐𝑑). At the transition between these two regimes, the harvested energy: 

Δ𝐸 = ∫ 𝐼2𝑅𝐿𝑑𝑡
𝑡𝑓

0

=
𝜎𝑡

2𝐵𝑣𝑡𝑓

𝑐𝑑
  

𝑅𝐿𝑐𝑑𝐵𝑣

(1 + 𝑅𝐿𝑐𝑑𝐵𝑣)2
                         (6.6) 

reaches its maximum for 𝑅𝐿 = (𝑐𝑑𝐵𝑣)−1, Δ𝐸𝑚𝑎𝑥 =
𝜎𝑡

2𝐵𝑣𝑡𝑓

4𝑐𝑑
= 1/4𝐸0.  

 

Table 6.1. Parameter settings  for the calculations, shown in Figs. 6.1 and 6.2. 

Calculation 

parameters 

𝑑𝐷𝑖𝑒𝑙  

[µm] 

ε cd 

[F/m2] 

𝜎𝑡  

[mC/m2] 

𝑑𝐴/𝑑𝑡 

[m2/s] 
Amax 

[m2] 

Case 1 1 2 1.77×10-5 1 1 1 

Case 2 1 2 1.77×10-5 0.5 -2.5 1 1 

Case 3 - - 10-5 – 5×10-5 1 1 1 

Case 4  1 2 1.77×10-5 1 1 0.01 -100 

Case 5 1 2 1.77×10-5 1 0.01 – 100 1 

Note: for a dielectric layer with thickness of 1um and relative permittivity of 2, the cd 

is 1.77×10-5. 

As can be observed from Eq. 6.6 the harvested energy depends not only on 𝑅𝐿 but 

also on 𝜎𝑡, 𝑐𝑑, and 𝑑𝐴/𝑑𝑡 = 𝐵𝑣 . In Fig. 6.2 we show the dependence of Δ𝐸 on these 

parameters for the cases listed in Table 6.1. According to the calculations, the 

influence of these parameters on the CT-ENG performance can be summarized as 

follows:  

1) Δ𝐸 increases quadratic with 𝜎𝑡  across the entire range of resistance values (Fig. 

6.2a). Consequently, also the maximum harvested energy Δ𝐸𝑚𝑎𝑥 is proportional to the 

square of 𝜎𝑡 (Fig. 6.2e). This is consistent with previous investigations[19].  

2) The capacitance 𝑐𝑑 affects Δ𝐸 in the high 𝑅𝐿 regime, only, because in this regime, 

the current is dominated by the 𝑅𝐶  response. From Eq. 6.6 we see that Δ𝐸𝑚𝑎𝑥  is 

inversely proportional to 𝑐𝑑.  
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3) The harvested energy is proportional to the area 𝐴𝑚𝑎𝑥 = 𝐵𝑣𝑡𝑓 of the capacitor in 

the final state (Figs. 6.2c and 6.2e).   

4) The maximum harvested energy Δ𝐸𝑚𝑎𝑥   remains unaffected by 𝑑𝐴/𝑑𝑡 = 𝐵𝑣 . 

Variation of  𝑑𝐴/𝑑𝑡 only leads to a shift in the 𝑅𝐿 value for which Δ𝐸𝑚𝑎𝑥 is reached 

(Figs. 6.2d and 6.2e).  

5) The calculated Δ𝐸𝑚𝑎𝑥 is proportional to a characteristic energy 𝐸0 = 𝜎𝑇
2𝐴𝑚𝑎𝑥/𝑐𝑑, 

the proportionality constant is found to be ¼ for this case study.  

These results confirm that enhancing the trapped charge density is an efficient way to 

enhance the harvested energy efficiency of any CT-ENG device. But the capacitance 

is also of large influence on the CT-ENG performance, especially in the high 𝑅𝐿  

regime.  

As demonstrated by the calculations above, for a “sliding mode” CT-ENG with a 

constant 𝑑𝐴/𝑑𝑡, the maximum energy Δ𝐸𝑚𝑎𝑥 is proportional to 𝐸0 = 𝜎𝑡
2𝐴𝑚𝑎𝑥/𝑐𝑑. In 

Chapter V we have shown that this scaling is valid for any type of CT-ENG with an 

arbitrary time evolution of the liquid-substrate contact area 𝐴(𝑡) = 𝐴𝑚𝑎𝑥𝑓(𝑡). There 

we found: Δ𝐸 = 𝐸0 𝑔(𝜏ℎ/𝜏𝑒𝑙 ,  𝑡𝑜/𝜏ℎ ,  𝑡𝑓/𝜏ℎ , {𝛼𝑛}) where 𝜏ℎ is the time at maximal 

spreading, 𝜏𝑒𝑙 = 𝑅𝐿𝑐𝑑𝐴𝑚𝑎𝑥 the 𝑅𝐶 time of the circuit, 𝑡0 the time the water touches 

the Pt wire, 𝑡𝑓 the time the water detaches from the Pt wire and {𝛼𝑛} the coefficients 

describing the time profile 𝑓(𝑡). The maximum energy Δ𝐸𝑚𝑎𝑥 is given by Δ𝐸𝑚𝑎𝑥 =

𝐸0 𝑔𝑚𝑎𝑥, where 𝑔𝑚𝑎𝑥 is the maximal value of 𝑔, i.e. when the partial derivatives of 

𝑔 are zero: 𝜕𝑔/𝜕(𝜏ℎ/𝜏𝑒𝑙) = 0, 𝜕𝑔/𝜕(𝑡0/𝜏ℎ) = 0, etc.  
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Figure 6.2 The harvested energy (ΔE) depending on load resistance with various (a)surface 

charge density (σT , Case 2 in Table 1) (b) capacitance per area (Case 3 in Table 1), (c) 

maximum area (𝐴𝑚𝑎𝑥 = 𝐵𝑣𝑡𝑓 , Case 4 in Table 1), and (d) ratio of contact area change 

(𝑑𝐴/𝑑𝑡 = 𝐵𝑣, Case 5 in Table 1). (e) The maximum harvested energy (ΔEmax) depending on 

E0 (𝐸0 = 𝜎𝑡
2𝐴𝑚𝑎𝑥/𝑐𝑑). 
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6.3  How to achieve a high σt ? 

According to Chapter 4, surface charge can be deposited stably at an amorphous 

fluoropolymer (AFP)-electrolyte interface by electrowetting-assisted charge injection 

(EWCI) applying a relatively high electric field. The negative charge is firmly trapped 

at the AFP surface after switching off the voltage and removing the electrolyte. 

However, the maximum field in an AFP layer is limited by the dielectric strength of 

the AFP film. The strength typically ranges from 20 V/µm to 150 V/µm, and depends 

highly on the quality and preparation method of the AFP film[26-28]. Consequently, the 

surface charge density during charging (in the electric double layer near the surface) 

is also restricted from −0.3 to −2.5 𝑚𝐶/𝑚2. To allow for higher electric fields upon 

charging, we introduce a layer of thermally grown SiO2 between the AFP film and Si 

substrate. This SiO2 layer  has a high electric strength (>1kV/ µm) [29] and prevents 

break down of the whole SiO2-AFP dielectric layer (Figure 6.3a). By protecting the 

three phase contact line region (TPCL) with a polypropylene tape we suppress 

undesired effects close to the contact line and can therefore apply a high and 

homogeneous electric field to the SiO2-AFP layer over a square centimeter sized area . 

For a SiO2 layer with a thickness of 400 nm and coated with a 1.2 µm thick Cytop 

film, charging voltages up to 400 V can be applied across the dielectric layer, resulting 

in a surface charge density during charging of −4.4 𝑚𝐶/𝑚2.  

To quantify the resulting surface charge density, we measure the peak current induced 

by the impacting drop, as described in chapter 5. When a drop impacts on a 

hydrophobic AFP surface, it spreads as a ‘pancake’ on the solid surface. After some 

spreading it touches at time 𝑡0 the Pt wire that is placed on the AFP surface as a top 

electrode and a current pulse is generated. Considering Eq. 6.1, at the moment 𝑡0 the 

‘pancake’ touches the Pt wire, the potential at the liquid/solid interface is 𝑈(𝑡0) =

𝜎𝑇 𝑐𝑑⁄ . By substituting  𝑈 = 𝐼𝑅𝐿, we calculate:  

𝜎𝑡 = 𝐼0𝑅𝐿𝑐𝑑                                                      (6.11) 

Therefore, the surface charge density 𝜎𝑡 can be rapidly determined by a measuring the 

initial value 𝐼0 of the resulting current. 

In Fig. 6.3 we explored the performance of this improved EWCI by comparing a 

pristine AFP/SiO2 substrate with charged AFP/SiO2 substrates Fig. 6.3 a and b sketch 

the charging and probing procedure. Fig. 6.3 c shows the current response of a droplet 

impacting on the AFP surface depending on load resistance. The dielectric layers is 
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1μm Teflon on top of 300 nm SiO2 and the substrate is charged for 15 min with a 

voltage of 400V using DI water. As shown in inset of Fig. 6.3 c, the current peak value 

of 𝐼0 is inversely proportional to the resistance, which confirmed the surface charge 

density calculation method shown in Eq. 6.11. The measured surface charge density 

shown in Fig. 6.3c is 0.35 mC/m2. 

To further enhance 𝜎𝑡, the first parameter we consider is the composition of the liquid. 

As reported before, negative charges preferentially adsorb at AFP surfaces and, based 

on pH-dependent electrokinetic measurements, it was argued that the relevant charge 

carriers are hydroxide ions[30-32]. Our previous observations also indicated that AFP 

materials even spontaneously absorb a permanent negative surface charge upon 

extended contact with water [32].  Similarly, using a water solution with a high pH 

during exposure, enhances the (negative) charge density[33]. These observations 

indicate a strong affinity of hydroxide ions to the AFP surface. Therefore, we assume 

that electrolyte solutions with a high pH will also enhance the trapped charge density 

in our EWCI process. By using Cytop materials, the 𝜎𝑡 indeed increases with the pH 

value of the electrolyte (Figs. 6.3d and 6.3e). Using an electrolyte with pH 11, a 

surface charge density of -0.54 𝑚𝐶/𝑚2  is achieved. (Please be noticed, the pH 

dependence is shown for Cytop materials, however, we did not find this phenomenon 

for Teflon materials purchased from Chemours company) 

 

Figure 6.3. (a) schematic of optimized EWCI method and (b) surface charge density 

measurement method. (c) Curves of current generated by a falling droplet with different load 
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resistance (𝑅𝐿) . Inset shows the current peak value depending on 1/𝑅𝐿. (d) Comparison of 

currents generated by multiple droplets with pristine AFP film (black) and the EWCI treated 

AFP with DI water (blue), pH 9 (orange) and pH 11 (red) solutions with -400 V charging 

voltage for 15 min. Inset shows the currents generated by a single falling drop.(e) comparison 

of 𝜎𝑇  generated by EWCI process with solutions with different pH. 

 

Figure 6.4. (a) The voltage drop over and electric field in the AFP layer for a total voltage of 

400 V over both the  AFP and SiO2 layer versus the thickness of the AFP layer on a sample 
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with a 400 nm thick SiO2 layer. The thickness of AFP are 1200 nm for Sample 1, 500 nm for 

Sample 2 and 120 nm for Sample 3. (b) SEM images of the cross sections of these three 

samples. (c) The dependence of the current peak value (I0) with RL , and the σT (inset) using 

these three samples. (d) the current generated by a falling drop by using these samples. (e) 

comparison of the σT obtained in this work with other reports[25]. 

Since the trapped charge generated by the EWCI method increases when applying 

stronger electric fields during charging, we can optimize the thickness of both the AFP 

and SiO2 layer to apply even higher electric fields to the AFP layer. Since the 

breakdown behavior of the dielectric layers strongly depends on the SiO2 layer, the 

whole dielectric film will be protected from break down by this SiO2 layer. Three 

samples with 400 nm thick SiO2 layer coated with a Cytop of varying thickness have 

been prepared. The thickness of Cytop layer is 1.2 μm for sample 1, 500 nm for sample 

2 and 120 nm for sample 3. Fig. 6.4a shows both the voltage drop over the Cytop layer 

and the electric field inside this layer when we apply a potential difference of 400 V 

over both layers. 

Figure 6.4c shows the measured value of 𝐼0 as a function of 𝑅𝐿 generated by these 

three samples. By calculating 𝑐𝑑 with   𝑐𝑑
−1 = 𝑐1

−1 + 𝑐2
−1, where 𝑐𝑖 is the capacitance 

of each dielectric layer, and calculating 𝜎𝑡  with Eq. 6.11, we find 𝜎𝑡 = −0.56 ±

0.05 mC/𝑚2 , -1.15±0.15 mC/𝑚2, and -1.80 ±0.25 mC/𝑚2 for sample 1, 2 and 3,  

respectively (inset of Fig. 6.4c). The current generated from individual falling drops 

on these three samples is shown in Figure 6.4d. Although the initial current values 𝐼0 

for these three samples are similar, width of the current peaks increase with sample 

number because this width scales with the electric relaxation time 𝜏𝑅𝐶 = 𝑅𝐿𝑐𝑑𝐴 . 

Compared to surface charge densities generated by other methods reported before[25], 

with the optimized EWCI method much higher surface charge densities can be 

obtained, as shown in Figure. 6.4e.  

These samples with different 𝜎𝑡  have been used in a CT-ENG device for energy 

harvesting from water drops. Drops fall from a height of 5 cm on the SiO2-Cytop 

substrate that has been tilted over an angle of 30º. Figure 6.5a shows the process of 

impacting and bouncing of a drop on the surface of a CT-ENG. As shown in Figure 

6.5b, the initial current value 𝐼0  for all samples decreases with increasing load 

resistance. For the samples with identical dielectric layer composition (400 nm SiO2 

+1.2 μm Cytop), a higher 𝜎𝑡  results in a higher 𝐼0 . For samples with different 

dielectric layer composition, 𝐼0 depends also on the capacitance of the dielectric layer 

combination. The total transferred charge Q𝑡𝑟𝑎𝑛 can be calculated by integrating the 
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negative part of current versus time curve. Plotting Q𝑡𝑟𝑎𝑛  as a function of 𝑅𝐿  for 

several 𝜎𝑡  values (Figure 6.5b) shows that a higher  𝜎𝑡  results in a higher  Q𝑡𝑟𝑎𝑛 . 

Moreover, Q𝑡𝑟𝑎𝑛  decreases with increasing 𝑅𝐿  due to the increase of the electric 

relaxation time 𝜏𝑅𝐶 . For a CT-ENG with a relatively high capacitance (i.e. with a thin 

Cytop coating), 𝜏𝑅𝐶  will increase more profoundly with increasing R𝐿 , so Q𝑡𝑟𝑎𝑛 

decreases also more profoundly.  

We calculated the harvested energy based on Eq. 6.6 and the results are shown in Fig. 

6.5d. The Δ𝐸𝑚𝑎𝑥   for a 33μL drop falling from 5 cm height on sample 3 (𝜎𝑇 =

1.8 𝑚𝐶/𝑚2) reaches 1.8 μJ. Considering the mechanical energy of the droplet is 

Edrop= mgh=16.5 μJ (where m is the mass of the drop, g is gravitational acceleration 

and h is the height of the drop), the energy harvesting efficiency is 11%. However, for 

a much lower 𝜎𝑡 than that of sample 3, the energy harvesting efficiency of sample 2 

is 12%, which is comparable with and even higher than that of sample 3. This can be 

explained by our previous conclusion from the calculation that Δ𝐸𝑚𝑎𝑥 ∝ 𝐸0 ∝ 𝜎𝑇
2 𝑐𝑑⁄ . 

Given the thickness of the Cytop layer of sample 2 and 3, 500 nm and 120 nm, the 

capacitances of sample 2 and 3 are 25.8 𝜇𝐹/𝑚2  and 54.5 𝜇𝐹/𝑚2 , respectively. 

Because the spreading behavior of the drops on sa111mple 2 and 3 is similar, the 

maximum harvested energy is determined by both the surface charge density and the 

capacitance of the dielectric layer.  

 

Figure 6.5. (a) The setup of CT-ENG for energy harvesting from a falling water drop. Step1: 

The drop falls and impacts on the charged surface. Step 2: the drop spreads and touches the 
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top electrode (a Pt wire). Step 3: the drop shrinks. Step 4: the drop slides down the surface and 

leaves the Pt wire. The (b) current peak value , (c) total transferred charges (Q𝑡𝑟𝑎𝑛) and (d) 

generated energy and energy harvesting efficiency of a falling drop impacting on samples 

before charged by EWCI (pristine), charged by pH 9 solution for 15 min, and charged by pH 

11 solution with different Cytop thickness (Sample 1-3 shown in Figure 6.4) 

 

6.4  Conclusion 

In this chapter, the parameters that determine the performance of a charge trapping 

electrical nanogenerator (CT-ENG) have been investigated. Based on the numerical 

case study and analytical calculations, it has been found that the surface charge density 

𝜎𝑡 is an important factor, but other parameters including load resistance, wetting speed, 

the maximum liquid-substrate contact area and dielectric capacitance of the substrate 

also affect the performance of a CT-ENG. The maximum generated energy is shown 

to be proportional to 𝜎𝑇
2𝐴𝑚𝑎𝑥 𝑐𝑑⁄ . An improved EWCI process with high pH 

electrolyte and optimized dielectric layer combination is proposed to optimize the 

surface charge density to 𝜎𝑡 = 1.8 𝑚𝐶/𝑚2 and an energy harvesting efficiency of 10% 

has been achieved by the proposed approach.  
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Summary  
 

This thesis mainly contains two types of electrical responsive systems. One is 

“electrowetting (EW)”, with responsive fluoropolymer surfaces that respond to 

electrical stimulus. The other one is “charge trapping electric nanogenerator (CT-

ENG)”, in which the charged fluoropolymer surfaces respond to the water motion and 

deliver electricity.  

For electrowetting applications, amorphous Fluoropolymers (AFP) are typically used 

as hydrophobic insulators. The AFPs are essential in electrowetting on dielectric 

(EWOD) systems, used either individually or by combining with an additional 

dielectric layer. The hydrophobicity of the AFP surfaces allow pronounced 

electrowetting effects to occur. The low contact angle hysteresis of AFPs make the 

reversible switching of the surface wettability possible. In Chapter 2, we have 

investigated the influence of fluoropolymers in electrowetting display devices. The 

performance of electrowetting display devices by using three fluoropolymers (Teflon 

AF, Cytop and Hyflon) have been assessed. 

For some EW applications, the liquids need to be manipulated in confined regions. 

For example, in electrowetting display devices, the movement of the two liquids (oil 

and water) is controlled in many micron-sized pixels. In such a situation, the 

wettability contrast of the hydrophobic surfaces and the hydrophilic pixel walls is 

essential for the performance of the devices. In Chapter 3, we have proposed a 

“reconstruction” method to achieve hydrophobic/hydrophilic surfaces with ultrahigh 

surface wettability contrast. The performance of electrowetting display devices have 

been significantly enhanced by using such a method. 

In EW applications, there is a long-standing issue—the charge trapping problem. It 

has been reported frequently in the literature that the charge trapping phenomenon 

will degrade the performance of the electrowetting devices. However, the microscopic 

investigation and a clear revelation of such a phenomenon is still missing. In Chapter 

4, we have investigated the charge trapping phenomenon in a microscopic way by 

using three approaches of contact angle probe, electrowetting probe, and Kelvin probe 

force microscopy. The charge trapping is proved to be accumulated at the three phase 

contact line (TPCL) region and the charge density is determined by the electric field 

applied to the dielectric film. After revealing the phenomenon itself, we found that 
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this “electrowetting-assisted charge injection (EWCI)” can be utilized as a simple and 

low-cost method to fabricate surface charges. The negative surface charges fabricated 

by such a method are very stable, even in harsh environments. Although these charges 

are not favored in electrowetting applications, they could be widely used in many 

other fields, such as nanogenerators, super capacitors and nanofluidics.  

Following these findings, in Chapter 5 we proposed a novel charge trapping electric 

nanogenerator (CT-ENG) for generating electric power from water drops. The EWCI 

method has been improved by utilizing composite dielectric layers with a SiO2 layer 

of a higher dielectric strength. By protecting the TPCL, we have achieved centimeter 

sized charged areas. By using this proposed CT-ENG, electric current at mA level can 

be achieved (in theory, it could be infinitely high). We have investigated the working 

principle of CT-ENG by performing synchronized measurements of water/solid 

contacting area and electric current. A numerical calculation based on a physics model 

has predicted the electric generation process without any fitting parameters. A scaling 

law for energy harvesting by using CT-ENG is proposed for the optimization of the 

configurations. 

In Chapter 6, we revealed the factors influencing the performance of CT-ENG in 

detail by carrying out case studies of CT-ENG in sliding mode. We have enhanced 

the surface charge density by optimizing the dielectric layers and the liquid pH during 

EWCI process. Surface charge density as high as 1.8 mC/m2 has been achieved, and 

the efficiency of energy harvesting from water drops reaches 10%. 

 

 



 

Samenvatting 
 

 

131 

 

Samenvatting 
 

Dit proefschrift bespreekt hoofdzakelijk twee typen elektrisch responsieve systemen. 

Een systeem is “Electrowetting” (EW) met fluorpolymeer oppervlakken die reageren 

op elektrische stimulatie. Het andere systeem is “charge trapping electric 

nanogenerator (CT-ENG)”, in welke geladen fluorpolymeer oppervlakken reageren 

op beweging van water en elektriciteit opleveren. 

 

Voor toepassingen die gebruik maken van EW worden typisch amorfe fluorpolymeren 

(AFP) gebruikt als hydrofobe isolatoren. Deze AFP’s zijn, eventueel in combinatie 

met een extra diëlectrische laag, essentieel in electrowetting op diëlectic (EWOD) 

systemen. De hydrofobe eigenschappen van AFP oppervlakten maken het mogelijk 

om het EW effect plaats te kunnen laten vinden. De lage contacthoekhysterese van de 

AFP’s maakt het omkeerbaar wisselen in mate van oppervlaktebevochtiging mogelijk. 

In hoofdstuk 2 onderzoeken we de invloed van fluorpolymeren in beeldscherm 

systemen die gebruik maken van EW. De prestaties van deze EW beeldschermen bij 

gebruik van drie fluorpolymeren (Teflon AF, Cytop en Hyflon) worden beoordeeld.  

 

Voor sommige EW applicaties worden vloeistoffen in beperkte ruimtes gemanipuleerd. 

Een voorbeeld hiervan zijn EW beeldschermen waar de beweging van twee fase 

vloeistoffen (zoals olie en water) wordt gecontroleerd in vele microscopisch kleine 

pixels. In zo’n dergelijke situatie is de mate van verschil in bevochtbaarheid van 

hydrofobe oppervlakken ten opzichte van hydrofiele wanden erg belangrijk voor de 

prestaties van zulke systemen. In hoofdstuk 3 stellen we een “reconstructie” methode 

voor om hydrofobe/hydrofiele oppervlakten met een hoog bevochtigings verschil te 

behalen. Er wordt aangetoond dat de prestaties van EW beeldschermen significant 

wordt verbeterd door gebruik van deze methode. 

 

Een lang bekende kwestie in EW applicaties is het probleem van het 

vastleggen/vangen van lading. In de literatuur wordt veelvuldig besproken dat het 

fenomeen van het vastleggen van lading de prestaties van EW apparaten verslechterd. 

Een microscopisch onderzoek en een heldere uitleg van dit fenomeen ontbreekt echter 

nog. In hoodstuk 4 hebben we dit fenomeen van vastlegging van lading onderzocht 

door gebruik te maken van drie methoden: contacthoek metingen, electrowetting 

metingen en Kelvin-sonde kracht microscopie.  Het vangen van lading is bewezen 
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zich op te hopen bij de drie fase contactlijn (TPCL) regio en de ladingsdichtheid word 

bepaald door het elektrische veld dat wordt aangebracht op de diëlectrische 

oppervlakte laag. Nadat dit fenomeen werd onthult vonden we dat dit “electrowetting-

assisted charge injection” (EWCI) kan worden gebruikt als een simpele en goedkope 

methode om oppervlakte ladingen te fabriceren. De negatieve oppervlakte ladingen 

die door deze methode worden geproduceerd zijn erg stabiel, zelfs in een ruwe 

omgeving. Hoewel deze oppervlakte ladingen niet zijn gewenst in EW applicaties, 

kunnen ze wel in vele andere velden worden gebruikt zoals nanogeneratoren, super 

condensatoren en nano-fluïde toepassingen. 

 

Volgend op deze bevindingen wordt in hoofdstuk 5 een nieuwe lading vangend 

elektrische nanogenerator (CT-ENG) voorgesteld voor het genereren van energy uit 

druppels water. De EWCI methode is verbeterd door gebruik te maken van 

samengestelde diëlectrische  lagen met introductie van een SiO2 laag met hoge 

diëlectrische kracht. Lading bevattende oppervlakten op centimeter grote schaal zijn 

bereikt bij deze aanpak, waarbij de TPCL regio wordt beschermd. Bij gebruik van 

deze voorgestelde CT-ENG methode worden elektrische stromen in de orde van mA 

bereikt (in theorie kan dit oneindig hoog oplopen). De werkingsmethode van CT-ENG 

is onderzocht door gelijktijdig metingen te verrichten aan water/vaste stof contact 

regio’s en elektrische stomen. Een numerieke berekening gebaseerd op fysische 

modellen hebben het proces van elektrische opwekking voorspeld zonder enige fitting 

parameters. Een schalingswet voor energie oogsting door gebruik van CT-ENG is 

voorgesteld voor de optimalisatie van de configuraties. 

 

In hoofdstuk 6 onthullen we de factoren die invloed hebben op CT-ENG in detail in 

het geval van de glij-modus. We verbeteren de oppervlakte ladingsdichtheid door de 

diëlectrische lagen en vloeistof te optimaliseren tijdens het ECWI proces. Oppervlakte 

ladingsdichtheden zo hoog al 1.8 mC/m2 en efficiëntie van energie oogsting tot 10% 

uit water druppels zijn bereikt. 
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