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Abstract 

 

 A solid surface in contact with water or aqueous solution carries specific electric charges. We observed 

voltage generation during the initial contact and spreading of a water droplet on solid surface. 

Simultaneously, high speed camera was used to study the water droplet spreading phenomena. After the 

initial contact, a water droplet spreads for 6 ms. The spreading radius on the solid surface follows a 

well-defined power-law dynamic. During this short time region (<6ms), monotonic increase of voltage 

generation was observed as well. In this study, correlation between water droplet spreading and voltage 

generation is studied by using the electric double layer capacitor (EDLC) model.  

We studied water droplet surface deformation by using interferometric method, RICM(Reflection 

Interference Contrast Microscope) is measurement of the interference fringe pattern between light 

reflected from ITO electrode and it reflected from the water droplet surface. While, water droplet is 

approaching to the ITO electrode, interference fringe pattern change was remarkably deviated from the 

theoretical curve. Surprisingly, deviation of curve from the theoretical curve is starting from ~300nm 

far from the ITO electrode, and measured deformation amount of water surface was ~100nm. Based on 

the radius dependence of deformation amount, surface morphology change due to the distance change 

was accomplished.  

For the further analysis of correlation between water droplet spreading and electric signal, we used 

the interferometric technique which gives the information about the shape change of the droplet during 

the spreading. This method can measure both the water droplet spreading and electrical properties on 

the solid-liquid interfaces at the same time and will be useful in the study of electrical phenomena on 

solid–liquid interfaces. 
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1. Introduction 

 

Solid-liquid interfaces are everywhere around us, such as energy storage systems1-2, biological and 

medical systems3-4, water filtering systems5-6, and electronics7-8. In spite of tremendous studies, 

understanding the solid-liquid interface is still challenging due to the lack of efficient experimental 

techniques. Biggest difficulty is the charge screening at the interfaces. Most objects in contact with 

water or an aqueous solution acquire some electronic charges on their surfaces. Therefore, the charges 

in the liquid side feel the surface potential of the solid surface due to Coulomb interaction. The 

surrounding dielectric molecules in liquid decrease the magnitude of the Coulomb interaction2,9-10. 

Additionally, the charges on the surface attract the counter ions from the liquid side, which electrically 

screen the surface charges. This charge screening allows only the short-range distribution of interfacial 

charges, called as the electric double layer (EDL). Since the penetration of electric field is limited due 

to the small charge screening length, EDLs of solid-liquid interfaces are remained as the big challenges. 

To investigate the EDL, numerous techniques have been used, such as X-ray reflectivities11-12, Surface-

Force Apparatus (SFA)13-14, non-linear optics15-16, electrical experiments17-19, and theoretical 

simulations 9,10,20. Among them, direct measurement techniques of force are SFA or Atomic Force 

Microscopy (AFM).  

 

 

 

Figure 1-1 (a) Geometry of the system with tip and water film layer. It measures the formation 

of a water bridge under high humidity and externally applied voltage applied to the tip. (b) Jump-
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to-contact distance (water bridge size) normalized to the bias voltage as a function of relative 

humidity condition. 21 

Sacha et. al. observed a water bridge formation between an AFM tip and a water film layer with 

external applied electric field by approaching the AFM tip with nano-meter resolution as shown in 

Figure 1-1.21-22 They argued that the origin of water formation is mixed effect of condensation and 

Coulomb interaction.  

𝑈𝑡𝑜𝑡𝑎𝑙 = 𝑈𝑒𝑙𝑒𝑐𝑡𝑟𝑜 𝑠𝑡𝑎𝑡𝑖𝑐 + 𝑈𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 (1.1) 

Here, 𝑈𝑒𝑙𝑒𝑐𝑡𝑟𝑜 𝑠𝑡𝑎𝑡𝑖𝑐 is the electrostatic energy related to the applied voltage and 𝑈𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 is the 

capillary condensation energy. This observation is effect from the externally applied electric field. It is 

a lot different from our work in which there is no externally applied electric field.   

 

 

Figure 1-2. Contact process of water droplet and solid substrate (a) Before contact, the droplet 

sits on the bottom substrate and is in electrical equilibrium. (b) At the moment of contact, the 

surface of water droplet deforms. (c) After contact, the droplet spreads on top substrate 

Figure 1-2 shows the contact process when liquid droplet close slowly to solid surface. The contact 

process can be divided into three stages: (a) before contact, (b) just before and at the moment of contact, 

and (c) spreading after contact. In this study, we build up a homemade experimental system: 

combination of a Reflection Interference Contrast Microscopy (RICM) and voltage generation system. 

RICM is an optical measurement technique with very high distance resolution by using the interference 

pattern along the surface normal direction. It has been applied also to study the spreading dynamics23-

24 and the evaporation of water droplet25. In this study, the RICM is used to study quantitatively the 

water bridge formation dynamics. Due to the induced charge distribution at the interface of liquid-solid 



14 

 

interface, during the contacting process, the electrical potential difference between two substrates 

changes with time. The voltage generation system measures this potential difference to characterize the 

process. Since we are interested in the study of solid-liquid interface at natural condition, no external 

voltage is applied to both liquid drop and solid substrate in our study. 

Chapter II explains the theory of droplet spreading on solid surface, the electrical double layer, and 

the principles of voltage generation and RICM. Chapter III describes the experimental procedures. As 

water droplet is linearly approached with time to the ITO electrode, interference fringe patterns from 

RICM describe the surface morphology of the water droplet. Simultaneous voltage measurements 

describe the electrical potential information on two liquid-solid interfaces. Chapter IV shows the 

experimental results and suggests the possible origin of the observations. The correlation between the 

spreading dynamics and voltage generation are also studied.  
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2. Theory 

 

2.1 Liquid droplet spreading dynamics 

 

Spreading of liquid on any surface, unless the surface is super-hydrophobic, is a common phenomenon 

observed in our everyday lives. Liquid spreads immediately after brought into contact with a substrate. 

The dynamics of spreading is an important question in many other applications such as printing, coating, 

pharmaceutical, etc.  

The growth dynamics of spreading radius follows the power law of r ~ 𝑡𝛼. The growth exponent 𝛼 

changes its value depending on its stage during the spreading process. At the last stage of spreading, 

the drop approaches its final equilibrium shape and the radius of the wetted area grows with r ~ 𝑡1 10⁄ .26 

This dynamics can be explained by the competition between capillary force from the curvature at the 

contact point and viscous forces. These forces become weaker as the radius increases, which limits 

infinite spreading of liquid. Spreading is much faster at the early stage than at the later stage. However, 

the dynamics of spreading in the early stage is not much understood yet. The exponent 𝛼 depends on 

the wetting properties of surface. For complete wetting surface such as low-viscosity liquid like water 

on glass surface, the radius of wetted area follows r ~ 𝑡1 2⁄ . 26-28  

 

 

Figure 2-2 Geometry of a liquid droplet with initial radius R in the initial state of spreading. W is 

width of the narrow gap 

When a liquid droplet contacts with a solid surface as shown in Figure 2-1, there are two radii (r and 
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w) involved as shown in (b). At the instant of contact, the curvature of the contact area is infinite, 

leading to a diverging Laplace pressure jump. This induces a rapid flow in the drop that replenishes the 

liquid neck, yielding a wetted area that grows in time. Since the r is the radius between the liquid and 

the substrate, it cannot drive the flow. Therefore, the capillary pressure (Laplace pressure) of the radius 

w is responsible for the flow. This pressure  

Capillary pressure     ∆𝑃 = 𝛾 (
1

𝑟
−

2

𝑤
)               (2.1) 

Using the relation between w and r we can calculate w at the early stage where w<<r 

∆𝑃 ~ 
𝛾

𝑤
               (2.2) 

 

Using Figure 2-1(b), we can find relation R and w  

(𝑅 − 𝑤)2 + 𝑟2 = 𝑅2  

𝑤 = 𝑅 − √𝑅2 − 𝑟2  

      = 𝑅 − 𝑅√1 −  (
𝑟

𝑅
)

2
  

                                          = 𝑅 − 𝑅(1 −
1

2
(

𝑟

𝑅
)

2
+ ⋯ ) =

1

2

r2

R
 

                       ∴ 𝑤 =
1

2

r2

R
                      (2.3) 

Balance of the inertial energy and capillary energy per volume. 

Inertial energy 𝜌𝑣2 = 𝜌 (
𝑑𝑟

𝑑𝑡
)

2
,   Capillary energy ∆𝑃 = 𝛾

𝑅

r2 

𝛾

𝑤
= 𝜌𝑣2 

                    = 𝜌 (
𝑑𝑟

𝑑𝑡
)

2
.  (2.4)         

γ/w is the energy per unit volume and becomes an inertial spreading energy per unit volume (kinetic 

energy per unit area) 𝜌(𝑑𝑟/𝑑𝑡)2. 28-29 Here, 𝜌 is the density of liquid, and γ is the surface tension. 

Therefore, in order to make a balance of the inertial and the capillary energy in the unit volume, we put 

Equation (2.3) into Equation (2.4). 
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𝑑𝑟

𝑑𝑡
= (

𝛾

𝜌𝑤
)

1

2
 

=
1

𝑟
(

𝛾𝑅

𝜌
)

1
2
 

∫ 𝑟𝑑𝑟 = ∫ (
𝛾𝑅

𝜌
)

1
2

𝑑𝑡 

1

2
𝑟2 = (

𝛾𝑅

𝜌
)

1
2

𝑡 

                    ∴ 𝑟 ~ (
𝛾𝑅

𝜌
)

1

4
𝑡

1

2  (2.5)    

Therefore, in the early stage, the spreading radius follows the relation  𝑟 ~ (
𝛾𝑅

𝜌
)

1

4
𝑡

1

2 with the spreading 

exponent 𝛼=1/2.  

𝑟

𝑅
= A (

𝑡

𝑡𝑐
)

1

2
 , where 𝑡𝑐 = √

𝜌𝑅

𝛾

3
  

          ∴ 𝑟 ∝  𝑡
1

2        (2.6)  

Here, tc is the characteristic time of the inertial regime. For the water droplet with R=0.5 mm, this time 

is 𝑡𝑐~1.32 ms.24 Therefore, for low-viscosity liquid such as water, in inertial regime the spreading 

radius grows as 𝑟 ∝  𝑡
1

2.  
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Figure 2-3 Spreading dynamics from four previous works. Here, the contact radius in the vertical 

axis and the time in the horizontal axis are normalized by the spherical drop radius and the 

characteristic inertial time, 𝒕𝒄 = √𝝆𝑹𝟑/𝜸, respectively29.  

 Figure 2-2 shows the data of the spreading dynamics from four different previous works. The 

spreading radius r is measured as a function of time t, on a log-log scale. All works show that the 

spreading exponent is 
1

2
 in the early growth stage.29  
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2.2 Electrical double layer capacitor model 

 

A solid surface in contact with water or aqueous solution usually carries specific electric charges. 

These surface charges attract counter ions from the liquid side. Since the geometry of opposite charge 

distribution in parallel at the solid-liquid interface is similar to that of a capacitor, it is called as an 

electrical double layer capacitor (EDLC).18-19 Due to the opposite charge distribution, there is an 

electrical potential difference across the EDLC in equilibrium.18-19 

 

Figure 2-3 (a) Equilibrium distribution of charges when the solid is in contact with water or an 

aqueous solution. (b) This geometry and structure are similar to an electric capacitor. 

 

 

Figure 2-4. Three different electrical double layer (EDL) models: (a) Helmholtz model, (b) Gouy-

Chapman model, and (c) Stern model. Ψ0 is surface potential of solid, and Ψ is decay curve of 

surface potential. IHP and OHP mean Inner Helmholtz Plane and Outer Helmholtz Plane, 

respectively2.  
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 Figure 2-4 shows three different EDL models2,36-38. Helmholtz model in (a) is the simplest 

approximation that the surface charges are neutralized by counter ions placed at distance d from surface. 

Therefore, the surface charge potential decreases linearly from the surface to the counter ions satisfying 

the charge neutrality. The theoretical treatment of Helmholtz model does not adequately explain all the 

features, since it hypothesizes the rigid layer of opposite charges. Gouy-Chapman model in (b) explains 

the ion distribution due to thermal fluctuation. In this model, counter ions are considered as point 

charges forming diffuse double layer in which the change in concentration of the counter ions near a 

charged surface follows the Boltzmann distribution, 

n=n0exp(-zeΨ/kT).  (2.7) 

Here, n0 is bulk concentration, z is charge on the ion, e is charge on a proton, k is Boltzmann constant, 

and T is temperature. Stern model in (c) explains the combination Helmholtz and Gouy-Chapman 

models. The first layer of solvated ions of finite size is tightly adsorbed onto the surface and the 

subsequent layers composed of point charges like in the Gouy-Chapman model. Therefore, at high 

surface charge potential, the diffuse layer between the surface and solution charge zones decrease 

toward zero and d increase.  

 

2.3 Voltage generation during the water droplet spreading 

 

 

Figure 2-5. (a) Equilibrium charge distribution and its equivalent circuit model before the water 

bridge is formed. (b) Equilibrium charge distribution after the water bridge is formed and its 

equivalent circuit model18-19. 
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When a water droplet is in contact with the top electrode, the solid-liquid interface forms an EDL as 

shown in Figure 2-5. Figure 2-5(a) shows the equilibrium charge distribution at the electrode-water 

interface before the water bridge is formed, with a water droplet just sitting on the bottom electrode. 

Due to the interaction between the mobile electrons of the electrode and the counter ions in water, the 

electrons and counter ions form a parallel dipole distribution at the interface of the bottom electrode. 

Figure 2-5(b) shows the equilibrium charge distribution at the electrode-water interfaces when a liquid 

bridge is formed between the droplet and the top electrode. As soon as the top electrode makes a contact 

with the water droplet sitting on the bottom electrode, electrons flow through the circuit (and load 

resister) to lower the free energy in the system. Due to the voltage difference between top and bottom 

electrodes, electrons flow from the bottom to the top and the counter ions in the water will be 

redistributed in the direction favoring an elimination of the voltage difference between the top and the 

bottom electrodes. The voltage difference between the two EDLCs becomes zero when an equilibrium 

condition is reached. In this state, the voltages of the system are given by Kirchhoff’s law 

 

𝑄−𝑞(𝑡)

𝐶𝐵
−

𝑞(𝑡)

𝐶𝑇(𝑡)
= 0, 𝑄 ≫ 𝑞(𝑡) > 0 𝑎𝑛𝑑 𝐶𝐵 ≫ 𝐶𝑇(𝑡)         (2.8) 

 

Here, Q is the initial charge in the bottom electrode, q(t) is the increment (decrement) of charge in the 

top (bottom) after the closed circuit is formed, and 𝐶𝐵 (𝐶𝑇) is the capacitance of the bottom (top) 

interface. Contacting a water droplet with the top electrode is the same as closing the switch in the 

electric circuit. When the top electrode makes a contact with the water droplet, electrons flow from the 

bottom EDLC to the top EDLC through the load resistor and the counter ions in the water become 

redistributed.18-19 Following equation describes this non-equilibrium behaviour. 

𝑄−𝑞(𝑡)

𝐶𝐵
−

𝑞(𝑡)

𝐶𝑇(𝑡)
=

𝑑𝑞

𝑑𝑡
R𝑡𝑜𝑡 = 𝑉(𝑡)             (2.9) 

 

Here, 𝑅𝑡𝑜𝑡 is the total resistance of the system. Since the capacitance of EDLC can be assumed as 

C=𝜀0𝜀𝐴/𝑑 and the bottom contact area is not changing is with time, the bottom EDLC 𝐶𝐵 is constant. 

But the contact area of the top interface is changing during the bridge formation, therefore 𝐶𝑇 is time 

dependent. Since the contact area of top electrode can be related with the radius of the top contact 

area, 𝐴𝑇(𝑡) = 𝜋(𝑟(𝑡))
2
, we can find the relation between the spreading radius 𝑟(𝑡) and the measured 

voltage 𝑉(𝑡). The increment of charge in the top after the closed circuit is formed can be calculated 

using the voltage measurement with time using the Ohm’s law. 
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   𝑞(𝑡) =
1

𝑅𝑡𝑜𝑡
∫ 𝑉(𝑡)𝑑𝑡,    (2.10) 

 

The capacitance of top interface, 𝐶𝑇(𝑡), can be rewritten from Equation (2.9). 

   𝐶𝑇(𝑡) =
𝐶𝐵∙𝑞(𝑡)

𝑄𝐵−𝑞(𝑡)−𝐶𝐵𝑉(𝑡)
.                  (2.11) 

The capacitance of the top interface can be 𝐶𝑇(𝑡) =
𝜀𝑇𝐴𝑇(𝑡)

𝑑𝑇
, where d  corresponds to the electrical 

double layer thickness at top interface. From Equation (2.11), we can obtain the relation between the 

spreading radius 𝑟(𝑡) and the measured voltage 𝑉(𝑡) as following. 

 

    
𝜀𝑇 𝜋(𝑟(𝑡))

2

𝑑𝑇
=

𝐶𝐵∙𝑞(𝑡)

𝑄𝐵−𝑞(𝑡)−𝐶𝐵𝑉(𝑡)
 ,   (2.12) 

    𝑟(𝑡) = (
𝑑𝑇

𝜀𝜋
∙

𝐶𝐵∙𝑞(𝑡)

𝑄𝐵−𝑞(𝑡)−𝐶𝐵𝑉(𝑡)
)

1

2
.   (2.13) 

 

Here, 𝜀0, ε, 𝑑𝐵(𝑑𝑇) are dielectric constant of air, relative dielectric constant of medium, and electrical 

double layer thickness at bottom (top), respectively.  
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2.4 Reflection Interference Contrast Microscope (RICM) 

 

Reflection interference contrast microscopy (RICM) is one of the optical microscopy techniques that 

utilize the interference property of light. Figure. 2-5 shows the simplified schematics showing the 

principle of RICM. A LED light is introduced to the sample surface through a flat ITO glass slide. Part 

of the light is reflected on the ITO glass surface and the rest is reflected on the sample surface.  

 

Figure 2-6 (a) Simplified schematics of RICM. Interference fringe pattern is due to two reflected 

beams, I1 and I2. Phase difference between two beams is determined by path length difference of 

2h0. (b) Interference fringe pattern between plano-convex lens surface and top surface.  

In this figure, in order to test the system, a plano-convex lens is placed on the bottom electrode and a 

beam splitter is used to observe the interference image using a camera. A light is illuminated from the 

side using a beam splitter. According to the distance from the surface of the convex lens to the top 

surface of the ITO glass slide, two reflected beams form an interference pattern due to the phase 

difference on the camera. As the position is radially away from the center of the convex lens, this 

distance increases and the light path also increases causing a change in the phase difference. As shown 

in (b) in Figure 2-6, depending on the path difference, a constructive interference and a destructive 

interference will occur alternately. Following shows the condition for each interference.  

 

2ℓ = (2m + 1)
 λ 

 2 
   Constructive interference  (2.14) 

2ℓ = mλ       Destructive interference      (2.15) 
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Here, ℓ is the distance between the surface of the convex lens and the top surface of[ the ITO glass 

slide and m is 0,±1, ±2, ±3. Reflected beam intensity from the top ITO (I1) is fixed. Actually, there are 

two reflected beams from the ITO: one from the upper surface and the other from the bottom surface of 

top ITO glass slide), but both do not depend on the sample height change (h0). But, another reflected 

beam intensity from the plano-convex lens surface (I2) depends on the sample height (h(r=0) = h0). We 

neglected height dependency of I1 in the following equation. But height dependency of I1 is considered 

when we fit our data. The total reflected beam intensity (I) is function of the phase difference (Ø ) from 

the path length difference between two reflected beams.39-41  

          𝐼(ℎ0(𝑟)) = 𝐼1 + 𝐼2 + 2√𝐼1𝐼2cos∅(ℎ0(𝑟)),  (2.16) 

     ∅(ℎ0(𝑟)) = 2𝑘ℎ0(𝑟) + 𝛿0,   (2.17)  

 

Here, k and 𝛿0  are wavenumber of light in the air and initial phase difference between I1 and I2, 

respectively. h0 = 0 is defined when a plano-convex lens contacts to the plane glass.  
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3. Method and experiment 

 

3.1 Sample preparation  

 

Pure deionized water with 18.2MΩ/cm from Milli-Q is used for water droplets of 40μl in the RICM 

experiment. SiO2 convex lens (f=100mm, R=51.8mm) is purchased from CASIX and used for the 

RICM experiment as well for the comparison. The Si substrate (Si/SiO2) with ITO coating (30~60nm) 

is purchased from Sigma-Aldrich and used as a transmittable plate. The ITO coatings are also used for 

the electrodes of circuit to study the voltage generation experiment as well. 

 

Table. 1. Measured radius values for the convex lens and water droplet. 

 convex lens water droplet 

Radius of curvature 25.9mm 3.82mm 
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3.2 Experiment setup 

 

3.2.1 Reflection Interference Contrast Microscope 

A 530nm diode LED from Thorlab is used as a light source. A bottom ITO coated glass is sitting on a 

piezo translation stage (resolution 0.7nm, from PI E-709ERG) which controls the vertical position of z-

direction. Reflected beam intensity is recorded by using high speed camera (PCC, v1210) with 50,000 

frame/s (time interval is 20μs). An oscilloscope (from Tektronix) measures the voltage difference 

between the top and bottom ITOs. All system is controlled by using Labview program and synchronized. 

All experiments are done at the room temperature (RT) in a glove box. 

 

 

Figure 3-1. RICM for water bridge experiment.  
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3.2.2. Voltage generation system  

 

 

Figure 3-2 (a) Synchronization of two systems, the oscilloscope for the voltage generation 

measurement and high-speed camera for the interference image measurement. Interference 

image shows one real image taken by high-speed camera. (b) Synchronized data. Open gray 

circles and green circles represent the generated voltages and the interference light intensities, 

respectively. Using the trigger level of voltage (solid red line), the oscilloscope and the high-speed 

camera are synchronized and simultaneously start to take the data before and after the triggering 

point (t=0s).  

 

 Upon contact, the imbalance of charge distribution drives the charges to move from one plate to the 

other. And the charges in water near the top interfaces suddenly build up forming electrical double 

layers to balance the charge distributions of two plates. Instant voltage rise could be detected by a trigger 

function in oscilloscope and this triggered signal can be reference to the high-speed camera. This is the 

principle for the synchronization between the voltage generation and the high-speed camera. Figure 3-

2 (b) shows the generated voltage with trigger level. The trigger signal selects the recording point as a 

reference. In this experiment, time interval of oscilloscope is ~ns and the interval of the image is 20 𝜇𝑠 . 

Since the spreading radius increases with time satisfying the power-law of 𝑟 ∝  𝑡𝛼, determining the 

exact contact time 𝑡0 is very important. Even very small error in determining 𝑡0 would change the 

value of exponent 𝛼. We believe that our synchronization scheme gives the exact the initial contact 

time with 20 𝜇𝑠 accuracy and determine the growth exponent very accurately. 
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3.2.3 Spreading measurement system 

 

 

Figure 3-3 (a) Schematics of the experimental setup for the spreading measurement. Top and side 

views are simultaneously measured by the same high-speed camera. (b) Real image of top view. 

After touching, spreading interference is circular. (c) Real image of side view. Due to the reflected 

image, it is hard to find the exact contact time and position from the side view.  

 To measure the exact time of touching, two images are simultaneously captured as shown in Figure 3-

3. One is the top view which shows the interference pattern, and the other is the side view which shows 

the real image of the droplet and the substrate. In order for this, two different diode lasers are used, 

green LED (λ=530nm) and red LED (λ=625nm). As shown in Figure 3-3(c), there is an artifact from 

the reflected image and a blurry of image due to the light diffraction caused by small gap between water 

droplet and top substrate making poor resolution in side view.  
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3.3 Interference fringe with linear motion  

 

 

Figure 3-4 Calibration of the RICM setup (a) Schematics of RICM set up using a plano-convex 

lens. (b) Measured light intensity at the center of the convex lens(r=0) under continuous change 

of the height of sample (h0).  

 

To realize the high resolution observation of the touching phenomena, the resolution of translation 

stage is important. In this experiment, the position of the height is controlled with constant velocity 

(1~5 μm/s) of the piezo translation stage (resolution 0.7nm). Linear motion of the translation stage is 

confirmed by using a convex lens as shown in Figure 3-4. The measured data (open gray circles) agree 

well with the theoretical curve of Equations (2.16) and (2.17) using linear motion of convex lens 

(ℎ𝑜(𝑡) = 𝐻 − 𝑣𝑡). Here, H is the initial distance when 𝑡 = 0. 

 

 

Figure 3-5. Geometrical definition in the surface morphology. 
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Figure 3-5 shows the geometrical definition in the surface morphology. The distance between ITO glass 

slide and the surface of a convex lens satisfies the following equation.  

 

   ℎ(𝑟) = ℎ0 + 𝑅 − √𝑅2 − 𝑟2,    (3-3) 

Here, R is the radius of curvature of the convex lens used and its value is confirmed with image method 

also. Radius value of water droplet is also measured by image method (Table 1). 

By using Equation (3.3), radial dependent height h(r), and intensity interference patterns can be 

calculated as shown in Figure 3-6.  

 

 

Figure 3-6. Radius dependent light intensities. (a) Measured intensities (open gray circles) and 

theoretical curve (solid red line) at h0 = 500nm for the convex lens. (b) Measured intensities (open 

gray circles) and theoretical curve (solid red line) at h0 = 100nm for the convex lens. 

As shown in Figure 3-6, the reflected light intensities from the convex lens for two different heights 

(h0 = 500nm and 100nm) are well matched with the theoretical curves. As a result, the linear motion of 

the vertical translation stage agrees with the measured data as shown in Figures 3-4 and 3-6.  
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4. Result and discussion 

 

4-1 Relation between water droplet spreading and voltage generation 

 

 

Figure 4-1. Measured spreading radius of water droplet as a function of time. (a) The red curve 

are data taken by side view image and open green circles are data taken by top view image. (b) 

Log-log plot of Figure 4-1(a). The red curve and black solid line represent the side view data and 

the fitted line with t 1/2. (c) The upper (inside the green square) and lower images (inside the red 

square) are top view and side view images, respectively. In the top view images, as the contact 

area is spreading after the touching, the radius of the shaded part is widening its radius with time. 

 

 



32 

 

According to the force balance between inertial and capillary pressure, the radius of the spreading 

should increase with t1/2 according to Equation (2.4). Figure 4-1 shows the measured water droplet 

radius after touching (t=0 s). The top view image in the upper of (c) and the side view in the lower of 

(c) are simultaneously measured. When the spreading is monitored from a side view only, it is hard to 

distinguish the exact time of touching. But the top view images can clarity this. Figure 4-1 (a) and (b) 

show the growth of the water droplet spreading radius with time which follows the power law of r ~ 𝑡1/2. 

According to Equation (2.6), the characteristic inertial time is 𝑡𝑐 = √𝜌𝑅3/𝛾. Since the radius of the 

droplet is R=2.78mm in this experiment, the expected tc value is about 17ms. But the power law growth 

ends near 𝑡 =5ms, which is three times smaller than the expected. Comparison previous result with our 

result in figure 2-2, we can measure more short range than other result. We can measurement the 

spreading dynamics from 10-6 to few ms, but they did few ms to s order. Therefore, we can measure 

high short range spreading dynamics also generated voltage. 

Based on the EDL theory in Equations (2.9) to (2.13), the capacitance is expected to change as the 

touching area changes. Figure 4-2(a) voltage generation due to spreading can be treated as the inverse 

process of electro wetting. Figure 4-2 (b) corresponding 0 to 6ms figure 4-2(a). Figure 4-2(c) shows the 

induced charge q(t) calculated from the measured voltages using Equation (2.10). Here, the induced 

charge increases exponentially and becomes saturated within about 5 ms. Figure 4-2(d) shows the 

spreading radius 𝑟(𝑡) from image measurement (orange open circles) and the fitting (gray open circles) 

with Equation (2.13). At the time larger than 5ms, there is no change in spreading radius. The fitting 

agrees well with the measured data at t <5 ms. This means voltage generation is directly correlated to 

the water spreading effect. The spreading dynamics during the initial period less than 5ms is due to the 

mixed effect of the surface energy minimization and electrical energy relaxation. But the surface energy 

minimization seems to dominate in the early stage. The spreading radius during the time larger than 

5ms is mainly from electrical energy relaxation. In this time regime, there is no change in spreading 

radius.  
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Figure 4-2 (a). Result from generated voltage between top and bottom of electrode. (b)Extended 

generated voltage result, from 0 to 6 ms (c). Calculated charge during water droplet spreading by 

using the voltage generation and the equation 𝒒(𝒕) =
𝟏

𝑹
∫ 𝑽(𝒕)𝒅𝒕. (d) Water droplet spreading 

radius as a function of time: the gray curve shows the calculated value from q(t) using Equation 

(2) and the orange one shows the direct imaging measurement.  

 

But the fitting parameter values of 𝜀 and d are different from the known values for bulk water and 

the reported values at the interface. Table 2 compares the fitting parameter values with Teschke’s results. 

In this table, electrical permittivity 𝜀, electrical double layer d and surface charge Q. In bulk, well-

known values for these parameters are 𝜀 = 78 and debye length is ~1μm. However, near the 

interface according to Teschke’s report, these parameters have the values of 𝜀 = 3.8 and 𝑑 = 60𝑛𝑚.42 

He explains this difference by the water dipole reorientation at interface. Depending on solid surface 

structure, water molecule can reorient at solid-liquid interface. The best fitting parameter values in this 

experiment are 𝜀 = 22 (dielectric constant), d =39nm (EDL thickness), and Q=0.9nC (surface charge). . 
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We believe these values are averaged effects during the spreading. In this experiment, the water-ITO 

interface is not in equilibrium during the first 5 milliseconds. 

 

Table. 2. Fitting results and reference values (at room temperature) 

 𝜀 d Q 

For bulk water 78 ~1μm (Debye length)  

For interface42 3.8 60nm  

In this study 22 39nm 0.9nC 
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4-2 Comparison between the convex lens calibration and the water droplet 

deformation. 

 

Tian and Shen reported that negative ions are distributed on the water surface which has a neighbor 

with air42. When we take account the EDL formation, Coulomb interaction between solid and liquid is 

considerable before touching. Actually, Sacha et. al. observed a water bridge formation and explained 

the water bridge formation due to the Coulomb interaction with few nanometer distance between AFM 

tip and water surface as shown in Figure 1-1.21-22 To observe the Coulomb interaction between ITO and 

water surface, we used the RICM method which has a higher distance resolution. 

 

 

 

Figure 4-3. (a) Modulation of light intensity at the center of interference pattern (open gray circles) 

and theoretical curve (solid red curve) depending on the height of convex lens surface. (b) 

Modulation of light intensity at the center of interference pattern (open cyan circles) and 

theoretical curve (solid red curve) depending on the height of water droplet surface. (c) Deviation 

of the measured intensity from the theoretical expectation for the convex lens. (d) Deviation of the 

measured intensity from the theoretical expectation for the water droplet. 
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As a calibration, a plano-convex lens is raised with 5μm/s stage speed until it makes a contact with 

the top substrate. When a convex lens is used as shown in Figure 4-3(a), the interference intensity Iexp 

(r=0) at the center of the RICM interference pattern agrees with the expected value ITheory, where 

deviation (Iexp-ITheory) is negligibly small (see Figure 4-3(c)). In order to observe the water surface 

deformation, water droplet is raised to the top substrate with the same speed as shown in Figure. 4-3(b). 

But when a water droplet is used, the interference intensity Iexp (r=0) at the center of the RICM 

interference pattern starts deviating from the expected value ITheory for undeformed water droplet at the 

specific height. It means that there is some change in the water droplet surface curvature starting from 

the specific height. Deviation (Iexp-ITheory) is too large to ignore. The faster oscillation of curve means 

the faster approaching of water droplet than speed of stage. From the starting point of deviation shown 

in Figure 4-3(d), we define the starting point of acceleration of water surface. Interestingly, starting of 

acceleration is 273nm, and this value is very different from the previously reported value of ~5nm 21,22. 
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Figure 4-4. Interference light intensity as a function of radial distance from the symmetric center 

in RICM interference pattern. (a), (b) Fringe patterns at 4 different heights for convex lens (a), 

and for water droplet (b). (c) Modulation of light intensities (open gray circles) and theoretical 

curve (solid red curve) at h0 = 500nm for the convex lens. (d) Modulation of light intensities (open 

gray circles) and theoretical curve (solid red curve) at h0 = 100nm for the convex lens. (e) 

Modulation of light intensities (open blue circles) and theoretical curve (solid red curve) at h0 = 

500nm for the water droplet. (f) Modulation of light intensities (open blue circles) and theoretical 

curve (solid red curve) at h0 = 100nm for the water droplet. 

Water has a high surface tension. If there is an acceleration of the center position (r=0), therefore, 

radius dependent height changes should be considerable as well. Figures 4-4(a), and (b) show the 

camera images at certain positions, and Figures 4-4(c)-(f) show the circular averaged fringe patterns for 

both of convex lens (gray circles) and water droplet (blue circles). Theoretical curves (red curves) are 
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based on the height changes due to the surface curvature. Open blue circles in Figures 4-4(e) and (f) 

show the interference intensity Iexp of the RICM interference pattern as a function of the radial distance 

from the symmetric center. When a convex lens is used, the interference intensity Iexp (open gray circles) 

agrees with the expected value ITheory (red solid curve). But when a water droplet is used, the interference 

intensity Iexp starts deviating from the expected value ITheory at specific distance. In (a), water droplet 

surface data agrees with the theoretical value at h0 = 500nm. But in (b) at h0 = 100nm, there is large 

mismatch between the measurement and theoretical expectation and deviation amounts are reduced by 

increasing the radius. When we take account the distance change due to the surface curvature, reduced 

deviation is reasonable.  

 

4-3 Deformation of the water droplet surface by long range interaction  

 

Modulation of interference intensity occurs due to the phase difference between to the two reflected 

lights as in Equations (2.16) and (2.17), which are the result of the optical path length difference. When 

there is no deformation of the droplet surface in time, the interference intensity should follow Equation 

(2.16). But, as we can see the data for h0=100nm, there is a discrepancy between IExp and ITeory. This can 

be fixed by adjusting the distance ℎ0(𝑡) between the water surface and ITO substrate by replacing 

ℎ0(𝑡) to ℎ0(𝑡) − ∆𝑑(𝑡).  Here, ∆𝑑(𝑡) is called as deformation length, and we can replace Equation 

(2.16) with the following equation, 

𝑰(𝒉(𝒓)) = 𝑰𝟏 + 𝑰𝟐 + 𝟐√𝑰𝟏𝑰𝟐 𝐜𝐨𝐬∅(𝒉𝟎(𝒕) − ∆𝒅(𝒕))       (4.2) 

 

 

Figure 4-5 Disagreement between IExp of water and ITheory at h0=100nm can be fixed by adjusting 

the distance h0 to h0-∆𝒅 at h0=100nm. Here, ∆𝒅 = 𝟐𝟖𝐧𝐦.  
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Figure 4-6(a) is the interference intensity IExp and ITeory for water at h0 =100nm showing the discrepancy 

between the measurement and the theory. According to Figure 4-4(d), the deviation starts at h0=273nm. 

Therefore, in order to match the data with the theory, we replaced the ℎ0(𝑡) with ℎ0(𝑡) − ∆𝑑(𝑡). In 

Figure 4-5(b), the measurement agrees with the theory well by shifting the curve with 28nm (=∆d).  

 

Figure 4-6. (a) Measured deformation length (open black circles) depending on the distance h0. 

Solid red curve and dashed blue curve represent the fitting curves with single exponential and 

with degree 2 polynomial, respectively. (b) Time dependent value of the top position of the droplet 

surface. Dashed gray line represents the top position of the droplet without deformation, only due 

to the linear motion of an upwardly moving translation stage. The solid red curve is the measured 

position due to acceleration. Therefore, the deviation length corresponds to the deformation 

amount of the droplet surface. (c) and (d) represent two different surface geometries, respectively, 

without deformation (c) and with deformation (d). 

Using the same method, we can calculate the deformation length from the symmetric center r=0 to 

r=200μm and plot the surface deformation morphology. Interestingly, deformation amounts are well 

matched with the exponential fitting (solid red curve) than 2nd order polynomial fitting (dashed blue 

curve). This may be due to faster acceleration with stronger Coulomb interaction. 
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Figure 4-7 Water droplet surface deformation morphology depending on radius dependent 

deformation amount (∆d) at five different water droplet positions (h0).  

 

From the interference intensity and Equation (4.2), we can obtain the surface deformation 

morphology by using the measured distance between the water droplet and the top ITO substrate. Figure 

4-7 shows the radius dependent deformation amounts at different positions (h0) of water droplet. As 

shown in this figure, deformation amount is higher at the center part of water surface. Several 

possibilities are remained as the origin of this behavior. (1) faster condensation (2) localized charges, 

(3) faster acceleration. Related with these questions, we need also to consider the water evaporation of 

and non-equilibrium deformation morphology of the system.  
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4.4 Non-equilibrium dynamics of surface deformation 

  

Figure 4-8 shows the deformation amounts depending on h0 for 3 different stage speeds (from 1 to 

5μm/s). Here, the slower stage moving speed, the larger deformation. If this observation is from the 

evaporation effect, it should show opposite result. This means that the surface relaxation is slower than 

the moving speed of the translation stage, and the measured results don’t represent the true equilibrium 

deformation depending on the vertical distance. But, if we decrease the stage speed further, the 

evaporation effect will dominate the surface morphology.  

 

Figure 4-8 Water surface deformation for three different stage speeds 
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4-5 Competition between deformation and evaporation 

 To observe the surface deformation due to evaporation, the deformation is measured at different 

relative humidity conditions with the stage speed of 1 μm/s.  

 

 

Figure 4-9 Evaporation effect with different relative humidity conditions. (a) Water droplet 

deformation for three different relative humidity conditions (RH = 45%, 25%, <5%).  Stage 

speed is fixed at 1𝛍m/s. (b) Light intensity changes at the fixed position of r=0 for RH<5%. Solid 

gray and blue curves represent the intensity changes for convex lens and for water droplet, 

respectively.  

As shown in Figure 4-9 (a), the deformation amount shows a negligible humidity dependency at high 

relative humidity condition (RH > 25%). But the deformation decreases a lot at low humidity condition. 

This means that the faster evaporation at low humidity decreases the deformation effect. To confirm the 

evaporation, the interference intensity change with time is measured for a convex lens and a water 

droplet at the fixed position. Figure 4-10 (b) shows the RICM light intensities at the symmetric center 

at fixed vertical distance for RH<5%. When a convex lens is used, the intensity does not change with 

time. But when a water droplet is used, the intensity decreases with time. These two data mean that 

there is huge effect of evaporation for low relative humidity. Therefore, only the experiments at higher 

relative humidity (>25%) can be reliable. 
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4.6 Physical origin for surface deformation 

 

 

Figure 4-10 Possible origin of water surface deformation due to spontaneous charge accumulation. (a) 

No deformation of water surface when the distance is far. (b) Water surface deformation due to the 

electrostatic attraction between the positively charged water surface and the negative image charges in 

metal surface. (c) and (d) show the water surface deformation depending on distance from solid surface.  

 

Figure 4-10 shows the possible origin for the water surface deformation near metal surface. It has been 

known that water surface is weakly negatively charged and the bare metal surface does not have surface 

charge. But as two surfaces are approaching each other, in order to lower the total free energy, the water 

surface becomes positively charged. Because of this, there are negative image charges in the metal. 

Therefore, there is an electrostatic attractive force between water surface and the metal surface. When 

the distance is far, the attractive force is not big enough and there is no deformation on water surface as 

in (a). But, when the distance is enough, the large attractive force deforms the top edge of the water 

droplet as in (b).   

Since the typical distance forming the water bridge in this work is much larger than the characteristic 

distance of ~5nm in the previously reported work in which the water bridge forms due to the water 

vapor condensation and the externally applied electric field, we believe that water surface deformation 

at long range is due to Coulomb interaction.   
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5. Conclusion 

 

 Despite of its importance, solid-liquid interface is not well understood yet. To investigate the solid-

liquid interface we build up a home-made experimental system: combination of voltage generation 

system and RICM. Using this, we studied two important properties of the solid-liquid interface: 

spreading dynamics of water droplet on metal surface and the surface deformation of water droplet near 

the substrate before contact.  

To understand the water droplet spreading dynamics, the spreading radius and the voltage generation 

are simultaneously measured. The spreading radius grows with time following the power law of r ~ 𝑡1/2. 

The power law growth ends near 𝑡 =5ms, which is three times smaller than the expected characteristic 

inertial time of 𝑡𝑐 = √𝜌𝑅3/𝛾 = 17ms. 

Based on the electrical double layer capacitor (EDLC) model, we found a strong correlation between 

the generated voltage and the spreading radius. The best fitting parameter values to the correlation are 

𝜀 = 22 (dielectric constant), d =39nm (EDL thickness), and Q=0.9nC (surface charge). Smaller values 

of dielectric constant and charge interaction length had been suggested by several theoretical and 

experimental studies. But, we believe these values are averaged effects during the spreading. In this 

experiment, the water-ITO interface is not in equilibrium during the first several milliseconds.  

In order to study the surface deformation due to the interaction between the solid and liquid surfaces 

before the contact, the RICM system with nano-meter resolution is used. When a plano-convex lens 

(hard hemisphere) is approached to the ITO surface, the observed interference patterns agree well with 

the expected linear motion of the lens surface. But, when a water droplet surface is used instead, there 

is a deformation in the droplet surface without any externally applied electric field. Interestingly, the 

deformation starts at the distance of 300nm from the ITO surface. Droplet surface morphology is 

obtained from the radius dependent deformation at given distance. The surface morphology shows the 

formation of water bridge depending on the distance between the solid and the liquid surfaces. Even 

though maximum amount of observed deformation is ~100nm, all the observed morphology seems to 

show only the non-equilibrium surface states. Additional experimental results of humidity and stage 

speed dependencies suggest that the deformation larger than 250nm is expected in the equilibrium 

condition. This result suggests that the origin of large deformation in this experiment is completely 

different from the previously reported work in which the water bridge forms at the distance of ~5nm. 22 
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