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coated film. These observation suggests that a model based on vapor induced 

phase separation may be more appropriate than a purely evaporative model to 

explain void formation in spin coated PVDF films. 9   

  

Figure 2.1. PVDF films spin coated in varying relative humidity conditions a. 0% b. 5% c. 10% d. 

15% and e. 20% relative humidity. All films show large pore defects. 

2.2 Monitoring of Phase Separation in PVDF/DMSO solutions with Light 

Scattering 

 As seen in the SEM micrographs in Fig 2.1, films deposited in non-zero 

relative humidity conditions have pores that are relatively large compared to 

optical wavelengths. Small angle light scattering (SALS) is a technique used to 

study the scattering of collimated light from structures that are larger than the 

wavelength of the incident light and offers a way to study the formation of pores 

in spin coated PVDF films non-destructively and in-situ.    



17 

 

Optical scattering occurs when an electromagnetic wave encounters changes 

in the refractive index of a material (scattering center). If a material has a 

inhomogeneous refractive index and the inhomogeneity can be written as a 

scalar function, φ(r),that is mathematically integrable then the Fourier transform, 

𝛹(𝒒), of this function is  

𝛹(𝒒) = ∫ 𝜑(𝒓) ∗ 𝑒𝑥𝑝(−𝑖𝒒𝒓) 𝑑𝒓, 

where q is the scattering vector which equals (in the case of elastic scattering) 

|𝒒| =
4𝜋

𝜆
𝑠𝑖𝑛 (

𝜃

2
), 

where θ is the scattering angle and λ is the wavelength of the incident light. 

Assuming that the scattered electromagnetic field is small compared to the 

incident electromagnetic field (Born approximation) the scattering vector q ~ 

Ψ(q).  (The Born approximation allows for the use of the incident electromagnetic 

field to be used as the field that each region is interacting with as opposed to 

both the incident electromagnetic field and the electromagnetic field produced by 

other scattering regions.) 

Variations in the index of refraction in phase separated samples originate in 

the compositional variation of the sample. Matsuyama showed that two possible 

mechanisms, nucleation and growth (NG) or spinodal decomposition (SD), can 

lead to compositional variation in vapor induced phase separated PVDF films 

where the solvent was dimethylformamide and the non-solvent was water. 6 The 

form of the structure factor resulting from NG is very different than the form of the 

structure factor expected from SD.  
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In NG small nuclei of the minority phase (non-solvent/solvent mixture) will 

nucleate in a matrix of the majority phase (polymer/solvent). These nuclei are 

smaller than optical wavelengths and are formed randomly throughout the 

material. The inhomogeneity of the index of refraction can be modeled as 

randomly distributed delta functions in space. This type of distribution leads to 

diffuse scattering.  

In SD the film will form regions with a high concentration of polymer and 

solvent and regions with a high concentration of non-solvent and solvent. The 

concentration of the components has to vary continuously in the film causing 

large structures with varying index of refractions to form. 

Cahn showed that initially in a system undergoing SD the inhomogeneity of the 

composition can be described by a series of Fourier components whose 

amplitudes are determined by an amplification factor. 10 The amplification factor 

is wavenumber dependent. There is a maximum wavenumber (minimum 

wavelength) that limits the number of Fourier components needed to define the 

compositional variation. This maximum wavenumber, called βc , can be 

calculated from the 2nd derivative of the free energy with respect to the 

composition. The amplification factor has a sharp maximum that occurs at the 

wavenumber βc/√2
2

  and falls off at wavenumbers lower than βc/√2
2

. This defines 

a limited range of sine waves that describe the variation of the index of refraction 

in the phase separated sample. The Fourier transform of a sine wave is a delta 

function centered at the wavenumber. Because there is no expected preferred 

orientation in phase separated PVDF samples the scattering is expected to 



19 

 

occupy a band in q space whose width and intensity is determined by the 

amplification factor.   

 

 

Figure 2.2. Schematic of the modified spin coater used for SALS experiments. 

To study humidity dependent defect formation in spin coated PVDF solutions a 

10% solution by weight of PVDF in DMSO was prepared. The solution was 

heated to 100 oC and mixed overnight. The solutions was then cooled to 30 oC. 

The solution was then deposited onto a gold coated silicon substrate spun at 

4000 RPM for ten minutes in a controlled humidity environment. To obtain SALS 

data during spin coating of PVDF/DMSO solutions under varying relative 

humidity conditions, a modified spin coater schematically depicted in Fig 2.2 was 
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utilized. Using a laser with the wavelength of 632.8 nm and knowing the 

geometry of the setup the position of the scattered light on the screen is 

converted to the magnitude of the scattering vector q. Matlab was used to extract 

intensity, scattering position and time from the scattering data and plot it in 2-

dimensional false color intensity maps shown in Fig. 2.3. It is also useful to 

analyze the normalized integrated intensity of the scattered light during spin 

coating for various relative humidity conditions. To accomplish this the reflected 

specular beam was digitally blocked and the intensity of light gathered from the 

detector was integrated using Matlab. The integrated intensity of the scattered 

light as a function of spin time is shown in Fig. 2.4. 

 

Figure 2.3. False color intensity maps showing the intensity of scattered light vs time and 

scattering vector for PVDF/DMSO solutions spun at a. 0% b. 5% c. 10% d. 15% e. 20% relative 
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humidity. The scattered intensity starts at small |q| and then grows suggesting spinodal phase 

separation process. 

 

Figure 2.4. Normalized integrated intensity of the scattered light during spin coating, showing that 

the time elapsed before scattering occurs decreases with humidity. 

Analyzing these data helps understand the process that forms these large 

pores in spin coated PVDF films. Three different periods can be identified by 

using the data in Figs. 2.3 and 2.4.  
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Period 1 

At all relative humidity conditions there is an initial phase where there is no 

scattering outside of the reflected specular beam. This suggests that during this 

time the film is optically homogenous and the surface is smooth.   

Period 2 

The second period starts at the time which non-specular scattering begins and 

ends when the integrated scattered intensity begins to decrease.  

The data show that the time at which the second period begins decreases as 

humidity increases and seems to be approaching a constant value. This 

observation is consistent with a vapor induced phase separation process, since 

water is absorbed into the film through interactions with DMSO. 6 The rate of at 

which the concentration of water in the film increases will be determined by the 

number of surface sites at which the gas phase water can interact and the 

number of water molecules available to interact. In the experiment the number of 

DMSO molecules at the surface is kept constant by keeping the initial solution 

concentration constant. Initially the absorption process is limited by the number 

of water molecules at the surface. As the relative humidity is increased the 

number of water molecules available at the surface increases and the rate at 

which water is being introduced into the solution increases. After a critical relative 

humidity the absorption will be limited by the number of DMSO site at the 


