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Abstract 

 

 In this research, the nonlinear optical properties of specific nonconjugated conductive 

polymers and gold nanoparticles in transparent dielectric media have been investigated. 

Photovoltaic devices utilizing nonconjugated conductive polymers have also been studied.  

 Nonconjugated conductive polymers are polymers with at least one double bond in the 

repeat. 1,4-polyisoprene (cis and trans), styrene butadiene rubber, and poly(β-pinene) are 

readily available examples of nonconjugated conductive polymers that have been investigated. 

Nonconjugated conductive polymers exhibit increases of many orders of magnitude in electrical 

conductivity upon doping with electron acceptors such as iodine. This change in conductivity 

results from charge-transfer from isolated double bonds in the polymer to the dopant. 

Exceptionally large optical nonlinearities have been reported for nonconjugated conductive 

polymers since they form sub-nanometer size metallic domains (quantum dots) upon doping. 

Nonconjugated conductive polymers have been shown to have many potential applications in 

nonlinear optics, electro-optics, and photovoltaics. The quadratic electro-optic effect and 

electroabsorption have been investigated in several nonconjugated conductive polymers 

including cis-1,4-polyisoprene, trans-polyisoprene, styrene butadiene rubber, and polyethylene 

terephthalate. The effects of iodine doping on polyethylene terephthalate have also been 

investigated using spectroscopy. 

 Metallic nanoparticles in a dielectric medium have also been shown to have high 

magnitude nonlinear optical susceptibilities. Large nonlinear susceptibilities have been reported 
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near the surface plasmon resonance frequencies in the materials. These effects have been 

attributed to dielectric confinement of charges within the metal nanoparticles and were 

predicted theoretically to be related to the size of the related charge-system.  

 The nonlinear optical properties of gold nanoparticles in a dielectric medium (glass) and 

Iodine-doped nonconjugated conductive polymers have been investigated. These studies used 

the field-induced birefringence method to measure the Kerr effect in these materials. 

Measurements of Kerr coefficients for the materials investigated have been performed. The 

magnitudes of the Kerr coefficients for the gold nanoparticle samples have been compared and 

used to verify theoretical models on the relationship between particle diameter and third-order 

optical susceptibility. Nonlinear absorption (electroabsorption) has also been measured in 

these materials. These measurements were made using applied electric fields to change the 

absorption of the material. The results have been used to gain theoretical understanding of 

optical nonlinearities of metallic nanoparticles down to the sub-nanometer dimensions. The 

nonlinearity has been shown to increase as 
1

𝑑3 where d is the diameter of the nanoparticle 

(quantum dot). Newer nonconjugated conductive polymers such as polyethylene terephthalate 

have also been studied. 

 Photovoltaic devices utilizing Iodine doped nonconjugated conductive polymers have 

been constructed and evaluated. These devices were fabricated in a similar way to dye-

sensitized solar cells with the polymer used as the absorbing layer. Incident light on the cell 

excites electrons in the nonconjugated polymer which are then transferred through an 

electrolyte to a thin layer of titanium dioxide. The created devices were exposed to light and 
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their open-circuit voltages and short-circuit currents were measured. These results have been 

compared for the various nonconjugated polymers. The stability of the devices has also been 

investigated. The cells typically show degradation in the photocurrent output over time. 

Attempts were made to determine the cause of the rapid reduction in output and to find a 

method of extending the lifetime of the fabricated cells. These studies showed that sealing cells 

in order to reduce the loss of the liquid electrolyte can extend the lifetime of the cells. 
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Chapter 1  

Introduction 

 

As optically based sensing and communication technologies have become increasingly 

common, the field of photonics has become increasingly important. Photonics combines the 

study of electronics and optics and enables the development of devices that are capable of 

handling large amounts of data quickly. In the field of photonics nonlinear optical materials 

have been of particular importance. Specifically, organic nonlinear optical materials have 

attracted research attention due to their ease of fabrication, their ability to be engineered at a 

molecular level, and the high speeds possible due to their low dielectric constants and fast 

response times. Organic nonlinear optical materials show exciting potential for the 

development of devices to be used in a variety of critical fields including telecommunication, 

optical sensors, and data storage and manipulation. 

 Issues surrounding climate change and the environmental effects of energy production 

have led to the need for renewable and sustainable methods of energy production. The 

abundance and availability of solar radiation makes solar power conversion an attractive 

solution for both large-scale power generation and remote power needs. Traditional silicon 

based photovoltaic devices have dominated these markets, but they suffer from large energy 

requirements in production and harmful environmental effects at end of life. Organic materials 

provide a promising alternative on these fronts as they typically do not require the same high 

temperature processes in production and are more easily disposed of at the end of their 
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operational life. Despite these advantages, low power conversion efficiencies have hampered 

the widespread adoption of organic photovoltaics. The study and understanding of how organic 

materials operate in photovoltaic applications is important to producing devices with 

commercially viable efficiencies. 

This research focusses on studying materials with nonlinear optical and photovoltaic 

applications. This includes the nonconjugated conductive polymers cis-1,4-polyisoprene, trans-

1,4-polyisoprene, poly-β-pinene, styrene butadiene rubber, and polyethylene terephthalate, as 

well as gold nanoparticles. The nonlinear optical properties of the conjugated polymers and 

varying sizes of metal nanoparticles have been investigated. Also, photovoltaic devices utilizing 

nonconjugated conductive polymers have been fabricated and evaluated.  

This research is organized into several chapters. This chapter serves as an introduction 

to the topics that will be covered and the organization of the dissertation. Chapter 2 provides a 

summary of the background work related to the topics covered. This includes the history of 

nonlinear optics, electromagnetic wave propagation, polarization of light, third order nonlinear 

optical processes, and the basic function of photovoltaic devices. Chapter 3 outlines the specific 

objectives of the research that was performed. Chapter 4 covers photovoltaic cells utilizing the 

nonconjugated conductive polymer styrene-butadiene-rubber. Chapter 5 covers photovoltaic 

cells utilizing the nonconjugated conductive polymer cis-1,4-polyisoprene. Chapter 6 covers 

research on improving the performance lifetime of photovoltaic cells involving nonconjugated 

conductive polymers. Chapter 7 shows research on the effects of Iodine-doping and the 

quadratic electro-optic effect in the nonconjugated polymer polyethylene terephthalate. 

Chapters 8 and 9 cover the quadratic electro-optic and electroabsorption effects respectively 
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for metal nanoparticles in a dielectric medium. Chapter 10 shows quadratic electro-optic effect 

results for several nonconjugated conductive polymers. Chapter 11 contains the conclusions 

and summarizes the work presented in this report. 
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Chapter 2  

Background 

 

2.1 Introduction to Nonlinear Optics 

 In classical terms, light is viewed as electromagnetic radiation. Electromagnetic waves 

consist of oscillating electric and magnetic fields. Electromagnetic waves are oriented such that 

the electric field, magnetic field, and propagation occur in mutually perpendicular directions. In 

optics, four vector quantities representing electromagnetic fields are important; the electric 

field strength E; the electric flux density D; the magnetic field strength H; and the magnetic flux 

density B. The theory of electromagnetic propagation of waves was developed by Maxwell and 

confirmed by Hertz. The fundamental theory of electromagnetic waves is governed by the 

following four equations collectively termed Maxwell’s equations [1]. 

𝛁 ∙ 𝑫 =  𝜌        (2.1) 

𝛁 ∙ 𝑩 = 0       (2.2) 

𝛁 × 𝑬 =  −
𝜕𝑩

𝜕𝑡
      (2.3) 

𝛁 × 𝑯 = 𝑱 +  
𝜕𝑫

𝜕𝑡
      (2.4) 

Where ρ is the charge density and J is the current density. Gauss’ law for electric fields in 

equation (2.1) shows the relationship between contained charge and the electric flux through a 

surface. Gauss’ law for magnetism, equation (2.2), shows that the net flux through a closed 
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surface is zero, and therefore magnetic monopoles cannot exist. Faraday’s law, equation (2.3), 

shows that an electric field is created by a changing magnetic field. Ampere’s law, equation 

(2.4), shows that a magnetic field is created by either a steady current or a changing electric 

field. 

2.2 History of Nonlinear Optics 

 In the field of optics, the response of atoms and molecules to applied electromagnetic 

fields is of particular concern. The interaction of light and matter is governed by the 

Schrödinger equation. In this the wave function is linear, but the response of the wave function 

to perturbations is nonlinear. Although this was widely understood, early optical studies 

generally proceeded under the assumption that the response of optical materials to an applied 

electric field was linear. This linear assumption worked for early scientists because the electric 

fields they were able to apply were much weaker than the fields inside of atoms and molecules. 

As a result of this the perturbations were very small and linear approximations were generally 

appropriate. It was not until the 1870’s that it was demonstrated that the refractive index of a 

number of materials could be changed by the application of a strong DC field. This phenomenon 

was the first nonlinear optical effect to be observed and is now known as the DC Kerr effect. In 

the 1890’s a related process, now known as the Pockels effect was discovered. While the Kerr 

effect is related to the square of the electric field, the Pockels effect is directly proportional [2].  

 After the invention of the laser in the 1960’s, many more nonlinear optical processes 

were discovered. This is due to the fact that typically only laser light has a large enough 

intensity to modify the optical properties of a material. The beginning of the field of nonlinear 
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optics is often taken to be the discovery of second-harmonic generation by Fraken et al. in 1961 

[3]. Second-harmonic generation is a quadratic effect where the intensity of generated light 

varies by the square of the intensity of the applied light [4]. 

2.3 Wave Propagation in Media 

 Optical media are either isotropic or anisotropic. In an isotropic media polarization does 

not depend on the direction of the electric field. If the material is far from the source of the 

electromagnetic wave both ρ and J are zero and two equations can be developed to describe of 

the effect of the electromagnetic field on the media. 

𝑫 =  휀𝑬 =  휀0𝑬 + 𝑷      (2.5) 

𝑩 =  𝜇𝑯 =  𝜇0𝑯 + 𝑴     (2.6) 

Where ε and μ are the permittivity and permeability respectively, ε0 and μ0 are the vacuum 

permittivity and permeability respectively, and P and M are the electric and magnetic 

polarization respectively. The permittivity is related to the electric susceptibility, χ, of the media 

as shown in equation (2.7).  

휀 =  (1 + 𝜒)휀0      (2.7) 

Using Maxwell’s equations, the optical wave equation for an isotropic, nonmagnetic media can 

be derived as shown in equation (2.9). 

∇2𝑬 =  −µ
𝜕𝑱

𝜕𝑡
+  

1
𝛻𝜌      (2.8) 

If J and ρ are zero, equation (2.9) reduces to the homogeneous wave equation. 



21 
 

∇2𝑬 =  µ휀 
𝜕2𝑬

𝜕𝑡2
       (2.9) 

A similar equation can be developed for the magnetic field H. 

∇2𝑯 =  µ휀 
𝜕2𝑯

𝜕𝑡2
      (2.10) 

2.4 Polarization  

The polarization of an electromagnetic wave describes its time-varying behavior at given 

point in space [4]. In a linear isotropic medium the polarization is always parallel to the applied 

field and is related to the magnitude of the electric field and the susceptibility as shown in 

equation (2.8). 

𝑷 =  휀0𝜒𝑬       (2.11)  

 In a nonlinear anisotropic medium, polarization is no longer necessarily parallel to the 

applied electric field and the susceptibility becomes a tensor. This results in a more complicated 

polarization equation. 

𝐏1 = 휀0(𝜒11𝑬𝟏 + 𝜒12𝑬2 + 𝜒13𝑬3)    (2.12) 

𝐏2 = 휀0(𝜒21𝑬𝟏 + 𝜒22𝑬2 + 𝜒23𝑬3)    (2.13) 

𝐏3 = 휀0(𝜒31𝑬𝟏 + 𝜒32𝑬2 + 𝜒33𝑬3)    (2.14) 

The total polarization is typically split between the linear and nonlinear parts, or between the 

relationships to the applied fields. 

𝑷 =  𝑷𝑳 +  𝑷𝑵𝑳 =  𝑷(1)(𝑬) + 𝑷(2)(𝑬) + 𝑷(3)(𝑬) …  (2.15) 
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Where P is the total polarization, 𝑷𝑳 is the linear portion of the polarization, and 𝑷𝑵𝑳 is the 

nonlinear portion of the polarization caused by the electric field E. This can also be written 

generally in the following form: 

𝑷𝑳 =  휀0𝜒(1)𝑬       (2.16) 

𝑷𝑵𝑳 =  휀0𝜒(2)𝑬2 +  휀0𝜒(3)𝑬3 …     (2.17) 

These equations assume an instantaneous response from the medium, which implies that the 

medium must be lossless and dispersionless. In general, nonlinear susceptibilities are also 

dependent on the frequency of the applied field. The electric displacement vector also changes 

due to its relation to the direction dependent susceptibility and permittivity. 

𝑫𝒊 = 휀0(1 + 𝜒𝑖𝑗)𝑬𝑗 = 휀𝑖𝑗𝑬𝑗     (2.18) 

If the coordinate system is chosen such that the axes fall along the principal dielectric axes of 

the medium, this equation can be re-written in a simplified form. 

(

𝑫𝒙

𝑫𝒚

𝑫𝒛

) = (

휀𝑥 0 0
0 휀𝑦 0

0 0 휀𝑧

) × (

𝑬𝒙

𝑬𝒚

𝑬𝒛

)    (2.19) 

This coordinate system is called the principal axis system since the dielectric tensor can be 

written as a diagonal matrix. The energy density due to the electric field is given by equation 

(2.15), and, if the material is nonmagnetic, the stored electric field is shown in equation (2.16). 

𝑼 =
1

2
𝑬 ∙ 𝑫       (2.20) 

2𝑼𝒆 = (
𝑫𝒙

𝟐

𝑥
+

𝑫𝒚
𝟐

𝑦
+

𝑫𝒛
𝟐

𝑧
)     (2.21) 
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 The electrical displacement vectors corresponding to this stored electrical energy 

describe and ellipsoid. If the principal indices of refraction are defined as nx, ny, and nz, the 

following equation can be developed. 

𝑥2

𝑛𝑥
2

+
𝑦2

𝑛𝑦
2

+
𝑧2

𝑛𝑧
2

= 1      (2.22) 

Equation (2.17) is in the general form of an ellipsoid and is commonly referred to as the 

indicatrix or index ellipsoid. The index ellipsoid relates the refractive index to the direction of 

polarization for a monochromatic light wave propagating through a nonlinear anisotropic 

media.  

2.5 Nonlinear Optical Processes 

 Nonlinear optical materials can be classified in two groups, centrosymmetric or non-

centrosymmetric. Materials for which the polarization is an odd function of the electric field are 

referred to as centrosymmetric. For a centrosymmetric material: 

𝑷(−𝑬) =  −𝑷(𝑬)       (2.23) 

𝜒(2)𝑬2 =  −𝜒(2)𝑬2       (2.24) 

This can only be true for the case that the second order susceptibility (𝜒(2)) is zero. Similarly, all 

even orders of the susceptibility for a centrosymmetric material must also be zero. For a non-

centrosymmetric material, polarization is an even function of the applied electric field. 

𝑷(−𝑬) =  𝑷(𝑬)       (2.25) 
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In non-centrosymmetric materials all orders of susceptibility, even and odd, can be nonzero. 

Therefore, it can be clearly shown that in order for a material to exhibit second order 

nonlinearities, it must be non-centrosymmetric. Although many higher order optical 

nonlinearities can exist, the magnitude of the susceptibilities reduces exponentially at higher 

orders.  

2.5.1 Third Order Nonlinear Optical Processes 

 Unlike second order processes, third order process can also happen in centrosymmetric 

materials. These processes rely on the third order susceptibility 𝜒(3). Some commonly 

investigated third order processes are, third harmonic generation, the DC and optical Kerr 

effects, intensity dependent refractive index, two photon absorption, and electro absorption. 

 The equation for the electric field strength of a laser beam is shown in equation (2.26) 

�̃�(𝑡) =  𝑬𝑒−𝑖𝜔𝑡 + 𝑐. 𝑐.     (2.26) 

 If a DC component, with magnitude A_0, is added to the electric field of a laser beam, 

equation (2.26), equation (2.27) can be developed. 

�̃�(𝑡) =  𝑨𝟎 +  𝑬𝟏𝑒−𝑖𝜔𝑡 + 𝑐. 𝑐.    (2.27) 

Third order processes can be investigated by first writing out the polarization equation 

with the terms for first, second, and third order susceptibilities included. This is shown in 

equation (2.28). 

𝑷 =  휀0(𝜒(1)𝑬 +  𝜒(2)𝑬2 +  𝜒(3)𝑬3)    (2.28) 
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If equation (2.27) is inserted into equation (2.28), several new polarization components are 

developed. These new terms are shown in equation (2.29). 

𝑷 =  휀0 (
… + 3𝜒(3) (𝐴0

2 +  
1

4
𝑬1

2) 𝑬1𝑒−𝑖𝜔𝑡

+ 
3

2
𝜒(3)𝐴0𝑬1

2𝑒−𝑖2𝜔𝑡 +  
1

4
𝜒(3)𝑬1

3𝑒−𝑖3𝜔𝑡 + ⋯
)  (2.29) 

Here the first term is similar to Pockels effect in that it represents a change in the refractive 

index. The 𝐴0 term represents the DC Kerr effect and is a change in the refractive index based 

on the square of the applied DC electric field. The DC Kerr effect is often written in terms of the 

change in the refractive index as shown in equation (2.30). 

∆𝑛 = 𝐾𝜆𝐸2       (2.30) 

Where 𝐾 is the Kerr coefficient, 𝜆 is the wavelength of the optical wave, and 𝐸 is the magnitude 

of the applied DC field. The 𝑬1 term in equation (2.29) is the electric field of the optical wave, 

and it represents the optical frequency Kerr effect, also sometimes referred to as the AC Kerr 

effect. The optical Kerr effect is the origin of the intensity dependent refractive index. This is a 

process by which a beam of light changes its own refractive index [2]. This term is directly 

related to the intensity (𝐼) of the optical field through equation (2.31). 

𝑬1
2 =  

2𝐼

𝑐 0𝑛
        (2.31) 

Therefore, the intensity of the laser beam is directly proportional to the change in refractive 

index as shown in equation (2.32). 

∆𝑛 = 𝑛2𝐼        (2.32) 
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The 𝑛2 term can be related to the third order susceptibility 𝜒(3) through equation (2.33). 

𝑛2 =  
3𝜒(3)

4𝑐 0𝑛2       (2.33) 

The final two terms in equation (2.29) represent the DC induced second harmonic generation 

and third harmonic generation, respectively. The application of a DC electric field to a 

centrosymmetric system removes the symmetry and allows the previously forbidden process of 

second harmonic generation to occur. Third harmonic generation is very similar to second 

harmonic generation but is the third order version and thus possible in centrosymmetric and 

non-centrosymmetric systems. In this process three photons of frequency 𝜔 are destroyed and 

one photon at frequency 3𝜔 is created. The energy band diagram for third harmonic generation 

is shown in figure 2.1 (a). 

 

 

Figure 0.1: Resonances in several nonlinear optical processes. (a) Third Harmonic Generation, 
(b) Coherent Anti-Stokes Raman Scattering, (c) Two-Photon Absorption 

 Electroabsorption refers to a nonlinear change in the absorption coefficient of a 

material due to an applied electric field and is related to the DC Kerr effect. Electroabsorption is 

based on the imaginary portion of the Kerr coefficient and is therefore related to the 
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absorption coefficient of the material. Electroabsorption can be written in terms of the change 

in a materials absorption coefficient as shown in equation (2.34). 

∆𝛼 =  4𝜋𝐾′𝐸2      (2.34) 

Where 𝐾′ is the imaginary portion of the Kerr coefficient, 𝐸 is the magnitude of the applied DC 

field, and ∆𝛼 is the change in the absorption coefficient. This effect is related to two-photon 

absorption which is given by equation (2.35). 

∆𝛼 =  𝛼2𝐼        (2.35) 

Where ∆𝛼 is the change in the absorption coefficient, 𝛼2is the two-photon absorption 

coefficient, and 𝐼 is the optical intensity. The magnitude of 𝐾′ is related to saturation of 

absorption and the two-photon absorption coefficient. The magnitude of the two-photon 

absorption coefficient is proportional to the imaginary portion of the third-order susceptibility 

𝜒(3). 

2.6 Nonlinear Optics and Confinement 

 Charge confinement occurs when the valence electrons in a material are restricted to 

regions smaller than the delocalization length. This results in optical resonances that are 

determined by the extent of the confinement. Charge confinement has been widely 

demonstrated to affect the optical nonlinearities of a material. These effects have been 

demonstrated in a variety of materials, including metals, semiconductors, and polymers, and is 

typically achieved through quantum effects or with the use of dielectric materials. 
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2.6.1 Quantum Confinement 

 Quantum confinement occurs when an exciton is confined to a region whose size 

approaches or is smaller than the exciton Bohr radius. This effect was first seen by Ekimov et al 

in spectroscopic studies of CuCl crystals, and later observed by the same group in other 

semiconductor microcrystals [5, 6]. The exciton Bohr radius in a bulk semiconductor is the 

radius associated with a Wannier exciton and is given by the equation (2.36). 

𝑟𝑛 =  (
𝑚0 𝑟𝛼𝐻

𝜇
) 𝑛2     (2.36) 

Where 𝑚0 is the mass of the electron, 휀𝑟 is the relative permittivity, 𝜇 is the reduced mass of 

the electron and hole, and 𝛼𝐻 is the Bohr radius. The De Broglie wavelength of an electron, 

shown in equation (2.37), is also important to quantum confinement. 

𝜆𝑑 =  
ℎ

𝑝
        (2.37)  

Where ℎ is the Planck constant, and 𝑝 is the momentum. The free electrons in a bulk material 

are able to move in any direction, and their linear momentum can be related to their thermal 

kinetic energy (𝐸𝑇) by equation (2.38) 

𝐸𝑇 =  
𝑝𝑖

2

2𝑚𝑒
∗  ≈  

1

2
𝐾𝐵𝑇      (2.38) 

Where 𝑝𝑖 is the linear momentum, 𝑚𝑒
∗ is the effective mass of the electron, 𝐾𝐵 is Boltzmann’s 

constant, and 𝑇 is the temperature. Equations (2.37) and (2.38) can be combined to find a 

relationship between the temperature and the De Broglie wavelength given by equation (2.39) 
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𝜆𝑑 =  
ℎ

√𝐾𝐵𝑇𝑚𝑒
∗
       (2.39) 

 In bulk materials the crystal dimensions are generally much larger than either the De 

Broglie wavelength or the exciton Bohr radius. Quantum confinement in these materials occurs 

when the crystal dimensions are reduced in any direction to a size that approaches these 

values. This results in the energy level becoming quantized in that direction. Quantum 

confinement is generally split into three categories based on the number of constrained 

dimensions. One dimensional confinement happens when the electrons and holes are 

constrained in one direction. This can be seen in semiconductors when a thin layer of a lower-

bandgap material is placed between two higher band gap materials. This constrains the 

electrons and holes in the lower band gap material and is comparable to a quantum well. Two-

dimensional confinement happens when electrons and holes are allowed to move in only one 

direction. This occurs in quantum wires and results in energy levels that are quantized in the 

two directions perpendicular to the direction of the wire. Three-dimensional confinement 

occurs when the electrons and holes are bound in all three directions. This is referred to as a 

quantum dot and results in energy levels that are quantized in all three directions. The energy 

level of a simple quantum dot is given by equation (2.40). 

𝐸𝑛 =  
ħ2𝜋

2𝑚𝑒
[(

𝑛𝑥

𝑙𝑥
)

2
+ (

𝑛𝑦

𝑙𝑦
)

2

+ (
𝑛𝑧

𝑙𝑧
)

2
]    (2.40) 

Where ℎ is Plank’s constant, 𝑚𝑒 is the mass of the electron, and 𝑛 and 𝑙 are the quantum 

numbers and lengths for the corresponding directions. 
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2.6.2 Third Order Susceptibility and Quantum Confinement. 

 In the transparent regions of compounds, the third order susceptibility is related to the 

optical delocalization parameter (𝑁𝑑) and the critical regions in the density of states. These are 

both related to quantum confinement with the density of states varying based on quantum 

confinement. For a system confined in one dimension, with a critical point 𝐸0, 𝜒(3) can be 

expressed as shown in equation (2.41) [7]. 

𝜒(3) =  𝜒𝜎
(3) (

𝐸𝑓

𝐸0
)

6
      (2.41) 

Where 𝜒𝜎
(3) is the third order susceptibility of the non-confined structure, 𝐸𝑓 is the Fermi level, 

and the ratio 𝐸𝑓 𝐸0⁄  is related to 𝑁𝑑 and the confinement length. 

 For an electron that is confined in all three directions, with a critical surface 𝐸2 the third 

order susceptibility is given by equation (2.42) [8]. 

𝜒(3) ≈  
𝑃𝑐𝑣

2

𝐸2
9

2⁄
       (2.42) 

Where 𝑃𝑐𝑣 is the interband transition dipole moment, which is related to the amount of 

confinement. In both of these cases, the increased confinement results in larger third order 

susceptibilities. 

2.6.3 Dielectric Confinement 

 When confined systems are in a material with a non-uniform charge density 

distribution, the local field strengths can vary from the external field. This difference in field 
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strength occurs at the interface between the confined systems and the surrounding material 

and arises due to the additional effect of the surface polarization along these interfaces. Large 

differences in the dielectric constant between the confined region and the surrounding areas 

can be observed. Incident light on these systems can see an enhancement of the nonlinear 

optical properties due to this increase in local field strength [9]. 

2.6.4 Third Order Susceptibility, Dielectric Confinement, and Local Plasmon Resonance 

 When spherical quantum dots of sufficiently small radii (r<λ) are dispersed in a medium 

with a dielectric constant 휀0, the field inside each particle (𝐸𝑖) is given by equation (2.43) [10]. 

𝐸𝑖 =  
3 0

+2 0
𝐸 ≈ 𝐸𝑓1      (2.43) 

Where 𝐸 is the applied electric field, and 𝑓1 is an approximation of the ratio between the 

internal and external electric fields. The effective dipole moment of this composite material (휀̃) 

can be related to the volume fraction of quantum dots inside the material (𝜇) by equation 

(2.44), which was developed by Maxwell Garnett through theoretical studies of small metal 

particles in glass. [11]. 

휀̃ =  휀0 + 3𝜇휀0
− 0

+2 0
      (2.44) 

For a specific frequency 𝜔𝑠𝑝𝑟 such that 

휀′(𝜔𝑠𝑝𝑟) + 2휀0 = 0      (2.45)  
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Where 휀′ is the real part of the bulk dielectric constant. This relationship is also shown in 

equations Mie developed for an analytical solution to the scattering and absorption of light by 

spherical particles using Maxwell’s equations [12]. Their equation for the scattering cross-

section is shown in equation (2.46).  

𝜎𝑠𝑐𝑎 =  
32𝜋4

𝑚
2𝑉2

𝜆4

( 1−𝜖𝑚)2+( 2)2

( 1+2𝜖𝑚)2+( 2)2    (2.46) 

Where 𝑉 is the particle volume, 𝜆 is the wavelength of light, 𝜖𝑚 is the dielectric constant for the 

medium, and 𝜖1 and 𝜖2 are the real and imaginary portions of the particle’s dielectric constant. 

Here it can be seen that the denominator is minimized when 𝜖1 = −2𝜖𝑚. This relationship as 

well as equation (2.45) shows the dependence of the surface plasmon resonance on the 

surrounding dielectric medium. The peak frequency for the surface plasmon resonance can be 

found using the Drude model. The frequency dependent form of 𝜖1using this model is given by 

equation (2.47). 

𝜖1 = 1 −  
𝜔𝑝

2

𝜔2+𝛾2       (2.47) 

Where 𝜔𝑝 is the plasma frequency and 𝛾 is the damping parameter for the bulk metal. For 

visible and near infrared frequencies, 𝛾 ≪  𝜔𝑝. This means that equation (2.47) can be 

simplified as: 

𝜖1 = 1 −  
𝜔𝑝

2

𝜔2        (2.48) 
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Using equation (2.48) and the 𝜖1 = −2𝜖𝑚 relationship, an equation for the peak surface 

plasmon resonance frequency based on the plasma frequency and the dielectric constant of the 

surrounding medium can be developed as shown in equation (2.49). 

𝜔𝑠𝑝𝑟 =  
𝜔𝑝

√2 𝑚+1
       (2.49) 

At frequencies near 𝜔𝑠𝑝𝑟, there is a significant increase in the local field strength. This 

phenomenon is known as the surface plasmon resonance (SPR). The surface plasmon resonance 

has a large effect on the nonlinear optical properties of a material. This is especially true for the 

Kerr effect. The optically induced change in dielectric constant is given by equation (2.50). 

𝛿휀̃ = 12𝜋𝜒(3)|𝐸(𝜔)|2      (2.50) 

Utilizing equations (2.43) through (2.46), an expression for the third order susceptibility of the 

composite (�̃�(3))  can be developed as shown by equation (2.51). 

�̃�(3) = 𝑝|𝑓1|2𝑓1
2𝜒(3)       (2.51) 

For quantum dots in a dielectric medium, when the Kerr effect is measured at frequencies near 

the surface plasmon resonance frequency, a large increase in �̃�(3) can be seen. This 

enhancement is larger than that seen in the bulk material, due to the combination of the 

effects of the dielectric and quantum confinements.  

2.7 Third Order Susceptibility of a Small Metal Sphere 

Metal particles within a dielectric medium exhibit large third order susceptibilities that 

are not found in the bulk forms of the same materials. These systems were first modeled by 
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Hache et al in 1986 to determine the relationship between the size of the particle and the third 

order susceptibility 𝜒(3))[13]. 

𝜒𝑥𝑥𝑥𝑥
(3)

=  −𝑖
0.45

𝜋
𝑇1𝑇2

1

𝑎3

𝑒4

𝑚2ℏ5𝜔7
𝐸𝑓

4𝑔1(𝜈) (1 −
𝑎

𝑎0
)  (2.52) 

From Equation (2.52), when a is much smaller than 𝑎0, the main size dependence of 

𝜒(3)is 𝑎−3. Therefore, the third-order susceptibility of a small metal sphere is, according to the 

model developed by Hache et al, proportional to inverse cube of the sphere’s diameter. 

2.8 Phase-Space Filling Model 

The phase-space filling model is an experiment based theoretical model that explains 

transient optical absorption processes [14-18]. Initially this was developed for semiconductor 

quantum wells. Subsequently it was experimentally verified for organic nonlinear optical 

systems involving single-crystal polydiacetylene (r-d system). Prior models suggested that 

screening governed the nonlinear optical effects near the band gap of semi-conductors and that 

charged plasmas were much more effective at screening the Coulomb reaction than excitons 

[19]. Experimental observations showed that the effects of excitons on the absorption spectra 

are larger than that of free carriers [20], consistent with the phase-space filling model. 

2.8.4 Oscillator Strength and Exciton Density 

  The phase-space filling model provides a simple relationship between the 

oscillator strength and exciton density as shown in equation (2.53) [14]. 

𝛿𝑓

𝑓
=  −

𝑁

𝑁𝑠
       (2.53) 
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Where 𝑓 is the oscillator strength, 𝑁 is the exciton density per unit length, and 𝑁𝑠 is the 

saturation density.  

 The change in oscillator strength, as described here, is related to two processes, the 

blocking mechanism due to the exclusion principle, and the changes in the exciton orbital wave 

function due to the modification of the electron-hole interaction due to the presence of other 

electron hole pairs. The exclusion principle limits transitions because only transitions into 

unoccupied final states are allowed.  

 Since the oscillator strength is related to the transition probability, as shown in the 

previous section, a greater change in absorption or emission is expected as the ratio of excited 

electrons to the total number of electrons available is increased. 

2.9 Third Order Materials 

 Third order nonlinear optical processes are not limited by material symmetry. For this 

reason, a larger variety of materials can be investigated than in second order nonlinear optics. 

Several third order processes are commonly used to evaluate these materials including third 

harmonic generation, the DC and optical Kerr effects, degenerate four wave mixing, self-

focusing techniques, and the intensity dependent refractive index. Due to the variety of 

methods used, and differences in experimental conditions, direct comparisons of third order 

susceptibility are difficult to make.  

 One of the most common methods for measuring the third order susceptibility of a 

material is known as the z scan method. This measures the third order nonlinear optical 

properties of a material through the process of nonlinear absorption. The measurements are 
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performed by varying the intensity of incident light on a sample by moving it in the direction of 

laser propagation and measuring the transmitted light using a detector. One drawback of this 

technique is that the high laser intensities required to perform the measurement makes 

thermal effects difficult to isolate. This is important because in most materials thermal effects 

have a much greater magnitude than the third order optical effects [4]. 

 Early research suggested that the magnitude of the third order susceptibility of a 

material was dependent on its conjugation length. In 1966 Schafer and Schmidt developed a 

geometrical relationship between the two-photon absorption of an organic dye and dimension 

of the π-electron cloud referred to as the Schafer-Schmidt relation [21]. In the 1970’s several 

different research groups attempted to develop an empirical relationship for this dependence. 

Foucault, Hermann, and Ducuing reported on the relationship between delocalization length 

and number of electrons in a material [22-24]. Their experimental results contradicted the 

Schafner-Schmidt relation, suggesting a more complicated relationship [25]. Rustugi developed 

a relationship between delocalization length and microscopic polarizability in one dimension 

using a free electron gas model [26]. Agarwal reported a dependence on the magnitude of third 

order susceptibility on the sixth power of π electron delocalization length in one dimensional π 

conjugated polymers [7]. Their research also suggested that the third order susceptibility of a 

material was related to donor-acceptor functionalities, the orientation of the polymer chain, 

the packing density, and inversely related to the sixth power of the energy gap.  

  Materials that have been developed or studied for third order nonlinear optics can be 

broadly classified as: inorganic materials, organic liquids, organic molecular solids, organic 

charge transfer complexes, organic π conjugated polymers, organometallic compounds, liquid 
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crystals, organic composites, nano-metallics, semiconductor nano-composites, dye grafted 

polymers, and non-conjugated conductive polymers. Among these, organic π conjugated 

polymers, semiconductor nano-composites, and metallic nanoparticles, have been researched 

heavily in the recent past.  

 Organic π conjugated polymers have been shown to have exceptionally larger third 

order properties. Sauteret reported on the third order nonlinear properties of polydiacetylene 

p-toluene sulfonate (PDA-PTS) [27]. Their team measured a 𝜒(3) value of 8.5 ×  10−10 esu at 

1.89 µm. The large optical nonlinearity and fast response times are attributed to the 

delocalization of the π electrons along the conjugated chain or quantum wire and the small 

average distance between the C-C bonds. These results proved to be a turning point in the 

study of third order nonlinear optics in organic π conjugated polymers. Some of the other 

organic π conjugated polymers that were investigated included: poly (p-phenylenevinylene) 

(PPV), polyacetylenes, and polythiophenes [28-33]. The first time-resolved measurement of 

optical nonlinearity using polydiacetylene single-crystal film was reported by Carter et al. in 

1985 [34]. The largest third order susceptibility resonant for a polydiacetylene, 2 × 10−5 esu, 

was measured in p-toluene sulfonate polydiacetylene by Greene et al. [15]. The mechanism of 

third-order optical nonlinearity was evaluated using polydiacetylene (PTS) single-crystal film 

[17]. 

 In semiconductor nanoclusters, small particle sizes are required to achieve large third 

order nonlinear optical properties. In these materials, small particles sizes increase the inter-

particle spacing which confines the valence electrons into smaller dimensions. This confinement 

changes the electron quantum states and affects the way they interact with applied optical 
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fields. This is known as the quantum confinement effect [35]. Materials that exhibit quantum 

confinement effects are sometimes referred to as quantum dots. A variety of semiconductor 

materials have been shown to have large third order optical nonlinearities due to the quantum 

confinement effect including: cadmium sulfide (CdS), cadmium selenide (CdSe), zinc sulfide 

(ZnS), and zinc selenide (ZnSe) [36-40].  

2.9.1 Nonlinear Optics in Metal Nanoparticles 

Metallic nanoparticles and semiconductor nanoclusters have also been extensively 

investigated for third order optical nonlinearities. Third order susceptibilities in these materials 

are related to the size of the related charge system [13]. By keeping the containment distance 

of the valence electrons very small, typically within a few nanometers, high third order optical 

nonlinearities can be obtained. These confinements are typically categorized as quantum 

confinement or dielectric confinement [35]. 

When investigating metallic nanoparticles for their third order nonlinear optical 

properties, they are typically contained within a dielectric medium such as glass. When metallic 

nanoparticles are confined in a dielectric medium, the difference in the dielectric properties of 

the metal and the surrounding medium leads to dielectric confinement. In these materials third 

order nonlinearities are related to the surface plasmon resonance effect. Near the peak 

frequency of the surface plasmon resonance, high third order optical nonlinearities are seen 

due to changes in the field distribution within the material [41]. 

Ricard et al were the first to report experimental studies on the nonlinear optical 

properties of small metallic particles [42]. In 1986 Hache et al published reports observing the 
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temporal behavior of optical phase conjugation in gold nanoparticles [13]. They determined 

that the optical nonlinearity in these materials was produced from the electrons within the 

metal and developed a model calculation of the electric-dipole third-order susceptibility of 

conduction electrons in a metal sphere. This model predicted that the third-order susceptibility 

of small metallic particles should be roughly related to the inverse of the third power of the 

radius of the metallic particle. 

In addition to size and concentration, the shape of the embedded metallic particles has 

also been shown to have an effect on their nonlinear optical properties. In 1999, Link and El-

Sayed compared the optical properties of nanodots and nanorods [43]. They found that the 

shape of the particle had a drastic effect on the surface plasmon resonance, and therefore the 

location of the absorption peaks of the particles. They found that for nanorods the plasmon 

absorption splits into two bands corresponding to the oscillation of free electrons in either the 

transverse or the longitudinal axis of the rods. The transverse resonance was coincident with 

spherical particles of the same diameter, while the longitudinal resonance was found to be red-

shifted with a strong dependence on the aspect ratio of the nanorod (the ratio of the length 

divided by the width). 

Composite materials containing copper, silver, and gold have been produced by a 

variety of research groups through ion implantation, sputtering and melt-quenching 

techniques. Ion implantation and sputtering can be used on a variety of dielectric matrices, with 

zinc oxide (ZnO) and silicon dioxide (SiO2) being the most used materials [44]. In 1993, 

Magruder et al used ion implantation into fused silica to synthesize gold clusters with diameters 

between 5 and 30 nm [45]. They reported a third-order nonlinear optical response of less than 
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35 picoseconds and an effective susceptibility of 200 times those of similarly sized clusters in 

melt glass. In 1994, Tanahashi et al used a multitarget sputtering method to prepare SiO2 

samples containing embedded silver particles [46]. They reported a third-order susceptibility of 

1.6 x 10-8 esu using degenerated four-wave mixing. Also in 1994, Uchida et al reported on 

glasses doped with silver or copper nanoparticles [47]. They used degenerative four-wave 

mixing and focused on the dependence of the third-order nonlinearities on particle size. They 

found a maximum value on the order of 10-7 esu for the third order susceptibility. In 1998, 

Inouye et al used a sputtering method to embed gold nanoparticles into SiO2 [48]. They 

reported a third-order susceptibility of 2.0 x 10-8 esu using a femtosecond optical Kerr shutter 

experiment. In 2002, Pinçon-Roetzinger et al reported on thin films of gold particles with 

varying concentrations embedded into SiO2 substrates using sputtering techniques [49]. They 

reported third order susceptibilities of 0.5 x 10-7 to 63.8 x 10-7 for different mean particle 

diameters and concentrations using the z-scan technique. In 2007, Ghosh et al used the z scan 

technique to measure the nonlinear optical properties of copper nanoclusters embedded in 

glass using ion implantation [50]. They found relatively small values of third order nonlinear 

optical properties which they attributed to higher magnitude thermal effects masking the 

electronic contributions. In 2009, Garcia et al reported on the nonlinear optical properties of 

silver-copper and silver-gold nanocomposites in glass [51]. They compared the third-order 

response for different volume fractions of the metals in the nanoclusters and found a maximum 

third-order susceptibility of 1.2 x 10-8 esu for 0.09 copper/0.03 silver sample. In 2010, Wang et 

al reported on copper nanoclusters imbedded in glass through ion implantation [52]. They 
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measured the third-order susceptibility using the z-scan technique and found a magnitude of 

2.1 x 10-7 esu. 

2.9.2 Non-conjugated Conductive Polymers as Third Order Materials 

 Historically, polymers are known to be insulators. In 1977 Shirakawa demonstrated that 

iodine doping could drastically increase the conductivity of the conjugated polymer 

polyacetylene [53]. Building on this data, the conductivity of a variety of doped conjugated 

polymers was reported. In 1988 Thakur published research that dramatically changed the 

prevailing thought on conductive polymers [54]. This research demonstrated that polymers 

with isolated double bonds could be made conductive upon doping with electron donors or 

acceptors. This proved that a polymer did not need to be conjugated to be conductive as was 

previously thought. These materials formed a new classification and became known as 

nonconjugated conductive polymers. The first nonconjugated conductive polymer reported by 

Thakur was cis-1,4-polyisoprene (CPI) [54]. Thakur demonstrated that the conductivity of CPI 

could be increased by about ten orders of magnitude when doped with iodine. Following this 

research, several other nonconjugated conductive polymers were reported on by Thakur and 

others. These included styrene butadiene rubber (SBR), poly-β-pinene (PBP), 

poly(ethylenepyrrolediyl) (PEP), polyalloocimene, polyaniline furfural, polynorbornene, and 

trans-1,4-polyisoprene (TPI) [54-60].  

 In nonconjugated conductive polymers, doping agents interact with the isolated double 

bonds within the material. Charge transfer occurs from the isolated double bond to the dopant 

creating a radical cation. The number of double bonds affected, and thus the conductivity, 
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increases proportionally with the amount of dopant added. This charge transfer creates a highly 

confined metallic domain or quantum dot. The size of the charge system has been theoretically 

shown to be related to the magnitude of the third order optical nonlinearity as a function of 
1

𝑑3, 

where d is the diameter of the charge system [13]. The size of this charge system is sub-

nanometer and results in exceptionally large third order optical nonlinearities. This is the sole 

source of optical nonlinearities in nonconjugated conductive polymers as, unlike conjugated 

polymers, they do not have extended delocalization.  

 Thakur went on to report on the nonlinear optical properties of several nonconjugated 

conductive polymers. The first nonconjugated conductive polymer that Thakur reported on was 

CPI. Their research showed that doped CPI demonstrated a 4 × 10−4 change in the refractive 

index for and applied voltage of 2
𝑉

µ𝑚
 at 633nm [61]. This corresponded to a reported Kerr 

coefficient of 1.6 × 10−10 𝑚

𝑉2. This was around 67 times larger than what had been reported for 

nitrobenzene at 589nm. In 2006, a modulation depth of 0.12% was reported for iodine doped 

PBP also at 633nm [57]. This corresponded to a Kerr coefficient 1.2 × 10−10 𝑚

𝑉2 and a 𝜒(3) of 

0.65 × 10−8esu. Thakur also performed two-photon absorption measurements on iodine 

doped PBP using a 150fs Ti-Sapphire laser. This research reported a two-photon absorption 

coefficient of 2.6
𝑐𝑚

𝑀𝑊
 at 810nm [62]. Iodine doped PEP was also investigated and a Kerr 

coefficient of 1.2 × 10−10 𝑚

𝑉2 at 633nm was reported [58]. Thakur also investigated the 

quadratic electrooptic affect in trans-1,4-polyisoprene. These results were published in 2011, 

and showed a Kerr coefficient of  3.5 × 10−10 𝑚

𝑉2 at 633 nm and 2.5 × 10−10 𝑚

𝑉2 at 1550 nm [63] 

In 2012, Thakur and Telang published research on the quadratic electrooptic effect in styrene-
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butadiene-rubber at both 633 nm and 1550 nm. These results showed Kerr coefficients of 

3.1 × 10−10 𝑚

𝑉2  and 1.2 × 10−10 𝑚

𝑉2  at 633 nm and 1550 nm respectively [60]. 

2.10 Organic Polymeric Photovoltaics 

Solar power conversion technology has been a popular field of study for many years due 

to the vast amounts of solar energy available on the earth’s surface as well as in space. Devices 

that are capable of harnessing this energy have become increasingly important as the need for 

energy production without the emission of carbon has become more and more apparent. 

Although the amount of solar radiation varies based on location, time of year, and atmospheric 

conditions, the raw energy input for solar power generation systems is free and available long 

term. This provides benefits over traditional power generation systems where the raw input 

costs can be a significant portion of the operational costs, and price fluctuations can greatly 

impact ROI calculations, or in situations where remote power generation is needed.  

Solar power devices rely on the photovoltaic effect, where incident light on a material 

produces both a voltage and a current. For the photovoltaic effect to occur, a junction must be 

present with an electrical bias in one direction. When photons are absorbed by the materials 

that form this junction charge carriers, electrons and holes, can be created. The junction then 

separates these charge carriers so they can be collected in electrical terminals. One method of 

creating this junction is to use a Schottky barrier, which uses the interface between a metal and 

a semiconductor. More commonly, especially in modern solar cells, a junction is created 

between p and n type doped semiconductors. These are referred to as p-n junction solar cells.  
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2.10.1 Dye Sensitized Solar Cells 

Although p-n junction solar cells have traditionally dominated the commercial and 

research aspects of solar power conversion, dye sensitized solar cells have emerged as a viable 

alternative. Dye sensitized solar cells are thin film devices that are typically composed of two 

electrodes, a light absorbing molecule, titanium dioxide, and a liquid electrolyte. These devices 

are cheaper and easier to produce than traditional solar panels. They do not require the same 

high temperature processes, expensive materials, or advanced clean room environments for 

their fabrication. They can also be fabricated on flexible substrates which allows them to be 

used in applications where traditional cells would not be viable. Although the power conversion 

efficiency of these devices is less than other thin film solar technologies, the price to 

performance potential of these cells allows them to be potentially commercially viable. 

 Dye sensitized solar cells were developed following studies into how chlorophyll 

functioned during photosynthesis. In 1968 Gerischer et al published experimental data and 

models showing how organic dyes can produce photocurrents at semiconductor electrodes 

when exposed to light illumination [64]. In 1971 Tributsch and Calvin showed that chlorophyll, 

when excited by light, could be used to pump electrons into semiconductor electrodes [65]. 

Then in 1972, Tributsch published research showing the first device that used organic dyes to 

convert light into electrochemical energy [66]. These devices used a zinc-oxide electrode, and 

the power conversion efficiencies were about 1%. In 1991 Grätzel used titanium dioxide and a 

monolayer of dye to produce the first dye sensitized solar cells with a usable power conversion 

efficiency of around 7-8% [67]. For this reason, dye sensitized cells are often now referred to as 
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Grätzel cells and the majority of modern devices follow the same basic architecture as these 

cells. Later, in 1997, they were able to produce devices with efficiencies of up to 10% [68]. 

 Traditional dye sensitized solar cells are typically fabricated beginning with a 

transparent electrode. A thin layer of titanium dioxide is then added to the back side of this 

electrode. The titanium dioxide forms a porous structure with a very high surface area. An 

organic dye is then added which bonds to the surface of the titanium dioxide layer. Then a 

counter electrode is added, and an electrolyte solution introduced. This structure is shown in 

figure 2.2.  

 

Figure 0.2: The structure and mechanism of a typical dye sensitized solar cell. 

 Dye sensitized solar cells operate similarly to traditional photovoltaic devices, but the 

mechanisms performed by the semiconductor, light absorption and charge carrier transport, 

are instead split between the different components of the dye sensitized cell. In these devices, 

current is produced when an absorbed photon leads to electron injection into the 
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semiconductor (typically TiO2). For the circuit to be completed, an electron needs to be 

returned to the light absorbing material via electron transfer from a redox species in solution 

which is then reduced at the counter electrode. The monochromatic current yield as a ratio of 

electric current to the incident photon flux is given by equation (2.54) [67]. 

𝜂𝑖(𝜆) = 𝐿𝐻𝐸(𝜆) × 𝜑𝑖𝑛𝑗 × 𝜂𝑒     (2.54) 

Where 𝐿𝐻𝐸 (light harvesting efficiency) is the fraction of the incident photons that are 

absorbed, 𝜑𝑖𝑛𝑗 is the quantum yield for charge injection, and 𝜂𝑒 is the efficiency of collecting 

the injected charge at the back contact. The overall efficiency of the cell is also related to the 

difference in the excited and ground states for the dye [69, 70]. 

  A diagram of the energy states involved in a dye sensitized solar cell is shown in figure 

2.3. First, an incident photon is absorbed in the absorption layer. This results in an electron in 

the material being promoted from the ground state (S) to the excited state (S*) of the material 

as shown in equation (2.55).  

𝑆 +  ℎ𝜈 →  𝑆∗     (2.55) 

These electrons are then injected into the conduction band of the TiO2 as shown in equation 

(2.56), which must be below the excited state of the absorbing material. This causes the 

absorbing material to be oxidized. 

𝑆∗  →  𝑆+ +  𝑒− (𝑇𝑖𝑂2)    (2.56) 
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The injected electrons are then transferred between the TiO2 particles toward the transparent 

electrode. They then travel through an external circuit to the counter electrode. At the counter 

electrode the electrons then reduce I-
3 to I- in the electrolyte as shown in equation (2.57).  

𝐼−
3 + 2𝑒− → 3𝐼−      (2.57) 

The maximum voltage attainable by a dye-sensitized solar cell is therefore the difference 

between the redox potential and the potential of the injected electrons as they reach the 

transparent electrode. Under standard illumination this value is 0.7 V [71, 72]. The regeneration 

of the absorbing material to the ground state can then take place through the acceptance of 

electrons from the I- ion redox mediator as shown in equation (2.58). This then oxidizes I- to I-
3 

completing the redox cycle.  

𝑆+ + 𝑒− → 𝑆      (2.58) 
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Figure 0.3: Working principle of a dye-sensitized solar cell. The maximum potential output of a 
cell (ΔV) is Ef – Ef`.  
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Chapter 3  

Objectives 

 

 The objective of the performed research was to study the nonlinear optical properties 

and photovoltaic properties of selected organic polymeric and nano-optical materials. Third 

order nonlinear optical studies have been performed on a number of nonconjugated 

conductive polymers in comparison with metallic nanoparticles in a transparent dielectric 

medium. In particular, cis-1,4-polyisoprene, trans-1,4-polyisoprene, styrene butadiene rubber, 

poly-β-pinene, and polyethylene terephthalate have been investigated. The Third order 

nonlinear optical properties of metal nanoparticles, specifically of gold, have been studied. 

Theoretical understanding of the nonlinear optical characteristics dependance on particle 

diameter has been developed. The photovoltaic properties of these nonconjugated polymers, 

as well as ways to improve the lifetime of photovoltaic cells created from these materials, have 

been investigated. 

The specific objectives of this research were: 

1. To prepare samples of varying thickness of cis-1,4-polyisoprene, trans-1,4-polyisoprene, 

styrene butadiene rubber, and polyethylene terephthalate and doping them with iodine 

to be used in electro-optic measurements. 

2. To investigate the effects of Iodine doping on polyethylene terephthalate using UV/Vis 

and IR spectroscopy. 
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3. To determine the Kerr coefficients for cis-1,4-polyisoprene, trans-1,4-polyisoprene, 

styrene butadiene rubber, and polyethylene terephthalate at 633nm using the field-

induced birefringence method. 

4. To determine Kerr coefficients and electroabsorption characteristics of gold 

nanoparticles in glass by studying nanoparticles of varying diameters. 

5. To compare the measured Kerr coefficients and nonlinear absorption characteristics 

between the nonconjugated polymers and metal nanoparticles; to determine the 

relationship between particle size and the third order nonlinear optical properties of 

these materials. 

6. To prepare thin film samples of cis-1,4-polyisoprene and styrene butadiene rubber and 

doping them with iodine in order to study these materials potential in photovoltaic 

applications. 

7. To produce photovoltaic devices utilizing cis-1,4-polyisoprene and styrene butadiene 

rubber and to study potential methods of extending the lifetime of created cells. 

  



51 
 

Chapter 4  

Photovoltaic Cells Involving the Nonconjugated Conductive Polymer Iodine-Doped Styrene-

Butadiene-Rubber (SBR) 

 

4.1 Introduction 

Photovoltaic cells of various structures and mechanisms based on organic molecules and 

polymers have been widely studied and reported [73-75]. Organic materials enjoy ease of 

processing and a variety of molecular structures making them an attractive area of study. This 

also provides them the opportunity of being potentially lower cost alternatives to inorganic 

materials in photovoltaic applications [73-79]. For these reasons, a wide range of organic 

molecules and polymers have been investigated and increased efficiencies in solar energy 

conversion have been reported. Conjugated polymers specifically have been extensively studied 

for photovoltaic effects. More recently, the photovoltaic effect in specific nonconjugated 

conductive polymers have been reported [80-82]. The photovoltaic effect involving charge 

transfer between and undoped nonconjugated polymer and fullerene was reported but showed 

very limited photocurrents [81]. In a different cell structure than was used in this report, iodine-

doped nonconjugated conductive polymer poly(β-pinene) was shown to have significantly 

higher photocurrents that previous reports [82]. In this report, photovoltaic cells have been 

constructed involving iodine doped styrene butadiene rubber (SBR). The fabricated cells have 

been constructed on indium-tin-oxide (ITO) coated polyethylene terephthalate (PET) substrates 

with layers of titanium dioxide, the nonconjugated conductive polymer, and a carbon electrode. 
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These cells have produced substantially higher conversion efficiencies than previous reports 

involving nonconjugated conductive polymers. 

4.2 Fabrication and Experimental Procedure 

 PET substrates were used with transparent ITO coatings to act as an electrode on the 

light incident side of the cell. The dark side of the cell also used a PET substrate with a thin layer 

of carbon as the electrode. A solution of styrene-butadiene-rubber and toluene was created, 

and this solution was used to apply a film of nonconjugated polymer on top of the carbon 

electrode. This layer acts as the light absorber and acts similarly to the dye molecules in a dye-

sensitized solar cell. This film was then doped with iodine to around 0.8 molar through 

exposure to iodine vapor for several hours in a room temperature environment. Isolated 

double bonds in the nonconjugated polymer are affected by the iodine creating quantum dots. 

This results in large increases in conductivity as well as changes to the optical absorption 

spectra of the nonconjugated polymer. Changes to the molecular structure and optical 

absorption of SBR due to doping with iodine are shown in figure 4.1 and figure 4.2 respectively. 
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Figure 0.1: Change in molecular structure of SBR due to doping with Iodine. 

 

Figure 0.2: Changes in optical absorption spectra of SBR due to varying levels of doping with 
Iodine. 

 Nanocrystalline titanium dioxide, procured from Sigma-Aldrich, was ground, and then 

mixed with small amounts of a dilute acetic acid solution and triton X-100 surfactant. This 
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produced a viscous fluid that could then be applied to the transparent ITO electrode. This 

titanium dioxide coated substrate was then heated and slowly cooled to dry the layer and 

prepare it for use in the cell. 

 The two previously prepared substrates, one with a carbon electrode and the iodine 

doped SBR, and the other with the ITO electrode and the titanium dioxide layer, were then 

brought into contact with each other to create the cell. These were then fixed to a glass slide in 

order to ensure that the two halves of the cell remained in good contact and copper leads 

attached to allow for connections to a digital multimeter for measuring output voltages and 

currents. An electrolyte solution of 1-methyl-3-propylimidazolium iodide and ethylene glycol in 

a 1 to 4 ratio was produced. This electrolyte solution was introduced to the side of the 

assembled cell using a pipette, and the cell was left for 4-5 hours to allow the electrolyte to 

spread evenly and for residual charges in the cell to dissipate. Completed devices had a typical 

active area of around 4 square centimeters. A cross-sectional view of the completed cell is 

shown in figure 4.3.  

 

Figure 0.3: Cross sectional view of a completed solar cell. 

 A light source with a broad emission spectrum of around 300-700 nm was used to 

provide incident light to the completed cell. Intensity measurements were made using a 

Newport model 1916-R optical power meter at varying distances from the light source. The 
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completed photovoltaic cell was then connected to a Keithley 617 programmable electrometer, 

and the cell exposed to differing light intensities. The electrometer was used to measure the 

open circuit voltages and short circuit currents produced by the photovoltaic cell. This 

experimental setup, along with an insert showing the spectral output of the light source, is 

shown in figure 4.4. 

 

Figure 0.4: Experimental setup for photovoltaic measurements. Insert shows spectral output of 
the light source used. 

4.3 Results and Discussion 

 The recorded photovoltage and photocurrent from these cells was plotted as a function 

of incident light intensity. A linear increase with incident light intensity was seen in both the 

photocurrent density and the photovoltage. Although the range of incident light intensities is 

not broad, this relationship allows for the performance of the devices to be characterized.  

The mechanism for the photovoltaic effect in these devices, shown in figure 4.5, is 

similar to that of a dye-sensitized solar cell. Light absorption by the doped nonconjugated 
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polymer results in some of the electrons within the polymer being moved to an excited state. 

These electrons are then transferred to the TiO2 electrode and transported through the leads to 

the carbon electrode. These electrons then interact with the I-/I3
- redox couple in the 

electrolyte to return the polymer-molecular system to the original state. Therefore, the doped 

polymer acts like the dye molecules in a Grätzel cell [83]. Iodine-doped SBR does not show any 

measurable photoluminescence. This implies the photon-excited electrons may efficiently 

transfer to the TiO2 from the doped polymer facilitating the photovoltaic process. 

 

Figure 0.5: A schematic of the mechanism involved in the photovoltaic effect in these cells. 

The recorded photovoltages and photocurrent densities for cells utilizing SBR are shown 

in figures 4.6 and 4.7, respectively. A photocurrent density of around 0.25 mA/cm2 and 

photovoltage of about 0.74 V were observed at a light intensity of around 4 mW/cm2 [84]. A 

conversion efficiency of around 2% has been estimated which is a significant improvement over 

previous reports [82]. The photocurrent is significantly higher than previous reports utilizing an 

undoped nonconjugated conductive polymer [81]. The photocurrent is also higher than that 



57 
 

previously reported for another doped nonconjugated conductive polymer [82]. There is room 

for enhancement of these devices as they are still in the preliminary stages of development. 

These cells may provide a less expensive alternative to other reported cells since SBR is 

inexpensive and stable in air. 

 

Figure 0.6: Measured photovoltage for varying light intensities for a solar cell utilizing SBR. 
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Figure 0.7: Measured photocurrent for varying light intensities for a solar cell utilizing SBR. 

4.4 Conclusions 

Photovoltaic cells involving the nonconjugated conductive polymer, iodine-doped 

styrene-butadiene-rubber between TiO2 and carbon electrodes have been fabricated. The 

observed photovoltage and photocurrent-density for these cells was 0.74 V and 0.24 mA/cm2 

respectively with an incident light intensity of about 4 mW/cm2. The fabricated cells are Grätzel 

type photovoltaic devices and the operational mechanism is as follows: i) absorption of incident 

light by the iodine-doped nonconjugated conductive polymer leads to excited-state transition 

of the electrons, ii) these electrons are transferred to TiO2, and they subsequently complete the 

cycle involving an I-/I3
- redox couple which returns the polymer molecular system to the original 

state through charge-transfer. This mechanism produces the photovoltaic effect seen in the 

fabricated cells. This is the first report of a photovoltaic cell involving a nonconjugated 

conductive polymer that has shown a significant conversion efficiency. These cells, after further 
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study and improvement, may provide a lower cost alternative to other reported photovoltaic 

cells.  
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Chapter 5  

Photovoltaic Cells Involving the Nonconjugated Conductive Polymer, Iodine-Doped Cis-

poly(isoprene) 

 

5.1 Introduction 

Photovoltaic cells based on organic molecules have been widely studied and reported 

[73-75]. Organic materials provide the potential for lower cost alternatives to inorganic 

materials in photovoltaic applications due to their ease of processing and widely varying 

molecular structures [73-79]. Several reports on the photovoltaic effect in nonconjugated 

conductive polymers have been published [80-82, 84]. Early reports on these materials showed 

very limited photocurrents [81]. More recent reports on poly(β-pinene) in a different cell 

structure and styrene-butadiene-rubber in a similar cell structure to that used in this report 

have shown significantly increased photocurrents [82, 84]. In this report, photovoltaic cells have 

been constructed involving the nonconjugated conductive polymer iodine doped cis-1,4-

poly(isoprene) (CPI). The fabricated cells have been constructed on indium-tin-oxide (ITO) 

coated polyethylene terephthalate (PET) substrates with layers of titanium dioxide, the 

nonconjugated conductive polymer, and a carbon electrode. These cells have produced 

significantly high conversion efficiencies. 

5.2 Fabrication and Experimental Procedure 

 PET substrates were used with transparent ITO coatings to act as an electrode on the 

light incident side of the cell. The dark side of the cell also used a PET substrate with a thin layer 
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of carbon as the electrode. A solution of cis-1,4-poly(isoprene) and toluene was created, and 

this solution was used to apply a film of the nonconjugated polymer on top of the carbon 

electrode. The resulting films were about 0.5 microns thick. This layer acts as the light absorber 

and acts similarly to the dye molecules in a dye-sensitized solar cell. This film was then doped 

with iodine to around 0.8 molar through exposure to iodine vapor for several hours in a room 

temperature environment. Isolated double bonds in the nonconjugated polymer are affected 

by the iodine creating quantum dots. This results in large increases in conductivity as well as 

changes to the optical absorption spectra of the nonconjugated polymer. Changes to the 

molecular structure and optical absorption of SBR due to doping with iodine are shown in figure 

5.1 and figure 5.2 respectively. 

 

Figure 0.1: Chemical structure of cis-1,4-poly(isoprene) (CPI) before and after doping. 
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Figure 0.2: Optical absorption spectra of cis-1,4-poly(isoprene) (CPI) for different amounts of 
iodine doping. 

Nanocrystalline titanium dioxide, procured from Sigma-Aldrich, was ground, and then 

mixed with small amounts of a dilute acetic acid solution and triton X-100 surfactant. This 

produced a viscous fluid that could then be applied to the transparent ITO electrode. This 

titanium dioxide coated substrate was then heated and slowly cooled to dry the layer and 

prepare it for use in the cell. 

 The two previously prepared substrates, one with a carbon electrode and the 

iodine doped CPI, and the other with the ITO electrode and the titanium dioxide layer, were 

then brought into contact with each other to create the cell. These were then fixed to a glass 

slide in order to ensure that the two halves of the cell remained in good contact and copper 

leads attached to allow for connections to a digital multimeter for measuring output voltages 

and currents. An electrolyte solution of 1-methyl-3-propylimidazolium iodide and ethylene 

glycol in a 1 to 4 ratio was produced. This electrolyte solution was introduced to the side of the 
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assembled cell using a pipette, and the cell was left for 4-5 hours to allow the electrolyte to 

spread evenly and for residual charges in the cell to dissipate. Completed devices had a typical 

active area of around 4 square centimeters. The completed cell structure and experimental 

setup are shown in figure 5.3 with an insert showing the emission spectrum of the light source 

used in the experiment. 

 

Figure 0.3: Experimental set-up for photovoltaic measurements. The insert shows the emission 
spectrum of the light source used in the experiment. 

5.3 Results and Discussion 

The recorded photovoltages and photocurrent densities for cells utilizing CPI are shown 

in figures 5.4 and 5.5, respectively. A photocurrent density of around 0.27 mA/cm2 and 

photovoltage of about 0.73 V were observed at a light intensity of around 4 mW/cm2. The inset 

in figure 5.5 shows the J-V characteristics in dark conditions for the fabricated cells. Due to the 

limited maximum available intensity in the experiment, significant changes in the J-V 

characteristics were not expected with the light on. Although a broad range of light intensity 

was not used in the experiment, a linear relationship between the observed photocurrent and 
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the incident light intensity was obtained. This allowed the desired device characteristics to be 

determined. A conversion efficiency of around 2.5% has been estimated assuming a fill factor of 

about 0.5 [85]. This is a significant improvement compared to previous reports involving 

different cell structures [81, 82]. 

 

Figure 0.4: Measured photovoltage for varying light intensities for a solar cell utilizing CPI. 
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Figure 0.5: Measured photocurrent for varying light intensities for a solar cell utilizing CPI. The 
insert shows the J-V characteristics of the cell in dark conditions. 

The mechanism of the photovoltaic effect seen in these devices is shown in figure 5.6. 

Resulting from the absorbance of incident light, some of the electrons in the doped polymer 

move to the excited state. These electrons are transferred to the TiO2 electrode and 

transported through the leads to the carbon electrode. These electrons then interact with the I-

/I3
- redox couple in the electrolyte solution to return the polymer molecular system to the 

original state and thus completing the cycle. The iodine-doped nonconjugated conductive 

polymer in the cell acts like the dye molecule in a Grätzel cell [83]. Iodine-doped CPI does not 

show any measurable photoluminescence. This implies that the photo-excited electrons in the 

polymer may efficiently transfer to the TiO2 which facilitates the photovoltaic process. The 

photocurrent observed in these cells is significantly higher compared to previous reports 

involving photovoltaic cells involving an undoped nonconjugated conductive polymer [81]. The 

photocurrent is also higher than that recently reported for another iodine-doped 
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nonconjugated conductive polymer using a different cell structure [82]. The measured 

photovoltages and photocurrents were similar to those previously reported for the iodine-

doped nonconjugated conductive polymer styrene-butadiene-rubber in the same cell structure 

[84]. There is room for enhancement of the photocurrent and photovoltage since the devices 

that have been developed are early generations of its kind using a nonconjugated conductive 

polymer. These cells may provide significantly less expensive and more versatile alternatives to 

other reported cells since polymers such as CPI are inexpensive and stable in air. 

 

Figure 0.6: A schematic of the mechanism involved in the photovoltaic effect in cells utilizing 
the iodine-doped nonconjugated conductive polymer cis-1,4-poly(isoprene) (CPI). 

5.4 Conclusions 

Photovoltaic cells involving the nonconjugated conductive polymer, iodine-doped cis-

1,4-poly(isoprene) (CPI) between TiO2 and carbon electrodes have been fabricated. The 

photocurrent density and photovoltage for the fabricated cells was about 0.27 mA/cm2 and 
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0.73 V respectively with an incident light intensity of about 4 mW/cm2. These are Grätzel type 

cells with an operational mechanism as follows: i) absorption of incident light by the iodine-

doped nonconjugated conductive polymer leads to excited-state transition of the electrons, ii) 

these electrons are transferred from the polymer to the TiO2 electrode and then subsequently 

complete the cycle involving the I-/I3
- redox couple which returns the polymer molecular system 

to the original state through charge-transfer. This mechanism results in the photovoltaic effect 

seen in the fabricated cells. The reported results are similar to other iodine-doped 

nonconjugated conductive polymers using the same device structure. The estimated conversion 

efficiency of the fabricated cells was about 2.5% which is significant. Further improvement on 

cells utilizing nonconjugated conductive polymers may provide significantly less expensive and 

more versatile alternatives to other reported photovoltaic cells.  
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Chapter 6  

Lifetime Enhancement of Photovoltaic Cells Involving Nonconjugated Conductive Polymers 

 

6.1 Introduction  

Photovoltaic cells based on organic molecules have been widely studied and reported 

[73-75]. Organic materials provide the potential for lower cost alternatives to inorganic 

materials in photovoltaic applications due to their ease of processing and widely varying 

molecular structures [73-79]. Several reports on the photovoltaic effect in nonconjugated 

conductive polymers have been published [80-82]. Early reports on these materials showed 

very limited photocurrents [81]. More recent reports involving styrene butadiene rubber and 

cis-1,4-polyisoprene have shown significantly increased photocurrents and conversion 

efficiencies [84, 85]. Although these cells, shown in figure 6.1, have exhibited significant 

performance increases, as fabricated, they have a limited usable lifetime with greatly reduced 

performance within a week of fabrication. This is a major issue limiting the commercial viability 

of the devices. One hypothesis for the cause of the limited lifetime is loss of the liquid 

electrolyte due to evaporation. 

 

Figure 0.1: Solar cell involving an Iodine-doped nonconjugated conductive polymer. 
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The mechanism for the photovoltaic effect in these cells is shown in figure 6.2. Incident 

light on the Iodine-doped nonconjugated polymer is absorbed causing some electrons within 

the polymer to move to the excited state. These electrons are then transferred to the titanium 

dioxide layer and through the leads to the carbon electrode. These electrons then interact with 

the I-/I3
- redox couple in the electrolyte solution to return the polymer molecular system to the 

original state and thus completing the cycle. The iodine-doped nonconjugated conductive 

polymer in the cell acts like the dye molecule in a Grätzel cell [83]. 

 

Figure 0.2: The mechanism for the photovoltaic effect in a cell involving a nonconjugated 
conductive polymer. 

Although there may be other causes for the reduction in the performance of the 

fabricated cells over time, degraded cells have been able to show a return to previous 

performance by adding new electrolyte to the cell. This suggests that the immediate reduction 

in performance is most likely caused by the loss of the liquid electrolyte. In this report, an 

experiment was developed to reduce the loss of the electrolyte from the cell and monitor the 



70 
 

photovoltage and photocurrent over time. The results of this experiment showed that the 

photovoltage and photocurrent showed significantly less reduction in cells that suffered less 

loss of electrolyte. 

 6.2 Fabrication and Experiment Procedure 

 Cells were fabricated and a method was created to attempt to seal the cell to outside air 

to limit electrolyte loss. The fabricated cell was attached to a glass slide with copper electrodes 

leading from the cell. A rubber O-ring with a diameter larger than the completed cell was 

placed over it and another glass slide placed on top. The two glass slides were clamped 

together, crushing the O-ring, and providing a sealed environment for the cell. A picture of one 

of the completed samples is shown in figure 6.3. The sealed cell was compared to a cell 

fabricated at the same time and left open to the air. The fabricated cells were evaluated 

periodically over two weeks to see how the maximum measured photovoltage and 

photocurrent changed over time. These experiments were performed by exposing the cells to 

varying levels of incident light and measuring the photovoltage and photocurrents using a high 

impedance electrometer as shown in figure 6.4. The sealed cells were also viewed and 

photographed under a microscope to monitor the loss of electrolyte. 
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Figure 0.3: A fabricated photovoltaic cell sealed between two glass slides using a rubber O-ring. 

 

Figure 0.4: Experimental set-up for photovoltaic measurements. The insert shows the emission 
spectrum of the light source used in the experiment. 

6.3 Results and Discussion 

 The sealed cells maintained their performance longer than those that were not sealed. 

This can be clearly seen in the plots of maximum voltage and maximum current over time as 

shown in figures 6.5 and 6.6. The cells that were not sealed showed almost immediate 

degradation with a significant performance loss after three days and almost no output after a 
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week. This reduction was seen in both the photovoltages and photocurrents. The sealed cells in 

comparison showed almost no loss of performance after a week, with the difference being 

especially apparent in the photocurrent results. 

 

Figure 0.5: Changes in photovoltage over time for sealed and not sealed SBR devices. 

 

Figure 0.6: Changes in photocurrent over time for sealed and not sealed SBR devices. 
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 The loss of electrolyte in the sealed cells was monitored through a microscope as shown 

in figure 6.7. These results match up with the changes in photovoltages and photocurrents. 

Liquid electrolyte was still present in the sample after two weeks. These results do show that 

the electrolyte was still leaving the cell and the slight reduction in performance seen in the 

sealed cell over time can be attributed to this. A large spot of liquid electrolyte is seen in figure 

6.7a. This spot is still slightly visible after a week as seen in figure 6.7b but is completely 

evaporated after 2 weeks as seen in figure 6.7c.  

 

Figure 0.7: Pictures of a sealed photovoltaic cell under 100x magnification after (a) 1 day, (b) 7 
days, and (c) 14 days. 

6.4 Conclusions 

Photovoltaic cells involving nonconjugated conductive polymers have been fabricated 

and the changes in their performance characteristics over time have been compared between 

sealed cells and ones left open to the air. The cells that were sealed showed significantly 

reduced degradation in photovoltage and photocurrent compared to cells that were left open 

to the air. Open air cells showed almost no photocurrent and heavily reduced photovoltage 

after about 3 days. Sealed cells showed almost no reduction in photovoltage and photocurrent 

after about 14 days.  
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The sealed cells were photographed under 100x magnification in order to determine if 

the liquid electrolyte was being maintained within the cell. These pictures showed that the 

electrolyte was still being lost to the environment, but at a reduced rate. These results show 

that the rapid degradation in the performance characteristics of the cells is due to the loss of 

the electrolyte.  

Further experiments on the long-term performance of these cells will be required to 

determine if there are other factors that affect the output of the cells. The method used to seal 

the cells in this report was able to slow the loss of the electrolyte, but not stop it completely. 

Better methods for sealing the cells are under investigation and will provide an opportunity to 

see if the cells performance can be maintained if the electrolyte is captured within the cell. 
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Chapter 7  

Quadratic Electrooptic Effect in the Nonconjugated Conductive Polymer Polyethylene 

Terephthalate 

 

7.1 Introduction 

Nonlinear optical properties of materials, specifically nanoparticles and quantum dots 

have been extensively studied [18, 44, 52, 58, 60, 62, 63, 86-99]. The field of nonlinear optics is 

important to the future of communications, optical sensing, and photonics. As more optical 

methods are used in commercial applications, faster optical switching and modulation become 

more important to the advancement of a variety of industries. Organic materials, specifically 

nonconjugated conductive polymers, have been widely investigated due to their low cost, ease 

of manufacture, and exceptionally large nonlinear optical properties [18, 54, 56-63, 80, 82, 86, 

88, 90, 93, 100-102]. The effects of Iodine doping on polyethylene terephthalate have been 

investigated. Several nonconjugated polymers have been shown to have significantly increased 

conductivities and third-order optical susceptibilities upon doping with electron acceptors such 

as Iodine [17, 54, 56, 86, 100, 102, 103]. The large susceptibilities are a result of charge 

confinement within a subnanometer charge domain. Samples of polyethylene terephthalate 

have been doped with Iodine and studied using UV/Vis and IR spectroscopy to determine the 

effect of Iodine doping on the material. The nonlinear optical properties of Iodine doped 

polyethylene terephthalate were then investigated using the field-induced birefringence 

method to measure the quadratic electro-optic effect[104]. Quadratic electro-optic effects have 
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applications in ultrafast electro-optic modulation, switching, Kerr cells, Kerr gates for mode-

locking, Q-switching, and other applications in optoelectronics. 

7.2 Experimental Equipment 

 Sample films of polyethylene terephthalate were obtained with a thickness of 50 

microns. These samples were doped with Iodine in the vapor phase using the standard 

procedure. The effect of doping was studied using FTIR and UV/Vis spectroscopy. UV/Vis 

measurements were performed using a CRAIC microspectrophotometer. IR measurements 

were performed using a Shimadzu IRPrestige-21 Fourier Transform Infrared 

Spectrophotometer. The results for samples of varying doping levels were compared to 

determine how the Iodine was interacting with the polyethylene terephthalate films. 

 The Iodine-doped polyethylene terephthalate samples were fitted with copper 

electrodes. An ac field at 4 kHz was applied to the samples through the electrodes using a 

variable power supply. The quadratic electro-optic effect was measured using the field-induced 

birefringence method shown in figure 7.1. A Uniphase 1508-1 helium-neon laser with a 

wavelength of 633 nm was used in these experiments. The laser beam was passed through a 

polarizer oriented 45 degrees relative to the direction of the applied electric field. The beam 

then passed through the sample and then through an analyzer that was cross-polarized with 

respect to the polarizer. The beam was then detected by a photodiode. A Stanford Research 

Systems SR530 lock-in amplifier, using 2f synchronization, and a Hewlett Packard 5416B 

oscilloscope were used to measure the modulation signals. The modulation signal was recorded 

for varying strengths of applied electric field and was found to depend quadratically on the 
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applied electric field strength. The Kerr coefficients were then determined from the observed 

modulation signals, applied electric field strength, and interaction path length within the 

sample, for a given wavelength. 

 

Figure 0.1: Experimental set-up for the measurement of the quadratic electro-optic effect/Kerr 
coefficient. 

7.3 Results and Discussion 

 Samples of polyethylene terephthalate were obtained as films with a thickness of 50 

microns. These films were doped with Iodine in the vapor phase using the standard procedure. 

Doping of polyethylene terephthalate films took significantly longer (days rather than minutes 

or hours) compared to other nonconjugated conductive polymers. After doping with Iodine, the 

films were observed to change from transparent to dark based on the doping time and 

concentration. This effect can be clearly seen on the UV/Vis spectroscopy with the absorption 

increasing and an additional absorption peak appearing and growing in magnitude as shown in 
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figure 7.2. The peak at about 300 nm in the UV/Vis absorption is due to the terephthalic ring in 

the polymer. This is the only peak present in the undoped polyethylene terephthalate sample. 

After doping with Iodine, a peak at about 312 nm and a broad absorption with a peak at about 

375 nm appeared. These peaks were seen to increase with additional doping. The 312 nm (~ 

3.97 eV) peak in the doped polyethylene terephthalate is due to a radical cation and the broad 

absorption at 375 nm is due to charge-transfer or the surface plasmon resonance. The surface 

plasmon resonance in this system occurs at a much shorter wavelength compared to the peak 

seen in metal nanoparticles [43]. This is due to the subnanometer particle size found in doped 

polyethylene terephthalate and other nonconjugated conductive polymers. The radical cation 

peak at about 310 nm was also observed in another nonconjugated conductive polymer, iodine-

doped poly(ethylene pyrrolidinyl) derivative, which has a similar double-bond containing group 

in the polymer backbone [58]. The electrical conductivity of polyethylene terephthalate 

increased by many orders of magnitude after doping with Iodine. The conductivity reached a 

maximum of about 10-3 S/cm at a molar concentration of about 0.8. This magnitude is lower 

than that seen in other Iodine doped nonconjugated conductive polymers. This is due to the 

lower double-bond number fraction in the repeat of polyethylene terephthalate [61, 86, 105]. 
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Figure 0.2: UV/Vis spectra for 50 micron films of polyethylene terephthalate with varying levels 
of Iodine doping. The molar concentrations of iodine are: light doping ~ 0.16, medium doping ~ 

0.28, heavy doping ~ 0.83. 

No shift was seen in the peak at about 375 nm. This is a unique feature of iodine-doped 

polyethylene terephthalate compared to other nonconjugated conductive polymers which see 

a shift to higher wavelengths with increased doping levels[104]. This result for polyethylene 

terephthalate may be because the charge-transfer is occurring between the terephthalic ring 

and the dopant. This would limit the quantum size to near the size of the ring plus the dopant 

counterion. Therefore, the size of the quantum dot would remain the same regardless of the 

dopant concentration. 

FTIR measurements for doped and undoped polyethylene terephthalate are shown in 

figure 7.3. After doping with Iodine, a reduction in the 1505 wavenumber peak was seen. The 

1505 wavenumber peak is associated with the Carbon-Carbon bonds in the polymer ring. This 

matches the effect seen in other nonconjugated conductive polymers where the Iodine doping 
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is only affecting isolated Carbon bonds. An electron is transferred from the Carbon bond to the 

Iodine which forms a hole or positive charge at the bond site. The molecular structure of 

polyethylene terephthalate and the effect of Iodine doping is shown in figure 7.4. The charge 

transfer from the ring to Iodine is also responsible for the changes seen in the UV/Vis 

absorption spectra. The hole present at the bond site leads to a significant increase in the 

conductivity of the material due to interstitial hoping. This hole is loosely bound to the dopant 

counterion. An applied electric field may affect the movement of the hole without dissociating 

it from the counterion. The confinement of the charges within these subnanometer sized 

systems causes the material to have the characteristics of a metallic quantum dot. 
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Figure 0.3: FTIR spectra for undoped and lightly doped polyethylene terephthalate. 



82 
 

 

Figure 0.4: Schematic of the effect of Iodine doping on the molecular structure of polyethylene 
terephthalate. 

 Quadratic electro-optic effects measurements were made on the Iodine-doped 

polyethylene terephthalate samples using the field-induced birefringence method discussed 

earlier. These measurements were made at 633 nm with the laser passing through the 

thickness of the sample which was about 50 microns. The results of the quadratic electro-optic 

effect experiments are shown for a lightly doped sample in figure 7.5 and for a more heavily 

doped sample in figure 7.6[104]. These results show a clear quadratic relationship between the 

applied electric field and modulation. The more heavily doped sample shows some saturation in 

the modulation at higher electric field magnitudes. For the medium doping sample, with a 

molar concentration of iodine of about 0.28, the Kerr coefficient was calculated to be about 

1.5 × 10−11 𝑚 𝑉2⁄ . For the heavily doped sample, with a molar concentration of iodine of 

about 0.83, the Kerr coefficient was calculated to be about 5 × 10−11 𝑚 𝑉2⁄ . These results are 
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similar in magnitude to those found for other nonconjugated conductive polymers [60, 63, 88, 

93]. 

 

Figure 0.5: Quadratic electro-optic effect measurements for medium doping (molar 
concentration ~ 0.28) polyethylene terephthalate at 633 nm. 
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Figure 0.6: Quadratic electro-optic effect measurements for heavily doped (molar 
concentration ~ 0.83) polyethylene terephthalate at 633 nm. 

7.5 Conclusions 

Polyethylene terephthalate films, about 50 microns thick, have been obtained and 

studied. The films were doped with Iodine in the vapor phase using the standard procedure. 

The effect of Iodine doping on the material was investigated through UV/Vis and IR 

spectroscopy. The UV/Vis absorption showed an increase in the absorption peak at about 300 

nm and a new absorption peak at 375 nm after doping. The FTIR spectroscopy showed a 

reduction in the peak at about 1505 wavenumber after doping. These results show that the 

Iodine is interacting with isolated carbon bonds in the molecular structure of the polyethylene 

terephthalate. Specifically, bonds in the polymer ring are most heavily influenced. The Iodine 
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doping results in charge transfer from the polymer ring to the Iodine. This forms a metallic 

quantum dot, with a charge that is confined to a subnanometer sized charge system. 

The nonlinear optical properties of the Iodine-doped polyethylene terephthalate films 

were invested using the field-induced birefringence method to measure the quadratic electro-

optic effect at 633 nm in the material. These results showed a clear quadratic correlation 

between the magnitude of the applied electric field and the optical modulation through the 

samples. This effect corresponded to a Kerr coefficient of about 1.5 × 10−11 𝑚 𝑉2⁄  for a sample 

with a molar concentration of iodine of about 0.28. For a sample with a molar concentration of 

about 0.83, the Kerr coefficient was calculated to be about 5 × 10−11 𝑚 𝑉2⁄ . This is a similar 

magnitude if Kerr coefficient as those found in other nonconjugated conductive polymers [60, 

63, 88, 93]. Nonconjugated conductive polymers have metallic domains of subnanometer 

dimensions, also known as quantum dots, which lead to the largest known Kerr coefficients of 

any studied materials. The results here imply various applications of these systems in ultrafast 

switching, modulation, and other applications in laser-optics and optoelectronics. 
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Chapter 8  

Quadratic Electro-Optic Effect in Metal Nanoparticles in a Transparent Dielectric Medium 

 

8.1 Introduction 

Nonlinear optical properties of metal nanoparticles in transparent dielectric media have 

been extensively studied [13, 43-46, 48, 49, 87, 89, 93, 106, 107]. In particular, third-order 

nonlinear optical effects in metal nanoparticles using ultrashort laser pulses have been widely 

studied and reported. Metallic nanoparticles with diameters under about 10 nm can also be 

referred to as quantum dots, because they can be modeled as a charged particle experiencing 

quantum confinement. Therefore, many of the properties of these systems can be understood 

through the confinement of electrons within nanometer dimensions. Measurements of third-

order susceptibilities (𝜒(3)) and response times have been made for various sizes of 

nanoparticles. Prior to this report, no measurements of the quadratic electro-optic effect for 

metal nanoparticles in dielectric media were found in the literature, and no experimental 

correlation between the third-order susceptibility and particle size had been established. 

Second-order nonlinear optical effects in these systems have been measured using ultrashort, 

high intensity pulses by taking advantage of the asymmetry in the particles and interfaces [89]. 

These second-order effects have no relevance to the quadratic electro-optic effect being 

discussed in this report. Quadratic electro-optic effects have applications in ultrafast electro-

optic modulation, switching, Kerr cells, Kerr gates for mode-locking, Q-switching, and other 

applications in optoelectronics. 
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The quadratic electro-optic effect, also known as the Kerr effect, has been measured for 

gold nanoparticles contained within a dielectric medium with the objective of further 

elucidating the mechanisms of nonlinear optics in these important systems. Particles of varying 

size from about 15nm to about 50nm within a glass medium were investigated. Kerr 

coefficients have been determined for these particles. This is the first time that the Kerr effect 

has been measured for gold nanoparticles in a dielectric medium. 

 The quadratic electro-optic effect is given by: 𝛥𝑛 =  𝛫𝜆𝐸2, where 𝛥𝑛 is the change in 

the refractive index, 𝛫 is the Kerr coefficient, 𝜆 is the wavelength of light used in the 

experiment, and 𝐸 is the applied electric field. This equation describes a change in the 

refractive index in a material due to an applied electric field. This change in the refractive index 

leads to electro-optic switching or modulation and any related device application. A larger Kerr 

coefficient leads to a larger change in the refractive index for any given electric field, 

wavelength of light, and optical path length through the sample. Since the magnitude of 𝛫 is 

typically small in these samples, a long path length of up to 4 cm was used in order to obtain a 

detectable electro-optic modulation signal. The difficulty in obtaining suitable samples, and in 

making the measurements, may be part of the reason such measurements have not been 

previously reported. One of the advantages of these measurements over four-wave mixing or 

optical Kerr effect measurement made with ultrashort optical pulses is that the thermal 

contribution in the quadratic electro-optic effect is expected to be small. This is a result of the 

metal nanoparticles in glass samples acting as insulators that allow only an extremely small 

amount of electric current. This very small current flowing through the samples, and the 

relatively low-power lasers used in the experiments, leads to minimal thermal effects. 
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Therefore, these experiments may provide evidence of a correlation between the particle 

diameter and the optical nonlinearity that was possibly obscured by thermal effects in other 

nonlinear optical measurements that utilized intense laser pulses. 

8.2 Experimental 

 The glass samples used in these experiments were purchased from a commercial glass 

supply company. The samples used in the experiments were about 4 cm square and 3 mm 

thick. The samples were characterized using optical absorption spectroscopy and the 

wavelength of the surface plasmon resonances were determined. The size of the gold particles 

within the glass was estimated using the optical absorption spectroscopy results. This size 

estimation used both the wavelength at which the absorption peak occurred (the surface 

plasmon resonance), and relative peak intensity. This correlation has been widely investigated 

and estimates were made specifically using the work of Link et al and Haiss et al [43, 107]. The 

relative peak intensity compared the optical density at the surface plasmon resonance to the 

optical density at a wavelength of about 400 nm. A surface plasmon resonance peak at a lower 

wavelength and closer relative peak intensity corresponds to a smaller particle size. The optical 

absorption spectra of the samples were measured using a CRAIC spectrometer in the 

transmission mode. 

 The gold nanoparticle in glass samples were fitted with copper electrodes. An ac field at 

4 kHz was applied to the samples through the electrodes using a variable power supply. The 

quadratic electro-optic effect was measured using the field-induced birefringence method 

shown in figure 8.1 [57, 61-63, 86, 88, 90]. A Uniphase 1508-1 helium-neon laser with a 
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wavelength of 633 nm was used in these experiments. This was chosen because the wavelength 

of the laser is close to the onset of the optical absorption due to the surface plasmon resonance 

in the samples. This wavelength exhibits enhanced magnitude of the Kerr coefficient due to 

resonance effects. The laser beam was passed through a polarizer oriented 45 degrees relative 

to the direction of the applied electric field. The beam then passed through the sample and 

then through an analyzer that was cross-polarized with respect to the polarizer. The beam was 

then detected by a photodiode. A Stanford Research Systems SR530 lock-in amplifier, using 2f 

synchronization, and a Hewlett Packard 5416B oscilloscope were used to measure the 

modulation signals. The modulation signal was recorded for varying strengths of applied electric 

field and was found to depend quadratically on the applied electric field strength. The Kerr 

coefficients were then determined from the observed modulation signals, applied electric field 

strength, and interaction path length within the sample, for a given wavelength. 

 

Figure 8.1: Experimental set-up for the measurement of the quadratic electro-optic effect/Kerr 
coefficient. 
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8.3 Results and Discussion 

Three glass samples containing gold nanoparticles of three different average diameters 

were studied and are discussed in the following. These samples were purchased from a 

commercial glass supplier. The optical absorption spectra were recorded for light traveling 

through the thickness of the samples. The size of the gold nanoparticles was estimated from 

the wavelength of the absorption peak, which is due to the surface plasmon resonance of the 

metal nanoparticles in the samples, and the relative peak intensity using the results published 

in literature [43, 107]. The absorption peak appears at shorter wavelengths and the relative 

intensity of the peak decreases for smaller nanoparticles. For sample 1, shown in figure 8.2, the 

peak occurred at a wavelength of about 534 nm, which corresponded to a particle diameter of 

about 50 nm. For sample 2, the peak occurred at a wavelength of about 527 nm, which 

corresponded to a particle diameter of about 25 nm. For sample 3, shown in figure 8.3, the 

peak occurred at a wavelength of about 520 nm, which corresponded to a particle diameter of 

about 15 nm. The relative peak intensity was determined by dividing the absorbance at the 

surface plasmon resonance by the absorbance at 400 nm, and was also used in determining the 

nanoparticle sizes [107].  
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Figure 8.2: Surface plasmon resonance spectrum of gold nanoparticles in glass (sample 1). Peak 
at 534 nm with a particle diameter of about 50 nm. 

 

Figure 8.3: Surface plasmon resonance spectrum of gold nanoparticles in glass (sample 3). Peak 
at 520 nm with a particle diameter of about 15 nm. 

 Quadratic electro-optic measurements were made in these samples using the field-

induced birefringence method discussed earlier. The beam at 633 nm was passed through the 

long dimension (about 4 cm) of the samples. The results of the quadratic electro-optic effect 
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experiments are shown in figures 8.4, 8.5, and 8.6 for samples 1, 2, and 3 with particle 

diameters of about 50 nm, 25 nm, and 15 nm respectively. The Kerr coefficients, as determined 

from the observed modulation signals, were about 2.5 × 10−15  𝑚 𝑉2⁄ , 2.0 × 10−14 𝑚 𝑉2⁄ , and 

7.5 × 10−14 𝑚 𝑉2⁄ , for the 50 nm, 25 nm, and 15 nm samples respectively. Under the same 

experimental conditions, no detectible modulation was observed for glass samples containing 

no metal nanoparticles. Considering previous reports, subnanometer size metallic-like particles 

were obtained in nonconjugated conductive polymers doped with iodine [57, 61-63, 86, 88, 90]. 

In these materials, charge-transfer from an isolated carbon-carbon double bond to the dopant 

creates highly confined metallic domains, also known as quantum dots. These metallic-like 

particles exhibit a surface plasmon resonance at a wavelength of about 400 nm and a radical 

cation peak at a wavelength of about 300 nm in their optical absorption spectra. These peaks 

relate to subnanometer size particles, and these materials have shown the largest known Kerr 

coefficients and two-photon absorption coefficients of any material. The Kerr coefficient for 

iodine-doped trans-polyisoprene at 633 nm is about 3.5 × 10−10 𝑚 𝑉2⁄  [63, 90]. All of the 

magnitudes of the Kerr coefficient reported here, the three samples of gold nanoparticles and 

the nonconjugated conductive polymer, are for the same optical density of about 0.05 at 633 

nm. The Kerr coefficients for the three glass samples and the nonconjugated conductive 

polymer are shown in table 8.1. 
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Table 8.1: Calculated Kerr Coefficients for different sizes of gold nanoparticles and a 
nonconjugated conductive polymer. 

MATERIAL KERR COEFFICIENT (𝒎 𝑽𝟐⁄ ) 

SAMPLE 1 (50 nm) 2.5 × 10−15 

SAMPLE 2 (25 nm) 2.0 × 10−14 

SAMPLE 3 (15 nm) 7.5 × 10−14 

TRANS-POLYISOPRENE 
(subnanometer) 

3.5 × 10−10 

 

 

Figure 8.4: Quadratic electro-optic effect measurements at 633 nm for gold nanoparticles with 
a diameter of about 50 nm. 
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Figure 8.5: Quadratic electro-optic effect measurements at 633 nm for gold nanoparticles with 
a diameter of about 25 nm. 

 

Figure 8.6: Quadratic electro-optic effect measurements at 633 nm for gold nanoparticles with 
a diameter of about 15 nm. 

 

 These results demonstrate that the Kerr coefficient (𝛫) increases rapidly as the particle 

size decreases. This increase follows a roughly 𝑑−3 relationship, where 𝑑 is the diameter of the 

nanoparticle. From this, the follow equation may be developed: 𝐾 =  𝐾0𝑑−3, where 𝐾0 is the 

Kerr coefficient for a nanoparticle with a diameter of 1 nm. A plot of logK against logd is shown 
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in figure 8.7. This plot shows a slope of about -3 implying a 𝑑−3 dependence of the Kerr 

coefficient. 

 

Figure 8.7: Kerr coefficient correlated with the diameter of a metallic nanoparticle. 

 This correlation between optical nonlinearity and particle diameter (𝑑) can be explained 

using an earlier theoretical treatment of metal nanoparticles in dielectric media that was 

outline in subsection 2.7 of chapter 2 [13]. According to this theory, third-order susceptibility 

(𝜒(3)) increases as 𝑑−3. The Kerr coefficient (𝛫) is proportional to 𝜒(3) (𝜔;  𝜔, 0,0). In particular, 

the Kerr coefficient is proportional to the real part of the third-order susceptibility. The 

measurements reported here were made at 633 nm, which is near the onset of the surface 

plasmon resonance. Because of this, the third-order susceptibility at this wavelength is 

complex, with both real and imaginary parts. The theoretical treatment by Hache et al predicts 

the maximum value of the third-order susceptibility to be proportional to T1T2(1-d/d0)/d3, 

where T1 is the excited state lifetime, T2 is the dephasing time, d0 is a characteristic threshold 

diameter of the system, and d is the diameter of the nanoparticle [13]. Therefore, for d < d0, 
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𝜒(3) increases as 𝑑−3. Although the particle concentration was not known for our samples, the 

optical density (αl) was similar for all of the samples investigated with a value of about 0.05 at 

633 nm. The particle concentration would affect the absorption coefficient (α) in the same way 

it affects the Kerr coefficient (𝛫). Therefore, as long as the optical density is comparable, the 

Kerr coefficients can be compared at a fundamental level. As the results show, the Kerr 

coefficient follows the theory and increases as 𝑑−3. An alternative interpretation of the 𝑑−3 

dependence of the Kerr coefficient can be obtained through the phase space filling model. In 

this model, for any given excitation, the fraction of electrons in a smaller nanoparticle is higher 

for a smaller particle because the overall number of electrons is smaller. Therefore, a larger 

optical nonlinearity is expected in a smaller nanoparticle [18]. 

 This report provides the first experimental demonstration of the fundamental 

correlation between third-order optical nonlinearity and the size of metal nanoparticles. It was 

not possible to demonstrate this correlation earlier, presumably because of thermal effects, 

which could be significant in other nonlinear optical measurements that utilized ultrashort 

intense optical pulses. These measurements include time-resolved four-wave mixing and 

optical Kerr effects using femtosecond pulses. Those measurements have produced a wealth of 

information, including excited-state lifetimes, dephasing time, multiphoton processes, and 

many others. They have not been able to clearly delineate the effect of particle size. Use of 

intense optical pulses may excite interband transitions in gold nanoparticles and, according to 

theory, does not lead to any particle size dependence. Only intraband transitions involving 

surface plasmons are expected to show a particle size dependence of third-order susceptibility, 

as observed here. 
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 These materials involving metal nanoparticles within glass are expected to have various 

applications in ultrafast electro-optic switching, modulation, Kerr cells, and other applications in 

optoelectronics. Although the present results are only for metal nanoparticles in glass, the 

results can be extended to metal nanoparticles in other transparent dielectric media. 

8.4 Conclusions 

Quadratic electro-optic effects, specifically Kerr coefficients, were measured for the first 

time for metal nanoparticles within a transparent dielectric medium. In particular, gold 

nanoparticles of various average particle diameters were studied. The measurements were 

made using the field-induced birefringence method. The magnitudes of the Kerr coefficients for 

the different sizes of gold nanoparticles in glass were measured and compared to the Kerr 

coefficient obtained for subnanometer size metallic particles in a nonconjugated conductive 

polymer. The magnitude of the Kerr coefficient was found to rapidly increase as the particle 

diameter (𝑑) decreased, following a roughly 𝑑−3 relationship. The results are consistent with 

existing theories and understandings of nonlinear optics in metal nanoparticles. This size 

dependence was not previously observed in experiments, presumably because of thermal 

effects. In the present measurements, the thermal effect was insignificant. These results imply 

a broad range of applications for metal nanoparticles in ultrafast, electro-optic, modulation, 

switching, low-cost Kerr cells, and other crucial functions in lasers and optoelectronics. 
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Chapter 9  

Electroabsorption in Metallic Nanoparticles within Transparent Dielectric Media 

 

9.1 Introduction 

Nonlinear optics in metal nanoparticles within a transparent dielectric media has been 

extensively studied [13, 43-46, 48, 49, 87, 96, 106-109]. Third-order nonlinear optics in 

particular have been widely studied and reported using ultrashort (femtosecond) laser pulses 

for metal nanoparticle systems. The third-order susceptibilities and response times of various 

metallic nanoparticles in dielectric media have been measured for different diameters of 

nanoparticles. Saturation of absorption and two-photon absorption in specific nanometallic 

systems have also been studied [13, 43-46, 48, 49, 87, 96, 106-108]. More recently Thakur et al 

reported on the quadratic electro-optic effect in metallic nanoparticles within a transparent 

dielectric media [96]. Second order optical effects have also been shown for specific 

nanoparticles utilizing the asymmetry involved in shapers/interfaces using high intensity short 

pulses [89]. Second-order optics are not relevant to the electroabsorption presented in this 

report. As of this report, no other measurement of electroabsorption in metal nanoparticles has 

been published or known in the prior art. In the recent article by Thakur et al, the quadratic 

electro-optic effect in metal nanoparticles, specifically gold, in glass was compared with that of 

subnanometer-size metallic domains within doped nonconjugated conductive polymers [96]. 

Both the quadratic electro-optic effect and electroabsorption have applications in ultrafast 

electro-optic modulation, switching, and other applications in lasers and optoelectronics. 
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The focus of this report is on the measurement of electroabsorption in gold 

nanoparticles of various sizes to further elucidate the mechanisms of nonlinear optics in these 

important systems. Metallic nanoparticles with diameters of less than around 10 nm can also 

be called quantum dots. This is because many of their properties can be understood through 

consideration of the quantum confinement of the electrons within the nanometer dimensions 

of the nanoparticle. The measurements in this study have been compared to those for iodine-

doped nonconjugated conductive polymers, such as polyisoprene, which have the smallest 

known metallic particles which are in the subnanometer domain. While electroabsorption in 

iodine-doped nonconjugated conductive polymers has been mentioned in previous reports [57, 

61-63, 86, 88, 90], in this report more details are discussed and a comparison with gold 

nanoparticles in a dielectric medium is made.  

The quadratic electro-optic effect is given by equation (9.1). 

𝛥𝑛 =  𝛫𝜆𝐸2      (9.1) 

Where 𝛥𝑛 is the change in the refractive index (induced birefringence), 𝛫 is the Kerr coefficient, 

𝜆 is the wavelength, and 𝐸 is the applied electric field. Due to the small magnitude of the Kerr 

coefficient found for metal nanoparticles in glass, a long path length of about 3 cm was used to 

obtain a detectable modulation. Nonconjugated conductive polymers, in comparison, have the 

largest known electro-optic effect and were therefore used samples that provided path lengths 

on the order of microns. In the previous report by Thakur et al, quadratic electro-optic 

measurements were successfully made and a clear correlation between the real portion of the 

Kerr coefficient and the diameter of the metal nanoparticles was established down to the 
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subnanometer domain [96]. The magnitude of the real portion of the Kerr coefficient was 

shown to have a roughly 1 𝑑3⁄ dependence, where d represents the diameter of the metallic 

nanoparticle. 

 In this report, electroabsorption will be discussed as given by equation (9.2). 

𝛥𝛼 =  4𝜋𝛫′𝐸2      (9.2) 

Where 𝛥𝛼 is the change in the absorption coefficient and 𝛫′ is the imaginary portion of the Kerr 

coefficient. The magnitude of 𝛫′ is related to saturation of absorption and the two-photon 

absorption coefficient (𝛼2), where two photon absorption is given by 𝛥𝛼 =  𝛼2𝐼, and 𝐼 is the 

optical intensity. The magnitude of 𝛼2 is proportional to the imaginary part of the third-order 

susceptibility (𝜒(3)). As stated earlier, while saturation of absorption and two-photon 

absorption in gold nanoparticles have been previously reported, no measurements of 

electroabsorption had been previously reported. This report will discuss results of 

electroabsorption measurements in gold nanoparticles as well as in specific doped 

nonconjugated conductive polymers which have subnanometer-size metallic domains 

(quantum dots). 

9.2 Experimental 

Samples of glass with dimensions of about 4 cm X 4 cm X 3 mm containing specific 

diameters of gold nanoparticles were obtained from a commercial vendor. These samples were 

characterized using optical absorption spectroscopy and from this the wavelengths of the 

surface-plasmon-resonances (SPR) were determined. Using the surface-plasmon-resonances 

and relative peak intensities, the gold nanoparticle sizes of each sample were determined 
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utilizing established procedures [43, 107, 109]. The electroabsorption characteristics of these 

samples was then measured at a specific wavelength. The optical absorption spectra of the 

samples were measured using a CRAIC spectrometer in the transmission mode. 

Metal electrodes were applied to the samples of gold nanoparticles in glass such that 

the optical interaction length for modulation was about 3 cm. An AC electric field at 4 kHz was 

applied to the electrodes using an AC power supply. The electroabsorption measurements were 

made using the set-up described in figure 9.1 [57, 61-63, 86, 88, 90]. A helium neon laser with a 

wavelength of 633 nm was used since this is near the onset of absorption due to the surface-

plasmon-resonance. An example of the surface-plasmon-resonance for the sample containing 

gold nanoparticles of about 15 nm is shown in figure 9.2. This wavelength was expected to 

show enhanced magnitudes of the Kerr coefficient due to this proximity to the surface-

plasmon-resonance. The laser beam was passed through a polarizer, then the sample, and then 

through an analyzer before being detected by a photo-detector. The polarizer and analyzer 

were set parallel to provide the orientation of polarization for the laser to be along the applied 

electric field. A lock-in amplifier, operating in 2f synchronization, and an oscilloscope were used 

to record the modulations. The modulation signal due to electroabsorption was recorded for 

varying applied electric field strengths and was found to depend quadratically on the strength 

of the applied electric field. The imaginary portion of the Kerr coefficient (𝛫′) was determined 

from the observed electroabsorption modulation, applied electric field, and interaction path-

length within the samples, at 633 nm. 
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Figure 9.1: Experimental set-up for measurement of electroabsorption. 

 

Figure 9.2: Surface plasmon resonance spectrum of gold nanoparticles in glass. Peak at 520 nm 
with a particle diameter of about 15 nm. 
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9.3 Results and Discussion 

Three samples of gold nanoparticles in glass with three different average particle-

diameters were studied. The optical absorption spectrum was recorded for light traveling 

through the thickness of the sample. For samples with smaller nanoparticles, the absorption 

peak occurs at shorter wavelengths and the relative intensity of the peak decreases [43, 107, 

109]. These were all discussed in the Chapter 8 covering the 2019 article by Thakur et al [96]. 

For sample 1, the absorption peak occurred at about 534 nm which corresponds to a particle 

diameter of about 50 nm. For sample 2, the absorption peak occurred at about 527 nm which 

corresponds to a particle diameter of about 25 nm. For sample 3, with the absorption spectrum 

shown in figure 9.2, the absorption peak occurred at about 520 nm which corresponds to a 

particle diameter of about 15 nm. The absorption coefficient as given was found to be about 

5.3 cm-1 at 520 nm which is consistent with a low concentration of gold nanoparticles of about 

10-9 M [43, 107]. 

Electroabsorption measurements were made in these samples at different applied AC 

fields as discussed in section 9.2 of this chapter. The beam at 633 nm from a He:Ne laser was 

passed through the long dimension of the sample with an interaction length of about 3 cm. For 

samples 1 and 2 having particle diameters of about 50 nm and 25 nm respectively, the 

modulation due to electroabsorption was too weak to measure. The results of the 

measurements for sample 3, having a particle diameter of about 15 nm, are shown in figure 9.3. 

The imaginary portion if the Kerr coefficient (𝛫′) as determined from the observed modulation 

signals is about 4 × 10−15 m/V2 at 633 nm [97]. 
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Figure 9.3: Electroabsorption modulation in gold nanoparticles within glass for different applied 
electric fileds. Particle diameter about 15 nm. Interaction length about 3 cm. 

 Results of measurements following identical experimental procedures but using films of 

the iodine doped nonconjugated conductive polymer polyisoprene with a thickness of about 1 

micron are shown in figure 9.4. As previously reported, subnanometer-size metallic domains 

are formed in nonconjugated conductive polymers upon doping with iodine [57, 61-63, 86, 88, 

90]. Charge-transfer from an isolated carbon-carbon double bond to the dopant creates the 

highly confined metallic domains or quantum dots. These materials exhibit a surface-plasmon-

resonance peak at about 400 nm and a radical cation peak at about 300 nm. The electrical 

conductivity, optical absorption, spectral line-width, EPR, magnetic susceptibility vibration 

spectroscopic and thermal characteristics of doped nonconjugated polymers are all consistent 

with metallic particles of subnanometer sizes [57, 61-63, 86, 88, 90]. The optical absorption 

peak of the nonconjugated conductive polymer used in this experiment is at about 400 nm. This 

is much smaller than the that of the smallest metal nanoparticles reported so far (about 2 nm in 
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diameter). These are all as would be expected considering the subnanometer particle size [43]. 

In addition, due to the subnanometer-sizes, these metallic particles have shown the largest 

known Kerr coefficient and two-photon absorption coefficient foe any material [57, 61, 86, 89, 

109]. In this study electroabsorption has been measured which is the imaginary portion of the 

Kerr coefficient (𝛫′). The imaginary part of the Kerr coefficient (𝛫′) as measured is about 

3.2 ×  10−11 m/V2 at 633 nm for iodine-doped polyisoprene [97]. All of the magnitudes of the 

Kerr coefficient stated here are for about the same magnitude of optical density at 633 nm.  

 

Figure 9.4: Electroabsorption modulation in a nonconjugated conductive polymer (iodine-
doped polyisoprene) for different applied electric fields. Film thickness about 1 μm. 

 As these results show, the electroabsorption, or the imaginary part of the Kerr 

coefficient (𝛫′), increases rapidly as particle size is decreased. For particles with diameters of 

about 25 nm and 50 nm, the magnitudes of 𝛫′ were too small to measure. Comparing these 

results with those from a doped nonconjugated conductive polymer, the increase goes roughly 
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as d-3, where d is the nanoparticle diameter. This is identical to the dependence of the real part 

of the Kerr coefficient (𝛫) on particle diameter as reported in Chapter 8 and in the paper by 

Thakur et al [96]. For quadratic electro-optic measurements, the magnitudes of the modulation 

was strong enough to measure for all three samples of gold nanoparticles in glass [96]. 

 As in the case of the quadratic electro-optic effect, this correlation between 

electroabsorption and particle diameter can be explained using earlier theoretical treatment as 

well as more recent theory on dimensionally confined electronic systems [13, 15, 17, 18, 101, 

108]. According to these theories, 𝜒(3) should increase as the inverse cube of the particle 

diameter. The Kerr coefficient is proportional to 𝜒(3) (𝜔;  𝜔, 0,0). In particular, 𝛫 is 

proportional to the real part of 𝜒(3) and 𝛫′ is proportional to the imaginary part. The 

measurements reported here were made at 633 nm which is near the onset of the surface-

plasmon-resonance. Therefore, 𝜒(3) at this wavelength is complex and contains both real and 

imaginary parts. The theoretical treatment mentioned above predicts that the maximum value 

of 𝜒(3) is proportional to T1T2(1-d/d0)/d3, where T1 is the excited state lifetime, T2 is the 

dephasing time, d0 is a characteristic threshold diameter of the system, and d is the diameter of 

the nanoparticle. Therefore, for d < d0, 𝜒(3) increases as d-3. This model was further explained in 

section 2.7 of chapter 2 in this report. The particle concentration would alter the absorption 

coefficient and the Kerr coefficient in the same way. Since the optical density at 633 nm is 

about the same for all of the samples tested, we can compare the magnitudes of Kerr 

coefficients at the fundamental level. AS the results show, the Kerr coefficient follows the 

theory and increases roughly as d-3. An alternative interpretation of the d-3 dependence is that 

for any given excitation the fraction of electrons excited in a nanoparticle is higher in a smaller 
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particle since the total number of electrons in a smaller particle is less. Therefore, a larger 

optical nonlinearity is expected. This is essentially a result predicted by the phase-space filling 

model [15, 17, 18, 101] which states that 𝛿𝑓 𝑓⁄ = −(𝑁 𝑁𝑠⁄ ), where 𝛿𝑓 represents the change 

in the oscillator strength (𝑓), 𝑁 represents the number of electrons excited, and 𝑁𝑠 represents 

the total number of electrons participating in the excitation process. The value of 𝑁𝑠 is 

proportional to the volume of the particle that confines the electrons which is roughly equal to 

𝜋 𝑑3 6⁄ . Therefore, the change in absorption coefficient 𝛥𝛼 which is proportional to the change 

in oscillator strength 𝛿𝑓, should have a d-3 dependence. As a result, 𝛫′ also has a d-3 

dependence. This model was further explained in section 2.8 of chapter 2. 

 Metallic nanoparticles within transparent dielectric media are expected to have various 

applications in ultrafast electro-optic switching, modulation, Kerr cells, and other areas of 

photonics. As the absorption coefficient is small, about 0.2 cm-1 at 633 nm, the figure of merit 

for applications is high for these materials. Although this report involves metal nanoparticles in 

glass, the results can be extended to metal nanoparticles in other transparent dielectric media. 

9.4 Conclusions 

Electroabsorption has been measured for the first time for metallic nanoparticles in 

transparent dielectric media. In particular, gold nanoparticles in glass and subnanometer-size 

metallic domains in an iodine-doped nonconjugated conductive polymer have been studied. 

The measurements have been made using an AC field at 4 kHz. Electroabsorption has a 

quadratic dependence on the strength of the applied electric field. The imaginary part of the 

Kerr coefficient (𝛫′) has been determined for different sizes of metallic nanoparticles. The 
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magnitude of 𝛫′ has been found to increase rapidly for smaller diameters (d) of nanoparticles, 

following a roughly d-3 dependence. The magnitudes of 𝛫′ were measured as about 4 × 10−15 

m/V2 for 15 nm gold particles and about 3.2 × 10−11 m/V2 for subnanometer metallic 

domains in an iodine-doped nonconjugated conductive polymer respectively at 633 nm [97]. 

These results are similar to the results obtained in the quadratic electro-optic measurements, 

the real part of the Kerr coefficient, in the report by Thakur et al outlined in Chapter 8 [96]. 

Nonconjugated conductive polymers have metallic domains of subnanometer dimensions, also 

known as quantum dots, which lead to the largest known Kerr coefficients of any studied 

materials. The results here imply various applications of these systems in ultrafast switching, 

modulation, and other applications in laser-optics and optoelectronics. 
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Chapter 10  

Quadratic Electrooptic Effect in Other Nonconjugated Conductive Polymers 

 

10.1 Introduction 

Nonlinear optics is an important field to a variety of industries including 

telecommunications and sensing. Studying the nonlinear optical properties of materials is 

important to developing improved optical modulators, switches, and other photonic devices. 

Nonconjugated conductive polymers provide a promising area of research due to their low cost, 

ease of processing, and exceptionally large nonlinear properties [86, 102]. A variety of 

nonconjugated conductive polymers have been previously investigated and their third-order 

nonlinear optical properties reported [55-63, 102]. In this report, new samples have been 

fabricated and additional measurements made for several of these nonconjugated conductive 

polymers reported earlier. The nonconjugated polymers that have been investigated include 

cis-1,4-polyisoprene, trans-1,4-polyisoprene, styrene-butadiene rubber. These polymers were 

used in experiments designed to measure the quadratic electro-optic effect in the materials. 

The results of these experiments were then used to calculate the magnitude of the Kerr 

coefficient of the nonconjugated conductive polymers. 

 The quadratic electro-optic effect, also known as the Kerr effect, is given by equation 

(10.1). 

𝛥𝑛 =  𝛫𝜆𝐸2      (10.1) 
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Where 𝛥𝑛 is the change in the refractive index (induced birefringence), 𝛫 is the Kerr coefficient, 

𝜆 is the wavelength, and 𝐸 is the applied electric field. This equation describes a change in the 

refractive index of a material when an electric field is applied. This change in the refractive 

index leads to electro-optic switching or modulation. The larger the Kerr coefficient is, the 

larger the change in the refractive index for any given electric field, wavelength, and optical 

path length through the sample. 

10.2 Experimental 

The samples fabricated consisted of thin, typically 1 to 10 microns thick, portions of the 

nonconjugated polymer deposited from a solution onto a glass slide. Toluene was used to 

dissolve the polymer source material into a solution. This solution was then deposited onto a 

glass slide using a pipette and then placed under a hood vent to allow the toluene to evaporate 

leaving a film of the nonconjugated polymer behind. 

 The polymer samples were then exposed to iodine by placing them in a container along 

with solid Iodine. These samples were left under a fume hood for several hours to allow for 

heavy doping. Doping the nonconjugated polymers with Iodine results in significant changes to 

both the optical absorption spectra of the material as well as its electrical conductivity [54, 56, 

86, 100, 102]. After the samples were fully doped, copper strips were used as electrodes and 

attached to the doped polymer samples with about 1mm spacing between them. These 
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electrodes were used to provide the applied voltage in the quadratic electro-optic and electro-

absorption experiments. 

Both the quadratic electro-optic and electro-absorption experiments utilized the same 

basic equipment. A laser, two linear polarizers, a detector, a chopper wheel with a Stanford 

Research Systems SR540 chopper controller, and several small lenses were used to produce, 

manipulate, and measure the intensity of light used in the experiment. A Powertron 250S AC 

power supply with adjustable frequency and output voltage was used to apply the electric field 

to the polymer samples. A Stanford Research Systems SR530 lock-in amplifier and a Hewlett 

Packard 5416B oscilloscope were used to measure the output from the detector at the desired 

frequency. 

 For all polymer samples quadratic electro-optic measurements were performed at a 

wavelength of 633 nm. For these experiments, a Uniphase 1508-1 helium-neon laser was used 

to produce the incident beam. Two Newport 10GL08 polarizers were used as the analyzer and 

polarizer, and a Thor Labs DET210 photodetector was used to measure the output beam. 

 The quadratic electro-optic effect was measured using the field-induced birefringence 

method as shown in figure 10.1. An AC power supply was connected to the electrodes on the 

sample and an electric field at 4 kHz was applied to the sample. The laser beam was polarized at 

45° with respect to the applied electric field and passed through the sample. The transmitted 

laser beam was then passed through an analyzer that was cross polarized with respect to the 

polarizer. The laser beam was then incident onto a photodetector that was used to capture the 

output of the experiment. The signal from the photodetector was then sent to the lock-in 
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amplifier which was setup with 2f synchronization in relation to the frequency of the applied 

electric field. The lock-in amplifier and oscilloscope were used to measure the output signals for 

varying levels of applied electric field. To determine the modulation from the applied field a 

base line measurement was needed. This was made using a chopper wheel and no applied field. 

The lock-in amplifier was synchronized with the chopper wheel and the output was measured. 

The modulation was recorded as a percent related to this base line measurement. 

 

Figure 10.1: Experimental set-up for the measurement of the quadratic electro-optic effect. 

In order to calculate the Kerr coefficient, the path length of light through the sample 

must first be determined. Since the experiment was performed with the laser applied normally 

to the nonconjugated conductive polymer samples, the path length through the sample was the 

same as the sample thickness at the point of incidence. Thickness measurements were made 

using a Tencor alpha-step 200 stylus profilometer. An example of the profilometer 

measurements is shown in figure 10.2. This figure shows a relatively large peak on the left side 
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of the graph of about 14 microns. This peak represents a lip that formed around the edge of the 

sample as the toluene solution evaporated. All electro-optic measurements were performed in 

the central area of the sample, away from this lip, where the thickness of the samples were 

generally around 1-2 microns. 

 

Figure 10.2: Profilometer measurement for a nonconjugated polymer film on a glass slide. This 
sample has a thickness of about 2 microns in the center of the sample. 

10.3 Determination of the Kerr Coefficient 

The quadratic electro-optic effect, shown in equation (10.1), is given by: 𝛥𝑛 =  𝛫𝜆𝐸2, 

where 𝛥𝑛 is the change in the refractive index of the material, 𝛫 is the Kerr coefficient, 𝜆 is the 

wavelength of the applied light, and 𝐸 is the applied electric field. The phase change in the 
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electro-magnetic wave passing through the material as a function of the change in refractive 

index is given by equation (10.2). 

∆𝜑 =  
2𝜋𝑙

𝜆
 ∆𝑛     (10.2) 

where ∆𝜑 is the phase change, and 𝑙 is the path length through the material. Substituting 

equation (10.1) into equation (10.2) gives the relationship between the Kerr coefficient and the 

phase change as shown in equation (10.3). 

∆𝜑 =  2𝜋𝑙𝛫𝐸2      (10.3) 

The phase change is obtained from the lock-in and/or oscilloscope data which allows the Kerr 

coefficient to be determined. 

10.4 Results and Discussion 

Three different nonconjugated polymers, cis-1,4-polyisoprene, trans-1,4-polyisoprene, 

and styrene butadiene rubber, have been investigated. Each polymer was made into a solution 

by dissolving them in toluene. These solutions were then deposited on glass slides and allowed 

to evaporate leaving behind a film with a thickness of about 1 to 2 microns. These films were 

then doped with Iodine in the vapor phase following the standard procedure. The quadratic 

electro-optic effect was measured in these samples using the field induced birefringence 

method at 633 nm. 

Modulation was plotted as a percentage as a function of applied electric field strength in 

volts per micron. For all the nonconjugated conductive polymers tested the modulation was 

found to depend quadratically on the magnitude of the applied electric field. The experimental 
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results for CPI, TPI, and SBR are shown in figures 10.3 through 10.5. From the experimental 

results the Kerr coefficient for the materials was determined using the process outlined in 

section 10.3. For cis-1,4-polyisoprene, shown in figure 10.3, the Kerr coefficient was 

determined to be about 2 × 10−11 𝑚 𝑉2⁄ . For trans-1,4-polyisoprene, shown in figure 10.4, the 

Kerr coefficient was calculated to be about 1.9 × 10−11 𝑚 𝑉2⁄ . For styrene butadiene rubber, 

shown in figure 10.5, the Kerr coefficient was calculated to be about 2.5 × 10−11 𝑚 𝑉2⁄ . The 

Kerr coefficients reported here are smaller than some previous reports due to lower overall 

doping levels in these samples [60, 63]. 

 

Figure 10.3: Quadratic electro-optic effect measurements for cis-1,4-polyisoprene at 633 nm. 
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Figure 10.4: Quadratic electro-optic effect measurements for trans-1,4-polyisoprene at 633nm. 

 

Figure 10.5: Quadratic electro-optic effect measurements for styrene-butadiene rubber at 633 
nm. 

 The magnitudes of the Kerr coefficients found in these experiments are expected given 

the subnanometer size charge system found in the doped polymers. The third-order 

susceptibility is related to the size of the nanoparticle/charge system, increasing with d-3, where 
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d is the diameter [13, 96, 97]. Therefore, doping of the nonconjugated polymers with Iodine 

results in a metallic quantum dot within the doped polymer and is responsible for the large 

nonlinear properties found in the materials. 

10.5 Conclusions 

The quadratic electro-optic effect, also known as the Kerr effect, has been measured for 

several nonconjugated conductive polymers, specifically cis-1,4-polyisoprene, trans-1,4-

polyisoprene, and styrene butadiene rubber. All of these polymers featured subnanometer 

sized metallic domains that resulted from doping with Iodine. These measurements were made 

using the field-induced birefringence method at 633 nm with an AC field applied at 4 kHz. The 

Kerr coefficient has a quadratic relationship to the applied field. The magnitude of the Kerr 

coefficient has been calculated for these materials based on the results of the quadratic 

electro-optic measurements. For cis-1,4-polyisoprene the Kerr coefficient was found to be 

about 2 × 10−11 𝑚 𝑉2⁄ . For trans-1,4-polyisoprene the Kerr coefficient was found to be about 

1.9 × 10−11 𝑚 𝑉2⁄ . For styrene butadiene rubber the Kerr coefficient was found to be about 

2.5 × 10−11 𝑚 𝑉2⁄ . While the Kerr coefficients reported here are smaller than previous reports 

due to lower overall doping levels in the samples, these materials have shown some of the 

largest known Kerr coefficients for any previously studied materials [56-58, 60, 63, 86, 88, 93, 

97, 100, 102, 110-112]. These exceptionally large nonlinear optical properties are the result of 

the metallic quantum dots that are formed when the polymers are doped with Iodine. The 

results here imply various applications of these systems in ultrafast switching, modulation, and 

other applications in laser-optics and optoelectronics.  
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Chapter 11  

Conclusions 

 

The nonlinear optical properties of gold nanoparticles and specific nonconjugated 

conductive polymers, and photovoltaic devices based on nonconjugated conductive polymers 

have been investigated. The quadratic electro-optic effect has been measured for gold 

nanoparticles in a dielectric medium for several samples with different average particle 

diameters. The Kerr coefficients for these samples were measured and compared to previous 

results for nonconjugated conductive polymers. A correlation between the size of the 

nanoparticle or charge system and the magnitude of the Kerr coefficient was developed. 

Electroabsorption was also measured for various particle sizes of gold nanoparticles in glass and 

the results were compared to those of nonconjugated conductive polymers. The effect of 

Iodine doping on the nonconjugated conductive polymer polyethylene terephthalate was 

investigated through UV/Vis and IR spectroscopy and the quadratic electro-optic effect and 

electroabsorption effect for the material were measured. The quadratic electro-optic effect for 

several other nonconjugated conductive polymers has also been measured. Photovoltaic 

devices were fabricated using nonconjugated conductive polymers. The photovoltages and 

photocurrents for varying incident light intensities were measured. The performance lifetime of 

these cells was also evaluated. These fabricated devices are similar to a dye-sensitized or 

Grätzel type solar cell. 
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Samples of glass containing varying average sizes of gold nanoparticles have been 

obtained. The average particle sizes in these samples were determined using UV/Vis 

spectroscopy and the surface plasmon resonance frequency of the samples. The samples tested 

had average particle diameters of about 50 nm, 25 nm, and 15 nm. The quadratic electro-optic 

effect was then measured for these samples using the field-induced birefringence method. 

These measurements were performed at 633 nm using an applied AC field at 4 kHz. The results 

of the quadratic electro-optic measurements were used to determine the Kerr coefficient for 

the samples. The Kerr coefficients were compared between the different samples and to a 

nonconjugated conductive polymer that features a metallic quantum dot with a subnanometer 

size. For samples with an average particle size of 50 nm the Kerr coefficient was calculated to 

be about 2.5 × 10−15  𝑚 𝑉2⁄ . For samples with an average particle size of about 25 nm the Kerr 

coefficient was calculated to be about 2.0 × 10−14 𝑚 𝑉2⁄ . For samples with an average particle 

size of about 15 nm the Kerr coefficient was calculated to be about 7.5 × 10−14 𝑚 𝑉2⁄ . These 

were compared to a nonconjugated conductive polymer with a subnanometer size quantum 

dot that had a Kerr coefficient of about 3.5 × 10−10 𝑚 𝑉2⁄  [96]. These results showed that 

there was an increase in the magnitude of the Kerr coefficients as the size of the particles 

(quantum dots) decreased. Specifically, the magnitude of the Kerr coefficient increased as d-3 

where d was the particle diameter. This result corresponded to the relationship predicted for 

the third-order nonlinear susceptibility of a spherical nanoparticle in a mathematical model 

developed by Hache et al. The observed size dependence of nonlinearity has now been 

explained using phase-space-filling model as well. This was the first time the relationship 
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between the Kerr coefficient and the size of a metallic quantum dot was experimentally 

established.  

Electroabsorption was also measured in a gold glass sample. This effect is much weaker 

than the quadratic electro-optic effect and was not able to be measured for the 50 nm or 25 

nm samples. The electroabsorption was measured at 633 nm for varying magnitudes of applied 

electric field. These results showed an electroabsorption coefficient for the 15 nm gold 

nanoparticles in glass sample to be 4 × 10−15 m/V2. This was compared to previous results 

from a nonconjugated conductive polymer where the electroabsorption coefficient was 

measured to be 3.2 ×  10−11 m/V2 [97]. These results showed that electroabsorption also 

increases as the size of the particle decreases. The quadratic electro-optic effect is related to 

the real portion of the Ker coefficient and the electroabsorption is related to the imaginary 

part. This research showed that both the real and imaginary parts of the Kerr coefficient are 

related to the size of the particle with smaller particles giving stronger effects. These results 

followed predictions from the Hache et al model and the phase space filling model, which both 

predict that the magnitudes of these effects will increase proportionally to d-3, where d is the 

diameter of the nanoparticle (quantum dot). 

Photovoltaic devices utilizing nonconjugated conductive polymers, specifically cis-1,4-

polyisoprene and styrene butadiene rubber, have been fabricated. These cells are similar to a 

dye-sensitized or Grätzel type solar cell. These devices were constructed using indium tin oxide 

coated PET substrates. Carbon was used as the counter electrode and titanium dioxide was 

used as the top electrode. The Iodine-doped nonconjugated conductive polymer acted as the 

light absorbing layer and was between the two electrodes. A liquid electrolyte was introduced 
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to the cells after fabrication to facilitate charge transfer within the cell. The mechanism of the 

photovoltaic effect in these cells is as follows: (i) incident light on the doped polymer is 

absorbed and results in excitation, (ii) the excited electron is transferred to the TiO2 electrode, 

(ii) the charge is transferred through the load to the carbon counter electrode, (iii) the polymer 

is restored through a redox couple with the electrolyte.  

The photovoltaic effect in these fabricated cells was measured by exposing them to 

varying incident light intensities and measuring the resulting photovoltages and photocurrents. 

For cells utilizing cis-1,4-polyisoprene the maximum photovoltage and photocurrent measured 

were 0.73 V and 0.27 mA/cm2 respectively with an incident light intensity of about 4 mW/cm2 

[85]. For cells utilizing styrene butadiene rubber the maximum photovoltage and photocurrent 

measured were 0.74 V and 0.24 mA/cm2 respectively with an incident light intensity of about 4 

mW/cm2 [84]. 

The performance lifetime of the fabricated cells was studied. These cells were found to 

generally have a rapid degradation of their performance characteristics after a couple of days. 

This was explained to be due to the loss of the liquid electrolyte from the cell. Cells were 

fabricated and sealed between two glass slides using rubber O-rings. The performance of the 

sealed cells was monitored over time and compared to cells that were left open to the air. The 

presence of the electrolyte within the sealed cell was monitored by viewing the cell under a 

microscope. The sealed cell was found to have a significantly reduced performance loss over 

time, both in the photovoltage and the photocurrent, compared to a cell that was not sealed. 

The sealed cell showed little performance degradation after about 2 weeks, while the cell that 

was not sealed showed an almost complete loss of output after a couple of days. The sealed cell 
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still had some of the liquid electrolyte present within the cell after the 2-week period. This 

confirmed that maintaining the liquid electrolyte within the cell is vital to maintain the 

performance of the cell. A better method for sealing the cells and a longer performance study 

will be required to determine what other factors affect the lifetime of the fabricated cells. 

Polyethylene terephthalate films, about 50 microns thick, have been obtained and 

studied. The films were doped with Iodine in the vapor phase using the standard procedure. 

The effect of Iodine doping on the material was investigated through UV/Vis and IR 

spectroscopy. The UV/Vis absorption showed the formation of a peak at about 312 nm and a 

broad absorption with a peak at about 375 nm after doping. These peaks increased in intensity 

with higher iodine doping levels. The undoped polyethylene terephthalate had a single 

absorption peak at about 310 nm, which was due to the terephthalic ring. The FTIR 

spectroscopy showed a reduction in the peak at about 1505 wavenumber after doping, which 

was due to carbon-carbon stretching vibration in the terephthalic ring. These results show that 

the Iodine is interacting with isolated carbon bonds in the molecular structure of the 

polyethylene terephthalate. Specifically, bonds in the polymer ring are most heavily influenced. 

The Iodine doping resulted in charge transfer from the polymer ring to the Iodine. This forms a 

metallic quantum dot, with a charge that is confined to a subnanometer sized charge system. 

The nonlinear optical properties of the Iodine-doped polyethylene terephthalate films 

were investigated using the field-induced birefringence method to measure the quadratic 

electro-optic effect at 633 nm in the material. These results showed a clear quadratic 

correlation between the magnitude of the applied electric field and the optical modulation 

through the samples. This effect corresponded to a Kerr coefficient of about 5 × 10−11 𝑚 𝑉2⁄  
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for samples doped with a molar concentration of Iodine of about 0.83. For samples doped with 

a molar concentration of Iodine of about 0.28, the Kerr coefficient was calculated to be about 

1.5 × 10−11 𝑚 𝑉2⁄ . These results show a similar or slightly smaller magnitude of Kerr 

coefficient compared to other nonconjugated conductive polymers representing metallic 

quantum dots of subnanometer dimensions. The electroabsorption effect was also measured in 

polyethylene terephthalate for varying levels of iodine doping. The modulation due to 

electroabsorption was observed to increase quadratically with the applied electric field. The 

modulation was also seen to increase with higher levels of iodine doping. These samples 

showed comparable results to other nonconjugated conductive polymers that have been 

investigated with the modulation due to electroabsorption being less than that measured due 

to the Kerr effect. 

These experiments provide valuable information for the development of technologies 

important in the field of telecommunication, optical switching, sensor design, and solar power 

conversion. The field of electro-optics is of increasing importance as optical methods for 

sensing and data transmission become more common. These industries have vital needs for 

new materials that allow for faster switching, smaller device sizes, and lower power 

consumption. Nonconjugated conductive polymers have exhibited some of the largest known 

Kerr coefficients.  

Solar power conversion technology continues to be a rising field as the need for power 

generation with reduced CO2 emissions, sustainable inputs, and low environmental impact 

waste products becomes increasingly apparent. Organic photovoltaics is one promising solution 
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to these problems and determining the efficacy of cells utilizing nonconjugated conductive 

polymers is important to the advancement of this field.  
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