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Abstract 

The phenomenon of image blurring on laser-printed or electro-photocopied paper has been 

discovered since the development of hard copy industry in the 1980s. In the 1990s, the problem 

was confirmed to be associated with the undesired surface conduction of charges along the 

unique photoconductive polymer surface during the photoconduction process. Other than this, 

little progress has been made in investigating this phenomenon, due to the limited experimental 

techniques that can be applied to the dielectric photoconductor.  

In this thesis, the electrical properties of a commercially available photoconductor as a result 

of Corona charging were studied. Various techniques including vacuum deposition and step-

function impedance spectroscopy were employed, to overcome the nature of the photoconductor 

that prevented the use of conventional techniques such as AC impedance spectroscopy. Negative 

dielectric constant (NDC) has been prevalently discovered at a broad range of frequencies 

(below 1Hz and up to 1 MHz) in this thesis and it was questioned in the form of a physically-

impossible inductor. This precipitous sign switch of dielectric constant is found in various areas 

ranging from physics, chemistry, biology to electronics. The magnitude of the NDC decreased 

drastically with the decrease of electric field frequency. The system obeyed the proposed free-

carrier plasma model with a resonance frequency at MHz level.  

Commercially available polymeric photoconducting materials showing NDC at extremely 

low frequency are expected to provide unusual scattering to electromagnetic waves and therefore 

demonstrate profound implications with reduced cost. It has paved the way for many applications 

such as inductors in integrated chips without bulky coils and provides an insight into a possible 

revolution in electronics and photonics.  
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1. Introduction 

Xerography, originally known as electrophotography, has been developed since its invention 

in 1938. It was invented by Chester Carlson and a following US patent was awarded in 1942. 

The name itself came from Greek roots: “xeros” stands for “dry” and “graphia” stands for 

“writing” [1]. This was used to distinguish this novel technology from other image reproduction 

methods at the time, where liquid chemicals were often involved [1]. As an example of a typical 

liquid-based chemical method at that age, Cyanotype was the one that we refer to as blueprints 

today. In this technique, equal volume of a potassium ferricyanide and ferric ammonium citrate 

solution was used to produce image. The key point of innovation Carlson introduced was to 

bring electrostatic charges into photography at dry state. After 18 years’ of improvement, the 

first cylindrical drum, similar to that in a modern photocopier was invented. Before that, the 

process was manually done on several flat plates. This innovation marked the start of a new era 

of Xerography and kept its leading position ever since. The cylindrical drum laid a foundation 

for the design of today’s Xerography process and it has since become the dominant method of 

reproducing images and printing data in photocopiers, laser printers and fax machines. The first 

Xerographic photocopier was introduced by Xerox in 1959 [1] and it soon replaced all other 

duplicating machines using photo-direct technology; it has truly revolutionized office procedures.  

According to the premier provider of market intelligence of the information and consumer 

technology [2], in 2011, the overall world market for hardcopy including its peripherals was 

around 200 billon US dollars.  In the peripheral market alone, the shipment approached 126 

million units for the full year of 2011 and there had been a steady growth over the last 20 years; 

even during the financial crisis starting 2008. Among the overall hardcopy market, color laser 
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printing and its peripherals posted the strongest growth of 17% in 2011 and over 8 million units 

were shipped that year. As color printing continues to infiltrate the overall hardcopy market, 

multi-functional devices that combine a printer, a fax machine and a photocopier within one unit 

continues to take over the market share previously occupied by single-functional printers. 

1.1. Background: mechanism of Xerography and laser printing  

The purpose of Xerography is to duplicate image composed of letters or figures onto the 

designated material by making use of electrostatic charges. Unlike the older copy technologies 

that relied on chemical means, the prevalent development of Xerography utilizes the electric 

field to attract and hold toner particles onto a medium. For the purpose of evaluating a high 

quality printer, the development process should be automatically controlled, easy to handle and 

economically feasible with reasonable quality. The quality of the printed image is assessed by 

accuracy, sharpness and durability. The mechanism for a photocopier using Xerography and a 

laser printer are identical in most steps; the only difference comes from the step of light exposure. 

There are seven basic steps in a Xerography process, they are schematically represented in figure 

1.1 and listed below respectively:  

1. Photoreceptor charging 

2. Exposure  with light/laser 

3. Toner brought to drum 

4. Toner transferred to paper 

5. Toner fused in 

6. Remaining toner removed 

7. Photoreceptor discharging 
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Figure 1. 1 Steps of Xerographic process around the photoreceptor drum 

In step 1, charge is uniformly distributed onto the drum of photoreceptor surface by the 

Corona unit, which is located above the drum assembly. The uniformity is necessary to avoid 

non-uniformity in the developed image. The photoreceptor is made of photoconductive material 

that while in dark, exhibits the behavior of an insulator; resisting the flow of electrons or holes. 

Upon laser illumination, the energy of photon from laser liberates electrons or holes within the 

photoconductor and allows current flow through the material. In step 2, the photoreceptor is 

exposed to a laser in the pattern of the optical image to be produced. This selectively discharges 

the surface charge in the exposed region and this region is respectively the blank area on the 

printed sample. Laser light is controlled with high precision and therefore creates a high quality 

latent image in the form of an electrostatic charge pattern. The pattern of the image was obtained 

through a scanning step, which is omitted from figure 1.1. In a slightly different and more 

traditional case of a photocopier, where no laser unit is involved, the image to be copied is 

projected onto the photoreceptor through a lens. With a flash exposure, the entire image is 

reflected onto a photoreceptor. In both cases, the light energy is absorbed by the photoreceptor 
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and creates electron-hole pairs in the bulk. The pairs are attracted and transported with respect to 

the electric field generated as a result of the latent charge on the photoreceptor surface and the 

conductive ground (metal core of the drum assembly). Generally, negative electrostatic charges 

are deposited onto the photoreceptor surface therefore the holes are generally attracted and 

transported upward through the bulk of the photoreceptor towards the charged surface. The 

surface charges exposed to laser are recombined with the holes travelling upward through the 

photoconductor. Good insulating qualities are important so that charge patterns can be retained 

for a period of time long enough to complete the development process. This process is slightly 

different in a photocopier where lenses and mirrors are used instead of laser; however the latent 

image is still formed on the charged photoreceptor. In step 3, electrostatically charged toner 

particles are brought into contact with the latent image. Many xerographic toners are made from 

copolymers of styrene and acrylic, with a small amount of carbon black pigment added [3]. The 

toner particles are transferred onto a piece of paper in step 4.  The toner particles are loosely 

bounded to the paper surface and can easily be disturbed or rubbed off. Therefore, the paper and 

toner particles are fused in step 5; this is achieved by melting toner particles. On the 

photoreceptor side, the remaining toner particles are removed from its surface in step 6 by a 

blade. In step 7, the photoreceptor is uniformly exposed to light to remove any remaining surface 

charge, returning back to the original state before step 1. As mentioned previously, multi-

functional laser units that reproduce images are taking place the traditional single-functional 

photocopier. The utilization of laser beam can eliminate the necessity to create an intermediate 

optical image thus speed up the reproducing process. There are three fundamental components in 

a laser unit: a computer that scans and transfers the electrical signal of the image, a laser whose 

output density is controlled and the Xerography that converts optical information onto the paper.   
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1.2. Problem statement: surface conduction caused by charging 

In the continuous process of Xerography, latent image are established on the photoreceptor 

either optically through a lens or by using a laser beam.  The establishment of homogenous 

electrostatic charge on the photoreceptor surface is as a result of the unique property of the 

photoreceptor. The photoreceptor is usually composed of several layers in difference thickness, 

serving different purposes, as illustrated in figure 1.2.  

 
Figure 1.2 Cross section of a typical xerographic photoreceptor 

The laser light passes through the transparent charge transport layer (CTL) and gets 

absorbed in the charge generation layer (CGL), creating detached electron-hole pairs, due to the 

electric field established between the electrostatic charge on the surface and the metal ground 

plane below. Holes are transported through the charge transport layer, towards the surface, where 

they annihilate the negative electrostatic charge. Charge transport layer made of photoconductor 

takes advantage of the photoconductivity which is the conversion of electromagnetic radiation 

into electrical current. Thus, photoconductors are materials which conduct electricity when 
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illuminated by light of specific wavelengths but act as electrical insulators when kept in the dark. 

According to the type of xerographic machine, the photoconductor can be fabricated into drum, 

sheet or even flexible belt in photocopiers or laser printers. It is required that the photoconductor 

being: a good insulator in the dark, highly conductive in the light, mechanically stable and 

should be easily manufactured into photoreceptors. Organic photoreceptors gradually replaced 

inorganic photoconductors in the 1980s due to their major advantages such as non-toxicity for 

safer disposal, low cost, ease of manufacturing, flexibility, panchromaticity and high 

photosensitivity [4]. Performance stability of various photoconductors has been significantly 

improved since 1980s by adding organic additives as well as by the development and expansion 

of nanotechnology in last ten years. However, it has been found that the charge transporting 

ability of the charge transport layer is reduced with increasing exposure to negative charging 

emitted by the charging device in the Xerographic printer. It has been determined that this 

change in electrical properties is due to the interaction of the negative Corona with the charge 

transporting component of the transport layer. A change in the photoreceptor’s electrical 

properties is undesirable since it alters the designated surface charge distribution after its 

exposure to laser. According to figure 1.2, the desired direction of conduction is perpendicular to 

the photoconductor surface as it will create a distinct edge of electrostatic charge pattern. 

Practically, observed result contradicts the ideal scenario by developing an unwanted parallel 

conduction along the photoconductor surface. This unwanted parallel conduction is graphically 

observed by the periphery of letter/figure being fuzzy and blurring after repeated use of the 

photoreceptor. Additionally, the problem aggravates with longer exposure to negative Corona 

charging.  
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Corona charging process is schematically plotted in figure 1.3. A wire is tightly stretched 

with one end isolated, and the other end biased to a high voltage of -5kV DC.  

 
Figure 1.3 Photoconductor upon negative Corona charging 

During Corona charging, high voltage applied to the wire is strong enough to ionize the air 

in the wire’s immediate vicinity. Due to its attraction to the neutral surface, the ionized gas 

species is deposited onto the charge transport layer, which is still an insulator at this particular 

moment.  

Corona discharge has a wide range of industry applications, such as charging the 

photosensitive layer and the toner particles in photocopying machines, modifying the wet-ability 

of plastic films, and conditioning the electrets for air filters [5]. Under negative Corona charging, 

which is commonly used in a photocopier, the ionized air species generated are electrons and 

other anions such as NO3
-(H2O)n, O3

-(H2O)n, OH-(H2O)n, O2
-(H2O)n and CO3

-(H2O)n. Although 

NO3
-(H2O)n is the predominant specie among others, it should be noted that the prevailing of it is 

dependent on numerous variable factors.  
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1.3. Significance of the research 

1.3.1. Previous attempts to resolve the unwanted surface conduction.  

In late 1980s, organic photoconductor had already taken up 40% of the market [6], organic 

photoconductors have since replaced the rest of the market due to the market demand and rapid 

research progress [7]. However, there are still outstanding problems in Xerographic printing, 

among which the unwanted parallel photoconductivity remains a long-standing yet unsolved 

problem. 

As schematically in figure 1.3, the holes are generated in the CGL and travel upward upon 

illumination of the photoconductor. Unfortunately, the unwanted parallel conduction occurring 

near the photoconductor surface causes indistinctive edge of the printing sample. This problem is 

responsible for the rapid degradation of the drum/toner assembly [9] and causes replacement of 

the drum unit; increase the cost of laser printing or photocopying. Up to now, no systematic 

research has been carried out to explore the change brought to the photoconductor after repeated 

negative Corona charging.  

In this thesis, Impedance Spectroscopy (IS) analysis of the surface has found pseudo-

inductive behavior. An inductor is not only physically impossible, but also contradicts the 

generally accepted circuit analysis of insulating polymers. However, this non-physical inductor 

is also observed in other research areas. 

1.3.2. Similar  phenomenon from other research area (Corrosion) 

In corrosion science, the pseudo-inductive behavior has been found since 1940s [10]. It 

remained controversial up till now, even though some researchers have proposed theories or 
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explanations [11][12][13]. Unfortunately, the existence of the long-standing physically 

impossible inductor is still unclear, as many of the theories provided are easily rejected or 

dismissed [14][15] by other researchers in a slightly difference environment. The debate is 

continuing, although the corrosion systems mentioned are extensively studied over a great 

variety of applications.  

1.3.3. Similar phenomenon from other research area (Conducting 

polymer system) 

An unexplained inductive behavior has turned out to be an old yet unsolved and often 

ignored problem in ion conducting polymer research. Similar to the situation in corrosion science, 

various mechanisms have been proposed to explain the physically impossible inductor 

[16][17][18], but none of the theories is able to be applied into other examples [19][20][21]. In 

other words, no general answer is given for the manifestation of the inductor.  

1.4. Research Objective 

The purpose of the thesis is to find out the change that Corona charging brings to the 

photoconductor surface and its corresponding consequences. By determining the nature of this 

unwanted conduction caused by Corona charging, it will potentially increase the life time of the 

drum/toner assembly in a photocopier or a laser printer. In particular, the dielectric response of 

the photoconductor will be studied in terms of alternative current (AC) impedance spectrum via 

step-function direct current (DC) method. Further results will be discussed in details in “results 

and discussion” 
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1.5. Overview of the thesis  

Extensive literature review on various topics will constitute the first part of the thesis, it will 

include but not limited to the basic physics of the insulating polymers, theories about Corona 

charging and dielectric properties of materials. After a preliminary experimental result, a more 

deliberate literature review is given: the theory and methodology of the measuring technique, 

detailed discussion of the physically-impossible inductor in literature, as well as a few alternative 

theories that could explain the existence of the physically unlikely inductor. This will be 

followed by results and discussion, and the proposed explanation of negative dielectric constant 

caused by Corona charging. This explanation is supported by a process of elimination of other 

alternative explanations. Furthermore, additional experimental results and evidence from 

literature will be discussed to show support for the proposed explanation. 
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2.  Literature Review 

2.1. Basics of photo-conducting material 

2.1.1. History of photoconductor  

In this section, a brief history of photoconductor is given. The transitions from inorganic to 

organic photoconductors and, from single layer structures to modern dual-layer structures are 

described. As mentioned in introduction, a photoreceptor in a xerographic printing system is 

composed of a photoconductor and a metal ground pane and/or substrate.  

In Carlson’s initial experiment [3], electrostatic charge was rubbed manually and a film of 

sulfur was used as the photoconductor. In the first commercial Xerox copier, a single layer of 

amorphous selenium was adopted as the photoconductor. Later the amorphous selenium was 

replaced by selenium alloys. According to current standards, these inorganic semiconductor 

materials are relatively poor photoconductors because they have relatively high dark 

conductivity (cause leak current) and low photosensitivity (cause fussy image). They also had 

barely little or even no photosensitivity with red light exposure which inevitably led to the 

problem of a copier being “blind” to a document containing reds. Furthermore, these 

semiconductors materials had a high dielectric constant and therefore high surface charge density 

was obtained for a given surface potential. Additionally, to be manufactured, these materials 

required high vacuum for deposition. As an example, the world’s first visible-light sensitive 

photoconductor was a 10-50 µm layer of Selenium vacuum deposited onto an aluminum plate 

[22]. More practically, selenium based photoconductors were mechanically brittle therefore 
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bared no possibility for drum or belts application. Last but not the least: they were 

environmentally unfriendly and expensive [7].   

Even at the time when Selenium based photoconductor was economically successful, 

organic photoconductor research remained an active area. The search for better, cheaper and 

more environmentally friendly photoreceptors had been the topic ever since Carlson’s invention 

in the 1940s. Surprisingly, the configuration or the major components of a today’s laser printers 

are very similar to those in the 1950s but the material used for photoconductor has been 

advanced drastically [23].  

It was in the 1970s, when the word “organic” was adopted in the generic sense to represent 

polymers: it was created from carbon-based starting materials. The first organic photoconductor 

used in commercial unit was based on a charge-transfer complex between poly(N-

vinylcarbazole)(PVK)  and 2,4,7-trinitro-9-fluorenone(TNF) at 1:1 ratio [24]. It was a single-

layer of photoconductive material coated on a metalized polymer with low photosensitivity at 

wavelength < 800nm [25]. The first organic photoconductor, like many other first commercial 

products, was not a complete success due to its relatively short life time [23]. On the other hand, 

it demonstrated the feasibility of organic photoconductor in photocopy industry and later 

triggered the research for more appropriate organic photoconductors as well as its 

photoconduction mechanism. Shortly after that in 1978, another single-layer organic 

photoconductor based on a complex between a Pyryllium dye and Bisphenol-A-Carbonate was 

introduced by Kodak Company [26]. This material was in possession of high photosensitivity up 

to 700nm, which solved the problem mentioned for inorganic photoconductor: little or no 

sensitivity when exposed to red light. Afterwards, all organic photoconductors developed were 

able to work in the near-IR laser exposure. In the current market place, laser printers have 
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exposure systems with either visible-light LED arrays or near-IR lasers and more essentially, all 

the photoconductors used are organic. The only exception is the amorphous silicon based 

photoreceptors which have a long lifetime but are expensive to manufacture.  

The transition of photoconductors from inorganic to organic since 1980 seems to be evitable 

and so is the improved configuration of the photoreceptor. As mentioned in the last paragraph, 

both early examples were single-layer structured, the prototype inherited from the earlier 

inorganic photoconductor configuration. 

In a single layer structure, the photoconductor is reasonable for quantum efficiency of photo-

generation and high charge mobility across the device, for both electrons and holes. Quantum 

efficiency is defined as the ratio of the photons that eventually produce free charge carriers over 

photons hitting the device’s photo-reactive surface. It essentially measures the ability of the 

photoconductor to converting light energy into electric current. In other words, in single layer 

structure, photo-generation and transportation were carried on in the same material 

simultaneously, as schematically illustrated in figure 2.1. 

Additionally, with the current design, the organic photoconductor was manufactured into the 

shape of drum or belt. As a consequence, it was required that the photoconductor itself 

maintained a certain level of mechanical strength. These requirements ruled out many polymer 

candidates as the two requirements were sometimes contradicting each other. As an example, 

due to the congenital deficiency that came by nature of their structure, the photoconductivity of 

early example of PVK/TNF was only one third of amorphous selenium [6].  
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Figure 2.1  Configuration of single-layer photoconductor and its photodischarge process upon 

illumination 

 
Figure 2.2 Configuration of dual-layer photoconductor and its photodischarging process upon 

illumination 

To improve the quality of organic photoreceptors, a dual-layer configuration made of a thin 

charge generation layer (CGL) in continuous contact with a much thicker charge transport layer 

(CTL) was introduced, schematically in figure 2.2. The separated two layers played discrete roles 

in the photodischarging process. By design, most of the incoming light was absorbed by the CGL, 

whose thickness varied from 0.2 to 2 µm, depending on the concentration of the photoconductor 

in the layer. Above the CGL, the thicker CTL, in thickness ranging from 15 to 30 µm, not only 
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had to transport the charges, but also served as a protective layer of the CGL and improved the 

mechanical property of the photoreceptor. As a matter of fact, the example of using electron 

transport material has been commercialized using the single layer structure only. Research based 

on dual-layer electron-transport CTL had been carried out but never commercialized. The 

electron reduction for electron-transport material is designed to be lower than of the photo-

generated electron on the CGL. Only in this case, electrons are transferred into the CTL. It is 

believed that oxygen plays the role of electron trap so the reduction potential of the transport 

material must be lower than that required to reduce oxygen dissolved in the polymer [9]. 

Additionally, in general, the mobilities with electron-transport materials are much lower than for 

hole-transport materials. For this reason, dual layer structure is not used for electron-transport 

CTL and in most commercial laser printing systems, negative charge was applied onto the 

photoreceptor [27], which is shown in figure 2.2 as well. The CGL in majority of the commercial 

organic photoreceptors consisted of a dispersion of the photoconductive organic pigment in an 

electrically inert polymer matrix. As an example, by adopting the discrete structure with isolated 

functions, the photosensitivity was raised over ten times more than the PVK/TNF photoreceptors 

and it had taken up 40% of the world market of photoreceptors by 1988, a few years after its 

invention [6]. 

2.1.2.  Organic photoconductors (OPC) 

In this section, detailed characterization of different organic photoconductors is given. As of 

today, nearly all eletrophotographic machines are printers and a single-function photocopier is 

rarely seen on the market due to its limited function. The fundamental difference between the 

two, as described above, is the way how electrostatic charge pattern is imparted on the 
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photoreceptor. In a printer, the image file stored in a computer is projected onto the 

photoreceptor using a laser-diode and rotating hologon scanner or an array of LEDs. It is also 

called a laser printer, even if the source of light in the system is from LEDs. For the purpose of 

faster photocopying, nowadays a photocopier employs the same mechanism as a laser printer by 

scanning the document onto a detector and stores the data in an image file. The subsequent data-

rendering process converts the image file to half-tone, the technique used to simulate continuous 

tone image through the use of dots, varying either in size, shape or spacing.  

The change from single-function photocopier to multi-function printer has been facilitated 

by the advancement of photoreceptors and compact light sources. More importantly, in terms of 

the wavelength, the photoreceptor didn’t have to be photosensitive to the white light wavelength, 

which is broad on the spectrum. Instead, it had to be only sensitive to the wavelength associated 

with laser diodes in the near infrared or LEDs (typically red) [28] .This change had caused the 

research of better photoconductor focused on a specific group of material with appropriate 

sensitivity. Another minor development as a result of the change from photocopier to laser 

printer was in the writing system. Most text-based documents are predominately “background”, 

meaning toners are not applied on the majority area of the page. In a machine that focused 

mostly on printing text with large background, the photodischarged area can receive toners. 

Exposing the text rather than the background significantly reduced the demand on the writing 

system.  
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2.1.3. Characterization of OPC 

2.1.3.1. Operational criteria  

The electrophotographic imaging begins by applying a Corona surface charge to the 

photoreceptor. The surface charge density is obtained: 

 𝑄
𝐴

= 𝐶
𝐴
𝑉 = 𝜀𝜀0

𝐿
𝑉  (2.1) 

Where Q/A is the surface charge density, C/A is the capacitance per unit area, V is the 

surface potential, ε is the dielectric constant and ε0 is the vacuum permittivity. For a typical 

organic photoconductor with L=40 µm, ε=3, V= -500 V, C/A ratio is 2E-10 F/cm2. Assuming the 

surface is composed of molecules with an area of 10 nm2 and only 1% of the atoms are 

associated with the surface charge, the applied field (V/L) is 1.25E5 V/cm. 

In the next step of electrophotographic imaging, toners are attracted and they adhere to the 

designated area due to a difference in surface potential between the exposed and unexposed area. 

A potential difference of at least 300 V is desired and as a result, the bulk material of the 

photoconductor must be highly insulating or being a dielectric. Normally, the development 

process of applying and melting the toner requires no more than a second. As a result, a 

resistivity of 10E13 Ω.cm, which gives rise to a decay rate of nearly 200 V/s, at a field of 1.25E5 

V/cm, is the minimum requirement. As an example, organic polymer such as polycarbonate has a 

resistivity of about 1E14-1E16 Ω.cm and it is the major component in organic photoconductors.  

2.1.3.2. Formulation and basics 

The basic formulation of a photoconductor is CGL and CTL. CGLs are often made in 

method of pigment dispersion. This methodology is based on milling of pigment and binder in its 
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corresponding solvent. To characterize the CGL, one usually measures the ability of the pigment 

to absorb the imaging light and generates charge.  

The CTL is always a solution of binder polymer and charge transport molecules. The charge 

transport polymer is usually 40-50% by weight of the CTL [6]. According to figure 2.1, CTL is 

at the top of the photoreceptor therefore in contact with ambient substance, such as toners and 

paper during development. During the investigation of polymers with proper anti-abrasion 

properties, researchers confirmed that it was strongly related to the polymer entanglement [29] of 

the binder polymer. As the content of binder molecule increases, the entanglement density 

increases therefore produces better wear resistance. 

A smooth surface would benefit the development process and a trace amount of surfactant is 

applied on the surface to achieve this. Specific surfactant is selected and tested to ensure that it 

doesn’t change the photoconductivity of the polymer. The organic photoconductor layers are 

coated on the substrate by dispersing the solution through a hopper on the moving substrate. 

Such coatings out of different organic solvent can have inhomogeneous surface roughness, due 

to the speed of coating or drying conditions. 

During Corona charging, oxidant species are generated as a result of high voltage triggered 

species. These species are attracted onto the photoreceptor surface due to electric field. A final 

component, an antioxidant, is applied onto the photoconductor surface to suppress oxidation 

caused by Corona charging. 

It is desired that, in a dual-layer photoconductor structure, the CGL is much thinner than the 

CTL. The reason is as follows: by considering all layers mentioned above, after light absorption 

and charge separation, the separated electrons and holes have to drift under the influence of the 

applied field to the opposite charged surface, in order to complete the photodischarge process. If 
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the transport of either sign of charge is inefficient, photodischarge is incomplete and therefore 

hinders the entire process. In the charge generation material, hole transportation is much more 

effective than electron transportation. As a result, all commercialized photoconductor rely on the 

hole transport and it is for this reason, as described above, why negative Corona charging 

dominants laser printer market. Thus, in dual-layer organic photoconductor, the CGL is typically 

very thin (a few micros or sub-micro), compared to the CTL layer. As well as all above, CGL 

itself may also include charge transport species.  

2.1.4. Considerations for fabrication 

In this section, we will discuss the detailed mechanism of the materials and describe the 

charge generation and transport details as well as how these parameters affect the static charge 

based photocopy process.  

Mixing of the components of the two layers (e.g., CGL and CTL) is important at the 

interface and there is an optimal concentration gradient. If there is no mixing at the interface, the 

layers will not adhere to each other. Conversely, the unique functionality of each component will 

diminish if the layers are mixed completely. Penetration of the coating fluid into a previously 

coated layer requires experience and repeated experiments to achieve empirical optimization. 

Altering the degree of layer mixing can cause dramatic change of the organic photoconductor 

performance, even though the overall composition stays unchanged.  

Organic photoconductors are often configured as drums or belts. Drums, usually made of 

conductive aluminum metal, are usually in diameter of 1 to 10 inches. Belts are often made of 

poly(ethylene-terephthalate) or a similar polymer film, and a thin layer of metal, such as Ni, Al, 

Ti, is deposited on it as the electrode. In both situations, metal is served as a conductive substrate. 
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Fabrication of photoconductor in drums dominates the current laser printer market [30], 

therefore the fabrication process will be discussed. Fabrication of the belt bares the same 

principle but has a slightly different method due to the configuration. The organic 

photoconductor is fabricated by dip-coating or ring-coating of various layers. In both processes, 

the drum is dipped into a tank of solution or dispersion and slowly withdrawn to create the 

desired layer. In dip-coating, the layer thickness is a function of withdrawal speed and the 

physical characteristics (i.e., viscosity) of the solution. In ring-coating, the thickness on the drum 

is again a function of the geometry of an annulus where the drum is withdrawn through. Above is 

the overview of coating for a single layer, in the case of multi-layer coating, the drum is dip-

coated for the subsequent layer after completely drying the surface. The previous solid layer will 

have contact with the subsequent liquid formulation during dipping; therefore the selection of 

solvent requires theoretical and empirical knowledge. Dip-coating formulations must be 

optimized for long life in the dip-coating tank [31]. As discussed above, only the proper interface 

between layers can facilitate effective charge transfer. In commercialized manufacturing, each 

layer of the photoconductors is coated separately in a batch process. As a real example in 

manufacturing, due to gravity, a liquid drop is formed right after dipping the drum in a batch and 

a thicker layer is formed at this position.  

Since the photoreceptor surface is both in physical contact with toner particles (removing 

blade) and high field caused by static charging, the physical and electrical characteristics must be 

stable to these interactions throughout its life. Thanks to the following sub-layers and advanced 

scientific research, today the most durable OPCs can last as long as 100,000 imaging cycles [32]. 

Two commonly additional layers are the undercoat layer (UCL) and an overcoat layer (OCL), 

where the UCL is placed between the electrode and the CGL.  
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The UCL serves as the charge-injection blocking layer to prevent the unwanted dark-charge 

injection form the electrode into the bulk of the organic photoconductor. During Corona charging, 

a high field of up to 50 V/µm is produced, there might be significant charge injection from the 

substrate into the photoconductor. If, in the last step, it was negative Corona charging, then the 

injected holes would efficiently transport through the bulk of the photoconductor. This will result 

in an undesired high rate of dark discharge or small localized coating defects at a specific region. 

When the charged surface is exposed to toner during development, localized dark injection 

causes small toned area where it supposed to be no toner at all. This is called charge deficient 

spots and has to be reduced by the application of UCL. This layer, with respect to electron and 

hole transport, is with large resistivity. As a result, the thickness of the UCL should be as thin as 

possible (~ 1 µm) to reduce the residual surface potential. The UCL also helps smooth the 

aluminum substrate, which is usually rough when initially prepared. Lastly, the UCL may serve 

as an adhesive layer to ensure that the CGL and aluminum are properly adhered.  

2.1.5. Charge transport mechanism  

In the next section, we will discuss how charge transport is achieved within an organic 

photoconductor with charge transport material doped in polymer insulator binder. Up to now, it 

is a debated topic and various review papers have been initiated on it [33][34]. 

2.1.5.1. Models of charge transport 

The CTL of a photoconductor is usually an amorphous solid solution of a charge transport 

active component in a polymer binder. This type of CTL is called molecularly doped polymers 

(MDP) and the transport active component of CTL is typically 40%-50% in weight percent. 

Although using a similar name, it is a completely different system than semiconductors, where 
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dopant is typically introduced at a very low concentration to control the relative proportion of 

electron and holes in the conduction bands of a semiconductor crystal. Charge mobility in a 

doped semiconductor decreases geometrically with increasing temperature, due to the thermal 

scattering-perturbed motion of charge carriers. On the other hand, charge density in a doped 

semiconductor is a thermally activated process and this effect compensates the drop in mobility. 

As a result, conductivity in a doped semiconductor increased with temperature. Therefore, it is 

suggested that the conductivity in a doped semiconductor is thermally activated. Experimentally, 

at a fixed temperature, the drift mobility of extrinsic carriers decreases exponentially due to the 

increasing average intersite separation of the active molecule (in unit of length). As a result, the 

drift mobility of MDPs can be tuned over a broad range by adjusting concentration [35][36]. This 

property of tunability is important for application over a wide range of Xerographic speeds. 

Common hole transport material, N,N′-bis(3-methylphenyl)-N,N′-diphenyl-1,1′-biphenyl-4,4′-

diamine (TPD) in, figure 2.3 is used to represent this property [37].  

 

Figure 2.3 Schematic diagram of TPD structure 

TPD contains phenyl rings linked by N atoms and side CH3 groups. At 40-50 wt% doping, 

approximately 10000 “hops” are required for the hole to transit a 20 µm photoreceptor. The drift 

mobility of MDPs is always thermally activated. This theory is illustrated in Abkowitz’s work 
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[37]. Experimental data in Abkowitz’s [37] is in conformity with a simple tunneling model for 

hole transport between transport active molecules. However, in a significant number of published 

literatures [9], the corresponding scaling is proportional to the square root of the inverse 

temperature; this is an indication of non-simple activation. The non-simple activation process is 

predicted and illustrated by Bassler et al. [38]. 

The experimental observation above, including the relation with intersite separation, 

temperature and high degree of disorder, is a clear indication that the electronic transport must 

involve the field-biased hopping of carriers on the transport active molecules. The properties of 

MDPs are well studied for the following reason: apart from its significance in photocopy using 

static charge, a number of key features in their transport behavior are also found in other systems 

with disordered molecular media [39]. The field and temperature dependent behavior are also 

observed in polymers with transport-active pendant groups like poly(N-vinylcar-bazole) [40], in 

which small-molecules clusters are incorporated in a main chain in sigma-conjugated polymers. 

Additionally, certain poly π-conjugated polymer systems, such as polytetraphenylbenzidine 

(PTPB), also exhibit field dependence of the hole drift mobility [37]. PTPB, as illustrated in 

figure 2.4, is an amorphous polymer in which TPD molecules (in dashed cubic) are covalently 

bonded into a main chain [41].  

 
Figure 2.4 Schematic diagram of PTPB structure 
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It is shown in Abkowitz’s work [37] that there is a linear relationship between the logarithm 

of mobility and the square root of the applied field. Additionally, the field dependence is also 

found as a function temperature and becomes stronger with decreasing temperature. Whole 

transport in PTPB is an Arrhenius process between 220K and 300K: a straight line is observed 

between mobility and square root of the applied field. On combining the drift mobility [42] and 

the data from spectroscopy [43], it is suggested that the transport in these sigma-conjugated 

polymers involves the hopping of holes among the main chain segments. As a result, its transport 

mechanism is similar to TPD in PTPB. Moreover, on π-conjugated systems, the hopping among 

discrete molecular sites with different energy level has been reported in time-of-flight 

experiments [44]. These combined results of the recurrent linear relationship found in systems 

with varying compositions suggest that a transport theory must be established on these 

commonly accepted characteristics. Although the theories stimulated by all the observations are 

intensive and too detailed to be illustrated, the principles and trends can be summarized. The 

temperature dependence appears to be universal to all these materials systems, because hopping-

like behavior is found between sites with inequivalent energy levels. Polaron model typically 

predicts that the logarithm of mobility is linearly dependent on the applied field [45]. The 

disorder model, proposed by Bassler, is based on Monte-Carlo simulation of hopping on a finite 

lattice. This model can sufficiently account for a number of key experimental features in terms of 

a few set of disorder parameters [46][47]. Bassler’s model is not an ideal model to simulate hole 

transport mobility as it could only model the observed field dependence over a very narrow 

range. In the recently proposed dipole disorder model [48][49], the slow site-to-site variation is 

accounted for treating them as fully random fluctuations. It was recognized that, under the 

effective electrostatic potential, this model could more accurately explain the field dependent 
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behavior of mobility [50][51].  It is argued that the disorder model, based on a fully correlated 

disorder potential, is physically plausible. Later in the late 1990s, Young further considered the 

effect of group and net dipole moment due to the polymer binder or the transport material 

[52][53]. It is therefore concluded that the complete basis for mobility remains; no unified 

description of charge transport in MDPs has been adopted by all researchers [54][55] [56].  

2.1.5.2. Miscellaneous considerations 

While the charge transport mechanism is still under debate, there are other achieved 

realizations during the research of photoconductors. It is pointed out that hole transport is 

supported in MDPs when the neutral transport molecules is donor-like [57]. Similarly, for 

electron transport, the corresponding process is supported when the neutral transport molecules 

is acceptor-like. As a result, for the hole transport in CTL, it is ideal to make the transport 

molecules significantly more donor-like than any of the resident impurity species. All useful 

hole-transport materials are aromatic amines based with oxidation potentials between 0.6 and 1.2 

eV (vs SCE). It is found that hole transport materials with oxidation potentials below 0.5 eV are 

easy to be oxidized in air by the oxidizing species from Corona charging. On the other hand, as 

long as the potential is higher than 1.2 eV, the huge potential gap makes hole injection from the 

charge generation material inefficient. Some typical molecules are listed in figure 2.5, they are 

namely Triarylamine (TPA), Hydrazone (DEH) and Butadiene. 
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Figure 2.5 Molecular structures and commonly used molecular names of some typical hole-

transport materials. 

TPD, illustrated in figure 2.3, is another typical example of a strong donor in this collection 

of molecules. The advantage of the material used as CTL comes from its trap-free nature in hole 

transport, as there is no measured buildup of bulk space charge [58]. Calculation and measured 

results both demonstrate that the injecting metal contact is ohmic and the CTL is trap-free for 

holes [37]. Similar results have been found in other commonly used CTL with doped polymers 

such as TPD in bisphenol-a-polycarbonate and in films of poly (methylphenylsilylene). There 

has literally been thousands of hole-transport materials developed, but only a few of them are 

actually used commercially in OPC. The debate about the controversial models of hole-transport 

is still going. The realization of the transport model has not been very useful in the design of 

charge transport material with their superior characteristics. As a consequence, researchers have 

put more effort in studying those factors that might affect the charge transport materials such as 

mixing properties between layers, type of binder polymer, the polarizability of the CTL and 

oxidation potential. Some of them have been discussed above in connection with fabrication 

process or the comparison of transport models. The key property for a CTL is to transport charge 

without trapping over the time scale of the static charge based photocopy process. It is generally 
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accepted that charge transport limitation comes partly from the increasing residual potential with 

repeated printing cycles. To date, commercially used photoconductor are still under active 

research and the hope for the combination of wear resistance and inexpensive synthesis with 

reasonable charge transport ability is being driven by the market demand for laser printing.   

The use of organic photoconductor has been initiated since the 1970s; it enabled the 

development of eletrophotographic technologies into a multi-billion dollar business. As a 

commercial machine, organic photoconductor has facilitated the manufacturing of the printing 

unit with pixel resolution as small as 1200 dpi (dot per inch).  The discussion in this section have 

included the device requirements and shown how organic photoconductors were developed to 

gradually meet these requirements. This was achieved through physical design and material 

fabrication. Organic photoconductor have to satisfy a wide range of requirements, in order to be 

successfully employed in commercial use. The diverged requirements come down to two 

categories: functional separation and material design for enhanced electrical and mechanical 

properties. The concept of functional separation, separation of charges upon illumination, is the 

fundamental property for organic photoconductor. As a result, with the abandon of the earlier 

single layer approach, where all the desirable characteristics are functioned in a single material, it 

is more productive to use isolated layers with their own enhanced functions and hence the multi-

layer structure is superior.  



PhD Thesis – Han Yan McMaster University – Materials Sci. & Eng. 
 

28 
 

2.2. Basics of Corona charging 

2.2.1. Physical construction 

Prior to the image exposure, it is necessary to establish an electrical field within the 

photoconductor film. In a static charge based photocopy machine or a laser printer, this charge 

distribution on the photoconductor surface is generated by absorbing ionized gas molecules that 

arise from an electrical Corona device. In electricity, Corona charging is the electric charge 

brought on by the ionization of a fluid either liquid or gas around an inductor. It only occurs 

when the potential gradient of the electric field around the conductor is high enough to form a 

conductive region in the fluid, but not too high as to cause electric breakdown. Figure 2.6 is a 

schematic of the Corona charging process where the inset shows an enlarged surface interaction 

between the Corona wire and the photoconductor surface.  

The electrostatic charge is applied by passing a Corotron, a Corona emitting device, over the 

CTL. The Corotron is essentially a tightly stretched wire that is isolated at one end and biased to 

several thousand Volt DC at the other end. The wires, usually made of tungsten, employed in 

such devices are around 50 µm in diameter. These wires are placed about 0.5 cm over the 

photoconductor surface. The idea is that such a high voltage is applied to the wire that air in its 

immediate vicinity is ionized. The ionized gas species is deposited on the charge transport layer 

due to its attraction to the neutral surface.  
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Figure 2.6 Schematic of the Corona charging process 

The polarity of the Corona charging depends on various factors. For example, in the 

application of hole-transport photoconductor, holes instead of electrons are the charge carriers 

travelling upward through the layers. As a consequence, only negatively charged photoconductor 

surface is needed to attract the holes from the CGL. Additionally, other factors such as the 

dielectric strength under positive and negative Corona charging, the polarity of the charged toner 

particles may also have influence on the choice of polarity of Corotron. In order to utilize 

positive Corona charging as the charge source for static charge based photocopy, one could 

invert the configuration of the bi-layer by putting the CGL on top of CTL. This proposed 

alternative is not as practical because generally adopted CGL material have poor wear resistance.  

2.2.2. Positive and negative Corona charging 

From an energetic point view, negative Corona is superior to positive Corona charge and the 

reasons are explained here. The common phenomenon generated by both positive and negative 

Corona charging is the formation of an electron avalanche in the electric wire’s vicinity. The 

electrons naturally occurring in the air under a strong electric field is responsible for the 
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formation of such avalanche. These free electrons gain kinetic energy through acceleration under 

the high electric field. They then collide with the neutral gas molecules in the air and cause 

ionization. Additional electrons are liberated during the collision and they collide with other gas 

molecules in the same way as they were liberated. As described, the number of free electrons in 

the vicinity of the Corona charging device grows exponentially and an avalanche rapidly builds 

up. In other words, a small amount of electrons are able to liberate and ionize the entire gas into 

plasma. Unlike positive Corona charging, in negative Corona, electrons ionized form the neutral 

gas molecules are of relatively little importance in sustaining a negative Corona since electrons 

generally move away from the negative electrode. In contrast, the dominant process for 

generating secondary electron in a negative Corona charging process is the photoelectric action 

of photons striking the surface of the negative electrode. Consequently, the energy required to 

liberate the electrons from the electrode surface is significantly lower than that to ionize air at 

room temperature than it is in positive Corona charging.  

An ozone filter is usually installed to reduce the amount of ozone released to the ambient 

environment; ozone is another important byproduct in static charge based photocopy process. 

The charged species that are attracted towards the photoconductor under positive or negative 

Corona charging are namely hydrated protons (H2O)nH+ for positive Corona charging and 

reaction product from O- (mainly NO3
- and O3-) for negative Corona charging. In our area of 

interest of negative Corona charging, it is found that the vibrationally excited states of N2 and 

NO3
- are capable of injecting charge into the polymer. They are energy carriers to the polymer 

surface and effective injectors of charge in LDPE, PP and PTFE, where the surfaced traps lie to a 

depth of 0.5 µm and their lifetime can be as high as in the magnitude of 103 seconds [59]. In 
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contrast, charge injection could not be detected in positive Corona charging and this may due to 

the relative concentration difference of excited species that formed after charging.  

For the purpose of convenience, we will afterwards assume negative Corona charging 

throughout the discussion and it is consistent with the polarity used in results and discussion 

chapter. One may also find the nomenclature of “charge rollers” as the means to deposit charges 

onto photoreceptor in literature, to clarify its nature, it basically shares the same fundamental 

principle as Corona charging, except initially depositing charges on a separate roll.  

2.2.3. Problems in OPC associated with Corona charging 

Apart from the electrons liberated during Corona charging, it is discovered that ions are 

comprised of the following result from air species breakdown [60]: 

• NO3
-(H2O)n (predominant) 

• O3
-(H2O)n 

• OH-(H2O)n 

• O2
-(H2O)n 

• CO3
-(H2O)n 

By taking ozone into consideration, this mixture of the highly oxidizing chemicals change 

the surrounding air into a unipolar gaseous electrolyte, which have similar effect on the nearby 

objects as an aqueous nitrate electrolyte [61]. This is the reason why an anti-corrosion layer was 

employed in section 2.1. Furthermore, research for ozone reduction inside a static charge based 

photocopy machine becomes popular [62][63]. More specifically, detailed work on study of gas 

flow, type of the Corotron used, humidity and temperature are studied. It is found that in order to 

maintain a constant Corona charge flux, the applied voltage changes when the relative humidity 

changes in the positive Corona charge case. In the negative case, the applied voltage is changed 
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by the temperature variation [64]. In other words, negative Corona charging is not affected by 

the level of humidity, which is an ideal property in terms of commercial application. It is much 

easier to control the temperature inside a laser printer than to control the humidity, a parameter 

largely influenced by the ambient environment. As a result of these developments, the Corona 

charging technology in high speed laser printers and earlier photocopiers has remained 

essentially unchanged over many years.  

In term of the electrical properties and given the chemicals generated in an air Corona, it is 

not difficult to anticipate the unwanted ramifications on the photoconductor after repeated 

exposure to Corona charging. In addition, in the presence of high humidity, the OPC surface will 

become more conductive then it is supposed to be. The charges become less stable and thus 

cause failure of the latent image; as early as the first step for static charge based photocopy. The 

requirement of the printers decides the level of acceptable performance for OPC characteristics. 

For low-speed low volume printers, the chemical exposure may not be as serious; as the system 

is self-venting and is capable of removing most of the charge-generated species. As for high 

speed, large volume applications, it is necessary to reduce the chemical exposure by venting the 

charger and utilizing an anti-oxidation layer on the OPC. As explained before, the single layer 

structure that unifies CGL and CTL in a single polymer layer is unfavorable because the single 

layer is very sensitive to the gas species caused by Corona charging. In fact, all chemical 

substances including NOX, HNOX and ozone react with the CGL polymer material and the 

system will deteriorate rapidly after cycles. As for dual-layer structure, the problem of spreading 

image as a result of more conductive photoconductor remains less severe (image spreading only 

occur after many more cycles). It has been confirmed that exposing OPC to Corona gases results 

in an increased surface conductivity and spreading of the electrostatic latent image [65]. 
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However, Kobayashi found that the exposure of dual-layer OPC with p-

diethylaminobenzaldehyde-1,1-diphenyl hydrazone (DEH) as the charge transport material had 

no effect on spreading of latent image [66]. On solving the long-lasting problem of image 

spreading, another problem of decreased image resolution was observed after Corona charging 

cycles. They [66] suggested that the accumulation of nitrate salts and the DEH radical cations 

near the OPC surface was responsible for this behavior. The conductivity of the OPC increased 

by the radical and chemical alteration of the charge transport material and could lead to hole-

transport limitations.  

Yarmchuk and his colleague identified Corona contamination as the cause of image 

spreading and their conclusion were supported by the fact that wiping the surface with methanol 

could effectively eliminate the spreading [67][68]. However, another source for the image 

spreading was discovered not long after Yarmchuk’s theory. In dual-layer OPC structure, the 

exposure related accumulation of positive charge carriers at a subsurface layer of the CGL and 

UCL interface was thought to cause image spreading. It was found that the CTL is damaged 

permanently, allowing positive charge injection into it. The charge characteristic of the CTLwas 

not restored after being annealed at 120 Celsius by abrasive wear of the CTL surface where 

charge injection occurred [69].  

Since the search for the alternative CTL has proven unpopular, much of the research 

attention has been taken diverted to the use of stabilizing additives. The ultimate additive is one 

that can be added in sufficient amounts to stabilize the OPC while simultaneously have no 

deleterious effects on any OPC physical or electrical characteristics. Endo and co-workers found 

that, in a dual-layer OPC structure, the addition of antioxidants helped to maintain resolution of 

printed image [70]. Similarly, Kochelev and co-workers revealed that, among a large number of 
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dual-layer OPC formulations, the addition of electron acceptors in both the CTL and CGL 

promoted the stability of OPCs after exposure to Corona charging [71]. As a result, it is 

concluded that the interaction between the OPC surface and Corona charging can lead to OPC 

fatigue, which is recognized by the blurring of the latent image, increased residual potential and 

decreased charge acceptance.  

2.3. Introductory to dielectric polarization 

2.3.1. Dielectric: definition and basics 

As an indispensible aspect of the theory of impedance spectroscopy, it is vital to revisit the 

fundamentals of dielectrics. Dielectric relaxation, one of the most important concepts in 

dielectric properties, describes the motion of the host material subject to external field at 

molecular level. In order to understand dielectric relaxation, it is critical to first consider its 

physical counterpart: mechanical property of polymers such as anelastic relaxation or creep. 

When a polymeric filament is suspended by a weight, unlike metals, due to the molecular 

rearrangement in the polymer induced by the stress, the strain of the polymer will not be constant 

but rather will increase slowly with time. Similarly, on releasing the stress, the molecules slowly 

recover to its former spatial arrangement and the strain gradually returns to zero. The 

rearrangement of polymer chains can not only be perturbed by the mechanical stress, but also be 

influenced by the application of electric field. In fact one can use very similar arguments and 

models to develop equations for both mechanical and dielectric properties.  

A dielectric is indeed an electric insulator that can be polarized under electric field. The 

more general term insulator is used to describe materials with low electric conductivity; the term 
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dielectric narrows the category by confining the group of material with higher polarizability, 

which is discussed intensively as dielectric constant in the following sections. The name 

dielectric was firstly introduced by Michael Faraday, from the word “dia-electric” [72]. 

The application of a voltage across a conductor causes the movement of electrons and thus a 

flow of current. Metal is considered as a collection of nuclei indulged in a “sea of electron” but 

the situation is completely different in dielectric polymer. The electrons are tightly bounded to 

the central long chain and side groups through covalent bonding, which make them much more 

difficult for dielectric polymers to allow the movement of electrons. 

2.3.2. Polarization             

In classic model of materials, a material is made up of atoms. Each atom consists of a cloud 

of negative charged electrons and positive charged nuclei. The center of both electrons and 

nuclei overlap and cause no dipole, as displayed in figure 2.7(a). In the presence of an electric 

field, the cloud of electron is distorted as shown in figure 2.8(b). The resulting dipole moment, M, 

shown in figure 2.8(c) is represented by the product of the charge and distance between positive 

charge center and negative charge center. 

 
Figure 2.7 Classic model for polarization: a) without no external field; b) distortion of electrons as a 

result of external field; c) dipole moment caused by electron distortion 
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In the discussion of polarization, one may divide them into two categories: dipolar 

polarization and ionic polarization.   

Ionic polarization is caused by relative displacement between positive and negative ions in 

ionic crystals. If there is more than one kind of atoms in the ionic crystal, for example, sodium 

ions and chloride ions in NaCl crystal, the distribution of positive and negative charge deviates 

from the center and therefore creates a dipole.  Due to the fact that the topic of ionic polarization 

is less relevant to this study, we will put more emphasize on the topic of dipolar polarization. 

Dipolar polarization is often divided into two separated groups. The first group of 

polarization comes from polar molecules that are in possession of permanent dipoles. For 

example, in a water molecule, the angle between the asymmetric bonds between oxygen and 

hydrogen atoms is 104.5°, the asymmetry of bonds retains polarization without the presence of 

electric field. However, water is neutral as dipoles in water are randomly orientated as a result of 

thermal agitation. The majority of polymers are made of molecules with dipoles and all examples 

listed section 2.1 have permanent dipoles.  

When an external electric field in applied, the dipoles are reoriented so as to minimize the 

internal field, as illustrated in figure 2.8. The dipoles are aligned so that the heads and toes of 

individual dipoles are adjacent to each other and the surface of the dielectric is covered with 

partial charges. The direction of the local field or the field causes by dipole moments are the 

same as the external field. 
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Figure 2.8 Dipole polarization as a result of external electric field 

The reorientation doesn’t occur instantaneously, rather on a time scale that depends on the 

magnitude of the applied field, the torque and the surrounding local viscosity of molecules. As a 

result, the delayed response causes friction and therefore heat loss in the system.  

2.3.3. Dielectric polarization 

Free charges in a conductor will respond exactly to cancel the applied field. However, the 

charges in a dielectric will respond in such way that it cancel out the field partially within the 

polymer. As a matter of fact, the situation within a dielectric is much more complicated due to 

the presence of local field, caused by the response of the medium charges. These properties will 

be of great importance in the latter discussion of molecular polarization and the bulk polarization. 

In the following part, numerical model for dielectric polarization is discussed. To describe the 

dielectric properties in the absence of relaxation, we may consider two parallel metal plates in 

figure 2.9 of area “A” and a distance “d “between the plates.  
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Figure 2.9 Charge separation between parallel under electric field 

2.3.3.1. Time independent dielectric constant  

If the two metal plates are identical and opposite charge of magnitude q0, then a potential is 

established across the plates. The magnitude is given as: 

  𝑉0 = 𝑞0
𝐶0

 (2.2) 

In (2.2), C0 is used to represent the proportionality constant between voltage across the 

plates V0 and real charge q0. C0 is also the capacitance of vacuum. If a piece of dielectric is 

inserted into the two plates and keep the charge q0 constant. The voltage across the plate is 

reduced to V, instead of V0. The ratio of the voltages, ɛ, defines the dielectric constant of the 

dielectric material:  

 𝜀 = 𝑉0
𝑉

= 𝐶
𝐶0

 (2.3) 

In the expression above, C is the capacitance of the plate with the presence of the dielectric 

and the voltage V across the capacitance with the dielectric inserted may be written as, 

 𝑉 = 𝑉0
𝜀

= 𝑞0
Ɛ𝐶0

= 𝑞1
𝐶0

  (2.4) 
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Where 

 𝑞1 = 𝑞0
𝜀

= 𝑞0𝐶0
𝐶

 (2.5) 

In equation 2.4 and 2.5, q0 is called the true charge because it represents the actual amount 

of charges that accumulated on the plate. q1 is known as the free charge since it is the portion of 

the true charge which contributes to the voltage. The difference between the true charge and the 

free charge is the bound charge (q0-q1). The bound charge is also called polarized charge and it is 

the charge on the surface of the dielectric, as shown in figure 2.10.  

 
Figure 2.10 Charge separation on inserting the dielectric 

As a matter of fact, the dielectric is in intimate contact with the metal plates and the dipoles 

are also aligned inside the dielectric, perpendicular to the surface, as shown in figure 2.8. 

However, for the purpose of addressing the charge accumulation elusively on the dielectric 

surface, the space between is exaggerated. 

In the next step, the polarization, (P), of the dielectric is actually the surface density of the 

bound charge. Hence, by omitting the edge effect, we have: 

 𝑃 = 1
𝐴

(𝑞0 − 𝑞1) = 𝜎0 − 𝜎1 (2.6) 
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where σ0 and σ1 are the surface charge density on the metal plates of the true and free 

charges respectively and two charge densities define the electric displacement, D, and the 

electric field strength, E, by 

 𝐷 = 𝜎0  (2.7) 

 𝐸 = 𝜎1
𝜀0

 (2.8) 

The constant ε0 is vacuum permittivity, in the value of 8.85E-12 F/m and therefore: 

 𝐷 = 𝜀0𝐸 + 𝑃  (2.9) 

By algebraic manipulation, it is shown that: 

 𝐷 = 𝜀𝐸 (2.10) 

Equation (2.10) is an electric analogue of Young’s modulus and P, D and E have been so far 

assumed to be independent of time. Physically speaking, equation (2.9) implies that the 

Polarization is entirely caused by the displacement of molecular electrons with respect to their 

nuclei and the entire process is time independent.  

However, it is from general knowledge that these parameters may not be able to adequately 

describe real polymeric solids, as polymer molecules are extremely mobile: stretching a piece of 

polymer gives a time-dependant strain curve (creep). Consequently, as for electric property, a 

slow increase in the polarization is observed when a constant electric field is applied. In other 

words, a time dependant dielectric constant ɛ(t) is obtained.  

2.3.3.2. Time dependant polarization  

In order to rationalize the process of time dependant dielectric constant, one may use two 

types of experiments.  The first experiment is called step-function experiment and it measures 
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the response of the material to a constant electric field as a function of time. The second is called 

dynamic experiment and it is the response to a sinusoidal electric field, as a function of time.  

2.3.3.2.1. Step-function experiment 

For polymer containing dipolar groups, dielectric relaxation effects are observed owing to 

the time required for the reorientation of the permanent dipoles. In a typical step-function 

measurement, a dielectric is placed between two metal plates and a constant DC potential, E is 

applied between time t=0 and t=t0, as shown in figure 2.11.  

 
Figure 2.11 Step-function experiment for a dielectric material. a) Constant electric field strength (E) 

applied between t=0 and t=t0. b) Dielectric displacement (D) response under constant E. c) 

Dielectric constant of the measured dielectric material as a function 

As a result, a changing and non-linear electric displacement is plotted as a function of time. 

It is obvious that there are four distinct regions of response. The first region is the instantaneous 

electronic response of D at t=0. The second region arises from paraelectric polarization due to 

the time dependent reorientation of dipoles and it is after region 1 and before t=t0. The third 

region takes place right at t=t0 where electric displacement reaches his maximum and it is the 
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moment when the field E was removed. It is apparent that the magnitude of regions 1 and 3 are 

equal. The final region is an asymptotic recovery of the paraelectric polarization.  

 One important consideration here in the measurement is related to the reflection point in 

figure 2.11(c), which happens at the middle of the curve. If the reflection point occurs at a very 

short period, i.e., <10-6 second, then the experiment becomes very difficult to perform due to the 

fact the total polarization appears almost instantaneously. It is therefore impossible to separate 

the instantaneous electric polarization from the time dependent paraelectric polarization. In this 

case, only a portion of the sigmoid curve in figure 2.11(c) is observed. In this case when the step-

function observation is of little value, and the so-called dynamic experiment is of greater 

relevance.  

2.3.3.2.2. Dynamic experiment.  

If a sinusoidal stress is applied to a solid exhibiting relaxation, then the resulted strain 

response usually lags behind the applied force by some phase angle δ. The phase lag is the 

results of the time necessary for molecular rearrangement and it is consistent with time lags 

observed in step-function experiment.  

As an analogous experiment to mechanical experiment, we expect similar phase lag in a 

dielectric experiment. On applying an alternating electric field, an alternating electric 

polarization is observed. In the case of a polar solid, electric displacement will lag behind the 

applied field by some phase angle δ and E and D are expressed as: 

         𝐸∗ = 𝐸0 exp (𝑗ωt) (2.11) 

    𝐷∗ = 𝐷0 exp (𝑗ωt − δ) (2.12) 
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The angular frequency ω is proportional to the external AC frequency with the relationship 

such that ω =2πf. E0 and D0 are the field and displacement amplitude and the relationship 

between displacement and field can then be expressed as: 

            𝐷∗ = 𝜀∗𝐸∗ = (𝜀′ − 𝑗𝜀′′)𝐸∗  (2.13) 

Euler’s rule states that; 

  exp(𝑗𝜃) = 𝑐𝑜𝑠𝜃 − 𝑗𝑠𝑖𝑛𝜃  (2.14) 

Therefore it follows that the dielectric constant can be expressed as:  

                                                   𝜀′ = |𝜀|𝑐𝑜𝑠𝛿  (2.15) 

                                            𝜀′′ = |𝜀|𝑠𝑖𝑛𝛿  (2.16) 

                                                   𝜀
′′

𝜀′
= 𝑡𝑎𝑛𝛿  (2.17) 

It is conventional to represent tanδ in equation 2.17 as loss tangent. 

In the relaxation region in figure 2.12, the constant τ, is the relaxation time and represents 

the time needed for the relaxation of the molecular segments. It is obvious from the figure that ε’ 

decreases with ω from a value of εR to εU. The so-called term relaxed permittivity εR , represents 

the value of ε’ at the limit when ω→0 or the static DC voltage signal. The other one in figure 

2.12, εU, represents the value of ε’ at the limit when ω→∞. This decrease is called the dispersion 

of the dielectric constant and the difference (εR - εU) is known as the magnitude of the relaxation 

and it is a measure of the orientation polarization. 
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Figure 2.12 Relaxation of dielectric constants, real part and imaginary part 

It is often found in polymeric material that (εR - εU) is much higher than 1. It is also realized 

that ε” reaches its maximum when ωτ=1. At the extremes of frequency, the value of ε” tends to 

be zero. Physically, the permittivity is completely real and thus no relaxation (tanδ=0) is 

occurring at extremely low and high frequencies. From the energy point of view, ε” is 

proportional to the rate of energy dissipation of the system.   

2.3.3.2.3. Debye Equation 

To take into account the result of a dynamic experiment, one only has to impose the criterion 

of an oscillating field. In the simplest case called Debye relaxation, [73] it gives:   

                                                     ε∗(𝜔) = ε𝑈 + 𝜀𝑅−𝜀𝑈
1+𝑗𝜔𝜏

  (2.18) 

                                                  ε′(𝜔) = ε𝑈 + 𝜀𝑅−𝜀𝑈
1+𝜔2𝜏2

 (2.19) 

 ε′′(𝜔) = (𝜀𝑅−𝜀𝑈)𝜔𝜏
1+𝜔2𝜏2

 (2.20) 
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 𝑡𝑎𝑛𝛿 = ε′′

ε′
= (𝜀𝑅−𝜀𝑈)𝜔𝜏

𝜀𝑅+𝜀𝑈𝜔2𝜏2
 (2.21) 

This model was introduced and name after chemist Peter Debye. Similar to equations above, 

εR and εU represent relaxed permittivity and permittivity when frequency goes to infinity, 

respectively.  

2.4. Impedance spectroscopy 

Impedance spectroscopy (IS) is the measurement of linear electrical response as a result of 

small-signal AC perturbation and its corresponding analysis of the response, to elucidate desired 

information about the physicochemical properties of the system. As the key characteristic, IS is 

always carried out in frequency domain, although some of the analysis is done in time domain 

and then Fourier transformed into frequency domain. The concept of IS was initially introduced 

in 1880s by Oliver Heaviside. Vector diagram and complex representation, the form that is still 

actively adopted widely is introduced by Kennelly and Steinmetz [74]. Cole-cole plot, a plot 

utilizing real and imaginary axis to illustrate ε’ and ε” was first introduced in 1941 by K. S. Cole 

and R. S. Cole [75] and it since then became the fundamental analytical technique that allows 

complete analysis of response. 

2.4.1. Theory of impedance spectroscopy 

There are two main categories of IS: electrochemical IS (EIS) and non-electrochemical IS. 

EIS focuses on analysis and measurement on system where ionic conduction dominates. 

Examples of EIS are ample, ranging from solid to liquid electrolytes and including ionically 

conducting glasses/polymers. In this particular thesis, however, much attention has been paid to 
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the remaining category: IS study in dielectric materials. In these solid or liquid systems, the non-

conductor involves dipolar rotation. Examples are insulating polymers, single-crystal or 

amorphous semiconductors. There is of course analysis based on the mixture of the two 

categories and a good example is the partly conducting dielectric material with some 

simultaneous ionic and electronic conductivity.  Although EIS is the fastest growing branch in IS, 

non-electrochemical IS was developed first and still of great importance in various areas 

including the dielectric response of photoconductors.  

The general process of IS is to apply an electrical stimulus, which is a known voltage or 

current, to the electrodes and observe the response, which is also a resulting current or voltage. It 

is the purpose of the IS to study the electric properties of systems, their interactions, and the 

dependences at controllable variable. These adjustable variables include but not limited to 

temperature, oxygen partial pressure, moisture level, and applied static voltage/current bias. 

During the application of the stimulus, a number of fundamental processes at microscopic level 

take place through the sample and lead to overall electrical response. In our study of dielectrics 

in particular, it includes the transport of electrons through the electronic conductors (metal 

electrodes, often coated on the dielectric to facilitate experiment) and the flow of charged atoms 

or atom agglomerates via the path. The flow rate of electrons depends on the overall impedance 

of the dielectric. More importantly, Impedance spectroscopy is a non-destructive technique and 

so can provide about ongoing processes such as corrosion or the discharge of batteries.  

2.4.1.1. Step-function perturbation 

There are three major types of distinguished stimuli in IS experimentation. First and the 

most fundamental one, it is a step function voltage in transient measurement, as illustrated in 
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(2.22) and (2.23) and figure 2.13. It may be applied at time t=0, to the system and the resulting 

current response i(t) in time domain is measured.  

 V(t) = V0 for t > 0 (2.22) 

 V(t) = 0 for t < 0 (2.23) 

 
Figure 2.13 Step-function signal for impedance spectroscopy 

The ratio of V0/i(t) in the case of step function, is called the indicial impedance or the time-

varying resistance. It measures only the impedance resulting from the step function voltage 

perturbation at the electrochemical interface. This quantity, although easily obtained, bears little 

useful information and therefore is usually conducted as part of IS measurements. Instead, these 

time-varying results are generally Fourier-transformed into the frequency domain and yields 

result in frequency domain. This method is theoretically simple yet requires several additional 

conditions. It is only valid when the electric response is sufficiently small so that the system 

response can be treated as linear, as illustrated in figure 2.14. 
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Figure 2.14 Small voltage signal yields linear current response 

The advantage of this approach is obvious: it is experimentally easy to accomplish. Similarly, 

the voltage of the perturbation signal, which is an independent variable, is able to control the 

electrochemical reaction rate at the interface. Unlike the AC impedance method whose 

magnitude for perturbation is in the range of several volts, the magnitude of the step-function can 

be as high as several hundred volts. This significantly increases the perturbation signal and yields 

response that is more discernible for sample with high resistivity. In a usual case, the response 

current can be as low as Femto (1E-12) Ampere, which is beyond the range of effective 

measurement for existing experimental equipment. The disadvantages of the step-function 

method include the need to make Fourier transform, which is not always easily accomplished. 

Additionally, unlike the nature of the tunable sweeping frequency in AC IS, the frequency 

spectrum of step-function IS is not controlled directly. Instead, the corresponding frequency is 

Fourier transformed, as illustrated in figure 2.15. Consequently, the impedance may not be well 

determined over all desired frequencies.  
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Figure 2.15 Fourier transformed step-function signal 

It is important to notice that the rising edge sharpness of the step-function signal is of 

paramount importance when measuring impedance. Mathematically, the high frequency end of 

the transformed image in figure 2.15 is derived from the data point near t=0 before transform 

(figure on the left). It is mathematically proved that the product of the width of the rising edge 

before transform and highest frequency it reaches after Fourier transform is unity. As an example, 

in the situation where high frequency (i.e., 1 kHz) response is desired, one should employ 

equipment that is able to generate voltage signal rise within a short period of time (1ms).  

2.4.1.2. Random noise perturbation 

The second type of stimuli is to apply a signal that consists of random noise to the interface 

and probe the current response. Similar to the step-function method, the current is Fourier 

transformed into frequency domain. This approach provides easier data collection as only one 

signal is applied to the system at one time. However, its disadvantage is more obvious. Similar to 

any other impedance spectroscopy method, signals have to be transformed into frequency 

domain and the transform of a random signal is a computationally complex process. In addition 

to this, the random signal is usually generated digitally with a digital signal processor or 

microprocessor. Both techniques rely on the feeding of a stream of random numbers to a digital-



PhD Thesis – Han Yan McMaster University – Materials Sci. & Eng. 
 

50 
 

to-analog converter. The random signal generated from a computer is calculated based on a 

specific algorithms and the number generated is indeed only pseudorandom.  This method is 

employed in limited areas such as neurological intensive study on stroke patients [76] or to non-

invasively obtain image of the internal conductivity distribution of the human body [77]. 

2.4.1.3. AC signal perturbation 

The third method possible is alternating current (AC) impedance spectroscopy and it is the 

most widely adopted method. Due to its wide application, it has become the standard impedance 

method and sometimes can be referred as impedance spectroscopy directly. It measures 

impedance response directly in the frequency domain by applying a single-frequency voltage to 

the test sample. The key quantities to be measured are phase shift of the perturbation signal as 

well as its amplitude. The system undergoes sweeping frequencies from as low as 1 µHz to as 

high as MHz. Commercial instruments are readily available and one can sweep across the 

frequency domain that he prefers, depending on the system to be studied. AC perturbation signal 

is capable of applying impedance measurement in a broad range of research areas, including 

electrochemistry that focuses on interface, corrosion analysis, batteries, fuel cells and 

electrodeposition. When a sinusoidal potential excitation is applied to the system, the response is 

also a sinusoidal AC current signal, which contains the excitation frequency and its harmonics. 

Similar to the first two methods, this current signal can be analyzed as a sum of sinusoidal 

functions or a Fourier series. As a non-destructive method, AC impedance spectroscopy is 

capable of using only small excitation signal. This gives rise to a pseudo-linear response of the 

system. The excitation signal, expressed as a function of time, has the form of: 

 𝐸(𝑡) = 𝐸0cos (𝜔𝑡) (2.24) 
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Where E is potential applied at time t and E0 is the amplitude of the potential. The angular 

frequency ω in the unit of radians/sec is the product of a constant (2π) and the sweeping 

frequency in the unit of Hertz, as in equation 2.25: 

   𝜔 = 2𝜋𝑓 (2.25) 

The impedance of the system at any frequency ω0 is a complex number because the resulting 

current δI(ω), as a result of small signal δV(ω) perturbation, contains not only phase information, 

but also magnitude information. It is indeed the complex ratio between voltage perturbation and 

current signal, as in 2.26: 

  𝑍(𝜔,𝑉0) = 𝛿𝑉(𝜔)
𝛿𝐼(𝜔)

  (2.25) 

The AC current measured may have a phase lag φ with respect to AC voltage, if we apply 

 𝑉 = 𝑉0 + |𝛿𝑉|cos (𝜔𝑡)  (2.26) 

And measure current 

 𝐼 = 𝐼0 + |𝛿𝐼|cos (𝜔𝑡 − 𝜑)  (2.27) 

Then the resulting impedance is: 

 𝑍(𝜔,𝑉0) = �𝛿𝑉
𝛿𝐼
� {cos(𝜑) + 𝑗𝑠𝑖𝑛(𝜑)}  (2.28) 

Where j2=1. 

Using Euler’s relationship, 

 exp(𝑗𝜑) = cos𝜑 + 𝑗𝑠𝑖𝑛(𝜑)  (2.29) 

It is mathematically applicable to express the impedance as a complex function in 

exponential form and equation 2.28 can be rewritten as: 
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 𝑍(𝜔,𝑉0) = �𝛿𝑉
𝛿𝐼
� exp (𝑗𝜑)  (2.30) 

In time domain analysis, if we plot the applied sinusoidal signal v(t) on the X-axis of a graph 

and the sinusoidal response signal I(t) on the Y-axis, an oval is plotted. This oval is known as a 

"Lissajous figure". Analysis of Lissajous figures is the accepted method of impedance 

measurement prior to frequency response analysis, as schematically illustrated in figure 2.16: 

 

Figure 2.16 Time domain Lissajous figure 

More often and perhaps the reason why electric response analysis is always carried out in 

the frequency domain, is because the time domain signal is always full of noises that cannot be 

separated easily using time domain analysis. Unless applying pure sinusoidal signal on an ideal 

circuit element (i.e., capacitor with no dissipation energy loss), a real signal obtained from 

experiment is made up of many frequencies. Frequency domain analysis helps to differentiate 

which frequencies a signal consists of and their corresponding amplitude. In other words, Fourier 

transform or Laplace transform, depending on specific example, is a tool to decompose signal 

into its various frequency components.  
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A linear system is the one that possess superposition principle: if the input composed of the 

weighted sum of several signals, then the output is simply the weighted sum of the responses of 

the system to each of the signals. In a linear system we may conduct impedance analysis in 

frequency domain. However, for many electrochemical systems, they are not linear. In other 

words, only systems with linear response or pseudo-linear response are to be studied using 

impedance spectroscopy. Consequently, only a small signal, often from 10 mV to ~1V is applied 

to the system. A small amplitude perturbation is specific enough to confine the system to a 

pseudo-linear segment on the current-voltage curve and this is the situation in figure 2.14. 

Overall, it is useful to summarize the importance of IS by its many research applications. 

Based on a relatively simple electrical measurement, IS has become a popular analytical tool to 

investigate many complex material variables or processes including mass transport, corrosion, 

dielectric properties, microstructures of the interface. IS is even capable of investigating 

membrane behavior in a running cell with transient electrochemical process taking place.  

Once the impedance of the system or process is obtained, its equivalent circuit can be 

derived based on impedance representation of various ideal electrical elements. The evolution 

and interpretation of elements will be discussed in the next section.  

2.4.2. Basics of the Nyquist plot and the four-quadrants  

Impedance is defined as a complex quantity and it is dependent on frequency.  When a 

monochromatic signal  

 𝑣(𝑡) = 𝑉𝑚sin (𝜔𝑡) (2.31) 

is applied to a system with the single frequency at  
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 𝑓 = 𝜔
2𝜋

 (2.32) 

The resulting current response is measured: 

 𝑖(𝑡) = 𝐼𝑚sin (𝜔𝑡 + 𝜃) (2.33) 

and θ is the phase difference between the voltage and current. For a pure resistive system, 

this phase shift is zero. It can be easily seen that in the frequency domain, based on Ohm’s law, 

the complex quantity Z(ω) is defined as the impedance function and its value at a particular 

frequency is called its impedance: 

 𝑍(𝜔) = ℱ{𝑣(𝑡)}/ℱ{𝑖(𝑡)}  (2.34) 

In the above expression, ℱ {} is used to denote a Fourier transform. This operator is only 

valid when the system is linear or at least pseudo-linear in the region to be analyzed. 

Mathematically, impedance Z(ω) can be expressed in the complex form of a+bj where j is square 

root of -1 or: 

 𝑗 = √−1 = exp (𝑗𝜋
2

) (2.35) 

In detail, j in complex plane represents an anticlockwise rotation with respect to the real axis, 

such as the one in figure 2.17. Consequently, real and imaginary part of the impedance takes up 

the real and imaginary axis accordingly. The vector Z(ω)=Z’+jZ” is plotted in figure 2.17. 
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Figure 2.17 Impedance plot in vector form 

It is readily obtained that the real part and imaginary part of the coordinates are:  

 Z(Re) = Z′ = |Z|cosθ  (2.36) 

 Z(Im) = Z′′ = |Z|sinθ  (2.37) 

With the phase angle: 

 θ = tan−1(Z"/Z′)  (2.38) 

These three relationships define the real and imaginary axis in Cole-cole plot, which will be 

discussed in next section. It is also important to note that the relationship of 2.34 is valid as long 

as such overall material system response is electrically linear. The linearity is discussed in each 

system individually and most equipments that carry impedance spectroscopy measurement take 

this point into consideration. As an example, in the particular systems for dielectric measurement, 

typical impedance measurement device, (i.e., Parstat 2273 advanced electrochemical system, 

Gamry 600 Potentiostat Operator), the amplitude of the perturbation voltage can be adjusted as 

low as 10 mV. Such low amplitude only presents such a small portion on the I-V characteristic 

curve that it can be treated as linear.  
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Impedance by name stands for complex impedance measurement in frequency domain and it 

is only a real number when frequency is zero, which describes pure resistance behavior. This is 

evident from equations 2.36 and 2.37 as Z=R when θ is zero. As a matter of fact, there are other 

measured or derived quantities used in impedance analysis. The Reciprocal of impedance is 

called admittance where: 

 Y = 1
Z

= Y′ + jY"   (2.39) 

Admittance is mathematically more convenient when dealing with systems that are 

complicated using impedance. In this particular case, we may rewrite current (i) and voltage (V) 

relation as:  

 i = Yv  (2.40) 

Armed with the relation above, we may further express impedance and admittance in terms 

of resistivity and capacitance: 

 Z = Rs(ω) − jXs(ω)  (2.41) 

 Y = Gp(ω) + jBp(ω)  (2.42) 

In 2.41 and 2.42, X, reactance and B susceptance are expressed by capacitance C: 

 Xs = 1
ωCs(ω)

  (2.43) 

 Bp = ωCp(ω)  (2.44) 

The subscripts s and p stand for “series” and “parallel”.  

Similar to the relationship between impedance and admittance, Modulus M and dielectric 

constant ε are also defined: 
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 M = jωC0Z = M′ + jM"  (2.45) 

 ε = 1
M

= 1
jωC0

= ε′ − jε"  (2.46) 

C0 in 2.45 and 2.46 are vacuum capacitance in the unit of Farad/m, with the expression: 

 C0 = ε0
A
d
  (2.47) 

A is the area the electrode and d is the distance between of separation between electrode. 

The vacuum dielectric constant or permittivity of free space ε0 is a constant with value of 8.85E-

12 F/m. Therefore, the four immittance functions are namely impedance (Z), admittance (Y), 

modulus (M) and dielectric constant (ε). The use of complex dielectric constant dated back to the 

1950s and became popularized by Cole and Cole [75], who first plotted dielectric constant in the 

complex plane and the plot is now called a Cole-cole plot. The emphasis on dielectric constant is 

important in polymer or ceramic applications; it is an ordinary quantity containing information of 

energy loss during application of an electric field. 

Impedance spectroscopy takes advantages of the four immittances by plotting them in the 

complex plane. The plot is very effective in analyzing the small signal response of the material. 

The point of interpreting such complex plots is to fit the plot using ideal circuit elements such as 

resistors, capacitors and inductors.  Experimentally obtained impedance data can be analyzed 

using an exact mathematical model that predicts theoretical impedance or by a relative empirical 

model based on the system’s similarity to other well-developed systems. In either case, the 

parameters can be estimated using data fitting. Analyses of charge transport or dielectric 

polarization process in a physical model often suggest an equivalent circuit of ideal resistors and 

capacitors. This is due to the nature of charge separation and the flow of charge carriers; they 

both fundamentally reflect capacitive and resistive behavior respectively in the system. In other 



PhD Thesis – Han Yan McMaster University – Materials Sci. & Eng. 
 

58 
 

words, we already have a proposed equivalent circuit established for this system. However, for a 

new system, the equivalent circuit can be only established after evaluating its physical model 

based on theory and corresponding mathematical model. Ideally, the following curve fitting 

produces identical results based on the empirical data and the expected physical simulations. 

The Cole-cole plot, originally was only used to plot complex dielectric behavior. It has been 

expanded to express other immittances, especially impedance. The impedance complex plot are 

sometimes called Nyquist plot. The two plots are generally identically except for the fact that 

Nyquist plot was originally only designated for measurements involving multiples terminals. It is 

now in general, identical to Cole-cole plot at present. Although not as distinctive as it used to be, 

the name of Cole-cole plot was confined in the area of electrochemical impedance analysis 

where ionic conduction predominates, instead of Nyquist plot, whose name can be seen in both 

electrochemical analysis and dielectric measurement. As a convention as well as adopting the 

dielectric system of this thesis, the name of Nyquist plot is used.  

For the purpose of developing impedance representations on the Nyquist plot, one may start 

from the simplest electrical elements. It is obvious from 2.36 that a pure resistor is a single point 

on the real axis of Nyquist plot, as in figure 2.18(a). An ideal capacitor, as in figure 2.18(b), is a 

straight line on the negative side of the imaginary axis. It approaches zero with increasing 

sweeping frequency. An inductor, however, is asymmetric to a capacitor, as in figure 2.18(c). It’s 

also a straight line, but on the positive side, it moves upward with increasing frequency. The 

figures are consistent with their impedance presentations:  

 ZR = R  (2.48) 

  ZC = 1
jωC

  (2.49) 
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 ZL = jωL  (2.50) 

 
Figure 2.18 Impedance representations of resistor, capacitor and inductor 

The relationships in 2.49 and 2.50 can be derived using the definition of both circuit 

elements. Suppose an alternating voltage wave is applied on a capacitor C,  

 𝑣(𝑡) = 𝑉𝑚exp(𝑗𝜔𝑡)  (2.51) 

By definition, the current going through an ideal capacitor C is calculated as: 

 i(t) = C dv
dt

  (2.52) 

A current is solved by differentiating 2.51: 

 𝑖(𝑡) = 𝑗𝜔𝐶𝑉𝑚exp (𝑗𝜔𝑡)  (2.53) 

The resulting impedance Zc is: 

 ZC = V(t)
i(t)

= 𝑉𝑚exp(𝑗𝜔𝑡) 
𝑗𝜔𝐶𝑉𝑚exp (𝑗𝜔𝑡)

= 1
jωC

  (2.54) 

The same deductive method applies to an inductor. By definition, the voltage across an 

inductor L is defined: 
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 v(t) = L di
dt

  (2.55) 

Suppose an alternating current signal is travelling through an ideal inductor L: 

 𝑖(𝑡) = 𝐼𝑚 exp(𝑗𝜔𝑡)  (2.56) 

The voltage is solved by differentiating 2.56: 

 𝑣(𝑡) = 𝑗𝜔𝐿𝐼𝑚exp (𝑗𝜔𝑡)  (2.57) 

The resulting impedance ZL is given by: 

 ZL = V(t)
i(t)

= 𝑗𝜔𝐿𝐼𝑚exp (𝑗𝜔𝑡) 
𝐼𝑚 exp(𝑗𝜔𝑡) = jωL  (2.58) 

Expression 2.54 and 2.58 not only explain the shape of impedance representation in complex 

plain as in figure 2.18, but also points out the direction they move with increasing sweeping 

frequency. For example, capacitor takes up the negative side of the imaginary plain and could 

only propagate upward with increasing frequency and it confines itself into a single point when 

the frequency goes to infinity.  

Situation becomes complicated when elements are placed together, either in parallel or in 

series. For the purpose of clarity, inductor will be ignored for a while and the impedance between 

resistor and capacitor will be discussed.  

Once a resistor and a capacitor are placed in series, it is natural to end up with an impedance 

calculation as: 

 Ztot = ZR + ZC  (2.59) 

The impedance representation is naturally: 

 Ztot = R + 1
jωC

  (2.60) 
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and its corresponding impedance representation in figure 2.19(a): 

 
Figure 2.19 Impedance representations for the combination of resistor and capacitor 

When they are placed in parallel, one can easily from the basics of impedance spectroscopy 

that only admittance of the two elements can be added directly. The expression is in 2.61 and 

equivalently presentenced in 2.62 as: 

 Ytot = YR + YC  (2.61) 

 1
Ztot

= 1
ZR

+ 1
ZC

  (2.62) 

Therefore, the total impedance is calculated as: 

 𝑍 = (1
𝑅

+  𝑗𝜔𝐶)−1 = 𝑅[ 1
1+(𝜔𝑅𝐶)2]− 𝑗𝑅[ 𝜔𝑅𝐶 

1+(𝜔𝑅𝐶)2]  (2.63) 

The expression in 2.63 was obtained by separating real part and imaginary part of the 

impedance. The product of RC is called time constant and it is usually written in letter τ=RC. 

The expression shows the same denominator for both real and imaginary part. After some math 

manipulation, it is readily found that: 

 �𝑍′ − 𝑅
2
�
2

+ 𝑍"2 = �𝑅
2
�
2
 (2.64)  
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This is, as in figure 2.19(b), a semi-circle below the real axis, as Z” can only be found in the 

negative side of the imaginary axis. The imaginary part reaches its minimum when it is 

equivalent to the magnitude of the real part. At this particular point, the sweeping frequency is 

such that ωτ=1. 

A similar situation can be found for the combination of inductor and resistor in parallel, as in 

figure 2.20. 

 
Figure 2.20 Impedance representations for the combination of inductor and resistor 

 By taking advantage of 2.26, the express of the total impedance in figure 2.20 is: 

 𝑍 = (1
𝑅

+  1
𝑗𝜔𝐿

)−1 = �𝑗𝜔𝐿+𝑅
𝑅𝑗𝜔𝐿

�
−1

=
𝑅�𝜔𝐿

𝑅�
2
+𝑗𝜔𝐿

1+�𝜔𝐿
𝑅�

2 = 𝑅 � 1

1+�𝜔𝐿
𝑅�

2� + 𝑖𝑅 �
𝜔𝐿
𝑅 

1+�𝜔𝐿
𝑅�

2�  (2.65) 

Here, time constant τ becomes L/R and the minus sign in 2.63 has been replaced by a plus 

sign and this change manifests a semicircle above the real axis, where 2.64 still holds.  Similarly, 

at the frequency when ωτ=1, Z(Im) reaches its maximum and it is equal to the value of Z(Re).  

A possible ambiguity during the equivalent circuit analysis is that ordinary ideal circuit 

elements, such as the ones above, can only present ideal lumped-constant properties. In real 

cases, all electrolytic cells are distributed in space and their microscopic properties may be also 
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independently distributed [78]. Consequently, ideal elements may not be able to adequately 

explain the electrical response. As a result, the real impedance obtained from Nyquist plot, 

cannot well approximated by the equivalent circuit involving only a finite number of ordinary 

lumped-constant elements. In this case, the use of distributed impedance elements is inevitable 

and the constant phase element (CPEs) is an example of one such system.   

In addition to this concern, there is another serious potential issue regarding the equivalent 

circuit. An equivalent circuit involving multiple elements is commonly seen: a simple interface 

may involve as many as 10 elements at a time in real experiment. These elements can be 

rearranged in several ways resulting in the same impedance representation. The elements 

themselves that contributed to different systems undergo different physical processes and 

therefore at most only one of these models is correct. More specifically, there are circuits where 

the overall impedance or a section of it, Zi, is arbitrary and may be composed of either ideal 

elements, distributed elements, or a combination of both types. The ultimate goal is to limit the 

number of possible combinations based on the physicochemical process of the system under 

study. In all, impedance spectroscopy is an experimental method that requires preliminary 

physical and experimentational understanding of the system.  
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3. Experimental Details 

For the purpose of exploring the unknown surface conduction that is parallel to the polymer 

surface, various techniques were employed. In this part of thesis, experimental details will be 

included. It starts with how the testing sample is prepared and continues onto the Corona 

charging process. Following that, the details of measurement for the step-function impedance 

method is introduced, based on the theory developed in the literature review.  

3.1. Sample preparation for impedance measurement 

Each manufacturer of laser printer uses slightly different materials for the photoconductor, 

as discussed in literature. No matter what material they use, the systems of all photoconductors 

are similar: a solid solution of charge transporting material distributed in polymer matrix that 

provides mechanical strength. In this thesis, a commercially available example was adopted: a 

solid solution of polycarbonate (PC) and small molecule diphenylbenzidine (TPD) with 1:1 mass 

ratio. The chemical structure of TPD is in figure 3.1. The sample was physically transparent to 

light and it had a thickness of ~60 μm. The sample was washed by water and isopropyl alcohol 

(IPA) to remove any contaminate on the sample surface before use. It served the role of charge 

transport layer in the entire photoconductor system. 

 
Figure 3.1 Chemical structure of TPD 
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In the preparation procedure, gold metal electrode was vacuum coated onto the 

photoconductor. The coating rate of at about 10 Angstrom per second was used to ensure proper 

adhesion. An interdigitated circuit was used to maximize the effective area of electrode. As seen 

in figure 3.2, the thickness of the electrode as well as the spacing between the electrodes was 

1mm. The coated interdigitated circuit was used to increase the effective area between electrodes.  

 

 
Figure 3.2 Metal electrode coated on the photoconductor 

3.2. Corona charge set-up  

As part of the Xerographic experimental process, negative electrostatic charge was deposited 

onto the photoconductor surface via Corona charging in a sealed box. The photoconductor was 

placed 1cm under the stretched metal for 30 minutes. The wire voltage and current were -5000 

DC volt and 0.5 Ampere respectively via a HV power supply, as illustrated in figure 3.3. 
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Figure 3.3 Corona charging of the photoconductor 

3.3. AC impedance spectroscopy using DC step-function perturbation 

Literature review shows that step-function perturbation signal is one type of the impedance 

spectroscopy. One may naturally question whether a step-function is theoretically identical to the 

well-known AC impedance spectroscopy. The following section will explore its similarity in 

theory and mathematically exam the perturbation signal and resulting electric response both in 

time and frequency domain to find out if it is the same as AC impedance spectroscopy. 

3.3.1. Theoretical argument  

Usually the i(t) relationship for any circuit is complicated. In other words, the diminishing 

current response gives divergent impedance in time domain and leaves no possibility to 

mathematically convert impedance into frequency domain. More precisely, the current signal in 

time domain reflects the history of the circuit, instead of the instantaneous response at infinitely 
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small time interval. As a result, impedance cannot be obtained via integration of the response 

equations.  

On the other hand, for a single frequency harmonic oscillation, both I(t) and V(t) will have 

to follow exp(iωt) in the steady state, where ω is angular sweeping frequency. At any frequency 

ω0, the complex impedance Z(ω0) can be obtained by Z(ω0)= V(ω0)/I(ω0), without involving 

integration. By scanning the entire frequency spectrum, an impedance spectrum, Z(ω) is obtained 

for collective frequencies and gives accurate description of the unknown impedance. V(t) and I(t) 

can be treated as the sum of innumerable simple harmonic oscillations at variable angular 

frequencies. Thus V(t) will be decomposed into components at variable frequencies. Since a 

simple harmonic oscillatory voltage produces a simple harmonic current in the steady state, I(t) 

will be decomposed into variable frequency components as well. By using Fourier transform, V(t) 

and I(t) can be mathematically converted into V(ω) and I(ω), the variable frequency components. 

The impedance is finally solved by V(ω)/ I(ω). 

3.3.2. Model construction 

In order to test the equivalence between step-function impedance spectroscopy and AC 

impedance spectroscopy, a model consists of various circuit elements is established. Take the 

simplest case for example in figure 3.4, where an ideal capacitor and an ideal resistor are 

connected in series.  
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Figure 3. 4 Testing circuit for step-function impedance spectroscopy 

The voltage source V(t) is used to simulate the step function perturbation therefore it has the 

form of: 

 𝑉(𝑡) = 0, 𝑡 < 0;  (3.2) 

 𝑉(𝑡) = 𝑈, 𝑡 ≥ 0.  (3.3) 

Due to the fact that the current going through each element is equal at all time, by applying 

Kirchhoff’s current law, one can obtain: 

 𝐶 𝑑𝑉𝐶
𝑑𝑡

= 𝑈−𝑉𝐶
𝑅

= 𝐼  (3.4) 

Where VC denotes the voltage across the capacitor and I denotes current. By separating 

variables and solving the differential equation, the current is expressed: 

 𝐼(𝑡) = 𝑈
𝑅

exp (−𝑡
𝑅𝐶

)  (3.5) 

3.3.3. Fourier transform 

Now that current and voltage are expressed in time domain, the next step is to transform 

them into frequency domain using Fourier transform. Fourier transform is by definition [80]: 

 𝐹(ω) = ℱ[𝑓(𝑡)] = ∫ 𝑓(𝑡) exp(−𝑗𝜔𝑡)𝑑𝑡∞
−∞   (3.6) 
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The symbol ℱ in 3.6 denotes Fourier transform and ω denotes angular frequency. Therefore, 

perturbation voltage signal after t=0 becomes: 

 𝑈(𝜔) = ∫ 𝑈𝑒𝑥𝑝(−𝑗𝜔𝑡)𝑑𝑡∞
0   (3.7) 

The function exp(-jωt) is a periodic function that shows no convergence when time 

approaches infinity, therefore integration becomes impossible. However, by employing an 

infinitely small term δ into the expression, the problem is solved.   

 𝑈(𝜔) = 𝑈 ∫ lim𝛿→0 exp[(−𝑗𝜔 − 𝛿)𝑡]𝑑𝑡∞
0  (3.8) 

We may take the limit outside the integration: 

 𝑈(𝜔) = 𝑈 lim𝛿→0 ∫ exp [(−𝑗∞
0 𝜔 − 𝛿)𝑡]𝑑𝑡  (3.9) 

 𝑈(𝜔) = 𝑈 lim𝛿→0
1

−𝑗𝜔−𝛿
exp[(−𝑗𝜔 − 𝛿)𝑡] |𝑡=0𝑡=∞ (3.10) 

Finally, since δ is infinitely small, 

 𝑈(𝜔) = 𝑈 lim𝛿→0
−1

−𝑗𝜔−𝛿
= 𝑈

𝑗𝜔
  (3.11) 

On the other side, current in time domain can be integrated using the same method: 

 𝐼(𝜔) = ∫ 𝐼(𝑡) exp(−𝑗𝜔𝑡)𝑑𝑡∞
0 = ∫ 𝑈

𝑅
exp (−𝑡

𝑅𝐶
∞
0 − 𝑗𝜔𝑡)𝑑𝑡  (3.12) 

Following 3.12, one may change the differentiate element dt into d(-t/RC-jωt): 

 𝐼(𝜔) = ∫ 𝑈

𝑅�−1𝑅𝐶−𝑗𝜔�
exp �−𝑡

𝑅𝐶
− 𝑗𝜔𝑡� 𝑑(−𝑡

𝑅𝐶
− 𝑗𝜔𝑡)∞

0   (3.13) 

The integration over changed variable ends up with: 

 𝐼(𝜔) = 𝑈

𝑅�−1𝑅𝐶−𝑗𝜔�
exp �−𝑡

𝑅𝐶
− 𝑗𝜔𝑡� |𝑡=0𝑡=∞ = 𝑈

𝑅� 1
𝑅𝐶+𝑗𝜔�

  (3.14) 
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Now that we have the Fourier transformed result for both current and voltage in 3.14 and 

3.11 respectively, their complex ratio gives the impedance in frequency domain as: 

 𝑍(𝜔) = 𝑈(𝜔)
𝐼(𝜔)

=
𝑈
𝑗𝜔
𝑈

𝑅� 1𝑅𝐶+𝑗𝜔�

= 𝑅 + 1
𝑗𝜔𝐶

  (3.15) 

Recall from section 2.4.2 in literature that this expression is the same the impedance 

representation directly obtained from the circuit above. This equivalence comes from the 

physical process instead of a coincidence and the equivalence can be expanded to more 

complicated system if necessary.  

As a preliminary conclusion, the step-function perturbation impedance spectroscopy is 

theoretically identical to AC impedance spectroscopy but only more convenient in some 

circumstances. Step-function impedance can be employed in the experiment process if needed, to 

replace AC impedance spectroscopy. More specifically, for dielectric material measurement, the 

system’s impedance can be as high as several hundred GΩ. In this case, the predominant small 

amplitude AC signal coming from a commercial impedance machine may reveal very weak 

signal, too small (in the range of Femto Ampere) to be distinguished from background noise. The 

huge resistance as a result of dielectric material also gives rise to large time constant, AC 

impedance is not capable of revealing true impedance result as it requires a long time to sweep 

the entire frequency spectrum. 

3.4. DC step-function perturbation design 

The electrode coated on the surface, as in figure 3.5, is used to measure the surface 

conduction signal, instead of bulk reaction.  
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Figure 3. 5 Step-function perturbation measurements 

The measurement is done in dark after removing the surface electrons. The sample was 

placed in high vacuum (2E-6 Torr), so as to vaporize any solid contaminant. The current signal 

was collected using DSA7000/B digital signal analyzer (Tektronix, USA).  

The voltage perturbation signal is schematically as follows in figure 3.6: 

 
Figure 3. 6 Schematic of the step-function perturbation signal 

The value of V0 is set to be 400 Volts, for the purpose of magnifying the electric response 

signal from the dielectric material. The rising edge of the voltage source is so sharp that it is 

below 1 µs. It is not difficult to observe the relationship between the highest sweeping frequency 

and the lowest time step in the derivation from 3.7 to 3.11. The product of the rising edge 

sharpness and the highest frequency is unity and these two terms are closely interrelated by the 
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Fourier transform. A sharp rising edge results in a broader range on the frequency spectrum, 

which is desired for the experiment.  

  



PhD Thesis – Han Yan McMaster University – Materials Sci. & Eng. 
 

73 
 

4. Results and Discussion 

4.1. Problem of the unwanted surface conduction Confirmed 

Few decades after the invention of photoconductor based photocopiers, many engineering 

and scientific issues have been solved step by step, based on the work devoted by engineers and 

deeper understanding of science behind photoconductors. In the 1980s, on the rapid growth of 

photocopier or laser printer market and fast pace in the research development, the long standing 

problem of image blurring became non-trivial: basically no progress had been made on the 

subject even though great research efforts have been invested. As a matter of fact, as of the late 

80s, scientists had positively identified that the image blurring indeed came from the parallel 

movement of charge carrier near the bulk surface of charge transport layer (CTL). Yarmchuck in 

1989 [67] and Keefe in 1991 [68] both confirmed this discovery. Afterwards, the research in this 

particularly area became stagnant, primarily due to the lack of investigative techniques. Only 

recently in 2007, Tokarski and his colleague [69] [79] confirmed that the parallel conduction is 

as a result of Corona charging by abrasion test.  

4.1.1. Charge transport measurement  

Charge transport behavior of the photoconductor was tested by sandwiching the polymer 

between two metal electrodes, as described by Tokarski [79]. The so-called time-of-flight (TOF) 

charge transport measurement is essentially the comparison of arbitrary photocurrent flow 

composed of electrons or holes. TOF is a well established technique that measures the time it takes 

for an electromagnetic particle or other wave to travel a distance through a specific medium. It is for 

the purpose of measuring velocity or path length through the given medium or to learn information 
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about the particle/wave or medium itself. It is used in the industry of image reproduction as a 

technique to measure carrier motility in insulating materials. The photoconductor is sandwiched 

between two electrodes. The electrode on one side is a semi-transparent electrode and it is an 

ordinary metal electrode on the other side. A laser pulse bombards on the material through the 

semitransparent contact and creates a thin sheet of electron–hole pairs. Holes driven by the electric 

field move towards the other end of the photoconductor and create a photocurrent. 

Increasing exposure in Tokarski’s work [69][79] was found to give rise to decreasing transit 

time for photocurrent flowing through the CTL. This result suggested that the effect starts at the 

surface and penetrates into the bulk with increasing duration of exposure. This revealed the 

effect of Corona charging was similar to a diffusion process:  as if some particles were diffusing 

into the layer and disrupting hole transport in CTL.  

Further experiment showed that if the Corona charged CTL were rested in room temperature 

for as long as a week, the CTL regained its ability to transport holes as if it was a virgin sample. 

During the course of the week, the transport ability recovered gradually as if the substance that 

impeded hole transport had diffused out slowly into the atmosphere. It was also suggested to be a 

thermally activated process as the rate of recovery could be dramatically accelerated with a mild 

heat treatment at 50 to 70 Celsius. No further heat treatment was implemented as a temperature 

close to the glass transition temperature of the CTL Tg could cause complication to the measured 

results.  

4.1.2. Corona affected surface of photoconductor  

In the last step, Tokarski confirmed that negative Corona charging had altered the hole 

conduction in the CTL and its charge transport ability as a function of time exposure. In this 
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particular case, one may ask whether the charge transport was altered in the bulk of the 

photoconductor or on the exposed surface only. Tokarski [69][79] compared the samples 

exposed to negative Corona with a successive abrasion test. 

A similar TOF technique was adopted for charge transport measurement in this test. The 

normalized transit time indicates how long it took the current to travel through one miron (µm) 

of the CTL, in the direction perpendicular to the Corona charged surface. It was clear that when 

only a thin layer of CTL was removed, normalized transit time recovered for only a small 

amount, comparing with the fully charged sample. Furthermore, once the entire surface bulk (up 

to 6 micron) was abraded away, the transit time as a function of thickness returned to that of the 

virgin state. This gave evidence that the negative Corona not only affected the surface of the 

CTL, as predicted by theory in literature, but also influenced the top bulk region of the CTL (the 

abraded volume).  

4.2. Nyquist plot of extra current due to the Corona charging 

Results indicating  extra current due to negative Corona charging will be illustrated in this 

section both in time domain, and in frequency domain after Fourier transform. 

4.2.1. Extra current in time domain 

A sample with and without negative Corona charging was measured, using the voltage step 

method described chapter 3. The current response is, as expected, recorded in time domain in 

figure 4.1. 



PhD Thesis – Han Yan McMaster University – Materials Sci. & Eng. 
 

76 
 

 
Figure 4. 1 Current response as a result of Corona Charging 

The smoothed line in figure 4.1 represents the mean value of the measured data, and the 

error bar is to represent the overall distribution of the data. The seemingly large error is due to 

the fact that the current response is quite weak. The sub-nano Ampere signal is on the fringe of 

the effective range of the data-collecting device. Therefore, a large sample rate or more points 

taken in a period of time is ideal. The computer aided measurement is able to collect data point 

for every 0.002 second or 500 points/sec equivalently.  

4.2.2. Fourier transformed result 

The mean value of the measured data or the smoothed line is obtained as I(t) from figure 4.1 

and the voltage signal, recall from chapter 3, is  

 𝑉(𝑡) = 0, 𝑡 < 0;  (4.1) 
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 𝑉(𝑡) = 𝑈, 𝑡 ≥ 0.  (4.2) 

After Fourier transform, both voltage and current in time domain are converted into 

frequency domain: 

 𝑈(𝜔) = ∫ 𝑈(𝑡)𝑒𝑥𝑝(−𝑖𝜔𝑡)𝑑𝑡∞
0   (4.3) 

 𝐼(𝜔) = ∫ 𝐼(𝑡) exp(−𝑖𝜔𝑡)𝑑𝑡∞
0   (4.4) 

The resulting impedance, as a result of extra current caused by negative Corona charging is 

given as the complex ratio of 4.3 and 4.4: 

 𝑍(𝜔) = 𝑈(𝜔)
𝐼(𝜔)

  (4.5) 

The Nyquist plot of the extra impedance is given in figure 4.2 
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Figure 4. 2 Nyquist plot as a result of Corona Charging 

 

It is clear from the Nyquist plot that, below the frequency of 0.6 Hz, it appears to be a pure 

capacitor: a straight line moving up with increasing frequency. The situation becomes 

complicated starting at 0.6 Hz and above. It shows a spiral with multiple turns. The figure moves 

above and below the real axis and gradually diminishes on the real axis at a point of about 950 

GΩ. The spiral is indeed composed of diminishing semi-circles with various diameters on the 

real axis. The semi-circles revolve in both the upper and lower halves of the complex plane. This 

observation is surprising as in a Nyquist plot, only inductors can form semi-circle with the 

presence of resistors on the positive side of the imaginary plane.  



PhD Thesis – Han Yan McMaster University – Materials Sci. & Eng. 
 

79 
 

4.3. Mysterious inductor-physically impossible 

An inductor is a circuit element that stores energy in its magnetic field. It is usually made of 

metal wire wound into a coil. When the current flow through an inductor varies, the rate of 

current change is proportional to the time-varying magnetic field created inside the coil. 

According to Faraday’s law of electromagnetic induction, the current induced magnetic field 

always opposes the change in current.   

4.3.1. Equivalent circuit analysis  

The given Nyquist plot requires information in an equivalent circuit to understand the 

physics behind it. Adopted from figure 2.19b and 2.20, a resistor in parallel with a capacitor or 

inductor can form a semi-circle, respectively below and above the real axis. When these two 

circumstances are combined, namely if a capacitor, an inductor and a resistor are in parallel with 

each other, the following impedance plot is obtained in figure 4.3. 

 
Figure 4. 3 Impedance representation of R, C and L 
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A complete circle is obtained on the right hand side of the imaginary axis. Starting from the 

origin at zero Hertz, the circle moves clock-wise with increasing frequency and returns to the 

origin as frequency goes to infinity. At the half of the journey, more specifically when the circle 

intercepts with the real axis away from the origin, the imaginary parts of the inductor and 

capacitor cancel each other and the real part of the impedance reaches the maximum. The total 

admittance and impedance of circuit in 4.7 are written as:  

 Ytot = YR + YC + YL  (4.6) 

 1
Ztot

= 1
ZR

+ 1
ZC

+ 1
ZL

  (4.7) 

By expressing inductor and capacitor individually: 

 1
Ztot

= 1
R

+ jωC + 1
jωL

  (4.8) 

Ztot is therefore a function of ω, it shows pure resistive behavior when: 

 jωC = − 1
jωL

  (4.9) 

or:  

 ω = 1
√LC

  (4.10) 

This is called the resonance frequency, defined as the frequency at which the impedance is 

purely real.  Energy in this circuit is stored either in an electric field as the capacitor is charged or 

in the magnetic field as the current flows through the inductor.  More specifically, energy is 

transferred from one form to another. The mechanical analogy of such a resonator is a suspended 

gravity pendulum. Without friction or air drag, it will oscillate about the equilibrium position and 
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swing back and forth at constant amplitude. Energy is stored at equilibrium position as kinetic 

energy completely transferred into potential energy when it swings to the highest point.  

As seen in figure 4.4, it is clear that the inductor dominates the overall impedance at low 

frequency while capacitor dominates the overall impedance at high frequency. Similar to a single 

resistor-capacitor or resistor-inductor system, when the imaginary part of the impedance reaches 

a minimum or maximum, the characteristic frequency relationship such that ωτ=1 is still valid. 

The moment ZIm reaches its maximum, its corresponding angular frequency becomes: 

 ωL = R
L
  (4.11) 

Equivalently, the moment ZIm reaches its minimum, its corresponding angular frequency 

becomes: 

 ωC = 1
RC

  (4.12) 

The complete circle in figure 4.3 resembles a single turn in the measured Nyquist plot, if the 

lower semicircle has a smaller diameter. Experimentally, if another resistor is inserted in series 

with the capacitor, a smaller semicircle is obtained below the real axis. The two distinguished 

semicircles constitute a single turn in a spiral, as in figure 4.4. 



PhD Thesis – Han Yan McMaster University – Materials Sci. & Eng. 
 

82 
 

 

Figure 4. 4 Impedance representation for a single term in a spiral 

Initiating from point (R0, 0), the curve in figure 4.4 revolves clock-wise and hits the real axis 

again at the point R+R0. Physically, the equivalent circuit of the dielectric polymer is based on a 

resistor and a capacitor in parallel where the capacitor represents the charge accumulation 

process as a dielectric material and the resistor represents dielectric loss.    

In the case of the repeated units of such combinations from figure 4.4, figure 4.5 is obtained. 

Apart from the inductors in the equivalent circuit, the circuit itself seems to provide a reasonable 

physical picture for a photoconductor. It is likely that there are distributed units of resistor-

capacitor within the bulk of the dielectric.  
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Figure 4. 5  Equivalent circuit that constitutes spiral 

Due to the nature of a series circuit, when swept under various frequencies, each R-L-C-r 

unit is “excited” when reaching its own characteristic resonance frequency, and therefore 

produces a spiral for the overall impedance. The spiral can then be obtained by many resonant R-

L-C-r loops connected in series, where the impedance of each loop peaks at its resonant 

frequency. At all frequencies other than its resonance frequencies, each of the R-L-C loops may 

be regarded as a short cut. 

The only odd situation comes from the presence of the inductors, a circuit element often 

made of a metal coil, which are impossible to exist in a piece of thin dielectric polymer. This is 

to conclude qualitatively that the traditional inductor is physically unlikely in the equivalent 

circuit of dielectric materials.  

Qualitatively, following figure 4.4, each element in the circuit can be found through data 

fitting. The values are listed in table 4.1 below for the first two R-L-C-r units: 
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Ro 488  GΩ L1 715    GH L2 19.8   GH 

  R1 1200  GΩ R2 590    GΩ 

Co 21.9  pF C1 0.94    pF C2 0.112  pF 

  r1 332    GΩ r2 190    GΩ 

Table 4. 1 Values of each element obtained through data fitting 

The values of resistors and capacitors are within one’s expectation for a regular dielectric 

material, huge resistance as well as tiny capacitance. The numbers in bold are surprising, since 

there is certainly no magnetic coil here, not to mention the incredible large unit of hundreds of 

Giga Henry. 

4.3.2. Working mechanism of an inductor 

 An inductor is capable of not only storing energy in its magnetic field, but also changing the 

shape of current/voltage wave, due to its ability to delay and reshape AC current. The typical 

current voltage response is plotted in figure 4.6. 

 
Figure 4. 6 Characteristic response of inductor and capacitor 
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The inductor response is always behind the voltage source signal by a phase difference of 

π/4. The unlikely inductor found in the equivalent circuit of figure 4.5 lags the sweeping signal 

also by π/4, otherwise no semicircle above the real axis is in the Nyquist plot.  The lag 

mathematically corresponds to the imaginary unit j in its impedance expression of ZL=jωL.  

In the opposite case for a capacitor, its current response always leads the voltage signal by 

π/4 and that is verified by the imaginary unit j in the denominator of ZC=1/jωC. 

 The resonance frequencies of the measured result take place at 1.25Hz and 2.2 Hz for the 

first two R-L-C-r units respectively. Huge inductors must be present to fulfill such low resonance 

frequencies. Geometrically, it is again concluded that the inductor suggested on the Nyquist plot 

is not real. 

4.4. Similar inductor found in other areas –A long-standing problem 

It is not the first time that this mysterious inductor is found or questioned. Even in the 

fundamental book written by Barsoukov and Macdonald [78], inductance behaviors were also 

observed. They admitted that a low frequency inductive response was of considerable theoretical 

and experimental interest as fourth quadrant behavior was observed experimentally. They took 

the example from Keddam et al. [81] such that, on increasing the potential through an active-to-

passive transition, an inductive semi-circle was formed. They believed that the origin of the 

inductive behavior was due to an adsorbed intermediate caused by the potential increase. 

Epelboin et al. [82] had a different view and believed it was caused by the coupling between 

mass transfer and a surface reaction. In this fundamental book, Gohr’s [83] theory of relaxation 

impedance was also mentioned where it was used to describe the surface relaxation of the 

interface. The theory of relaxation impedance itself was too weak to be applied to other systems 
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that eliminated the presence of interface relaxation. One such example was provided by Muller 

[84], who also showed the so-called “pseudoinductive behavior” in the low frequency range. 

Last but not least, the book introduced another example of Liu’s study [85] on a Pt-Ru anode, 

where an inductive loop in the low frequency range was also found. Various points of view had 

been given in the book with no critical judgment provided. Each theory can more or less explain 

the existence of an inductive behavior or “pseudo-inductor” by introducing surface adsorption or 

a transient effect associated with mass transfer (such as diffusion). Nevertheless, no universal 

solution has been proposed or discussed. 

The examples above rely mainly on the theory of impedance spectroscopy while 

experimental examples below will put more weight on individual electrochemical processes. 

4.4.1. Inductive loop found in corrosion science 

Impedance spectroscopy is widely used to study the interface behavior during corrosion 

therefore inductance behavior can be often found in this area. As an example, Bechet et al. [86] 

in 1977 studied the anodic dissolution of iron in acidic medium by measuring the interface 

impedance at various current densities or the pH. The impedance was found to be inductive at 

lower current density and at low frequencies. Bechet believed that it was related to the 

mechanism of (FeOH)ads adsorption occurring on the electrode. This paper didn’t provide too 

much information on explaining the origin of the inductance.  

Bessone et al. in 1992 [87] studied the formation of Aluminum passive film at low 

frequency range using IS method. The diffusion controlled process within the oxide film was 

responsible for the EIS spectra observed and an inductive arc was observed at low frequencies. 

Bessone believed that it could be ascribed to surface area modulation or salt film property 
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modulations, for example associated with changes in density, ionic conductivity or thickness. 

Coincidently, he also raised the possibility of another cause: relaxation of an adsorbed 

intermediate species. He admitted, in agreement with colleagues in this area, that the origin of 

the inductive loop needed further study.   

Baril et al. in 2007 [14] studied the corrosion of Magnesium in sodium sulphate solutions 

with a rotating disc electrode. The anodic dissolution behavior of Magnesium was measured 

using impedance spectroscopy. The resulting impedance diagram was characterized by two well 

defined capacitive loops at high and medium frequencies. Unexpectedly, an inductive loop was 

found in the low frequency range (less than 1 Hz). On discussing the origin of the inductor, he 

agreed with Bechet’s [86] idea and suggested it may be due to the existence of relaxation process 

of adsorbed species on the electrode surface.  

Above are a few examples in corrosion study, most studies treated the inductive behavior as 

a side effect and didn’t put much emphasis on it in their discussion. The majority of the 

explanation was based on surface absorption, but no detailed mechanism or proof was given. As 

a preliminary conclusion for the inductive behavior in corrosion study, no conclusive answer has 

been proposed.  

4.4.2. Inductive loop found in conducting polymer research 

Ionic conduction in conductive film is usually studied using impedance spectroscopy. As an 

example in 2001, Chen et al. [16] investigated the inductive behavior found on a Polyaniline 

(PANI) film electrodeposited in HCl medium. The author asserted that the Redox reaction 

involving unstable intermediate species coupled with electrochemical reaction in PANI caused a 

competing reaction sequence. This can result in an inductive behavior. The author for the first 
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time proposed an inductor in the equivalent circuit of PANI film and suggested that the 

inductor’s presence was probably due to the contribution of the faradaic pseudocapacitance of 

the polymer film. His argument was based on the fact that PANI behaves close to a capacitor in 

the highly positive potential range. The paper provided an insight on a complicated polymer 

system under various sweeping frequencies based on sufficient experimental experience. Still, 

the proposed answer couldn’t explain how the proposed reaction could possibly resemble 

inductive behavior.  

As another example, the characteristic impedance response of a Nafion membrane in an 

operating polymer electrolyte fuel cell was investigated by Schneider et al. in 2008 [18]. Not 

surprisingly, the inductive loop was found again at low frequency region. Schneider proposed it 

was as a result of water hydration and dehydration. He believed that at quasi-steady state, namely 

sweep frequency ω is close 0, the hydration state is virtually identical to that at equilibrium state. 

However, towards higher frequencies, the hydration of the ionomer gradually couldn’t keep pace 

with AC current. The delayed hydration/dehydration of the ionomer induced an additional phase 

shift, which is responsible for the lag of current with respect to voltage. The argument provided a 

molecular image of the polymer chain at low frequency even though no other proof was given. 

As a matter of fact, water hydration and dehydration is not a necessary condition to trigger an 

inductive loop because they are found in other similar systems with no water. This attempt 

provided an insight for discovering the origin of the inductor but didn’t receive favorable 

comments in subsequent literature [88].  

Similar to the discussion in corrosion science, results based on inductive behavior in 

conductive polymer also treated the physically unlikely phenomenon as a side effect. However, 

more recently in 2011, Nanda and his colleague [19] observed change of ion conductivity of a 
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solid electrolyte exposed to Gamma radiation and found the inductive loop as a new feature. The 

author did a quick review on the comments of the inductive feature provided by other scientists. 

Gray [88] suspected that the inductive feature may be due to the peculiarities of the set-up or 

transient effects. Neyertz et al. [89] and Thomson et al. [90] suggested that the spirally coiled or 

zigzag polymer molecules may affect the path of charge carriers and induce a winding motion, 

which showed up as an inductor in the Nyquist plot. Nanda finally suggested that the 

complicated motion paths for charge carriers in the sample, associated with rough porous surface 

may have caused the inductor behavior.  

In conclusion, no quantitative analysis has been done, relating the details of microstructure 

to the inductance observed. Researchers have provided various scenarios ranging from Redox 

reaction to water hydration. Nevertheless, some of them are able to explain the inductive 

behavior in their own systems, the debate is still continuing.  

4.5. Possible explanation 

The observation of an equivalent inductor in a Nyquist plot cannot be dismissed as an 

artifact as the phenomenon is found in multiple systems over a long period of time. When 

proposing the explanation for the physically impossible inductors, there are several necessary 

conditions to meet. Firstly, according to figure 4.2, the origin of the inductive behavior is 

associated with resonance behavior. In other words, energy in one form has to be transferred into 

another form back and forth continuously. Secondly, microstructure of the photoconductor 

polymer must have been affected so that the charge carrier motion has been altered. Thirdly, a 

delayed motion must be found in the explanation so as to mimic an inductive loop in a Nyquist 

plot.    



PhD Thesis – Han Yan McMaster University – Materials Sci. & Eng. 
 

90 
 

4.5.1. Why quartz crystal resonator is not the explanation 

Due to the structure and nature of the photoconductor system, metal coils are not present. A 

model for similar inductive behavior in a small size comparable to the one in our experiment is 

desired. The quartz crystal resonator becomes an ideal candidate as it is usually a very small, thin 

piece or wafer of cut quartz with the two parallel surfaces. Its geometrical resemblance as well as 

its characteristic resonance frequency makes it a possible explanation.  

The resonator takes advantage of piezoelectric quartz crystal. When a voltage is applied to a 

thin piece of the quartz crystal, it begins to change shape, producing a characteristic known as 

the piezoelectric effect. When the field is removed, the crystal generates an electric field as it 

goes back to its original shape. As a consequence, the quartz crystal behaves as an element with 

an equivalent circuit that composed of an inductor, capacitor and resistor in figure 4.7.  

 
Figure 4. 7 Circuit representation and equivalent circuit for quartz resonator 

Figure 4.7 a) illustrates the circuit presentation of a quartz resonator and part b) illustrates 

the equivalent circuit: a typical RLC series circuit. The RCL circuit is used to represent the 

mechanical vibration of the crystal, in parallel with C0, which represents self capacitance of the 
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crystal. The capacitor C in series with the inductor L and resistor R, physically indicates inertia, 

friction and stiffness of crystal.  More often in real cases, C0 is much larger than C so that only 

one resonance frequency is considered.  

One of the most useful features from the crystal resonator is its frequency stability. It can 

provide a constant and accurate frequency output under varying loading conditions. The 

impedance of the circuit in figure 4.7 is given by: 

 1
Ztot

= (R + jωL + 1
JωC

)−1 + jωC0  (4.13) 

Since C0 is significantly larger than C, we may drop the term of jωC0 and 4.13 become: 

 Ztot = R + jωL + 1
jωC

  (4.14) 

Ztot is therefore a function of ω and shows pure resistive behavior when: 

 jωC = − 1
jωL

  (4.15) 

or:  

 ω = 1
√LC

  (4.16) 

At the resonance frequency, the impedance reaches its minimum below or above this 

frequency, energy is transformed back and forth between mechanical energy and electrical 

energy.  

A typical quartz crystal resonator in the size of about 1 cm is in possession of a resonance 

frequency in Mega Hertz range, which is much higher than the resonance frequencies measured 

in figure 4.2. In a mechanical resonance such as the quartz crystal resonator, the frequency is 

proportional to the square root of the mass of the system [91]. Therefore, for the purpose of 
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getting a resonance frequency at the range of 1 Hz, the mass of the quartz resonator is 10E12 

times higher than the 1 cm resonator. Geometrically, the size of the resonator is in the range of 

100 meter, which is physically impossible.  

The quartz crystal resonator, whose equivalent circuit contains a non-physical inductor, 

provides a qualitative possibility to explain the origin of the huge inductor found in the 

photoconductor. However, after a quantitative estimation, it appears to be highly improbable. 

4.6. Negative dielectric constant  

As discussed in 4.3, capacitors are often found in the equivalent circuit of dielectric 

materials, for the purpose of simulating ideal capacitance using dielectric material. An ideal 

capacitor can be expressed as: 

 𝐶 = ɛ 𝐴
𝑑

= 𝜀0𝜀𝑟
𝐴
𝑑
  (4.17) 

In 4,17, ε is used to denote dielectric constant or permittivity, it is the product of vacuum 

permittivity, ε0 and relative dielectric constant εr. ε0, also called vacuum dielectric constant, is a 

constant in the value of 8.85E-12 (Farad/m). It is the value of a capacitor with vacuum between 

its metal plates. The relative dielectric constant has no unit and it describes how many times of 

charge a capacitor can store relative to a vacuum capacitor, if a specific dielectric material is 

placed between metal plates. Letter A in 4.17 is the area of capacitor and d represents the spacing 

between metal plates. If the geometry for a capacitor is fixed, its capacitor value is only 

proportional to the relative dielectric constant, as all other terms are constants.  

Additionally, the impedance representation, taken from equation 2.48, can be written as: 
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 𝑍𝐶 = 1
𝑗𝜔𝐶

= 𝑗
𝑗∗𝑗𝜔𝐶

= (−1) ∗ 𝑖 ∗ 1
𝜔𝐶

  (4.18) 

Recall equation 2.50 where ZL=jωL. Comparing it with 4.18 indicates that the only essential 

difference between an inductor and a capacitor in impedance representation is the negative sign, 

when frequency is fixed.  

 
Figure 4. 8 Simplified impedance representation 

This is consistent with impedance representation on the complex plane, as in figure 4.8. 

Capacitors alone take up the negative side of the imaginary axis while inductors are 180 degrees 

away. Mathematically, the imaginary unit j indicates a 90 degree rotation counter clock-wise on 

the complex plain since: 

 𝑗 = exp (𝑗 ∗ 𝜋
2

)  (4.19) 

If the relative dielectric constant is negative, a capacitor inserted with this special dielectric 

show the same impedance representation as an inductor.  The change of sign eliminates the 

negative sign in equation 4.18, the only essential difference between an inductor and a capacitor.   
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The above argument is a qualitative estimate. Under quantitative consideration, the problem 

associated with the inductor is often found at low frequencies with huge value (Giga Henry 

magnitude measured from figure 4.2). If the previous argument about negative dielectric constant 

is valid, at low sweeping frequency, a capacitor in nano F with a negative dielectric constant will 

be able to explain the incredible magnitude. Now the question comes down to the mechanism of 

how the dielectric constant in a regular photoconductor dielectric material could possibly turn 

negative.  

4.6.1. Previous work on negative dielectric constant 

Negative dielectric constant has already been found in metal and plasma under certain 

conditions.  

Plasma is a fourth fundamental state other than solid, liquid or gas. It can be achieved by 

either heating the gas or by strong electromagnetic field. Molecular bonds within the gas are 

dissociated and form a gas of charge particles, where both positive charge particles and negative 

particles are found. The presence of charged particles makes plasma a conductive medium so 

that it responds strongly to electromagnetic fields.  

The model to derive negative dielectric constant is called Drude [92] model and it is usually 

derived based on metallic systems. Metal is considered to behave as a free gas of electrons 

interspersed with heavy positive nuclei. An important assumption is that electron-electron and 

electron-nuclei interactions are neglected, with the exception of random electron collisions with 

the nuclei. The model is a classical approach and electrons are treated as free and independent 

particles. We take advantage of Newton’s second law of motion such that: 

 𝑚𝑎 = 𝐹  (4.20) 
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When applying the equation onto a single electron: 

 𝑚𝑒
𝑑2𝑥
𝑑𝑡2

+ 𝑚𝑒𝛾
𝑑𝑥
𝑑𝑡

= −𝑒𝐸(𝑡)  (4.21) 

The second derivative of distance “x” travelled with respect to time represents acceleration 

of an electron. Similarly, damping factor γ denotes the number of collisions per second between 

electrons and positive nuclei in the metal, in the unit of 1/s. The product of variation of position x, 

damping factor and mass of electron is also in the unit of Newton. On the right hand side of 4.21, 

the product of incident electric field E and basic charge e gives rise to the external force that 

facilitates electron motion. If the field is monochromatic, we have field and distance variation as: 

 𝑚𝑒
𝑑2𝑥
𝑑𝑡2

+ 𝑚𝑒𝛾
𝑑𝑥
𝑑𝑡

= −𝑒𝐸0exp (𝑖𝜔𝑡)  (4.22) 

 𝑥(𝑡) = 𝑥0exp (𝑗𝜔𝑡)  (4.23) 

Using 4.23, 4.22 is solved by substitution: 

 𝑥(𝑡) = 𝑒𝐸(𝑡)
𝑚𝑒(𝜔2−𝑗𝜔𝛾)

  (4.24) 

The metal itself macroscopically maintain electrical neutrality and the displacement of 

electron x(t) may be considered as a dipole of charge e and length x(t). The overall polarization 

per unit volume caused by all diploes is: 

 𝑃(𝑡) = −𝑁𝑒𝑥(𝑡)  (4.25) 

In 4.25, N is the number of electrons per unit volume and with the unit of 1/m3.Similar to the 

relationship of electric displacement D, electric field E and total polarization P in a simple 

dielectric; one may use this definition to derive relative dielectric constant εr: 

 𝐷(𝑡) = ε0𝐸(𝑡) + 𝑃(𝑡) = ε0𝐸(𝑡) − 𝑁𝑒2

𝑚𝑒(𝜔2−𝑗𝜔𝛾)𝐸(𝑡) = ε0𝐸(𝑡)εr  (4.26) 
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 ε𝑟(ω) = 1 − Ne2

meε0(𝜔2−𝑗𝜔𝛾) = 1 − 𝜔p
2

𝜔2−𝑗𝜔𝛾
  (4.27) 

Now the relative dielectric constant is a function of frequency and the so-called plasma 

frequency is defined: 

 𝜔𝑝 = � Ne2

meε0
�
1/2

 (4.28) 

On substituting electron mass, electron charge as well as electron density in metals, it is 

found that the plasma frequency for metal is very high, usually in the optical-UV range.  

In a similar derivation for plasma system, the only difference is the absence of the damping 

factor. Therefore, the dielectric constant expression becomes: 

 ε𝑟(ω) = Ne2

meε0𝜔2 = 1 − 𝜔p
2

𝜔2  (4.29) 

For a plasma sample that with no imaginary part of the dielectric constant, plotting the 

equation 4.27 or 4.29 yields figure 4.9. 

 

Figure 4. 9 Dielectric function as a function of normalized frequency 
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The frequency in figure 4.9 has been normalized to plasma frequency, for the purpose of 

making the x-intercept more intuitive. It is obvious from the figure that below the plasma 

frequency, the dielectric constant becomes negative. 

When the applied alternating field is below the plasma frequency, the electron gas in the 

metal is displaced slightly with respect to the arrangement of positive ion. In this case, the so-

called plasma oscillation or “Plasmon” takes place. The displaced electron gas produces a field 

that is opposite to the external field and thus a restoring force. The polarization caused by these 

displaced electrons is opposite to the direction of the electric field and corresponds to a negative 

relative dielectric constant. They oscillate back and forth at the plasma frequency until energy is 

consumed by damping. Plasmons are a quantization of such oscillation.  

4.6.2. Modified polymeric structure with negative dielectric constant 

Research interest has been paid to plasma systems due to their potentially revolutionary 

impact in energy research [93]. Negative dielectric constant research has also been expanded to 

other fields due to their possible revolutionary impact on electronics [94]. Much work has been 

done to address the fact that plasma frequencies for metal or plasma are too high for many 

desired applications. If negative dielectric constant can be achieved at low even zero frequency, 

electrons would be attracted to each other, offering new opportunities in physics and electronics.  

Recently, scientists have focused on new and complex material systems and the examples of 

progress are illustrated here. 

It has been proved that [95] the metal wire mesh structure is able to obtain negative 

dielectric with a plasma frequency near the microwave range. This significantly decreased 
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plasma frequency and provided a possible route to achieve low frequency negative dielectric 

material.  

In 2000, Smith et al.’s periodic array [96] of conducting split ring and continuous wires 

exhibited negative dielectric constant in microwave regime. Li et al. [97] in 2009 showed 

negative dielectric constant, based on polymer nanocomposites in the megahertz range. Wang et 

al. [98] in 2008 observed negative dielectric constant in the megahertz range based on 

La0.8Sr0.2MnO3 /Nb-doped SrTiO3 heterojunctions. Rahman et al. [99] found negative dielectric 

constant conducting polymer nanowires near the kilohertz range.  

However, all systems above involve complicated material structure, sophisticated treatment 

or nano-structures. Negative dielectrics have been achieved by their special designed structure, 

rather than their compositions. 

4.7. Model that shows negative dielectric constant in our system. 

Ramakrishna [95] predicted that negative dielectric constant could be found in more 

ordinary systems then those listed above. Specifically he predicted the occurrence in dielectric 

media with bound charges. He also suggested in the predicted system, that the Drude form of 

plasma could be obtained, as a result of the bound electrons’ restoring force.  

With this in mind, by revisiting the treatment of the photoconductor discussed earlier in this 

chapter, a description of the process is obtained.  

Under high voltage up to 5KV, Corona charging can ionized the air in its vicinity. Anions 

and electrons are accelerated by the electric field towards the photoconductor surface. Electrons 

have much higher charge/mass ratio and so are accelerated to a higher velocity than the ions. As 
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a result, electrons can penetrate deeper into the bulk surface as has been verified by successive 

abrasion testing. The charges left over are those that penetrate deep (6 um for the deepest) into 

the photoconductor and become static charges. At this stage, the so-called electro-neutrality is 

not necessarily maintained and static charges in the bulk are found stable for several weeks, long 

enough for the following steps. The inductive behavior of the Nyquist plot is unexpected and the 

photoconductor shows no such inductor before Corona charging. Therefore the only possible 

origin of the inductor has to be the static charge “planted” during high voltage charging.  

The static charges behave like plasma electrons in response to an oscillating electric field or 

the step-function perturbation signal. The static charge responds to the external field and 

oscillates at the position where it stays, similar to that in plasma or metal. The long-lasting static 

charges embedded in the dielectric are not often observed in other systems as they require a high 

voltage to “diffuse” into the photoconductor. Inside a laser printer, the dry and isolated 

environment helps to stabilize the electrons within the surface bulk of the photoconductor. 

Otherwise they are easily annihilated by humid air or by the high ambient temperature. 

Compared to the Drude model for negative dielectric constant of a plasma system, the static 

charge carriers are similar to the free electrons in plasma, but much lower density.  

In a quantitative picture, recall plasma frequency ωp=(Ne2/mε0)-0.5 from 4.26 and from 4.29 

the relative dielectric constant is: 

 ε𝑟(ω) = 1 − 𝜔p
2

𝜔2  (4.30) 

When ω is lower than ωP, -(ωP/ω) is dominating εr and it is negative indeed [100].  

 (jωC′)−1 = [jω(c′ + c)]−1 ≈ (jωc′)−1 = (jωε𝑟c0)−1  (4.31) 
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where c0 represents vacuum capacitance in the unit of Farad and c is the normal capacitor of 

the insulating polymer, which can be dropped compared with c’. c’ is the capacitor as a result of 

the negative dielectric constant. When substituting 4.30 into 4.31,  

 (jωε𝑟c0)−1 ≈ −(j𝜔𝑐0
𝜔p
2

𝜔2)−1 = jω(c0𝜔p2)−1 = jωL  (4.32) 

Finally, an “inductor” is created from the negative dielectric constant capacitor caused by 

static electricity in 4.32 and 4.33. It is obvious that the inductor value is only a function of 

plasma frequency 

 𝐿 ≈ 1
𝑐(𝜔𝑝)2

  (4.33) 

This unusual capacitor must be located within the part of the sample containing static charge 

near the surface bulk. The capacitor with negative dielectric constant has to be aligned parallel 

with the rest of the sample, which is not influenced by static charge. The overall picture becomes 

the one in figure 4.10: 

 
Figure 4. 10 An overall picture of the charged sample photoconductor 

Between two metal electrodes coated on far ends of the photoconductor, many slices of the 

sample are formed in line within the surface bulk. Within each slice, the top part with static 
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charge forms an “inductor” by the negative dielectric constant. The top part is connected in 

parallel with the bottom part, which still acts as a normal capacitor. Together they form “L”-R-C 

loops with various resonant frequencies and the resistors in parallel with them are those regular 

ones found in equivalent circuits of ordinary dielectrics. Due to the resonance nature of the series 

circuit, each slice is “excited” while reaching its resonance frequency, therefore producing a 

spiral for the overall impedance. It is clear from figure 4.2 that each “L”-R-C loop only 

responses in a very narrow frequency range and otherwise becomes “invisible” on Nyquist plot. 

In particular, those slices near the electrodes have lower static charge concentrations due to the 

presence of metal, therefore involving larger resistance and larger inductance. They are 

corresponded to the outer most circles of the spiral with lower resonance frequencies. The 

opposite is true for those far away from the electrodes, namely the middle section between two 

electrodes. They are related to the inner part of the spiral with lower higher resonance 

frequencies.  

The resulting negative dielectric constant may also be explored by treating the whole sample 

as one capacitor.  
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Figure 4. 11 Negative dielectric constant by treating the entire sample as a capacitor 

As shown in the figure 4.11, the overall capacitance of the photoconductor is plotted in 

frequency domain and it is simply the projection of the values on imaginary axis in figure 4.2 

against frequency.  The overall capacitance oscillates and diminishes with an increasing angular 

frequency where the negative value only appears at certain frequency intervals. The positive and 

negative intervals are the reflections of the semicircles above and below the real axis in figure 

4.2 respectively. They oscillating nature of overall capacitance is essentially caused by the 

resonance behavior of various “L”-R-C connected in series, as a result of static charge [100]. 

However, the exact values of the negative dielectric constants cannot be calculated by the ratio of 

the overall capacitance versus that of geometrical capacitor. It is simply because the overall 

behavior involves many such “L”-R-C loops connected in series. The unevenly distributed static 
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charge directly results in unevenly distributed “inductors”, representing many “L”-R-C loops. 

Nevertheless it provides a qualitative overview of the overall sample response. 

It is observed from figure 4.2 and figure 4.11 that at megahertz range, imaginary impedance 

are still showing diminishing oscillations. The negative dielectric constant appears from <1Hz to 

1 MHz. Since the plasma frequency ωp must be larger than ω, for the negative dielectric constant 

to occur, we may safely judge that ωp must be larger than 1 MHz, but not much higher. By 

substituting all known constants into equation 4.26, it is estimated that the average charge 

density is around 104 cm-3, for the region representing the outmost semi-circle.  

Moreover, the variation of the static charge density is expected to affect the overall results 

through the change of the plasma frequencies. For example, samples with less amount of static 

charging would involve lower static charge density, thus smaller plasma frequencies, and higher 

L values and lower resonant frequencies. However, they would also give larger resistance, which 

may result in too weak a current to be detected.  In the meantime, the negative static charges are 

expected to locate near the positive charges on the polymer structures [101]. This relationship 

can be seen in 4.33 by combining equation (4.28) and (4.33). The value for inductor is inversely 

proportional to the charge density. 

 𝐿 ≈ 𝑚𝑒ε0
𝑐𝑁𝑒2

  (4.34) 

Their lifetime is intimately related to the thermal agitation and other conduction mechanisms. 

Additionally, the static charges diminish faster in humid air as the water molecules make the air 

more conductive. For example, a longer lifetime may be obtained in a low temperature and dry 

environment.  
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4.8. Explanation of NDC in photoconductor caused by static electricity 

In a two-metal-plates model similar to that in figure 2.9, once the electric field D caused by 

free charge is applied onto the surface of the dielectric material, dipoles that were randomly 

orientated starts to reorient themselves and are gradually aligned so that the total polarization 

field P starts to increase. The process of reorientation takes time and that time measures the 

relaxation of the dielectric material.  

After the polarized charge density P has reached its maximum, the difference between 

surface free charge density D and polarized charge density P reaches its minimum and it is called 

the total charge density ɛ0E. The relationship between D, ɛ0E and P, expressed in equation (2.9) 

is not only valid in magnitude, but also they are in the same direction, as illustrated in figure 4.12.  

 

Figure 4. 12 Two-metal-plates model that shows D, P and E for regular dielectric material  

The driving force and the only premise for dipole alignment is the total charge density ɛ0E 

that caused an electric field. On the other hand, the recovery action within dipoles is the reversed 

effect that prevents the opposite ends of the dipoles from moving away too far from each other or 

getting perfectly aligned. After applying the external electric field, permanent dipoles are aligned 
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along the electric field. When the field is removed, the recovery action, driven by entropy will 

make the dipoles go back to their original state: randomly oriented within the dielectric material. 

The situation is the same for induced dipoles. The recovery action brings the separated centers of 

positive charge and negative charge back to their positions when there is no electric field. The 

recovery action can be modeled by linking a spring to a small object in figure 4.13. The force F 

is used to simulate the total charge field ɛ0E and the spring is used to mimic the action of the 

recovery.  

 

Figure 4. 13 Recovery model that simulates dipole moment alignment 

The moment the total electric field ɛ0E reaches 1/εr times of that the field caused by the free 

charge density D, the driving force for alignment of dipoles comes to an end. In other words, the 

recovery action in dipoles is identical in magnitude to the attraction caused by the total field ɛ0E, 

albeit in reversed direction: a dynamic equilibrium is established within the dielectric material.  

This is the situation for regular dielectric material where a recovery model is adopted to 

describe the force to keep the positive ends and negative ends from getting too far apart or 

getting completely aligned with the external field. However, the situation is slightly different 

from that in systems where free electrons instead of dipoles are found. The recovery model 

cannot be used in the presence of free electrons only. In Drude model for plasma, the electron-

electron interaction is ignored during the application of external field and the only field that 

causes the electronic polarization is the total field ɛ0E (often electromagnetic wave in sinusoidal 

form).   
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In our system where negative dielectric constant is realized by free static charge within the 

surface bulk of the dielectric material, the total field ɛ0E is similar to that in plasma.  

The analysis of negative dielectric constant under DC field can be treated within a period of 

an AC field with extremely low frequency. The cycle of the external AC field is so long that the 

free electron response can adequately reach the equilibrium state and the rate of change in 

external AC field is close to zero when discussing the flow of free electrons in the 

photoconductor.  

 

Figure 4. 14 Two-metal-plates model that shows D, P and E for negative dielectric material 

In this particular case, the driving force for the growing of the polarized field is still the total 

field ɛ0E. Once the external field D is applied, the polarized field P starts to grow so that it 

gradually approaches the magnitude of the external field D. With the absence of recovery action, 

although the driving force ɛ0E is getting smaller and smaller, the growth of polarized field P will 

continue as a result of inertia, even when P is equal to the external field D. As in figure 4.14, the 

polarized field P keeps growing sluggishly so that the total electric field ɛ0E starts to reverse its 

direction and the negative dielectric constant begins to show its “negative” essence commencing 

this moment. The polarized field P grows to the ultimate value: that the total field ɛ0E, in 
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magnitude, is 1/ɛr times as big as the field D. This is similar to that in a regular dielectric 

material, only a total field ɛ0E with reversed direction is found.  

In all, the value of the dielectric constant changes as a function of time and its value is 

schematically illustrated in figure 4.15.  

 

Figure 4. 15 Dielectric constant as a function of time during polarization 

At time t=0, when the field D caused by free charge is just applied with no polarization 

occurring, the dielectric constant is 1. It increases rapidly and mathematically goes to infinity 

when the magnitude of polarized charge density P approaches the free charge density D. At the 

exact moment t=t0, when P is identical to D, the value of the dielectric constant is not defined. 

Similarly, when the polarized charge density P continues to grow and deviates from the free 

charge density D, the value of dielectric constant goes from negative infinity to an asymptotic 

line. The value of the asymptotic line exhibits the negative essence of the dielectric constant. In 

this particular case, the plain fact that the induced polarized field P exceeding the value of its 

premise, the external field D, seems to have violated the conservation of energy. As a matter of 

fact, the external field is supplied by external source and extra energy has been provided to the 

system constantly.  



PhD Thesis – Han Yan McMaster University – Materials Sci. & Eng. 
 

108 
 

By adopting Drude model [102] to explain negative dielectric constant manifested by static 

electricity, the highest values of the distributed inductors seem to be invalid when considering 

equation (4.28). It is obvious that the vacuum dielectric constant ε0 and electron charge e are 

constants and an extremely low charge density still couldn’t adequately describe the 

measured low plasma frequencies. In this case, we image that the effective mass of electron 

is significantly magnified by its hopping motion. Static electrons in the surface bulk are not 

truly free. Their motion is influence by the total field ɛ0E and could only move from one site 

to another through hopping. Hopping is a thermally activated process that has to overcome 

energy barriers. Their motion is much more difficult than that in metal or plasma: a gas of 

free electrons and ions.  We may in this case conclude that the motion of static charge in a 

dielectric material gives rise to magnified effective mass of free electrons. The plasma 

frequencies are measured values and the ratio of charge density over effective mass of 

electron (N/me) can be calculated and treated as a whole. Due to the distributed nature, it 

seems difficult now to discuss charge density N and effective electron mass me separately.  
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5. Summary and Conclusion 

5.1. Corona charge can cause dielectric constant to shift to negative 

After Corona exposure, the unwanted surface conduction parallel to surface direction was 

found in the photoconductor, used as the charge transport layer in laser printers. The unfavorable 

behavior can cause image blurring thus result in rapid replacement of drums. Due to the nature of 

the dielectric material, high time constant and high resistance prevents the usual AC impedance 

analysis from investigating the origin of the unwanted surface conduction. We instead introduced 

step-function as the perturbation signal for impedance analysis and Fourier transformed the 

response signal. Consequently, physically impossible inductors were found in the Nyquist plot of 

the current transients for the samples treated with Corona charging. The thesis provided an 

experimental means to characterize the unwanted surface conduction using step-function 

impedance analysis.  

5.2. Possible solutions to the long standing problem 

The long standing problem of inductive behavior during impedance analysis could be dated 

back to the 70s and they were found in many research areas. Researchers have provided various 

explanations ranging from surface adsorption to water hydration, based on their specific systems. 

The theories provided by these researchers cannot universally explain the observed inductive 
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behavior. More specifically, no quantitative analysis has been proposed, relating the details of 

microstructure to the inductance observed.  

We related the Drude model in plasma to the photoconductor exposed to high voltage 

Corona charging. Aided with side evidence, we conclude that static charges “planted” in the top 

bulk of the photoconductor are the cause of physically impossible inductor.  

The explanation will likely be expanded to other research areas where the long-standing 

problem of the mysterious inductor are also found, by considering charge carrier in those system 

with applied external electric field. 

Additional to that, the understanding of negative dielectric constant of a simple dielectric 

material at low frequency may provide a possible revolution in electronics and photonics, where 

large inductors coils may be replaced by dielectric materials. 

On a broader view, if negative dielectric constant can be realized at low even zero frequency, 

electrons would be attracted to each other instead of repulsion. This unordinary change would 

provide new opportunities in physics and electronics, such as high temperature superconductivity.  
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